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(1953), M.S. (1955), and Ph.D. (1957) degrees at Cornell 
University. He joined the faculty of Electrical Engineering at 
Cornell in 1957, and also serves as a member of the graduate 
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Introduction 

This volume contains the Proceedings of the third International Semiconductor Device Research 
Symposium (ISDRS-95, Charlottesville,Virginia, December 5-8,1995). 

The goal of this international meeting is to provide a congenial forum for the exchange of infor- 
mation and new ideas for researchers from university, industry and government laboratories in the field 
of semiconductor devices and device physics. Our other goal is to make this conference truly internation- 
al. To achieve this, the symposium has sub-committees in Asia, Europe, Japan and the former Soviet 
Union. This conference is organized in cooperation with the IEEE MTT Society, the European Physical 
Society, the United States National Committee of URSI and the Russian Physical Society. 

The program committee received submissions from 22 countries, representing three (3) conti- 
nents. Of the submitted papers, 150 have been selected for oral presentations and about 75 for poster 
presentations. These papers cover a broad range of topics, including novel and ultra-small devices, pho- 
tonics and optoelectronics, heterostructure and cryogenic devices, wide band gap semiconductors, thin 
film transistors, MEMs, MOSFET technology and devices, carrier transport phenomena, materials and 
device characterization, simulation and modeling. It is hoped that such a broad range of topics will foster 
a cross-fertilization of the different fields related to semiconductor materials and devices. 

Three special symposia are also included this year: Mid-to-Far Infrared Semiconductor Lasers, 
Laser Modeling, and MEMs. 

The first ISDRS symposium in 1991 was dedicated to the memory of Professor Aldert van der 
Ziel who made seminal contribution to the theory of semiconductor devices, especially to the theory of 
noise, and who educated literally hundreds of graduate students. At the second symposium in 1993, 
ISDRS established a van der Ziel Award sponsored by the Westinghouse Electric Corporation. We are 
pleased to announce that the 1995 award goes to Lester F. Eastman, Professor of Electrical 
Engineering, Cornell University. 

Every year a Best Student Paper Award is chosen by the Organizing Committee at the close of 
the symposium from evaluations received from the participants. Two papers won the 1993 Best Student 
Paper Award. Recipients were Edgar Martinez, Solid State Electronics Directorate, Wright Laboratory, 
Wright-Patterson Air Force Base, Factors Determining the Gate Leakage Current in Different 
Heterostructure Field Effect Transistor Technologies, and Kaushik Bhaumik, Cornell University, 23 GHzfT 
Room Temperature SiGe Quantum Well p-MOSFETs. 

ISDRS-95 was made possible by the generous support of the Office of Naval Research and 
Army Research Office. 

We hope that you find the symposium fruitful and that you will look forward to ISDRS-97. 

Elias Towe, ISDRS-95 Symposium Co-Chair 

Federico Capasso, ISDRS-95 Symposium Co-Chair 

Stephen Jones/SDRS-95 Program Committee Chair 
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Deep Submicron III-V Based Electronics 

Loi D. Nguyen 

Hughes Research Laboratories 
3011 Malibu Canyon Road, Malibu, CA 90265, USA 

1. ABSTRACT 

Deep submicron III-V based electronics is an enabling technology for many modem 
microwave and millimeterwave systems such as direct broadcast satellite (DBS), wireless 
communications, weapons, and future automotive electronics. In this talk, I will review its 
present status and offer suggestions for future work. 

2. INTRODUCTION 

Deep submicron HI-V based electronics is an indispensable part of the modem society. 
FETs, HEMTs, and MMICs with gate length between 0.10 and 0.25 urn are being mass 
produced for a wide range of systems, from a low-cost DBS receiver to the most advanced 
microwave and millimeterwave systems such as missile seekers, phased-array radar, and 
satellite communications payloads [1-8]. Today, the largest market for deep submicron 
devices is DBS. In the near future, their largest markets will most likely be iriülimeterwave 
communications and automotive electronics [9-10]. Table 1 lists the frequency bands of 
operation, technology, and volume requirements of these major systems. 

SYSTEM 
FREQUENCY 
BAND  (GHz) TECHNOLOGY VOLUME 

DBS receivers C, Ku 0.15 urn High 

Radar X 0.25 (xm Moderate to High 

Missile Seekers Ku, Ka, W 0.1 - 0.25 um Moderate 

Space-based 
Communications L, S, C, Ku, Ka, Q, V 0.10- 0.25 um Low 

Ground Stations L, S, C, Ku, Ka, Q 0.10-0.25 um High 

Wireless 
Communications K, Ka, V 0.10-0.25 um High 

Automotive W 0.10-0.25 um High 

Table 1. Major systems that employ deep submicron III-V electronics. 



3. SCALING LAWS 

The scaling laws of deep submicron HEMTs is now well understood. For high 
performance HEMTs, the aspect ratio (i.e., gatelength over gate to channel separation) 
must be greater than 5. Then it is a matter of proportionally reducing the parasitic 
capacitances and resistances [11]. Simple procedures for designing deep submicron 
HEMTs are given in Figs. 1(a) and (b) below. 

c Pick L„ 

T Calculate fT vs. gm  J 
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Fig. 1.  Designing deep submicron HEMTs: (a) analytical and (b) trial and error. 

The above analytical method can be implemented with a simple spreadsheet program 
[4]. For a given gatelength, the key is to design a HEMT with a sufficiently high 
transconductance (gm) to overcome the parasitic effects. Figure 2 illustrates the dependence 
of fx on gm for deep submicron InP HEMTs, which highlights the important role of gm at 
the shortest gatelengths. While a 0.25-[im HEMT only needs a gm of 600 mS/mm, a 
0.05-(im device will require a gm in excess of 1500 mS/mm to overcome its parasitic 
effects. 

300 

0 300 600 900        1200       1500 

TRANSCONDUCTANCE (mS/mm) 

Fig. 2. Dependence of fT on gm for deep submicron InP HEMTs. 



4.   EMERGING TECHNOLOGIES 

The push for the next generation of ultrahigh speed HEMTs began in 1989. This time 
the goal is to develop a 0.05-u,m HEMT technology with significantly higher cutoff 
frequencies (fT, f^ >300 Ghz). This task is rather challenging, considering that at 
0.05-p.m gatelength, the HEMTs active layer (Schottky, spacer, and effective channel) 
must be kept under 100-Ä thick to maintain an aspect ratio of 5. 

In 1992, the Hughes Research Laboratories reported a successful demonstration of 
both lattice-matched and pseudomorphic 0.05-um InP HEMTs with extrinsic fT over 
300 Ghz (the best devices exhibited an fT as high as 340). In 1994, the Nippon Telegraph 
and Telephone Laboratories (NTT) also achieved comparable results using a dielectric 
sidewall and non-alloyed ohmic contact process [5]. This approach is very promising and 
could potentially lead to a manufacturable 0.05-um HEMT technology. Table 2 summarizes 
the results from both efforts. 

Parameter 
Scaled 
Model Hughes NTT Unit 

Cqs + Cqd 1.0 0.8 0.7* pF/mm 

9m 2000 1700 1280 mS/mm 

Rs 0.1 0.1 0.1 Q*mm 

9ds 60 260 n/a mS/mm 

ft 400 340 300 GHz 

'max 800 250 235 GHz 

* Estimated from fT and gm values 

Table 2. Summary of Hughes' and NTT's 0.05-um InP HEMTs 

These 0.05-um HEMTs, despite their impressive gm and fT, are not quite properly 
scaled. Both suffer from a high rf output conductance, which degrades the fmax. In the 
Hughes' case, the high output conductance was a result of a combination of low aspect 
ratio (3) and self-aligned gate. Future work must concentrate on the reduction of the rf 
output conductance and improve the f^, while maintaining a high fT. 

Future 0.05-|im HEMTs could potentially benefit from new material systems or novel 
bandgap engineering. The AlSb/InAs is an interesting possibility, offering high conduction 
band offset and mobility. Its present drawback is the premature impact ionization in the 
narrow-band InAs channel, which may preclude its use as a room-temperature device. The 
University of California at Santa Barbara (UCSB) is a widely-recognized leader in this 
area, with extensive research activities ranging from material growth, transport properties, 
and HEMT fabrication [12]. Another possibility is the InGaAs/InP composite channel 
pioneered by NTT Laboratories, which exploits the high mobility of InGaAs at low electric 
fields and the high velocity of InP at high electric fields [13] 

5.   SUMMARY 

Deep submicron JE-V based electronics is an enabling technology for many modern 
microwave and millimeterwave systems such as DBS, wireless communications, weapons, 
and future automotive electronics. The scaling laws of deep submicron HEMTs is well 
understood, and have been successfully applied to develop high-performance, production 
0.1-urn HEMTs and MMICs. Current research activities in this area are focusing on 
0.05-|Jm HEMT technology as well as new material systems or novel bandgap engineering 
approaches. These efforts hopefully will produce die next generation of for ultrahigh 
performance systems such as high-speed optical communications and ultralow-noise 
cryogenic receivers. 
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Optoelectronics with Crystalline Organic Semiconductors 

Stephen R. Forrest 
Advanced Technology Center for Photonics and Optoelectronic Materials 

Department of Electrical Engineering 
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Abstract 

Numerous, exciting advances have been made in recent years which suggest that 

crystalline organic materials are now becoming practical for use in photonic device 
applications. Among the most noteworthy findings are: 

1. Demonstration of "quasi-epitaxial" film growth, where highly ordered thin films of 
van der Waals-bonded molecular solids can be achieved using the ultrahigh vacuum 

process of organic molecular beam deposition (OMBD) largely independent of the need 

for lattice matching between the film and the substrate. This observation has led to the 
realization of low defect density heteojunctions consisting of material combinations with 
widely different crystal structures. 

2. Demonstration of organic multiple quantum well structures by OMBD growth which 
show the effects of quantum confinement of excitons. These extremely interesting 
structures share properties common to both insulators and semiconductors, suggesting 
that new and useful physical phenomena are now accessible using such structures. 

3. Demonstration of high luminance organic light emitting devices consisting of 
heterojunctions of two different organic molecular solids. These devices emit with high 
quantum efficiency in the red, green and blue spectral regions, and have promise for a 
wide range of display applications. 

4. Demonstration of the integration of several different organic optical devices with 
inorganic semiconductor devices such as Si, GaAs and InP. These include 

organic/inorganic heterojunction detectors, organic waveguide-coupled detectors, 
couplers, and modulators. This broad and growing family of devices is based on highly 

stable, and ordered thin organic films which extend the current range of properties 
accessible to conventional semiconductor devices. 

5. The recent demonstration of an entire new means of growth of organic thin films: 
organic vapor phase deposition (OVPD). This technique has been used to grow thin films 

of non-centrosymmetric organic salts with extremely large electro-optic coefficients. 

Such thin films have not previously been demonstrated, although their potential 



usefulness in optical modulators has long been a "holy grail" of organic device 
technology. 

In this talk, I will discuss some of these major advances in the field of organic molecular 

thin films grown by OVPD and OMBD in recent years. This work will be placed in the 
context of the larger family of organic thin films with potential use in photonic devices, 
including polymeric devices and Langmuir-Blodgett thin films. The prospects for the 

application of molecular organics in practical photonic devices will also be considered. 



Blue-Green Semiconductor Lasers 

Arto V. Nunnüko and EX. Gxmshor* 
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Abstract 

Compact blue and green semiconductor lasers will impact sigoificatnly on such 
technologies as optical storage and displays. There are both fundamental physical and 
practical material science reasons why wide bandgap semiconductors, both of the 3I-VI and 
UI-V variety, have been most elusive in light mntp-ng device applications - until recently. 
Today one can find laboratory demonstrations of continuous wave blue-green ZnSe-based 
quantum well diode lasers at several research faculties and a GaN-based blue LED is a 
commercial reality. Much of this rapidly paced progress in short wavelength light sources 
originates from significant advances reached in material synthesis by advanced epitaxies, 
together whh insight and exploitation of semiconductor physics in nanoscale optoelectronic 
device designs. 

m this presentation we review key features of the blue-green diode lasers which are 
based on IT-VC semiconductor heterostructure configurations. The design and performance 
of a cw laser is discussed in terms of key issues such as the impact of a quantum well layer 
(<100 Ä) on the physics of optical gain and the use of 'bandstructure engineering' concepts 
to implement a low resistance electrical contacting scheme. In spite of the high degree of 
average crystalline perfection, specific forms of crystalline defects are seen as a major source 
of present device degradation andinipediment to longevity; however, significant progress in 
this area is being made. Current research is also focusing on blue-green vertical cavity lasers 
where photonic nanostructures can be designed to enhance the interaction between the 
electronic states in the quantum wells (excitons) and the optical field. Recent work has led 
to the demonstration of exceptionally large coherent coupling effects in such microcavity 
configurations while providing a demonstration for a vertical cavity laser at room 
temperature. 

Research supported by ARPA, NSF, and AFOSR 

^School of Electrical Engmeering, Purdue University, West Lafayette IN 47907 





TRENDS IN ULSI SEMICONDUCTOR CHARACTERIZATION 

T. J. Shaffner 
Texas Instruments, Incorporated 

Dallas, TX 75265 

INTRODUCTION 

Material and device characterization serves the essential role of defining how a 
manufactured integrated circuit differs from its intended design and functionality Over the 
years, a variety of techniques based on probes of electrons, ions and X-rays have evolved 
to fill this need. Each has a specialized application for resolving specific manufacturing 
problems related to smaller geometry, material impurities and silicon crystal defects. 

The acclaimed Semiconductor Industry Association (SIA) road map affirms the 
customary semüogarithmic projection of gate length reduction with each new DRAM 
technology node (1). Downsizing is the most frequently cited driving force for smaller 
analytical probes, but it is evident from Figure 1 that similar trends with contamination 
metal impurities and point defects are expected to be forces of equal, if not greater 
magnitude in the near future. Others agree, citing that microcontamination and particle 
control tools will drive the infrastructure of our industry (2,3). In this review, we illustrate 
how key characterization techniques are evolving in response to demands for smaller 
geometry and reduced levels of contamination and defects. The reader is also referred to a 
sampling of fine books and articles covering semiconductor characterization (4-6). 

SHRINKING GEOMETRY 

During the past two decades, the scanning electron microscope (SEM) displaced 
optical microscopy as the tool of choice for critical dimension measurements and circuit 
failure diagnostics. However, we know today that even the SEM is unable to provide 
quantification of linewidths near 0.5 urn, when 10% or better tolerance is routinely 
required. As with optical microscopy, the procedure relies on techniques of matching an 
Kieal step function to a fuzzy intensity profile across the edge. The ambiguity originates 
from the diffraction limit in optical microscopy, and electron scattering in the SEM and 
only marginal improvements with these appear likely in the near future. A similar difficulty 
in defining dimensions of ultra-shallow junctions less than 100 nm deep is also receiving 
mcreased attention (7). 

Scanning probe microscope (SPM) techniques are being extensively tested for 
metrology applications, but offer different challenges for achieving robust piezo- 
manrpulators with reproducible linearity, and for deconvolving the effects of shape and 
atomic scale protrusions on each individual tip (8,9). We can anticipate rapid advances in 
probe methodologies, but today engineers still rely on transmission electron microscopy 
(TEM) as the absolute reference for nanometer quantifications. 



L 
O 
G 

R 
A 
T 
I 
O 

GATE LENGTH — 

CHANNEL 
DOPING     
 1 

PARTICLE U 
SIZE 

ORGANIC 
CONTAMINATION 

METAL 
IMPURITIES 

64M 
0.35 

256M 
0.25 |im 

IG 
0.18 

Figure 1. The SIA road map for high density DRAMs defines challenges for materials and 
device characterization. The vertical axis is the ratio of each metric (identified by a box) 
relative to today's performance. Downward slopes denote reduction in the metric as a 
function of technology node (1). 

The difficulty in preparing samples for TEM is well known, particularly for dense 
integrated circuits where a specific site failure has occurred. It was believed for years that 
preparing a thinned section through a single faulty bit in a megabit DRAM was 
impractical, if not impossible to achieve. Early progress with this problem was reported in 
1989 by Benedict et al. (10), who developed an ingenious tripod tool that permits precise 
control of repetitive polishing and inspection. More recently, focused ion beam (FIB) 
columns have been developed capable of carving precise free standing films as thin as 100 
nm at any orientation and position within the volume of an integrated circuit 

IMPURITIES AND DEFECTS 

Although electron microscopes provide insight into nanostructural problems, they 
remain unable to identify chemical species at the single atom level. Scanning probe 
techniques are at the threshold of achieving this, but current demonstrations based on 
single molecule imaging (11), photoluminescence (12), and Raman spectroscopies need to 
mature considerably before routine applications are possible. Today, secondary ion mass 
spectrometry (SMS) still offers the best compromise between small spot analysis and 
elemental sensitivity for broad semiconductor applications. 

Modem magnetic sector and quadrapole SIMS instruments achieve 0.8 |im spatial 
resolution with sub-parts-per-million-atomic (ppma) sensitivity for most elements. Sputter 
liberated molecular species which have a similar charge-to-mass ratio, like 30SiH and 31P, 
or   Fe and   Si2, can be resolved in a high mass resolution mode, but only with significant 

10 



sacrifice in sensitivity. New techniques are evolving to address this molecule interference 
problem, including accelerator mass spectrometry (AMS), laser assisted SIMS, and time- 
of-flight SIMS. 

Thin film compositional analysis without standards is a recognized strength of 
Rutherford backscattering, but perhaps less appreciated, is the exceptional sensitivity to 
monolayer impurities and surface defects (13). For elements from Cl to Pb on Si, a 
monolayer or less results in a peak with excellent signal-to-noise that is isolated from 
matrix backscattering. Typically, a He projectile is applied at 2-3 MeV, but further 
improvement in cross section and elemental sensitivity is possible using a heavier ion 
accelerated at lower energy. This is incentive for the heavy ion backscattering 
spectroscopy technique (HIBS) which is under development primarily at Sandia National 
Laboratory (14), who use 400 keV 12C for a 1,000X enhancement Others are using 200 
keV He to improve depth resolution (~1 nm) in quantitative profiles of ultra-thin 
oxynitnde capacitor dielectric films. These techniques promise to extend applicability to 
impurities and stoichiometry of ultra-thin films beyond capabilities presently realized by 
total reflection X-ray fluorescence (TXRF) instruments, which are in common use in most 
wafer fabs today. 

Microdefects in present-day silicon are sparsely distributed and extremely small, 
typically being several to hundreds of nanometers across. It is difficult to even locate these 
by conventional microprobe techniques, and weak signals from such small points add to 
the analysis düemma. Methods of X-ray diffraction and topography circumvent these 
problems, because they sense minute strain fields that extend far beyond the defect center, 
and also simultaneously detect hundreds or thousands that are distributed throughout a 
large sampling volume. Techniques in common use in the semiconductor industry include 
Berg-Barrett, double and triple crystal topographies, and low angle X-ray reflectometry. 

PERSPECTIVE 

The Semiconductor Industry Association road map stresses the importance of point 
defects, metal impurities and organic contamination in future manufacturing. This is not to 
dminish the significance of single particles, but if in fact manufacturing needs evolve as 
outlined in Figure 1, characterization specialists need to commit equal if not more 
resources to the development and application of such characterization tools. The 
Sematech consortium centered in Austin, Texas has responded to the challenge with an 
analytical equipment road map that defines how resources might be best allocated in 
addressing the buildup of such an infrastructure (15). 

Road maps exemplify our evolutionary approach to characterization tools, because it 
is difficult to forecast with any accuracy which new science and techniques will surprise us 
in the near future. As much as we would like to deliberately invent new ways to achieve 
ULSI characterization goals, they are more likely to spring from the combination or 
revitalization of older technologies, sometimes in unrelated fields. This random appearance 
of new techniques is why cutting edge characterization organizations seek to function as a 
collection center for new ideas, inventions and measurement science and technology. The 
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buildup of such infrastructure, and the merging of disciplines provides fertile ground for 
this revolutionary aspect of technique advancement 

One typically predicts where we will be five or ten years from now, based on 
extrapolation of known technology and historic trends. We might only guess which 
evolutionary and revolutionary changes to expect, but it is known that characterization 
technology provides a technical foundation for the fabrication tools of tomorrow. In our 
daily activities, we must continue to weigh the strengths and weaknesses of 
characterization techniques not only for the problem at hand, but also with an eye toward 
the future engineering and scientific foundations of the semiconductor industry. 
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Dual-gate CMOS process has attracted a great deal of attention because of the 
improved device characteristics from surface channel PMOSFETs and independent 
optimization of NMOS and PMOS FETs. Various implant species such as P, As, B and 
BF2 have been used for gate doping. However, the use of boron for P+ doped gate 
introduces a boron penetration problem [1] and the corresponding oxide degradation. The 
use of amorphous gate [2] or oxynitrides [3] has been shown to reduce boron penetration. 
For phosphorus-doped gate of NMOS device, it was reported that a reduced gate doping 
concentration will significantly improve the stress-induced leakage current (SJJLC) [4]. 
These results indicate that the gate plays an important role on MOS characteristics. 
However, detailed understanding of the effects of various process parameters, which is 
important for process optimization, has not been fully developed. Therefore, the purpose of 
this study is to investigate in detail how gate dopant species, doping concentration, and gate 
microstructure affect the electrical and reliability characteristics of both N- and P-MOS 
structures with ultrathin oxides and N2O oxynitrides (62Ä). 

MOS capacitors with -62Ä 02-thermal oxides and N20-oxynitrides were fabricated 
on p-type (100) substrates. The gate material deposited was either poly silicon or 
amorphous silicon, which was then implanted with either P, As or BF2 with doses of 
3xl014cm-2, 9xl014cm-2, 3xl015cnr2, or 3xl016cnr2. All wafers were then patterned, 
rapid thermal annealed (RTA) at 1000°C for 30s for dopant activation and then annealed in 
forming gas. 

The poly depletion effect was studied by measuring the ratio of inversion 
capacitance to oxide capacitance for As and P samples, and accumulation capacitance to 
oxide capacitance for BF2 samples [5]. For the cases of As and P, poly depletion is 
serious for gate doping less than 1020cm-3 (Fig. 1). However, for the BF2 samples, poly 
depletion is still less than 5% at 3xl019cnr3 for the as-deposited amorphous case. Unlike 
As and P, which tend to segregate into grain boundaries, boron segregates into the grain 
and therefore leads to higher dopant activation and less gate depletion effect. Furthermore, 
since the recrystallized amorphous gate has larger final grain size, it shows better dopant 
activation than poly gate, and thus, less poly depletion effect. 

Boron penetration was studied by monitoring flat band voltage Vfb (Fig. 2) and 
with SIMS data. For concentration less than 3xl019cnr3> there is a sharp decrease in Vfb 
which indicates that the amount of boron penetrating to the Si substrate is low. This is 
supported by the SIMS data (Fig. 3). The N20 oxynitrides show less Vfb shift because the 
nitrogen incorporated in the Si/Si02 interface effectively blocks boron penetration (Fig. 4) 
Amorphous gate is more effective than poly gate in retarding B diffusion within the gate 
thus shows less boron penetration (Fig. 4). 

Charge-to-breakdown (Qbd) value is obtained by applying constant current stress at 
both positive and negative polarities. For both As and P samples, there is no dependence 
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on doping level up to 1020cnr3 for the gate injection case (-Jstress). but Qbd increases 
dramatically for concentration exceeding 1021cnr3 for the substrate injection (Fig.5.) It is 
believed that this is due to some stress reduction effect on oxide resulting from the dopant 
pileup at the poly/oxide interface for polysilicon heavily doped with As and P [6], while in 
the gate injection case, Qbd is limited by the high impurity incorporation at the oxide/gate 
interface instead. Note that N2O samples exhibit higher Qbd in both polarities. For BF2 
samples, gate injection shows a dramatic two orders of magnitude decrease in the 50% Qbd 
value when gate doping exceeds 3xl019cnr3, indicating a high concentration of B near the 
poly/oxide interface (Fig. 6). However, for the substrate injection Qbd does not change 
much with gate doping, indicating that B concentration near the oxide/substrate interface is 
not limiting the Qbd value (Fig. 7). Also, N2O oxides show the greatest improvement in 
the substrate injection case in comparison to the gate injection case since the nitrogen pileup 
is primarily at the silicon interface (Fig. 6,7). 

The SILC is defined as the increase of the leakage current at 6MV/cm after the 
device is stressed (either +Vg or -Vg). Contrary to ref. [4], it was found that for both As 
(Fig. 8) and P samples (Fig. 9,10), SILC is quite insensitive to gate doping for both stress 
polarities. It is because As and P do not segregate much into oxide and thus do not affect 
oxide quality. The effect of dopant enhanced grain growth, as seen in Qbd measurement, 
was not observed in SILC. For BF2 samples, the SILC decreases significantly for gate 
doping below 1020cnr3 for negative stress (Fig. 11), correlating with the reduction in 
boron penetration for low doping. For positive stress, SILC does not show much doping 
concentration dependence (Fig. 12). This can also be explained by the fact that the boron 
level is lower in the substrate interface and is not a limiting factor for trap generation by 
positive stress. For all cases, the N2O samples show at least an order of magnitude 
decrease in SILC (Fig. 8-12) because of the reduced trap generation in oxynitrides. 

In conclusion, MOS characteristics such as Vfb and poly depletion as well as oxide 
integrity (Qbd and SILC) are strongly affected by gate processing. Optimization for BF2 
samples is quite different from As and P samples. For BF2 samples, a gate doping 
concentration of about 3xl019cnr3 and the use of amorphous gate and N2O oxides appear 
to be an optimum point as a tradeoff between boron penetration and poly depletion (Fig. 
13). For As and P samples, oxide quality does not degrade for higher dopant concentration 
and AVfb is insignificant. Thus a degenerate gate doping is preferred to eliminate poly 
depletion (Fig. 14). Finally, N2O oxynitrides show better oxide integrity and also more 
effective boron retardation, and thus are desirable for ultrathin oxide applications. [This 
work is partially supported by SRC/Sematech through contract # 93-MC-505] 
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Device Characterization with Focused Ion Beams 

John F. Walker 
FEI Europe Ltd. Cambridge, UK 

Focused ion beam (FIB) systems have been used for some time by the microcircuit engineering community for 
prototype modification and process analysis. However FIB workstations now have the capabilities to take on 
much wider roles, many of which are relevant to device characterisation and which are discussed herewith. One 
of the most pertinent features of recent FIB workstations is the sub lOnm spot size routinely achievable, whereas 
3 years ago 50nm was state of the art. Even at the highest milling currents, sub-micron spot sizes are expected. 
FIB can be used to rapidly and efficiently give a 'SSSSSSSES. 
detailed  image  of the  structure  of a  device. 
Conventionally, FIB has been used to view the , £ -.■&*■' 
multi-layer metallization and insulator above the 
silicon in an integrated circuit. While this is seen as 
essential   information   in   the   micro-electronics 
industry, device physicists are more interested in 
the structure of devices within the semiconductor 
itself.   While   this   is   not   possible   as   yet   in 
homojunction devices, heterostructures in III-V and 
II-VI materials are easily imaged in FIB systems. 
An example of analysis of this type is the VCSEL 
lasers (figure 1). 
Another   area   of   device   analysis   particularly 
amenable to FIB is the sectioning of airbridge 
structures used  in high  frequency applications. 
Conventional grinding and polishing techniques 
often destroy the delicate bridge structures during 
preparation because of the mechanical forces used. 
FIB can quickly and safely section the structures, in 
exactly the right place, and then image the section 
for analysis (figure 2). 

Figure 1. VCSEL laser cross sectioned and imaged 
by FIB. 

Figure 2. Cross section of airbridge HEMT siruclure, showing source, gale and drain. Nine die channeling 
contrast in the metal contacts and the airbridge. 

Transmission electron microscopy (TEM) provides, for many, the ultimate analytical tool because of the high 
resolution and the breadth of analytical techniques available. Sample preparation can often be difficult because 
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of the thinness of the membrane required. FIB can prepare TEM membranes in exactly the place required. If the 
site is visible from the surface, then it is easy to prepare the section without requiring the ion beam to image the 
membrane face. However, even if viewing the face is necessary to to search for a hidden, sub-surface defect, for 
example, it is still possible to produce pristine, damage free specimens. Of current interest, at present subject to 
attempts to understand the phenomenon, is the ability to view doped InP material clearly in the TEM. The effect 
is seen only in InP and, anomalously, only in FIB prepared membranes (figure 3). 

Figure 3. Doping contrast in CMBH laser. 

With the addition of a mass spectrometer, the finely focused ion beam can be used to provide high spatial 
resolution SIMS data. SIMS may have been used for some time in device analysis but, because of the limited 
spot size of typical ion sources (l-100um), has mostly been used in depth profile mode in layered structures. 
Elemental mapping in the lOnm range has been done on a number of structures, such as VCSEL lasers (figures 
4a, 4b). 

m&- 
! 

Figure 4a. Aluminium SIMS map of VCSEL. Figure 4b. Gallium SIMS map of VCSEL 
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Student Paper 

ABSTRACT 

The ability to grow buried high quality, epitaxial metallic or semi-metallic layers on 
semiconductors lias many potential applications for novel device structures. The growth of such 
structures on GaAs is difficult as the metal/semiconductor heterostructures on GaAs reported 
to date are either thermodynamically unstable and diffuse into GaAs at elevated temperatures[l] 
or have relatively large lattice mismatches with GaAs. Also, long-term device reliability consid- 
erations require that these heterostructures must be able to withstand harsh environments and 
high temperatures for relatively long periods of time. One promising approach is to select a high 
melting point elemental metal-arsenide or metal-phosphide binary compound that displays metal- 
lic characteristics, is chemically inert and also provides a diffusion barrier to surface phosphorus 
evaporation and release. Recently there has been significant amount of interest in intermetallic 
and semimetallic compounds grown on gallium arsenide-based system. Excellent material and 
electrical properties have been reported for cobalt gallium (CoGa) on both GaAs and aluminum 
gallium arsenide (AlGaAs)[2][3], erbium arsenide (ErAs) on GaAs[4][5], scandium arsenide (ScAs) 
on GaAs[6], and lutetium arsenide (LuAs) on GaAs[4]. However, the rare-earth arsenide com- 
pounds studied to date have a relatively large lattice-mismatch to GaAs and rapidly oxidize when 
exposed to air. Although, significant amount of effort has been directed towards the study of rare- 
earth arsenide (REAs) compounds on GaAs, rare-earth phosphide (REP) compounds on GaAs 
or InP have not been appreciably studied. Thus, there is a need to investigate the growth and 
fundamental properties of rare-earth monophosphide binary and ternary compounds on GaAs and 
InP. 

In this work we report the electrical and optical properties of epitaxial dysprosium 
phosphide (DyP) grown on semi-insulating as well as doped gallium arsenide (GaAs) substrates. 
The single crystal DyP layers were grown using both gas source and solid source molecular beam 
epitaxy (MBE). A detailed study of the structural, electrical and optical properties of DyP epilay- 
ers will also be presented. DyP is lattice matched to GaAs, with the room temperature mismatch 
being less than 0.01% (GaAs:5.6533 A; DyP:5.6534 A). Some potential applications of this work 
include realization of DyP/GaAs metal based transistors and DyP/GaAs heterojunction based 
transistors and superlattice structures. Since DyP has very high melting point and is very stable in 
ambient air, DyP epilayers can also be exploited as stable contacts to GaAs for high temperature 
applications. 

The single crystal (001) dysprosium phosphide epilayers were grown on (001) GaAs 
using gas source MBE with tertiarybutylphosphine (TBP) as phosphorus source and solid source 
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MBE with solid phosphorus. The custom made MBE chamber was equipped with a diffusion 
pump and liquid nitrogen cooled trap. The growth temperatures were in the range of 450 - 
550 °C. The full width half maximum values of DyP grown on GaAs as determined by double 
-crystal X-ray diffraction measurements is typically 21 arcseconds compared to 12-14 arcseconds 
for GaAs substrate. A two theta X-ray diffraction scan of a DyP/GaAs sample (Fig.l) shows only 
two peaks corresponding to the (002) and (004) reflections of DyP and GaAs. The d-spacing, 
structure factor and 28 values for the (002) and (004) planes for GaAs and DyP are shown in 
Table 1. From Table 1, the approximate intensity ratios for the (002) to (004) peaks of GaAs and 
DyP are 1:138 and 4:1, respectively. Since the intensity of the (002) peak compared to the (004) 
peak for GaAs is very weak, the peak at 31.65° in the XRD pattern indicates that this is due to 
the DyP epilayer. 

Table 1: X-ray parameters for GaAs and DyP 

(hkl) 29 d(A) structure factor(f) 

GaAs (002) 31.6539° 2.8266 1.83 

GaAs (004) 66.1129° 1.4133 21.48 

DyP (002) 31.6533° 2.8265 42.30 

DyP (004) 66.1115° 1.4132 21.48 

The surface and interface properties of DyP/GaAs as determined from scanning electron and 
transmission electron microscopy will also be presented. Fig. 2, 3 and 4 show typical values of 
resistivity, mobility and carrier concentration of DyP on semi-insulating GaAs, respectively, as 
determined by variable temperature van der Pauw geometry Hall measurements. The scatter 
in Figs. 3 and 4 is due to the high carrier concentration (n « mid 1020 cm-3) which result in 
relatively small Hall voltages. The electrical properties of DyP/GaAs as determined from current 
versus voltage and capacitance versus voltage measurements will also be presented. 
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OPTICAL METHODS FOR THE ROOM TEMPERATURE, NONDESTRUCTIVE 
CHARACTERIZATION OF WAFER-SIZED COMPOUND SEMICONDUCTOR 

DEVICE STRUCTURES 

Fred H. Pollak, Wojciech Krystek, M. Leibovitch and L. Malikova 

Physics Department and New York State Center for Advanced Technology in 
Ultrafast Photonic Materials and Applications 

Brooklyn College of the City University of New York, Brooklyn, NY 11210 

I. INTRODUCTION 
The nondestructive characterization and qualification of complex 

semiconductor multilayer structures is a crucial step in the fabrication of 
semiconductor devices. Such nondestructive qualification procedures could have 
a significant impact on the cost and yield of devices. Developmental efforts are 
driving device design toward more compact structures. This trend places ever 
increasing demands on device parameters and hence evaluation procedures in order 
to upgrade performance and yield. 

This talk will review the optical techniques of photoluminescence, 
modulation spectroscopy [photoreflectance (PR) and contactless electroreflectance 
(CER)] and spectral ellipsometry which are are being used for semiconductor 
device characterization. These methods are relatively simple, inexpensive, 
compact, rapid and informative and also can be performed in a nondestructive 
manner at (or even above) room temperature on wafer-sized samples. Recent 
works have clearly demonstrated their considerable potential and growing 
importance in the evaluation of devices such as heteroj unction bipolar transistors 
(HBTs), pseudomorphic high electron mobility transistors (PHEMTs), quantum 
well lasers, vertical cavity surface emitting lasers (VCSEL), multiple quantum well 
(MQW) infrared detectors, solar cells, etc. [1-6]. 

PR/CER are particularly useful forms of modulation spectroscopy since they 
not only produce sharp, derivative-like spectra but also are sensitive to 
surface/interface electric fields. For sufficiently high built-in electric fields the 
PR/CER spectrum can display an oscillatory behavior above the band gap called 
Franz-Keldysh oscillations (FKOs) which are a direct measure of the built-in 
electric field [1]. 

II. APPLICATIONS 
A.       Heterojunction Bipolar Transistors 

It has been demonstrated that PR/CER [1-3] and SE [3] can be effective, 
nondestructive screening methods for HBT structures. For example, certain 
features in the PR/CER spectra at 300K from GaAs/Ga,.xAlxAs HBT structures 
have been correlated with actual device performance and hence PR/CER can be 
used as a tool to evaluate entire wafers before processing. 

Shown in Fig. 1 is the PR spectrum at 300K from the collector (GaAs) and 
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emitter (GaAlAs) regions for an MBE 
fabricated HBT sample. The band gap 
of GaAs is 1.42 eV while the band gap 
of the GaAlAs portion of the sample is 
1.830 eV, which corresponds to an Al 
composition of 28 %. 

The oscillatory features above 
the band gaps are the FKOs. From the 
period of these FKOs it is possible to 
directly evaluate the built-in dc electric 

fields in the GaAlAs emitter (F™u) as 
well as in the n-GaAs collector region 

(F^"). The deduced values Ff' were 
compared with device parameters of 
fabricated HBT MBE samples. Below 
electric field values of about 2 x 105 

V/cm high current gains were obtained 
while the current gain fell markedly at fields above this value. These observations 
have made it possible to use PR as a screening technique to eliminate wafers with 
unwanted characteristics before the costly fabrication step. 

2.5 Collector 
Emitter 

\ 
<a  0.0 

o 1 1 A L~ 
-2.5 

1 2      1.4      1.6      1.8      2.0      2.2      2. 

Photon    Energy (eV) 

Fig.     1     300K    PR 
GaAlAs/GaAs HBT. 

spectrum    of 

t 

B.       Pseudomorphic High Electron Mobility Transistor Structures 
Pseudomorphic high electron mobility transistor (PHEMT) structures have 

been characterized by room temperature PL [4], PR/CER [1,2] and SE [5]. 
Photoluminescence yields information about the two-dimensional (sheet) electron 
gas (2DEG) density, built-in field, width and alloy composition of the channel as 
well as the alloy composition of the 
confining layers. In addition to these 
parameters    PR/CER    produces 
information   built-in   fields   in   other 
parts of the structure due to Fermi 
level pinning, including the front cap 
layer. 

Shown in Fig. 2 by the solid 
line is the 300K PL spectrum from the 
InGaAs channel of a double-pulsed 
doped    GaAlAs/InGaAs/GaAlAs 
PHEMT [4].  The dashed line is a 
least-squares   fit   to   a   quantitative 
analysis developed by Brierly. The fit 
yields the values of three intersubband 
transitions as well as the Fermi level. 

Energy   (eV) 

Fig. 2 300K PL spectrum (solid line) from 
a double-pulse doped PHEMT. The dashed 
curve is the fit to the model. 
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300K EofGaAs) 
testers 

The notation em-hhn denotes a transition from the m'h electron to rih heavy-hole 
level From this data it is possible to deduce the 2DEG as well as the width 
(100Ä) and In composition 924%) of the channel. 

PR/CER can be used to obtain the entire potential profiles in such structures 
[1,2]. Displayed by the solid line 
in Fig. 3 is the CER spectrum 
originating in the InGaAs section 
of     a     step-doped 
GaAlAs/InGaAs/GaAs PHEMT, 
except for the feature denoted    1 
E0(GaAs) which corresponds to   | 
the direct band gap of GaAs and    5 

originates     in     the     GaAs 
buffer/substrate.   The   trace   of 
Fig.  3  consists of four peaks, 
labelled mnH (transition from the 
m'h  electron  to  rih  heavy-hole 1.2 1.3 

Energy (eV) 

Fig. 3 300K CER spectrum (solid line) from the 
InGaAs portion of a GaAlAs/InGaAs/GaAs 
PHEMT. The dashed line is a lineshape fit 
yielding the energies of the quantum transitions 
(denoted by arrows) and the Fermi energy. 

level), riding on a background 
which is due to the thermal tail 
of the Fermi distribution 
function. The dashed line in Fig. 
3 is a fit to a lineshape function 
which is the derivative of a 
broadened step-like two- 
dimensional density of states, due to the screening of the excitons by the 2DEG, 
and a Fermi level filling factor. The obtained energies of the mnH transitions are 
denoted by arrows. By comparing these experimental energies with a theoretical 
self-consistent calculation it is possible to evaluate the channel width, In 
composition and built-in electric field. The fit to the background yields the Fermi 
energy and hence the sheet density. 

The observed GaAs and GaAlAs signals exhibit FKOs from which 
it is possible to obtain information about the electric fields in these regions and the 
Al composition. 

SE has been used to obtain alloy composition and layer thicknesses on these 
structures [5]. 

C.       Quantum Well Laser Structures 
Although the most commonly used optical technique to characterize these 

structures is PL it has recently been demonstrated that PR/CER can be used to 
obtain information about every relevant portion of a wide variety of quantum well 
laser structures including vertical cavity surface emitting lasers [1,2,6]. Quantum 
well laser structures employ complex sequences layers where a few light-emitting 
QWs are embedded in the waveguide [separate confinement heterojunction (SCH)] 
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regions and enclosed by p- and «-doped contact layers. In PR/CER signals are 
observed from both the QW (or MQW) and SCH regions and often from the upper 

(generally    /?-doped)    contact 
layer. Shown in Fig. 4 by the 1.3 jwnlnGoAsP/lnP LASER 

solid   line   is   the   300K   PR 

spectrum    from    a    1.3    jum 
pseudomorphic    InGaAsP/InP 

MQW laser [6]. The signal up 
to about 1.1 eV originates in 

the MQWs. From the detailed 
lineshape fit,  denoted by the 

crossed line, it is possible to 
obtain   the   energies   of   five 

quantum     transitions,     as 
designated    by    the    arrows. 
Comparison of these energies 
with  a theoretical  calculation 
makes it possible to completely 
characterize the MQWs, i.e., 
well widths, alloy composition 
and  strain.   The lowest lying 
feature is related to the lasing 
wavelength.    Its   energy   can 
readily be determined to better than + 1 nm at 300K. The signals from both the 
InGaAsP SCH and InP portions exhibit FKOs, from which the built-in fields can 
be evaluated. The SCH field is related to the doping levels in the InP regions. Also 
the SCH signal yields the InGaAsP composition. 

f MOW Region  i InGaAsP SCH Region  I p-lnP Rsgion 

!   1 t t t 
. ! i ! i i i i  

1.1 1.2 1.3 

Photon Energy (eV) 
1.4 1.5 

Fig. 4 300K PR spectrum (solid line) from a 1.3 
/im pseudomorphic InGaAsP/InP MQW laser. The 
crossed line is a lineshape fit yielding the energies 
denoted by arrows. 
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Interference Technique for a-Si:H Films Optical Measurements. 

T. Globus, Department of Electrical Engineering, University of Virginia, 
Charlottesville, VA 22903 

Over the past two decades, considerable efforts were made in order to find efficient, 
reliable, and nondestructive methods for hydrogenated amorphous- and poly-süicon film 
characterization. The work has been motivated by the many of applications of these materials for 
large area microelectronic devices, such as thin film transistor arrays for active-matrix-liquid- 
crystal flat panel display technology, terrestrial-based large area photovoltaics for solar cells and 
linear line-sensors. 

Optical measurements are among the most powerful methods of materials characterization. 
These methods can be used for the fast nondestructive control of quality of materials for device 
fabrication. The information gained from the optical studies allows one to determine the optimal 
conditions of materials growth and film processing. The absorption spectrum itself, as well as 
the refractive index spectrum, are important characteristics of hydrogenated amorphous silicon 
(a-Si:H) and related materials used for applications such as solar cells and photonics. The optical 
absorption spectrum provides information about the energy gap, the hydrogen content, 
concentration and energy of localized defect states, and can be used as a method of defect 
spectroscopy for electronic states with energies below the mobility edge. 

This work introduces a new interference technique for determination of absorption 
coefficient and refractive index spectra ofa-Si:H thin films. The technique is based on computer 
analysis of simultaneous transmission and specular reflection measurements of thin films on 
substrates. The proposed method is verified by comparing the experimental data with theoretical 
computations and with previous measurements of the absorption spectra. Preliminary 
applications of the new technique to a-Si:H indicate new features of the absorption spectra 
These include previously unreported structure of the absorption spectra in the photon energy 
range near the mobility gap of a-Si:H films. 

Several different techniques are often used for the measurements of absorption coefficient 
as a function of photon energy. These include conventional transmission spectroscopy, 
photothermal deflection spectroscopy, the constant photocurrent method, and photo-pyroelectric 
spectroscopy. All these techniques yield only relative absorption spectra. Fitting these data to 
absorption spectra determined by transmission measurements is required in order to place relative 
spectra on an absolute scale. This is usually done by matching experimental data to the results of 
optical transmission in the photon energy range corresponding to large absorption coefficient 
Even more important is the fact that all methods which include reflection of incident light from 
the front and the back surface of thin film have serious limitations caused by interference. As a 
result, the uncertainty in the absorption coefficient can be as large as an order of magnitude. In 
conventional transmission spectroscopy it is common to assume incoherent multiple reflection 
in the film and in the substrate and to average adjacent fringes in order to obtain the incoherent 
form for the optical transmission. Removing the interference fringes from the transmission 
spectra, i.e. estimating a baseline, is one of die error sources in conventional transmission 
spectroscopy [1]. The application of conventional techniques is further limited by the fact that 
the interference induced uncertainty in the measured absorption spectra increases with the 
improvement in the film thickness uniformity and in the surface morphology. 

In this work, we employed the alternative interference technique for the absorption 
coefficient and refractive index spectra determination from the results of transmission (T) and 
reflection (R) measurements. Recently, the variation of this technique was applied to films of 
a-Si:H and alloys [2,3] and was found effective in the photon energy range above the optical 
gap. The absorption coefficient has been determined by using the ratio T/(l-R), which almost 
completely eliminates disturbance from the interference effect. This, however, limits the 
sensitivity of the interference method which is potentially close to the sensitivity of modulation 
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spectroscopy. The analysis presented here is based on exact interference equations for the system 
of a film on a substrate. These account not only for the interference in the a-Si:H film but also 
for the absorption inside the substrate and for the reflection from both substrate surfaces. The 
method is based on a self-consistent interference analysis of the measurement results. The 
formulae for the optical transmission and reflection by a plane parallel sheet on a transparent 
substrate have been applied to semiconductor films by Hall and Ferguson [4]. Transmission and 
reflection are given in a more convenient form in [5], together with some important details of the 
interference technique. 

When light is incident on a thin parallel sheet of a partially transparent material, multiple 
reflection take place on both surfaces and cause constructive or destructive interference in the 
reflected and transmitted beams at selected wavelengths. The transmission T13 and reflection 
Rj3 of the medium / film / substrate system in the case of a near normal angle of incidence, and 
without allowance for multiple reflection in the substrate, are: 

T13 = $ T12T23 e"CC2d2>      R13= S(R12" 2 e"a2d2 cos252 (R12R23)1/2 + R23 e_2CX2d2),       (1) 

where £ = ( 1- 2 e-a2d2 cos252 (R12R23)1/2 + Ri2R23 e-2a2d2)-l . (2) 

Here ^ =2K n2d2/X is the phase thickness of the film at the wavelength X; Cfy, n2 and d.2 are 

the absorption coefficient, the refractive index and the thickness of the film. The coefficients of 
transmittion and reflection Tii+1 zndRii+1 at the medium i/ medium i+1 interface are given by 

Ti,i+1 = 4 (ni+l / ni)(ni2 + ki2) / [(ni + ni+l)2 + (Ki + Ki+l))2]» (3) 

Ri4+1 = [(ni " ni+l>2 + (Ki - Ki+l))2 1 / Kni +ni+l )2 + (Ki +Ki+l))2]. (4) 
where «z- are refractive indices, and k~XaJ4% are corresponding extinction coefficients. These 
expressions are valid in the case of a relatively weak absorption coefficient of the film, i.e. when 
n2  > &22- For a bulky substrate, the measured values of the transmission Tex and reflection 
Rex of the system, with allowance for incoherent reflection in the substrate, are 

Tex = T13 (1 - Ri )e"a3d3 / (1 - Ri R31e-2a3d3), (5) 

and Rex = R13 + Rj T13
2/ (1 - Ri R31e-2a3d3). (6) 

Here Rj =(n^ - n^- / (nj + nß)2 is the reflection from the air-substrate interface, and 

R31= £(R32- 2 e'a2d2 cos252 (Ri2R23)1/2 + R12 e-2a2d2) (7) 

is the reflection of a medium / film / substrate / medium system illuminated from the substrate 
side. The transmission spectrum of the system is the same for the front-side and back-side 
illumination. However, the measured values of reflection in these two configurations are slightly 
different. Nevertheless, since the factor R^ R^j in (5) and (6) amounts to a small correction, it 
can be replaced with sufficient accuracy by the quantity Rj R^. 

The transmission and reflection spectra are measured with Cary 5E Spectrophotometer 
using a two-beam scheme with specular reflection attachments which ensure a near normal 
(~8 *) angle of incidence on the sample. We used undoped samples of device quality a-Si:H 
thin films with hydrogen content ~8-10 %. Both transmission and reflection spectra reveal 
deep interference fringes in the IR region. The interference pattern is almost the same for 
different regions of the wafer (the variations of the wave-lengths corresponding to extrema do 
not exceed 1-2%) which means that film thickness uniformity is sufficiently high for 
implementing interference method. Similarly, positions of T and R extrema practically coincide in 
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Fig. 1. The refractive index dispersion. Fig. 2. The reflection spectra: measured and calculated. 

the range of small absorption, which is important for further analysis. The high degree of film 
thickness uniformity is also evidenced by the fact that experimental values of fringes amplitudes, 
i.e. the ratios Rmax/Rmin and Tmax/Tmin are in excellent agreement with those computed from 
equations (l)-(7). The thickness of the film and the dispersion curve for n2 can be estimated as 

usually from the position of extrema Xm by using the relationship d2 =m Xm 14n2 with the 
value of refractive index n2 taken from the literature [6]. The order of extrema m is found from 
the wavelengths of two adjacent extrema, since n2 does not change appreciably when m is 
increased by one. The dispersion curve for n2 is shown in Fig. 1 together with published results 
[6]. The agreement is very good. However, the numerical value of the refractive index of a-Si:H 
can vary significantly between different samples depending on the hydrogen content and the film 
density. Consequently, the values of d2 and n2 obtained in this manner are only used as the 
initial estimates which have to be corrected as discussed below. 

Using preliminary results for n2(%co) at the specified photon energies ttä>)% the absorption 

spectrum a^tixo) which fits the measured transmission spectrum Tex (fico) can be calculated 

from equation (5) by an iterative procedure. Knowing both n2(M) and a^ha) permits one 
also to calculate the spectrum of reflection i?^ using eq.(6). This method serves as an 
additional verification of the extracted parameters d2 and n2. The reflection spectrum calculated 
using a single iteration is compared with experimental data in Fig. 2. The calculated interference 
pattern closely follows the experimental data. There are, however, small discrepancies, because 
d2 and n2 accepted for simulation are not exact As a result, the calculated absorption spectrum 
reveals fictitious interference fringes in the range of weak absorption. To obtain correct 
absorption data in the subgap range where a « 10 -100 cm"1, the thickness of the film has to be 
determined with the accuracy better than 0.01- 0.005 urn. After corrected values of the film 
thickness and refractive index at specified photon energies are found, the computer program that 
compares the measured and calculated transmission and reflection spectra is used to obtain both 
o^CÄco) and n2(fico) by the second iteration. 

Two similar samples with slightly different thicknesses were measured in order to 
establish the reproducibility of the results obtained by interference technique (Fig. 3). The 
numerical values of the absorption coefficient are close to the published data [7] also shown. 
At CC2 > 104 cnr1 the absorption coefficient follows the well known Taue dependence (Fig. 4) 

(a ÄG) )1/2=B (Sco- Ei) with the threshold energy Ei = 1.685 + 0.01 eV which is usually 
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Fig. 3. The absorption coeffitient spectra for two samples.    Fig. 4. The Taue plot for the absorption coefficient. 

interpreted as the optical gap Eg. The data for fcco <1.85 eV follow a different Taue law with the 

threshold energy E2 = 1.615 + 0.01 eV. At the same time, our measurements indicate a new 
structure in the absorption spectrum near the fundamental edge. These are several peaks and 
steps with the most pronounced peak centered at the photon energy 1.65 eV. Taue has 
discorvered the tail near absorption edge in amorphous Ge and suggested that this tail is caused 
by excitons bound to neutral acceptors [8]. In our case, the asymmetry of the peak form around 
1.65 ev, with sharp rise of absorption at low energy side and more slow reduction at high energy 
side, can also indicate the exciton related absorption and the presence of localized defects. 

The proposed technique ensures a high accuracy of the measured optical characteristics. 
The resolution of the method is not less than a few meV. This makes it possible to determine the 
spectra of the derivatives of these characteristics by point by point numerical differentiation in 
steps of several meV on the energy scale and consequently to analyze the details in the electron 
density of states. As a result, this technique is no less sensitive in determining energy spectra 
than modulation spectroscopy based methods (for example, electroabsorption or 
electro-reflectance measurements), but it yields more information due to the possibility of 
simultaneous analysis of optical characteristics and their derivatives. In particular, the 
interference technique makes possible high precision measurements of the absorption in the 
region near the fundamental edge, where absorption coefficient varies over several orders of 
magnitude, and to measure the absorption related to impurities and defects in the subgap energy 
region. The results of absorption measurements in the subgap energy range will be discussed 
later. 
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Characterization of Pseudomorphic Heterostructure FETs 
by the Photoconduction Technique 

Fritz Schuermeyer, Charles Cerny, J.P. Loehr, and R.E. Sherriff 
Wright Laboratory, Wright Patterson AFB, OH 45433, USA 

Photoelectric or optoelectronic techniques are routinely used to study the energy 
configuration in semiconductor materials. Techniques such as photoluminescence (PL) 
and photoreflectance (PR) have become invaluable in obtaining bandgap energies as well 
as conduction- and valence-band discontinuities in heterostructure materials. Recently, 
the photoelectric technique was applied to fully fabricated PHEMTs [1], studying 
photoconduction in these FETs under backside illumination. Primarily, transistors 
without a charge supply layer underneath the channel (underdoping) were evaluated. The 
lack of underdoping resulted in a flat quantum well for the depleted device and the An=0 
selection rule for square-well interband transitions is strong. Consequently, only a few 
interband transitions in the absorption spectrum are allowed and these transitions are 
easily identified in the photoconductance characteristics of the PHEMTs. In this paper 
the photoelectric studies are extended to the characterization of transistors with 
underdoping and for the first time the ground state intersubband transition is identified. 

Figure 1 presents a sketch of the experimental setup for the photoemission and 
conduction (PEC) studies. The PEC measurements are performed on-wafer at room 
temperature using either Cascade or shielded Pico probes. The wafer chuck contains a 
hole in its center. A micromanipulator positions one end of an optical fiber direcüy 
underneath a device, and the other end of the optical fiber is connected to the exit slit of 

Drain^X    ^aie   \, 
Wafer         X s        %,NL L1A Computer 

Monochro- 
i - l      2J -^ 

me itor Optical Fiber 
'^ - 

LIA 

Figure 1 Experimental setup for PEC measurements 

a SpectraPro-150 (Acton Research Corporation) monochromator. A 50 W tungsten light 
source is employed and the light is mechanically chopped. Stanford Research SR530 
lockin amplifiers are utilized to measure the photocurrents at the drain and gate 
electrodes. A low noise current preamplifier SR570 is used to amplify the gate 
photocurrent and to provide the gate voltage. The measurements are performed on GaAs 
based PHEMTs, grown by MBE.    The channel and barrier consist of 12.5 nm 
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Ino.22Gao.7gAs and 24 nm A^Ga^gAs layers respectively. The barrier layer is doped to 
supply carriers to the channel. The structure is grown on top of a GaAs buffer layer. 
Devices on two wafers were studied where one wafer contained underdoping with a 
nominal charge density of 1*1012 cm"2. The second wafer was grown without 
underdoping. In this paper photoconductance results obtained on devices with a nominal 
gate length of 1 urn are reported. 

Figure 2 presents typical photoconduction (PC) results obtained on a 
pseudomorphic HFET that contained no underdoping [1]. The measurements were 
performed under pinch-off 
condition and it was shown [2] 
that the transistor amplifies 
the photocurrent in this 
gate voltage regime. The 
lower curve in Fig. 2 
presents the PC charac- 
teristic versus photon 
energy E. This charac- 
teristic resembles the 
theoretical absorption 
curve, obtained using a 
self-consistent solution to 
the Schrödinger and 
Poisson equations. One 
observes that at low photon 
energies the PC signal is 
negligible. At photon 
energies of 1.19, 2.27, and 
1.37 eV step-like increases 
in PC become evident due to E1-HH1, E2-HH2, and E3-HH3 interband transitions 
respectively. To better analyze these transitions the PC versus E curve was differentiated 
(upper part of Fig. 2) and three peaks are observable due to the indicated transitions. At 
photon energies larger than 1.4 eV the PC signal becomes extinct since the GaAs 
substrate is not transparent in this energy range. The PC results complement data 
obtained by PL, PLE, and PR and can be used to more accurately model dc and rf 
behavior of these FETs. 

In devices with underdoping, a flat quantum well cannot be obtained under any 
gate voltage and the selection rule is not valid. Figure 3 shows the PC characteristic of 
such an HFET at pinch-off (Vg = -2.3 V). The step-like behavior is not apparent in this 
figure. Figure 4 shows the derivative of the PC curves for two gate voltages, -2.3 and - 
1.7 V. At Vg = -2.3 V the device is pinched off while at Vg = -1.7 V the transistor is 
in the 'on' condition. At pinch-off, an electric field in the channel causes the electrons 
to gravitate towards the substrate and the holes towards the gate. No individual 
transitions can be identified in the spectrum under this bias condition. When the gate bias 
is changed towards more positive gate potentials then the electron and hole wavefunctions 
change and the strength of the individual interband transitions vary. As a result, one 
observes peaks in the derivative spectrum which appear and disappear with changing gate 

Figure 2   Typical photoconduction results of a PHEMT 
without underdoping [1] 
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Figure 3    Photoconduction vs photon 
energy of an HFET with underdoping 

voltage. The spectrum obtained at Vg = -1.7 
V is an example where several individual 
transitions are apparent. In this curve only the 
ground state interband transition can be 
identified. 

In a symmetrical channel (the top part 
of the quantum well is a mirror image of the 
bottom part) some selection rules are valid: 
transitions where An is an odd number are 
forbidden. We performed theoretical studies to 
investigate if a symmetrical well can be 
achieved at certain gate voltages. We 
observed that due to the disparity of the top 
and bottom heterobarriers (InGaAs/AlGaAs 
and InGaAs/GaAs respectively) symmetry in 
the quantum well cannot be obtained. This 
disparity is aggravated by the electric field 
below the channel due to the underdoping, 
which drastically reduces the effectiveness of 
the bottom barrier. Note that this disparity 
also exists in FETs without underdoping. 
However, due to the negligible electric field in 
the GaAs buffer layer in such devices, the 
GaAs/InGaAs conduction band discontinuity 
forms an effective barrier resulting in 
symmetrical wavefunctions even for the third 
electron subband. We expect that a 
symmetrical well can be achieved with 
AlGaAs at the top and bottom of the channel, 
even in devices with underdoping. 

The authors would like to express their 
appreciation to Robert Bacon for help in 
performing the measurements, to Ross 
Dettmer, Greg Desalvo, Jack Ebel, Dave Via, Tony Quach, Charles Havasy, Chris 
Bozada, and Ken Nakano for device processing and to Keith Evans and Jim Ehret for 
wafer growth. 
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Near-field Photoelectronic Studies of Nanometer-scale Defects 
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Using a near-field scanning optical microscope (NSOM), we investigate 
defects and morphology on the surface of relaxed GeSi films that arise from the 
strain release caused by lattice mismatch between the heteroepitaxial films and the Si 

substrates. Threading dislocations are identified by simultaneously imaging the 

surface topography and the photoelectric signals. Characterization using an electron 
microscope is commonly used for this type of defect imaging. Images based on 
photoelectrical contrast is analogous to electron beam induced current (EBIC) 
imaging. The resolution achieved with a NSOM is ten times higher than with 
conventional far-field optical techniques, and similar to that of EBIC. We will 
present results of surface morphology and photoelectic response near threading 
dislocations, as well as compare our results with EBIC results. 

The ability to integrate devices made of different materials is the key to 
advancing modern electronic and optoelectronic technologies. Thus, the growth of 
good quality films having bulk properties on lattice mismatched substrates and the 
characterizations of such films have been a major area of study in material science. 

We will report the use of a novel optical technique, the near-field scanning optical 
microscope (NSOM), to simultaneously study, with spatial resolution better than 

100 ran, the surface morphology and electric-optical activity of individual threading 
dislocations on relaxed GexSii.x films. Because the size of each crystalline defect 
is much smaller than the diffraction limit of visible light, such defect 
characterization has been limited until now to electron microscopy techniques. This 
study also demonstrates the power of the NSOM, which achieves a more than ten- 

Present Address: Department of Materials Science and Engineering, MIT. 
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fold increase in spatial resolution from conventional far-field optical methods. The 

capability to simultaneously study morphology and photoresponse of the same 

defect structure is the major advantage of the NSOM over electron microscopy. 

The NSOM used in this experiment operates in reflection mode, and was 

modified from a commercial scanning force microscope (PSIBD-2). The tips were 

tapered, Al-coated optical fibers similar to those reported in Ref. 1. Shear force 

feedback [2,3] was used to regulate the tip-sample separation between 10 and 20 

nm. Topographic images are generated by applying a voltage to the zpiezo scanner 

to keep the shear force signal constant, while the spatially resolved near-field 

photoresponse is measured simultaneously. 

Samples studied in this experiment are grown by molecular beam epitaxy and 
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Fig. 1 (a) Topographic and (b) photovoltage images taken simulataneously of a 
10.9 urn x 10.9 um area, (c) Topographic and (d) photovoltage images of a 3.6 pm 
x 3.6 pm area near dislocation #1, indicated in (b). The full gray scale for (a) & (c) 
are 100 Ä and for (b) & (d) correspond to a 10 % change. 
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consist of a uniform GexSii_x cap layer of ~ 1 jxm on top of a compositionally 

graded layer on Si (100) substrates. They are completely relaxed, exhibiting bulk 
GexSii.x optical properties.[4,5] Typically, these graded films have threading 

dislocation densities < 5 x 106 cm"2. This was determined with electron beam 

induced current (EBIC) [6] because the density is too low to be detected by 
transmission electron microscopy. 

Fig. 1 shows side by side (a) topographic and (b) photovoltage images in a 

10.9 urn x 10.9 urn area taken simultaneously. In Fig. 1(b), three threading 

dislocations are easily identified by the three dark spots in the image. The 

corresponding topographic image (Fig. 1(a)) is dominated by the cross-hatch 

pattern that is due to the underlying misfit dislocation network characteristic of these 
graded samples. Nevertheless, three shallow depressions corresponding to the 

region of reduced photoresponse can be identified. These electrically-active 
shallow depressions are individual defects since their photoresponse is similar in 
both magnitude and spatial extent to their morphology. Fig. 1(c) and (d) show 

topography and photoresponse near threading dislocation #1 from Fig. 1(a) and (b) 

with higher magnification (3.6 urn x 3.6 urn). It is now clear that these threading 
dislocations display a distinctive morphology as reported in Ref. [7] and act as 
carrier recombination centers. The average spatial extent of the photovoltage 
reduction for a threading dislocation is (0.66 ±0.16) [im, larger than that of the 
depressions, (0.39 ±0.11) urn. This is because the electrical activity length scale is 

determined by carrier diffusion length, which can be large in good materials, as 

well as aperture size. EBIC images of threading dislocations in these samples show 
dark spots with ~ 1 ^m diameters. The full scale of Fig. 1(b) and (d) represents a 

10 % change about the average photovoltage. Typical reduction of threading 
dislocation photoresponse is measured to be 5 ~ 10 %. A few percent change is 
also what is observed in EBIC. 
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INTRODUCTION 

Heat removal from electronic devices has always been a significant technical prob- 
lem [1]. Miniaturization of electronic devices and high integration densities have made 
the heat removal problem fundamentally important. Along with the well-known prob- 
lem of the overall overheating of a chip, which may result in deterioration of device 
operation, there occur additional problems due to nonequilibrium distribution of the 
emitted phonons. These new problems may not be solved by employing more efficient 
cooling systems because the excessive energy removal is not limited by the usual ther- 
mal conductivity of crystal lattice, but rather by processes which are substantially 
nonequilibrium and nonlinear. 

For example, in the case of double heterostructure-based nanodevices the optical 
phonons generated by electrons' cannot escape from the active regions due to their 
spatial confinement. This results in the growing their population and perhaps may 
even damage a device active region due to excitation of monochromatic lattice vibra- 
tions [2, 3]. In addition, the generation of a large number of nonequilibrium phonons 
by electrons results in a phonon distribution function which is far from equilibrium 
and significantly affects electron transport in nanostructures. On the other hand, 
there are conditions, when the energy supplied to the electron subsystem from the 
parallel to the quantum well electric field may be efficiently removed from electrons 
by fluxes of acoustic phonons in the direction (preferably) normal to the quantum 
well. 

The heat transfer process in macrodevices represents diffusion of thermal en- 
ergy and is govern by the thermoconductivity equation [4]. When characteristic 
sizes of heterostructure devices approach nanodimensions, the physical picture of 
heat removal undergoes a substantial modification; the thermal energy removal from 
nanodevices differs significantly from similar processes in relatively large devices [5]. 
Therefore, the heat removal from nanodevices requires thorough investigation em- 
ploying an adequate mathematical description. The quantum kinetic equations for 
phonons and electrons provide adequate means for describing the heat removal from 
nanostructures in which both electron and phonon quantization are important. 

EQUATIONS FOR HEAT REMOVAL 

The problem at hand may be described by the kinetic equations for electron and 
phonon density matrices, fk>k> and am>, where k and q denote sets of all quantum 
numbers for electrons and phonons, respectively. These equations have a similar 
structure and for the phonon density matrix, for example, the kinetic equation has 
the following form: 

daq,q>/dt + i(Uq - ov)^,,/ = IpE + IR, (1) 
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where Ips is the phonon collision integral with electrons, JR is the phonon relaxation 
term due to interactions other than electron scattering. The phonon-electron collision 
integral in the case of two-dimensional electron gas is given by the formula 

_ I < n|rq»|n' > |2[(1 - /n)k||)/n',k||+q/q,q' + (/n'.kj+qf, ~ /n,k|| )*q,q'] 
IPE = -2% 2_s — ; ^  

n.n'.k,, £n.k,|  ~ £»'.k||+q|| + Wq ~ tA 

V-     I < n\Tg\n' > 12[(1 - /w,k||)/n',k||+q||^q,q' + (/n',k|,+q||  ~ /n,k||)^q,q'] 

'        \,n',kll en,k||-e»'>k||+q||+Wq'+tA 

The electron states are determined by subband number n and electron in-plane wave 
vectors k||. The phonon states are determined by wave vectors q = (q||,gz), where 
qj| is the phonon in-plane wave vector, and axis z is normal to the quantum well. 
We restrict ourselves by the case of the acoustic phonons interacting with electrons 
through the deformation potential. The matrix elements in Eq. (1) are given by the 
formulae 

\<n\Tq\n' >\2 =     ^2     g(n',n,gz) , 

where the overlap integral is determined by the formula 

Q{n',n,qz) = |< n'\exp(iqzz)\n >|   , 

Ea is the deformation potential constant, Vpr is the principal volume, u(q) is the 
phonon dispersion relation, and we use units, such that % = 1. 

Because our system is translationally invariant in the plane of the quantum well, 
we will use the following Wigner function 

Will (&> Z) = 2 C7(q||19*+0.5AgI)i(q||,5z-0.5AgI) eX?(iAqzz) , 
Aqz 

which satisfies the kinetic equation 

diVq|| (qz, z)/dt + 5z(q) dN^ (q2, z) / dz = 1PE + 1R (2) 

In Eq. (2), Sz(q) is the z— component of the phonon velocity, 5q. At distances from 
quantum well dz which are much larger than the inverse z-component of phonon wave 
vector, the collision integral XPE is equal to zero. Thus, it may be taken into account 
through the boundary conditions for function NqJqz,z): 

sz (Nq[[(qz,+dz) - jvq|(fc,-«t)) = E / dh w^n''n'*) x     (3) 

n,n' 

[(1 - /n,k,| ) /n',k0+q||    +   (/»'jK|+qB ~ /n.k,,) -^q,, (?*, z) ] ^£n)k|| - £n',k||+q|| + Wq) • 

In Eqs. (1), (2) and (3) we have assumed that the electron subsystem is homogeneous 
in the x—y plane and is described by a diagonal density matrix (distribution function) 
/n,k||• For the function /„v we have the kinetic equation which allows for a strong 
(in-plane) electric field and electron scattering by optical and acoustic phonons. We 
have used equilibrium distributions for phonons in the collision integrals of electrons 
with phonons.  Our basic approach is very close to that, used in Ref. [6]. However, 
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in contrast to this paper, we have taken into account the effect of hot electrons on 
phonon emission and absorption; in addition, we have allowed for both spontaneous 
and stimulated phonon processes. 

RADIATION PATTERNS 

The kinetic equation for electrons and Eq. (2) have been solved by the Monte 
Carlo technique. We have obtained the electron distribution function /„ik and the 
phonon Wigner function N^(qz, z). The primary objects of our interest in this report 
are the fluxes of energy carried by acoustic phonons. We will use the three densities 
of energy fluxes which are defined as follows 

Mu) = JJ^{titu)dn , J\fu(ü) = JM(n,(j)duj , where fi is the solid angle, u is the 
phonon frequency, LxLy is the area of the quantum well. N(ti,w) is the energy flux 
due to emitted (and/or absorbed} acoustic phonons per unit energy range, per unit 
solid angle (dimension is l/(s srad)). We restrict our consideration to a nondegenerate 
electron gas, then, in accordance with Eqs.(l) and (2), the densities of phonon energy 
fluxes are proportional to the electron concentration and we normalize these quantities 
per one electron. 

We have calculated functions M'(Üiu)i JfQ(u), and MU(Q) for a wide range of 
external parameters. To demonstrate the results we will use the following coordinate 
system: axis x is in the direction of the average electron velocity, axis z is perpendic- 
ular to the quantum well, axis y augments the axis x - z to a right basis. We also use 
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Figure 1. Radiation pattern of acoustic pho- 
nons, Afn(ij), in units meV/ps srad electron 
for azimuthal angles <p = 5°(1), 55°(2), 85°(3), 
115°(4), 175°(5); both emitted and absorbed 
phonons are counted. GaAs/AlAs quantum 
well of width lOOA, electric field 100 V/cm, 
lattice temperature T=30ÜT. Negative fluxes 
(below the abscissa) correspond to prevailing 
phonon absorption. 

Figure 2. The spectra of the acoustic 
phonon energy flux, A/h(w), for electric field- 
s 1 V/cm, 10 V/cm, 100 V/cm, 300 V/cm, 
1000 V/cm; both emitted and absorbed pho- 
nons are counted. GaAs/AlAs quantum well, 
T = 30K, a = 100Ä. 
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the conventional spherical angles 9 and cp. Fig. 1 demonstrates a radiation pattern 
in the electric field E=100 V/cm. It is worth mentioning that the ordinate in Figs. 1 
has a much larger scale that the abscissa. Therefore, acoustic phonons carry energy 
basically always in directions close to the z—direction. This results from the fact, that 
the z-component of the phonon wave vector is conserved only within an accuracy ir/a 
(where a is the width of the quantum well) and this quantity is usually larger than 
the electron (and phonon) in-plane wave vector. At the same time, the flux of energy 
exactly along the z—direction is equal to zero. This is merely a consequence of the 
conservation laws. The in-plane distribution of the energy flux has a well pronounced 
dependence on angle <p and has higher values for small ip (0 < ip < x) because the 
electron distribution function is shifted in the x— direction. The large bend on the 
curve 1 in the Fig. 1 for ip = 5° for 0 close to 60° is due to much larger scale in 
the z—direction on Fig. 1 and due to stretching the electron distribution function in 
x-direction. 

The spectra of the acoustic phonon energy flux (Fig. 2) have maxima at the 
phonon energy of about 2 meV, what corresponds approximately to a phonon with 
wave vector 2ir/a. The magnitude of the maximum has nonmonotonical dependence 
on the electric field. When the electric field increases, the magnitude of the maxi- 
mum increases too; however, it has a plateau at electric fields in the range 100 V/cm 
- 300 V/cm. This plateau is related to the changing the shape of the electron distri- 
bution function due to intense optical phonon emission, which results in the effective 
narrowing of this function in the x-y plane. 
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This paper describes semiconductor noise calculations when electron motion is de- 

scribed by semiclassical transport. The differential equations which model semiclassi- 

cal transport of electrons in semiconductors can be interpreted as stochastic differen- 

tial equations (SDE) driven by inhomogeneous randomly weighted Poisson processes. 

The Poisson process models the scattering of electrons in momentum space. The 

solution of these stochastic differential equations is a Markov process and is generally 

characterized by a transition probability density function (p.d.f.). In the theory of 

SDE, it is well known that this transition probability density satisfies the forward 

Kolmogorov-Feller equation. In the case of semiclassical transport this equation is 

identical to the nondegenerate Boltzmann transport equation (BTE). Based on this 

formalism, the autocovariance function of current fluctuations are computed from 

the transient solutions of the BTE. The distinguishing feature of this approach is 

that current fluctuations due to scattering are directly accounted for in the model 

without the addition of the "Langevin source term." Consequently, this approach 

directly connects the noise characteristics with the characteristics of the scattering 

mechanisms of the semiclassical transport model. In this sense, our framework is 

similar to one used in Monte Carlo simulations of noise, [2]. However, this approach 

greatly relies on the interpretation of the semiclassical transport model as SDEs and 

the interpretation of the BTE as the corresponding Kolmogorov-Feller equation of 

the stochastic process. In the practical case of ohmic contacts, an explicit expression 

for the current noise spectral density is derived in terms of the total scattering rate 
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and the steady-state distribution function. Furthermore, as an illustrative example, 

numerical results on the spectral density of current fluctuations in bulk silicon due to 

acoustic and optical phonon scattering are presented. 

According to semiclassical transport theory, an electron in a semiconductor drifts 

under the influence of electric and magnetic fields and experiences occasional random 

jumps in its momentum due to the scattering mechanisms in the crystal, such as 

acoustic and optical phonons, ionized impurities, etc. When the effects of magnetic 

fields are neglected , the motion of an electron is described by the following stochastic 

differential equations: 

dk - 
t™L   =   -qE + Fr,     Fr = 5>5i<S(*-tt) (1) 

dt i 

where x, v and k are the electron position, drift velocity and wave vector, respectively, 

E is the electric field, e(k) is the energy-wave vector relationship in the given energy 

band and FT is the random impulse force on the electron due to scattering. The 

random force is characterized by the transition rate W(k, k') and the scattering rate 

is X(k) is defined by 

A(fc)= fw(k,k')dk'. 

These are the same equations which are used to simulate the electron motion in Monte 

Carlo simulations, [2]. 

The equations above define a compound Poisson process which is discontinuous in 

it-space and is a Markov process. In stochastic differential equation theory, such a 

process is usually characterized by a transition probability density function p, which 

satisfies the Kolmogorov-Feller forward equation, (for instance, see [3]). As a result, 

the corresponding equation for the above process is derived to be 

j£{x0,ko,t-,x,k,t + r)   +   v{k)-Vsp-^E{x,t + T)-V-kP = 
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jp( -*  7*' xo, k0, t;x,k,t + r)W{k , k)dk - X(k)p,     (2) 

where x0, k0 are the initial electron position and wave vector at some time t. When 

integrated over the initial conditions (or backward coordinates) one obtains the well 

known Boltzmann transport equation. 

In general, noise in semiconductors is characterized by the spectral density of current 

fluctuations. The spectral density is defined as the Fourier transform of the autoco- 

variance function. The autocovariance function of any random process can be found 

from the joint probability density function of the random process. For a scalar and 

stationary Markov process we need the transition and stationary probability density 

functions in order to compute the autocovariance function. Here we consider the 

problem of a semiconductor under steady-state conditions such that an average elec- 

tric field and current density are established. Under such conditions, it is clear that 

the electron distribution function is given by the stationary solution of Eqn. (2), 

/oo(f, k). The transition probability density function is the transient solution of Eq. 

(2): 

-£{x,k',0;x,k,r)   +   u(£) • V*p - |tf(£) • V^p = 

/■ 
p(x,k,0;x,k ,r)W(k ,k)dk  - X{k)p, (3) 

subject to the following initial condition: 

p(x,k ,0;x,k,r)   _=5{k-k) (4) 
T=0 

As a result, one observes that the autocovariance matrix for the fluctuations in the 

electron wave vector can be computed directly from the transient and stationary so- 

lutions of the Boltzmann transport equation. It is important to note that the only 

information which is needed is the electron scattering rates of semiclassical transport 

theory. Since this information is included in the corresponding Kolmogorov-Feller 

equation (the BTE, Eq. (2)), there is no need to include additional random fluctu- 

ations into the system. This is in contrast to the usually held notion that the BTE 
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reflects the average behavior of the system and that a stochastic field term, referred 

to as the "Langevin source term", must be added in order to account for the random 

fluctuations in the current, [4]. In [5], it is shown that the autocovariance matrix of 

the electron wave vector can be computed from the transient solution of the BTE 

subject to an initial condition in terms of the stationary electron distribution and 

the average electron wave vector. Based on this approach, a closed form expression 

is derived for the noise spectral density at highly doped ohmic contacts in terms of 

the scattering rate and the steady-state electron distribution function. As an illus- 

trative example, numerical results are presented for the spectral density of current 

fluctuations due to elastic acoustic and optical phonon scattering in silicon. 
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Introduction 

In recent years, the hydrodynamic (HD) model has been extensively used in the 
simulation of submicron semiconductor devices because of its capability for predicting 
nonstationary and nonlocal phenomena occurring in these devices. However, there 
exist varieties of HD model differing primarily in modeling of transport coefficients 
(mobility, energy relaxation time, thermal conductivity, etc.) Depending on which 
transport model is used, the simulation result, can be quite different. The purpose of 
this investgation is to compare how different transport models predict different device 
characteristics of submicron semiconductor devices. 

Physical Transport Models 

We have recently developed a two-dimensional semiconductor device simulator 
[1] based on the improved HD model[2]. The conservation equations for momentum 
and energy flux used in the simulation are. respectively. 

qnV    =    n/i" [F - Ü • Vn - (1 - Ar)V • V 

nS    -    ^n(WI+U)-\ 
H" q 

 n 

(1) 

(1 - Atp)V • Ä - (1 - XP)(Wi + Ü) ■ (V • [>)] , (2) 

where V = (V) ,F = -qE, Ü = (vhk), W = (£), S = (sv), R = (vehk), I is the unity 
tensor, Xp and Xsp are dimensionless parameters. By suitably choosing the transport 
parameters \p, Xep and closure relations, this generalized HD transport equation can 
be reduced to most HD transport models reported in the literature [3]. For instance, 
with the choice of W = §*Bre, U = \W, R = fW?, ^ = f and Xp = \tp = 0, the 
above equations reduce to the simplified HD model. The conventional Fourier heat 
law and the Wiedemann-Franz law for thermal conductivity corresponds to choosing 
W = UBTt, U = \W, R = fW2, fi*$ = 0.8ft- and Xp = 2Xsp. Stratton's energy balance 
formulation is equivalent to choosing Ap = ~% [4]. Thus, using our generalized HD 
solver, we can study the influence of. all different transport models on the simulation 
result. 

47 



Numerical Implementation 

The system of. the generalized HD equations is discretized using the optimum 
artificial diffusivity approach[5]. The Jacobian matrix is assembled either by a nu- 
merical differentiation or by the analytical method. The state-of-the-art linear solver 
incorporating LU-decomposition with an appropriate reordering scheme and the con- 
jugate gradient-like iterative method is used to solve the resulting linear equations. 
In order to speedup the simulation, parallel computing using a local network of work- 
stations has also been implemented. 

Simulation Results 

Previously, we used this generalized HD solver to study the effect of different 
hydrodynamic transport models on the simulated characteristics of deep submicron 
S0I-M0SFET's[6]. There, we found that different transport parameters (e.g.. Xp and 
Xsp) yield different output characteristics. In this study, we investigate the influence 
of HD models on the prediction of high frequency performance of Sii-i-Ge^ HBT;s. 
Fig.l shows the doping profile of a simulated SiGe HBT. Table 1 lists different choices 
of transport parameters corresponding to different transport models appearing in the 
literature. The so-called "energy transport(ET)" model advanced by Chen et.al.[7] 
is basically similar to Stratton's energy balance model[4]. Lee and Tang's model 
[8] follows an idea originally proposed by Hänsch & Miura-Mattausch[9]. A recent 
model proposed by Tang et.al.[2] is based on Monte Carlo data calibration. The 
model designated as "ET-B" is a special case of the ET-model using a Baccarani- 
type mobility. Finally, "SHDE" refers to the conventional simplified HD model in 
which the collision moments are modeled by the relaxation time approximation using 
the homogeneous Monte Carlo data. Fig.2 shows DC current gains predicted by 
the different HD models. The variation is seen as much as 200% in the extreme 
case. Fig.3 shows a similar variation in the prediction of unity current gain cutoff 
frequency, fT. by the different HD models. Here, the range of variation is about 20%. 
The physical origin of these variations can be traced to different modeling of the 
thermal diffusion component of current density and the energy-dependent mobility. 
The fx is highly dependent upon the competing effects between the thermal diffusion 
and the nonlocal phenomena related to the energy relaxation. Our simulation results 
indicate that some kind of experimental verification for the proper choice of HD model 
is urgently called for. 
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Table 1: Models for XP and Acp 
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1 Introduction 

As increasingly higher blocking voltage of some thousand Volts and higher forward current 
of some hundred to thousand Amps are achieved in modern power semiconductor devices, 
electrothermal self-heating and heat dissipation has become a crucial problem in the op- 
timization of the device operation, especially during transient switching. For the detailed 
experimental analysis of the local internal distribution of temperature and carrier flow, a 
new contactless probing technique, the internal infrared laser deflection method [1], has 
been introduced. On the basis of accurate numerical simulation, a correct interpretation 
and understanding of the complicated measurement signal can be obtained. In addition, 
the experimental results allow us to validate and calibrate the physical models for electro- 
thermal coupling with an accuracy such that predictive modeling of the device operation 
and, thereby, computer-aided design optimization becomes practicable. 

2 Numerical Modeling 

The electrical behavior of the device is governed by Poisson's equation 

v(eV#) =q(n-p + N^-N+) 

and the particle balances for the mobile charge carriers (electrons and holes) 

dn     1 - -. dv     1  
---VJn = -R   and    ^ + -VJp = -R 

The current densities are driven by the gradients of the quasi-Fermi potentials (i.e., electrical 
drift and chemical diffusion) and the temperature gradient (thermal diffusion): 

Jn =-g/*n n (V$„ + PnVr)     and    Jp = -qfipp (v$p + PPVT) 

Using the principles of irreversible thermodynamics, heat generation and conduction in a 
semiconductor can be treated consistently with the drift-diffusion model [2], yielding the 
following heat flow equation 

cf -v(Kvr)=# 
with the heat generation rate 

H = -V (*« + PnT)Jn + (*, + PpT)Jp] +q(*n-T^y^-q (*, - r^f) | 
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Evaluating the divergence operator in the above equation gives four terms contributing 

to the total heat generation.  First, the Joule heat of holes and electrons, JL 
gpiip 
Third, 

and qnßn ' 
the Pel- respectively. Second, the recombination heat qR($p + TPP - $n - TPn). 

tier/Thomson heat —JpTWPp - JnTVPn arising from the spatial variation of the absolute 
thermoelectric powers Pp and Pn, and fourth, an additional positive or negative heat gener- 
ation rate caused by transient variations of the carrier densities. The latter contribution can 
be neglected in many practical situations. The numerical results presented in this work were 
calculated using the general purpose device simulator DESSISISE, with the electrothermal 
model implemented as sketched above. 

3    Measurement Principle 

Absolute carrier concentration and temperature gradients have been determined by internal 
infrared laser deflection. This recently presented experimental technique [1] exploits the 
dependence of the refractive index of silicon on carrier concentration and temperature. A 
basic sketch of the experimental setup is shown in Fig. 1. 

Parallel- 
shift 

Figure 1: Sketch of the experimental setup 

Under transient switching conditions, both the injection (or removal) of carriers and a 
local change in temperature cause a local modulation of the refractive index which, in turn, 
deflects the focused laser beam. The internal deflection is transformed into a parallel shift 
by a long distance objective. From the parallel shift and the total intensity detected by a 
four quadrant photodiode we can extract carrier concentration and temperature gradient. 
Both contributions to the measured signal can be separated due to their widely differing 
time constants. Vertical profiles of carrier density and temperature are obtained by shifting 
the device along its vertical axis. 

4    Results 

4.1    Carrier densities 

Fig. 2 shows the carrier concentration of a high voltage pin diode at a current density 
of 150-^T. The measured carrier concentration profile in the weakly doped drift region 
provides valuable information about emitter efficencies and carrier lifetimes, which is needed 
for the calibration of the physical model parameters. 
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Figure 2: Carrier distribution of a pin diode at a current density of 150 -K J cm2' 

4.2    Thermal properties 

Fig. 3 shows the temperature distribution in the interior of the pin diode after turn-on 
Our simulation reveals that the local maximum in the bulk of the device is caused by Joule 
heating of electrons and holes in the drift region, whereas the temperature increase at the 
anode side arises from recombination heat at the p+n~-junction. 
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Figure 3: Temperature profile after turn-on of a pin diode 

Another example is shown in Fig. 4. Joule heating of holes and electrons in the channel 
region and in the bulk of the IGBT causes the most significant effect on the temperature 
profile. An additional contribution originates from Peltier heating at the p+- emitter on the 
rear side, which is negative at the p+n'-junction but positive at the p+/metal-junction. 
Although the present version of the simulator DESSISISE does not allow for the surface 
Peltier effect at the p+/metal-junction (as a consequence of simplified thermal boundary 
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Figure 4: Temperature profile in the bulk of a 1200 V IGBT after turn-on 

conditions), it can be calculated directly from the thermoelectric powers. The net Peltier 
heating of 15 ^ is comparably small in view of the total Joule heating of 280 -^, but 
sufficient to cause the temperature rise at the rear side. 

5    Conclusions 

Carrier concentration and temperature gradients in power semiconductor devices can be 
measured using the recently developed method of internal IR laser deflection. Comparison 
of experimental data and simulation provides both a detailed interpretation of the measured 
signal and the validation of the physical models. It shows that the large heat dissipation 
rate in power devices requires careful and accurate thermal modeling. The most significant 
contribution to the total heat dissipation originates from Joule heating and recombination 
heat. Although the additional contribution introduced by the Peltier effect is relatively 
small, it can be detected by measuring the temperature profile. 
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I.    Introduction 

The Early voltage is a characteristic quantity that can describe the output conductance 
and the load drive capability of bipolar transistors in an IC environment. It is therefore 
desirable to have a representative Early voltage model of todays advanced devices. Here 
we provide an extension of the thermionic emission expression for the Early voltage VA 

for heterojunction bipolar transistors ( HBTs) including quantum mechanical tunneling 
and base recombination effects. The theoretical model is based on a single flux treatment 
of the carrier transport invoking the concise notation of scattering matrices. VA is 
numerically evaluated under the WKB quantum mechanical approximation for triangular 
and parabolic barriers. The temperature dependence of the Early voltage is simulated 
numerically and compared to earlier theoretical VA predictions and actual experimental 
results of VA in heterojunction bipolar transistors. This is the most extensive model yet 
prepared and includes all the relevant temperature dependences of the material 
parameters. 

II.   Theory 

Early voltage VA is defined as that voltage determined from an asymptotic 
extrapolation backwards on a current-voltage ( I-V) characteristic of a transistor biased 
in the active region. In the linear slope approximation we are implicitly using in this 
Early voltage construction, the slope    Sjv   is given by, 

SJV  =  3Jc/3Vce|v     =    Jc(VA + Vcc) 
Vbe V ' (1)        => VAc  =  JC/SJV   -   Vce    (2) 

This graphically determined Early voltage we notice is corrected for the collector-emitter 
voltage Vce at which the asymptote is identified. We define this graphically corrected 
early voltage as VAC • For cases where the slope Sjy is gentle, the ratio in (2) can be 
very substantial, and    VA     approximated by 

VAC  -   JC/SJV (3)        =» V
A   =  J=/SJV   =  Jc/[3Jc/9VcclVbJ (4) 

giving the    slope determined Early voltage in (4). 
Early voltage may be evaluated from (4) using the expression for the base current 

dependent collector flux Fcn = - Jc/q = a3 - b3 which includes quantum mechanical 
tunneling. a3 and b3 are the outgoing and incoming flux at the collector end of the 
heterojunction  bipolar transistor,  respectively.     The  electron flux  is  [1]: 

Fcn    =    MlFcnl    -    MlFcnal    -    Mll^Sßba (5-v 
The first term in (40) represents the flux contribution without the injection of electrons 
from the collector (i.e., b3 = 0), the second term Fcnal ( excluding the Mi prefactor) 
the contribution from collector electron injection without base current recombination, and 
the third term the contribution from the combined collector injection and base 
recombination currents. Fcni is the flux without either the injection or base 
recombination currents.     Putting this  into  (4)  gives 

VSE   =  Fcn/[aFc„/9VcElvJ   =   u&™{1 - j-jj-to - «toSiMteai)] x 

55 



M,^2L|       +Fcnl-
3Ml 

3VCE   I Vbc aVcE  I Vbe ■Vte/l-       Ol '1 I     «I     aVcE      I Vbe 

III.  Numerical     Results 

Fig. 1 shows the experimental I-V characteristics [2] as a function of temperature and 
the calculated V^ for graded emitter-base heterointerface AlGaAs/GaAs HBTs for base 
width (a) Wß = 1000Ä and abrupt narrow base (b) Wß = 50Ä. Numerical results for VA 

using a classical ( Fig. 2) and Roulston/Liou [3], [4] ( Fig. 3) formulations for different 
base widths yields curves (a) and (b). Figs. 4 (a) and (b) give the results using a 
Tanaka/Lundstrom formulation [5], [6], for abrupt HBTs with Wß = lOOOA and 50Ä, with 
conduction band discontinuities: curves (a) - (e) AEc = 230, 100, 20, 10 meV, and 1 meV. 
Figs 5(a) and (b) give numerical results for Early voltage including quantum mechanical 
tunneling effects for abrupt HBTs with Wß = 1000Ä and 50Ä, with conduction band 
discontinuities: curves (a), (c), (e), (f) with AEc = 230, 100, 20, 10 meV using a triangular 
barrier approximation; and (b), (d), (f) with AEc = 230, 100, 20 meV using a parabolic 
barrier approximation. Finally, Figs. 6(a) and (b) show the numerical results for Early 
voltage including quantum mechanical tunneling and base recombination effects for 
abrupt HBTs with Wß = 1000Ä and 50Ä, with conduction band discontinuity given by the 
same cases as in Fig. 5. 

IV.    Conclusions 

Good qualitative agreement between the classical extension of the Roulston/Liou model 
and experiment is observed for the conventional graded emitter-base HBT Early voltage 
temperature dependence. For abrupt HBTs, the Tanaka-Lundstrom theory predicts the 
correct temperature dependence for the Early voltage but overestimates the 
experimentally observed values of the Early voltage. The extended theory presented in 
this work results in better agreement with the experimental results for the narrow base 
HBT. The work performed here indicates that the effective base-emitter tunneling barrier 
for the examined HBT structures might be significantly smaller than what is expected 
from classical considerations. The extended theory offers a more accurate calculation for 
the Early voltage and correctly predicts the observed temperature performance of an 
abrupt heterojunction narrow base HBT. This paper has demonstrated that it is feasible 
using our new approach to include both quantum mechanical tunneling and base 
recombination in the determination of the Early effect in HBTs. 

References 
[1]   C.   M.   Krowne,   K.   Ikossi-Anastasiou   and   Elias   Kougianos,   "Early   Voltage   in 
Heterojunction  Bipolar  Transistors:   Quantum  Tunneling  and  Base  Recombination  Effects," 
Solid State Electronics, to be publ. 1995. 
[2] K. Ikossi-Anastasiou, A. Ezis, K.R. Evans and C.E. Stutz, "Low temperature 
characterization of high current gain graded emitter AlGaAs/GaAs narrow-base 
heterojunction bipolar transistor," IEEE Electron Device Letters, vol. 13, pp. 414-417, 
1992. 
[3] DJ. Roulston, "Early voltage in very-narrow-base bipolar transistors," IEEE Electron 
Device  Letters, vol. 11, pp. 88-89, 1990. 
[4] JJ. Liou, "Comments on Early voltage in very-narrow-base bipolar transistors," IEEE 
Electron Device Letters, vol. 11, p. 236, 1990. 
[5] S.-I. Tanaka and M. S. Lundstrom, "A flux-based approach to HBT device modeling," 
Technical Digest of IEEE International Electron Device Meeting (IEDM) 1993, Washington, 
DC, pp. 505-508,  1993. 
[6] S. -I. Tanaka and M.S. Lundstrom, "A compact HBT device model based on a one-flux 
treatment of carrier transport," Solid State Electronics, vol. 37, pp. 401-410,  1994. 

56 



■V Characteristics Conventional   HBT 
161—,— 

l-V Characteristics 

12 3 4 
Collector-Emitter Voltage (V) 

14 

I12 
E 10 

I   8 
I   6 
a 

O * 

2 

0 

80 K 
lB - 50 (lA/step 

12 3 4 
Collector-Emitter Voltage (V) 

(a) 

l-V Characteristics NaiTOW    Base    HBT l-V Characteristics 

1 2 
Collector-Emitter Voltage (V) 

1 2 
Collector-Emitter Voltage (V) 

(b) 

Experimental Early Voltage 

150 200 250 
Temperature (K) 

300 

Fig. 1 

57 



Classical Early Voltage RoulstorVLiou V. 

Fig. 2 

150      .200 250 
Temperature (K) 

TanakaOundarom V. - W. «1000 A 

10» 
1013 

1012 

1011 

Sl01° 
g'io9 

I 108 

>.107 

,2 10« 

10s 

10« 

103 

102 

r \                   '                     '                     '                     ' l Sa \                                                                                 1 
r    \                                                                        l 

r       \^                                                i 
r            N.                                             i 
r              ^s^                                      i 
r                         ^v-                                    i 

rb\             ^-\_       i 
f   \,                 ^~~~~-~~~-.i 
r           ~"~-—                              i 
r                     "~~~-—-.       i 

Fe                                                              """**'        "^  i 
1-1 1   1..            I                    1 ■ 
100 

Fig. 4(a) 

150 200 250 
Temperature (K) 

Current Work (Tunneling) - WB -1000 A 

300 

100 

Fig. 5(a) 
150 200 250 

Temperature (K) 

Current Work (Tun. + Bee.) - W. -1000 A 

300 

Fig. 6(a) 
150 200 250 

Temperature (K) 
300 

100 

Fig. 3 

150 200 250 
Temperature (K) 

Tanaka/Lundstrom VA - WB . 50 A 

300 

100 

Fig. 4(b) 

150 200 250 
Temperature (K) 

Current Wort« (Tunneling) - WB - SO A 

300 

iQ3|?-r-r-r--- ] 

100 150 200 250 300 

Fig. 5(b) 

10s 

107 

150 200 250 
Temperature (K) 

Current wo* (Tun. + Rec.) - WB « SO A 

S10» 

% 105 

10* 

1 1 1 ■— i 1  ! 

"~bi iX 
:           ^^ --^ 

[ "'^ ~~'"~-——          1 

r 7-~~-~H~_  —.  

,»- ■ i            i ■            i 
100 

Fig. 6(b) 
150 200 250 

Temperature (K) 
300 

58 



Optimization of Light Emitting Diodes Based on Bipolar 
Double-Barrier Resonant-Tunneling Structures 

K. A. Chao 
Department of Physics, University of Trondheim-NTH, N-7034 Trondheim, Norway 

We assume a bipolar DBRT structure with perfect interfaces, and restrict ourselves to 
direct bandgap materials with negligible lattice mismatch. As an example, the structure 
of the DBRT sample used in our calculation is specified in the Table. To take into account 
the diffusion of impurities into the spacers, we introduce two 10 Ä wide Error-function tails 
of impurity concentration. 

We include in our model only the electron band and the heavy hole band, and solve 
the Schrödinger equation within the effective mass approximation. To obtain the selfcon- 
sistent solution, we have to solve eight coupled equations: the Schrödinger equation for 
electrons, the Schrödinger equation for heavy holes, the Poisson equation for the potential, 
the electron current from the emitter to the well, the electron current from the well to the 
collector, the electron density in the well, the hole current from the emitter to the well, 
the hole current from the well to the collector, the hole density in the well, and the rate 
equation for the electron-hole recombination. The DBRT LED is optimized according to 
the conditions (1) electrons and holes simultaneously resonant-tunnel into the quantum 
well, (2) the charge carriers are entirely trapped in the well as the only light source, (3) the 
device operates at nearly zero-field condition, and (4) the electroluminescence spectrum is 
insensitive to temperatures. 

We have performed a theoretical modeling to optimize such DBRT LED with respect to 
the geometric structures, the chemical compositions, and the doping profiles. All physical 
parameters are calculated from first principle, except the electron-hole recombination rate 
which is treated as an input parameter. Our calculated electroluminescence spectrum is 
proportional to the I-V characteristics. By shifting the threshold bias according to the 
temperature-dependent energy bandgap, all I-V 
curves between 10 K and  300 K collapse into a 10 

single spectrum, which is shown in the Figure. 
A completely automated computer code has 

been constructed for such theoretical modeling 
of light emitting diodes. 
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Introduction 

Traditionally, simulation of microwave circuits employing active device components 
(such as MESFETs, HBTs and HEMTs), has relied almost exclusively on the utilization 
of CW I-V and S-parameter characteristics. The data from these continuous wave 
measurements is then used in the parameter extraction process to help arrive at an 
equivalent circuit representation for the active device. Exclusive reliance on such data, 
however, can result in either an incomplete and/ or inaccurate data set. In particular, on- 
wafer CW characterization of large power devices is almost never undertaken (over the 
complete I-V plane), due in part, to breakdown and thermal run-away (i.e., destructive) 
problems resulting from the higher biasing currents and voltages used in typical power 
operation. Furthermore, it is a well known fact that CW characterization, and particularly 
under non-isothermal conditions, does not necessarily reflect the true microwave 
characteristics. Over the past few years, a number of investigators [ 11-|4] have reported 
the use of pulsed DC or pulsed S-parameter characterization techniques to help generate 
more accurate device models, which now include thermal and/ or dispersive equivalent 
circuit elements. Even with these new set of measurements, however, CW S-parameter 
measurements are very rarely (if ever) obtained under pulsed DC bias operation. In this 
presentation, we will report on a unique technique that incorporates both pulsed DC 
biasing techniques with CW S-parameter measurements. Furthermore, we will illustrate 
how the individual vector properties of the modulated S-parameters (i.e., Re[Sll] 
Im[Sl 1J, Re[S21], ImlS21], etc.) can be used to extrapolate/interpret the isothermal (i.e. 
no heating), CW S-parameters. 

Experiment & Results 

The experimental setup used in this work is shown in Figure 1. No modifications to the 
HP pulse generator or network analyzer were required/made. The tektronix digital 
analyzer was used only to accurately set the gate and drain pulsed biases and timin° 
sequence. The microwave devices under test were multi-fingered, 0.5 urn X 200 um 
MESFETs. 

; This work was sponsored by the Solid-Statc Electronics Division of Wright Laboratories, WPAFB, Ohio 
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Prior to performing the pulsed measurements, standard CW S-parameter measurements 
were made at numerous DC biases (from Vds = 0 -* 8v and Vgs = -4.0 -» 0J5v). The 
initial bias conditions for the pulsed measurements were with the device in the "OFF" 
(pinched-off) state. That is, the device was initially biased with Vg= -4.0v and Vd = Ov. 
Then, the device was biased "ON" to some predetermined gate and drain biases. While a 
number of different gate and drain biases were tried, much of the data was tabulated at 
biases that showed indication of thermal heating ( as determined by "droop" in DC Ids 
characteristics). With the onset of the gate and drain pulses, the bias levels changed from: 
Vg = -4.0v => O.Ov and Vd = O.Ov => 5.0v. The changes to the drain and gate biases were 
applied simultaneously, with correspondingly identical pulse widths and pulse repetition 
frequencies (PRF). The resultant reflected and/ or transmitted microwave signal (from the 
DUT), is essentially modulated (see Figure 2) by the bias to the device. Inotherwords, 
while the device is biased in the "ON" state, the incident microwave signal(s) (ie, from 
DUT and back to the HP test set), represent the isothermal (for short pulse widths and 
duty cycles) S-parameters for the period of time that the device is in this state. A similar 
analysis would apply to the device in the "OFF" state. However, the analysis of this 
measurement is somewhat complicated by the IF band-pass filter (10 KHz) of the HP 
network analyzer (see Figure 2). Nevertheless, if the bias pulse repetition frequency 
(PRF) is 2: 30 KHz, the resultant spectral response is a continuous wave carrier, whose 
microwave signal has the same fundamental frequency as the original source signal, but 
whose amplitude and phase represent the "scattered" response from the DUT (see Figure 
2). Therefore, during the network analyzer measurement period (for non-swept mode ~ 
100 ^sec), the network analyzer averages (i.e., sample and holds) signals associated with 
the two different biasing states (i.e., "ON" and "OFF") of the device. That is, the resultant 
S-parameter measurement is a weighted average (with duty factor, DF) of the devices S- 
parameters, with the device in its "ON" and "OFF" states. Assuming little or no thermal 
effects, the measured S-parameters can be accurately described by the following linear 
relationship: 

Sjj= {SjjON. SjjOFF}*DF + SijOFF (i) 

Thus, the resultant real and imaginary components of the S-parameter phasors, are 
linearly related to the biasing duty factor, with slope determined from the difference in 
the ON and OFF-state S-parameters. However, the aforementioned assumption assumes 
no other perturbations to the measurements, such as heating effects. Additional 
perturbations to this linear model, would most likely show up as 2nd or 3rd-order 
polynomial variations in the fit to the measured S-parameter data. That is, if the non- 
isothermal effects due to heating are included, the functional relationship might best be 
described by the following non-linear relation: 

Sij= {SijON_SijOFF}*DF +SijOFF    + |{T(DF)} (2) 

A sampling of the results, from our modulated S-parameter measurement experiments, is 
shown in Figure 3 (@ f = 10 GHz, Vg=0.0v and Vd = 5v). In this figure, we have plotted 
both the real and imaginary parts of S21 as a function of duty cycle/factor. In these 
experiments, the pulse width was kept constant at 1 ^sec, while the period was varied 
accordingly to produce duty factors ranging from approximately 1% to 95%. Measured S- 
parameter data, with duty factors below 20% (i.e., isothermal) were fitted to linear curves 
(e.g., equation 1) with remarkable accuracy (R > .9999). If one then extrapolates these 
linear curves (for low DF) to where the DF = 1.0 (or CW operation), it is our contention 
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that the intercept, with either the real or imaginary axis for Sn represents the S-parameter 
values for isothermal operation. Deviations from linearity, of the measured S-parameters, 
become apparent under operation with duty factors exceeding 50%. The actual curve fit 
to the measured S21 data is a second order polynomial. Further, and as a check on the 
validity of our measurements, we have included in Figure 3, the S-parameter values 
resultant from the standard CW measurements. Therefore, it is our belief that this small 
(but noticeable) difference between the linearly extrapolated and CW measured S- 
parameter values is a direct measure of the effects of heating due to biasing. 

Finally, and totally independent of these measurements, CW S-parameter measurements 
were made, as a function of chuck temperature and of DC bias on a number of 0.5 mm X 
200 pirn MESFETs. Shown in Figure 4 are the measured variations in the real and 
imaginary parts of S21 with varying substrate temperature. The "Bias 1" curve is similar 
to the bias conditions used in the modulated S-parameter experiments previously 
described. Comparing the results from Figure 3, and using Figure 4 as an approximate 
temperature "calibration curve", one might estimate the temperature rise, in the previous 
experiments, to be approximately 20 C. Interestingly enough, this is in rough agreement 
with the temperature rise calculated using thermal resistance. 
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Backdating and light sensitivity are the most significant side-effects in 
GaAs MESFET's and GaAs VLSI. For the devices in GaAs VLSI is placed 
increasingly near, the isolation between adjacent devices become serious. 

It is well known that the GaAs grown by molecular beam epitaxy (MBE) at 
low substrate temperature of 200~250°C (LT MBE GaAs) can be used as a buffer 
layer to eliminate backgating (or sidegating) and light sensitivity in GaAs 
MESFET's[1]. However, the insight of the behavior is still not clear12!. In this paper we 
attempt to present a model to explain the light sensitivity phenomenon. Three 
different types of MESFET devices, A) the MESFET's in Si29+ ion implanted active 
layer (2xl017 cm'3) without buffer layer, B) the MESFET's in Si doped epitaxial 
active layer (2xl017 cm"3) upon common MBE GaAs buffer layer, and C) the 
MESFET's in Si doped epitaxial active layer (2xl017 cm"3) upon LT MBE GaAs 
buffer layer, were fabricated and studied in detail. 

A theoretical model describing the light sensitivity in these devices is given 
based on the following equations: i) the Poission's equation, ii) the charge neutrality 
equation, and iii) the electron continuity equation. 

LT MBE GaAs samples used in this study were grown by Riber-32 MBE 
system at 250°C using As and Ga beam flux ratio of 10 under arsenic-stable growth 
conditions. A 1000 Angstrom GaAs epilayer was first grown at 580°C, and then the 
substrate temperature was lowered to 250°C, while continuing to grow a 2um-thick 
GaAs layer, the growth rate was about lum/h. The epilayers contain an excess arsenic 
of about 2.0%. The reflected high-energy electron diffraction (RHEED) pattern 
observed during growth, for substrate temperature down to 250°C, indicated that the 
LT MBE GaAs layers are high-crystalline quality, which were also confirmed by 
double-crystal X-ray diffraction measurements after growth. After annealing at 600°C 
for 30min.,a 0.3'|xm Si-doped active layer with 2xl017cm"3 and 0.05um highly doped 
cap layer was subsequently grown at conventional temperature. 

Three kinds of MESFET's shared the same standard lum process. Ohmic 
contacts on n+ cap layer were made by using Ni/Ge/Au metal. The drain-source 
spacing was 5|im and 5um spacing between the MESFET and backgating testing pad 
was designed. Aluminum gate was employed after etching off the cap layer in the 
gate area, the gate length Lg and gate width Wg were lum and lOOum respectively. 
The pinch-off voltage was controlled by meaejs of active layer etching. The device 
structure is shown in Fig. 1. 
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Fig.2. MESFET I^-V^ characteristics: The uppermost trace in figures is for Vp=0V. Subsequent 
traces are for V  increment of -1.0V. horizontal scale: 1.0 V/div., A) bulk i-GaAs device with an 
implantation active layer, vertical scale: 5mA/div, B) undoped GaAs buffered device, vertical scale: 
lOmA/div, and C) LT MBE GaAs buffered device, Vertical scale: lOmA/div 

DC characteristics of three kinds of devices in Fig. 2. are quite different in the 
dark and in the light. The Rd of the MESFET's incorporating the LT MBE GaAs buffer 
was much larger than that of the other two structures. Comparing with two other 
devices, the Rd was increased by over factors of 10 and 100 by using the LT MBE 
GaAs buffer (typically, the Rd of 500,4000 and 50000 Cl for type A, B and C). The 
peak transconductance g,,, of MESFET with LT MBE GaAs epilayer was also higher 
than that of the other structures which is different from the reports in literatures. 

The devices on the LT MBE GaAs buffer layer show neither light sensitivity nor 
backgating, as illustrated by Fig.3. In order to check the backgating effect, a sidegate 
spaced 5um from MESFET was designed. The MESFET with LT MBE GaAs büffer 
layer still showed no backgating, while -20V applied to the sidegate and V^ =2.5V. 
For the same voltage, 1^ of the conventional MBE GaAs buffered devices was 
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reduced by 80 percent and only for -10V applied to the sidegate, 1^ of the ion 
implantation devices was reduced to zero. 

In this paper, we proposed an one-dimensional model in which the light 
sensitivity of devices is mainly governed by the space charge region-II, and a little 
effect is contributed by region-I in active layer (see Fig. 1). To better understanding the 
physical origin of the light sensitivity of the devices, according to our model, the 
following equations must be solved 

BAn      1 
— = -V-JAn + G„-Rn, 

ot       q 
(1) 

V(e-VV) = e 

all 
(2) 
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Fig.3. Backgating characteristics: The solid lines indicate the results obtained in the dark and the 
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where Gn is the generation rate for electrons, 
R„ (Rn=An/xn) is the recombination rate, J^ is 
the excess electron current density, xn is the 
excess electron life time, *F is the electrostatic 
potential, s is the permittivity, e is the 
electronic charge, NA" and ND

+ are the 
concentrations of ionized acceptors and 
donors, N*^ and N+

DD are the concentrations 
of ionized acceptor-like and donor-like traps, 
respectively. At the equilibrium condition, the 
dAn/dt = 0. Combining the charge neutrality 
equation, 
it is easy to know from the solutions of Eq.(l) 
and Eq.(2) that the excess carrier life time plays a very important role for controlling 
the light sensitivity. The excess electron life time is quite different for three kinds of 
materials. It is about 10"13sec. in the LT MBE GaAsP1 and about 10*9sec. in the 
conventional MBE GaAs and semi-insulating GaAs. Due to the very short life time of 
excess carrier in LT MBE GaAs buffer, there are nearly no photo-induced carriers to 
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Fig. 4. The distribution of ia  versus x 
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be driven to active layer. From the solution of Eq.(l) and Eq.(2), the dependence of 
the photo-induced excess electron concentrations An on x is shown in Fig. 4. 

The increment of drain current AI^ is determined by substituting Eq.(l) and 
Eq.(2) into Eq.(3) 

4/d„(*o) aienJ'AnAx) dx +e^,J 4n„(*) dx, (3) 
•'o d 

where d is the thickness of the region-I, and the initial photon flux G>0 can be measured 
by the calibrated detector. Since the mobility of the hole is much smaller than that of 
the electron, Ap was not considered in the model. The calculation  results 
demonstrated that  AI^O^/L^ls a^out 7% f°r lon implantation devices, 3% for 
conventional MBE buffered devices and nearly zero for LT MBE GaAs buffered 
devices respectively, which are well agreement with the experimental data. 

The insight of backgating effect for ion implantation and conventional MBE 
GaAs buffer layer devices can be easily understood according to electron injection into 
traps in the substrate and active layer/buffer layer interface141"151. However, for the 
devices with LT MBE GaAs buffer layer, the mechanism mentioned above is on longer 
valid. Based on the Warran's Schottky barrier model of LT MBE GaAs, we present a 
new model in which the depleted region exists in the whole LT MBE GaAs buffer 
layer and the Vbg is screened by the metallic As precipitates as quantum points burred 
in the buffer layer which are similar to the role of quantum well. That is why no 
backgating can be observed for LT MBE GaAs buffered devices. The density, 
diameter and spacing of the As precipitates is about 1.7xl017 cm"3,6nm and 18nm 
respectively according to our TEM measurement. The details of this model will be 
published elsewhere. 

We have also employed LT MBE GaAs technique in high electron mobility 
transistors (HEMT's), very high speed GaAs digital integrated circuits (VHSIC's), 
analog to digital converters(ADC's) and microwave monolithic integrated circuits 
(MMICs). And the performances were highly improved. 
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Introduction 

Elementary sample-and-hold functions are widely used in advanced analog MOS architectures [1]. The 
sampling function is generally realized by the storage of an input signal on a capacitor through a MOS switch 
transistor. The holding function is subsequently performed when the switch is turned off. However, the major 
limitation of this basic sample-and-hold scheme is the charge disturbance of the storage node related to the 
intrinsic charge released from the channel and also due to the feedthrough currents from the gate to diffusion 
capacitances. With the progress of low voltage submicron technologies, charge injection effects play an 
increasingly important role and constitutes a major issue for the design of high precision analog circuits, such 
as A/D converters [2]. Conventional analytical compact models [3] [4] reveal poor prediction capabilities of 
the charge sharing effects during fast transient because based on the quasi-static (QS) approximation. Previous 
investigations of the switch charge injection problem have been carried out through analytical and/or first order 
numerical calculation [5] [6]. Their domain of validity is, however, limited by restrictive conditions on the 
switching speed. 

In this paper, we first present a rigourous two-dimensional (2D) analysis of the charge injection effect 
using mixed device/circuit simulations [7]. We subsequently introduced a one-dimensional (ID) numerical 
MOSFET model suitable for circuit simulations in terms of computational burden. It is shown that this last 
approach retains the same advantages than 2D physical analysis : continuity over all operating regimes and 
non-quasi-static (NQS) description of the charge dynamics without any restrictive assumptions on the charge 
partitioning between source and drain terminals [8] [9]. 

Circuit description 

The circuit schematic corresponding to the charge injection problem is a simple transmission gate loaded 
by the capacitance CL as shown in Fig. 1. Rin and Cin are the lumped resistance and capacitance associated 
with the rest of the circuit. The data holding capacitance CL was set to 1.6 pF and the pass transistor size ratio 

was W/L=3|im/l^m implemented in a l^m technology [10]. The input resistance was first considered infi- 
nitely large to allow a comparison with previous analytical investigations. A constant falling rate a was 
assumed for the command of the MOS switch. Typical falling times ranged from 10 ps to 110 ns in order to 
analyze the charge repartition on the input and data holding nodes. Universal charts present the charge ratio 

QL/QG as a function of the dimensionless quantity (VGon-VTH-VL).(|iCoxW/L/(a.CL))1/2 where QL stands for 
the charge released on the data holding capacitance, QG is the charge stored on the gate, VGon = 5V is the max- 
imum gate voltage and VTH is the threshold voltage including the body effect. 

2D device/circuit simulation results 

The charge sharing was first analyzed for a gate voltage varying from VGon to the threshold VTH+VL to 
follow the same assumptions used in previous works [5] [11]. Fig. 2 presents the corresponding charge reparti- 
tion for different values of the CL/Cin ratio. The observed discrepancy between our full treatment and the ana- 
lytical results remains small but shows the impact of the NQS effects on the charge dynamics. The upper curve 
in Fig. 2 reveals a typical error of 2.5 % on the prediction of the charge that perturbates the data-holding node. 
In the case under study, this results in a voltage deviation of 350 ^V which is much larger than the resolution 
required for high precision analog functions. For instance, a resolution of 45 ^V is needed for a 16 bit A/D 
conversion under a supply voltage of 3 V. Fig. 3 presents the charge repartition normalized to the total charge 
flowing to the source and drain terminals AQL+AQin for a gate voltage ranging from VGon to 0V. The rigourous 

numerical treatment still differs significantly from the analytical solution that overlooks the coupling through 
the overlap capacitances which is the predominant effect in the subthreshold gate voltage range. In that case, an 
error as high as 7.5% can be observed which corresponds to a voltage deviation of 1 mV on the data-holding 
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node. Fig. 4 shows the influence of a finite value of the input resistance Rin on the charge repartition. As long 

as the time constant Rjn.Cin remains large with respect to the fall time, the charge stored on CL does not vary. A 
decrease of the source resistance contributes effectively to the reduction of the charge perturbation on the load 
capacitance. Finally, the AQL/AQG ratio levels off to a minimum value for small input resistances as the input 

circuit behaves as a ideal voltage source. Fig. 5 and 6 show the time dependent variations of the load and input 
currents corresponding to a fall time of 1 ns and 10 ps, respectively. It is clearly observed that the charging cur- 
rents flowing to the source and drain nodes converge to the same waveform when the fall time is reduced. 

A new CAD model for circuit simulation : comparison to BSEM3 

2D numerical simulations are accurate, but require excessive CPU times within the context of circuit 
design. To obtain the same accuracy, we have developed an efficient ID CAD-oriented model continuous over 
all operating regimes suitable for long and short channel devices. In addition, the NQS charge redistribution is 
implicitly taken into account. This model is based on a rapid numerical resolution where Poisson and the cur- 
rent continuity equations are consistently solved using a newton method [12]. This model was coded in C and 
introduced in the ELDO circuit simulator [13] which retains the same functionality than SPICE. The compari- 
son between our new MOSFET model, BSEVI3 and 2D simulations is given in Fig. 7 for the fast turn-on of a 
single device in linear regime. The currents given by BSJJM3 are strongly disturbed due to charge discontinui- 
ties and to the inappropriate channel charge partitioning for a gate voltage close to the threshold. In contrast, 
the currents given by our model follow the smooth variations of 2D simulations. In the case of the complete 
circuit of Fig. 1 transient currents are shown in Fig. 8 and 9. Although small discrepancies still exist in the sub- 
threshold region, our new model does not exhibit unphysical current spikes, typical of QS charge based models 
like BSIM3. The same conclusions can be drawn from Fig. 10 and 11 that present the input (Iin) and load (IL) 
currents of the MOS switch for different loading conditions (CL/Cin = 1, 3, 10, 100). Finally Fig. 12 and 13 
present the time-dependent variations of the voltage pertubations induced on the data holding node (VL) and on 
the input node (Vin). It is clearly shown that a QS model like BSIM3 overestimates the voltage deviation under 

fast transient conditions for which QS operations is violated. 

Conclusion 

Charge injection has been investigated by accurate 2D numerical simulations of the transport equations 
that implicitly take into account small geometry effects and the non-quasi-static nature of the charge dynamics. 
An efficient CAD-oriented NQS MOSFET model for circuit applications has been developed and compared to 
results of 2D and BSEV13 simulations. This model, implemented in the circuit simulator ELDO proved to be 
very useful for the simulation of critical part of large analog circuits, and does not require an excessive extra 
computational burden (10% to 300%) depending on circuits size and complexity. 
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Analytical Investigation of Electrical Performance of III-V 
Semiconductor Metal-Insulator-Semiconductor Field-Effect 

Transistors 

Franck Stengel, S. Noor Mohammad and Hadis Morkoc 
University of Illinois at Urbana-Champaign, 

Materials Research Laboratory & Coordinated Science Laboratory 
104 South Goodwin Ave., Urbana, EL 61801 

An analytical model for the drain current characteristics and related properties 
of an n-channel MISFET is developed. For this, an approximation leading to a 
two-dimensional analytical potential is used. In order to calculate the 
potential created by the gate, the Poisson's equation is rewritten to a form 
amenable to analytical modelling. Taking diffusion and velocity saturation in 
the channel into account, the current resulting from applied drain and gate 
biases is then modelled. This model is used to compare ideal properties of 
GaAs/Si3N4 MISFET to those of Si/SiC>2 MOSFET. For all of them the 
channel doping concentration was chosen to be 10*6 cm"3. The variation of 
the calculated drain-source current as a function of drain-source voltage for 
GaAs and InGaAs MISFETs and of Si MOSFET is shown in Fig. 1. The 
channel length for all of them were 5 microns, and the gate voltages 1 and 3 
V, respectively. InGaAs MISFETs showed the best performance. The 
calculated variation of transconductance with the applied gate bias is shown 
for InGaAs and GaAs MISFETs and Si MOSFETs in Fig. 2. For all of them, 
the drain-source voltage was 1 V, and the channel length was 1 micron. The 
insulator thickness was 100 A and 200 A, respectively. Again, the InGaAs 
MISFETs showed the best performance. 
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M. J. Hurt1, W. C. B. Peatman1-2, R. Tsai2, B. J. Moon3, T. Ytterdal2, and M. Shur2 

advanced Device Technologies, Inc., Charlottesville, VA 22903 

department of Electrical Engineering, University of Virginia, Charlottesville, VA 22903 
3Vitesse Semiconductor Corporation, Camarillo, CA 93012 

Abstract—Two sidewall gate transistors, the 2-D 
MESFET and the 3-D MESFET, are compared. 
The 2-D MESFET is formed by electroplating 
Pt/Au onto the side of an AIGaAs/InGaAs/GaAs 
heterostructure, while the 3-D MESFET utilizes 
the same gate process but with an ion-implanted, 
bulk n-GaAs material structure. DC I/V mea- 
surements are performed on each device. The 
results suggest that both of these side-gated 
FETs are promising candidates for low power 
electronics applications. Gate current measure- 
ments reveal that the effective Schottky barrier 
height is comparable in each device. Tempera- 
ture measurements of both sidewall gate FETs 
are also performed. 

I. Introduction 
Recently, a new sidewall gate transistor technology, 
based on the heterodimensional 3-d metal/2-d 
electron gas Schottky junction [1, 2], has been 
reported [3-7]. A schematic of one such side-gated 
transistor, the 2-D MESFET, is shown in Fig. 1. 
The 2-D MESFET utilizes Schottky contacts on 
either side of an AIGaAs/InGaAs/GaAs hetero- 
structure. One of the principle advantages of this 
device is that the narrow channel effect (NCE), in 
which charges at the edges of the channel in a top- 
gated structure contribute to parasitic currents as 
the gate width decreases, is eliminated by the 
unique sidewall gate geometry. This permits width 
scaling to submicron dimensions without 
degradation of the electrical characteristics; in fact, 
the current/voltage characteristics of the 2-D 
MESFET actually improve with shorter gate widths 
[5]. Coupled with the high-speed characteristics of 
GaAs devices, this new device technology is a 
promising candidate for future low power 
electronics applications. 

In this paper, we investigate a new sidewall gate 
FET fabricated on ion-implanted, bulk n-GaAs 
material and compare this new device to the 2-D 
MESFET. The bulk n-GaAs side-gated FET, or 3- 
D MESFET, represents the middle ground between 
conventional MESFETs and the heterodimensional 
2-D MESFET. The new device utilizes the same 
geometry as the 2-D MESFET and therefore 
experiences no deterioration due to the NCE at sub- 
micron widths. However, the bulk n-GaAs material 
structure, while being cheaper to fabricate, does not 
have some of the inherent advantages of the 2-D 
MESFET, such as the high mobility of the InGaAs 

channel and the low-capacitive interface between 
the 3d Schottky gates and the 2d electron gas. 

The focus of this paper is to compare the ion- 
implanted 3-D MESFET to the pulse-doped 2-D 
MESFET. Specifically, we compare and contrast 
the fabrication details, DC current/voltage 
measurements, effective Schottky barrier heights, 
and temperature characteristics of the 2-D 
MESFET and the 3-D MESFET. 

II. Fabrication 
The fabrication processes of the 3-D MESFET and 
the 2-D MESFET are nearly identical. The layout 
of the bulk n-GaAs FET is the same as shown 
schematically in Fig. 1 for the 2-D MESFET. 
Prototype 3-D MESFETs were fabricated on n-type 
GaAs material having a buried Be-doped p-layer 
(1.5xl012 cm'2 at 150 keV) and a 7xl012 cm"2 Si 
channel implanted at 40 keV. After activation, the 
wafer was Hg probed and found to have a doping of 
3xl017 cm"3 down to a depth of approximately 800 
A. This value corresponds to a sheet density of ns - 

2x10 cm , which is the same as the sheet density 
in the MBE material used to fabricate hetero- 
dimensional 2-D MESFETs. Ni/Ge/Au ohmic 
contacts were formed using standard contact UV 
lithography and evaporation/lift-off techniques. 
The gate pattern was defined using electron beam 
lithography. The electron beam resist served as the 

Schottky 
gate 

oxide        / 

Gate Air 
Bridge 

Fig. 1. Top view and cross section of 2-D and 3-D 
side-gated FETs. 
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mask for the gate electroplating. The Pt/Au gates 
were deposited into the gate trench using capacitor 
discharge electroplating. Cr/Au contact pads were 
evaporated on the wafer and a wet etch was used to 
isolate the ohmic and Schottky pads. The 
remaining fabrication details for the 3-D MESFET 
are identical to those for the 2-D MESFET and can 
be found in [3,4,6]. The sequential layers of the 2- 
D MESFET structure above the semi-insulating 
GaAs substrate include a 5000 Ä undoped GaAs 
buffer, a 120 A undoped In0 2Gao 8As channel, a 50 
Ä undoped Al025GaO 75As spacer, a 8-doped layer 

(ns = 3xl012 cm"2), a 300 A n-type Al025Ga0 75As 

layer doped to 5 x 1017 cm"3, and a 40 Ä n+ GaAs 
cap layer. For both devices, the gate-to-gate widths 
W0 were in the range 0.5-1.0 \im, the gate lengths 
Lg in the range 0.2-1.0 [im, and the drain-to-source 
lengths Lds were about 3 (im. Both gates were 
electrically connected in the measurements 
discussed here; however, multi-gate inputs may be 
used for higher functionality, as described by J. 
Robertson, et al, elsewhere in these proceedings. 

HI. Results 

Room temperature device measurements of the 2-D 
MESFET and the 3-D MESFET were performed 
using a Micromanipulator 7000 probe station and 
an HP4145 parameter analyzer. Table 1 presents 
the measured parameters of a representative 1.0 x 
1.0 urn (W0 x Lg) and 0.5 x 0.5 (im 2-D MESFET 
and 3-D MESFET. The I/V data for the 0.5 x 0.5 
|j.m devices are plotted in Figures 2-7. The gate 
pattern for these devices was defined in the same 
fabrication run and therefore the channel 
dimensions of the two devices are identical. Since 
the electron concentrations in the channel of each 
FET are also equivalent (ns ~ 2xl012 cm"2), the 
only significant difference between the two devices 
is the material structure. 

The 1.0 x 1.0 urn 3-D MESFET is characterized by 
a large negative threshold voltage, high reverse bias 
leakage current, and a large DTJBL voltage shift. 
Compared to the bulk n-GaAs device, the 1.0 x 1.0 
H.m 2-D MESFET has a less negative threshold 
voltage, lower leakage current, and a smaller DIBL 
shift. Also, there is proportionally a larger change 
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in the peak transconductance of the 2-D MESFET 
compared to the 3-D MESFET when scaling from 
1.0 (im channel dimensions to 0.5 (im dimensions. 
On the other hand, the electrical characteristics of 
the 0.5 x 0.5 \xm bulk n-GaAs FET (Figs. 2, 3, and 
6) and the 0.5 x 0.5 ym 2-D MEFSET (Figs. 4, 5, 
and 7) are nearly identical. Also, the transcon- 
ductance of each 0.5 x 0.5 (im device is fiat over a 
large range of gate bias values. Together, this 
illustrates that the electrical characteristics of both 
of these sidewall gate FETs improve upon scaling 
to smaller submicron channel dimensions. 

The effective Schottky barrier heights of the 
sidewall gates were extracted for the 3-D MESFET 
and the 2-D MESFET using the gate current data 
shown in Figs. 6 and 7, respectively, and the 
following expression (see, for example, [8]): 

A*7Texp h 
VsJ 

(1) 

where Jg is the gate saturation current density, A is 
the effective Richardson constant, Ts is the 
temperature on the source side of the channel, kg is 
Boltzmann's constant, and §> is the barrier height. 
The area for each contact was taken as the product 
of the gate perimeter and the channel thickness (3.5 
|im x 800 A for the 3-D MESFET and 5 um x 200 
A for the 2-D MESFET). The extracted Schottky 
barrier height was 0.67 eV for both the ion- 
implanted FET and the 2-D MESFET. Typically, 
InGaAs has a significantly lower barrier height than 
GaAs. Since the extracted barrier heights are 
identical, we conclude that there is enhancement of 
the effective barrier height in the 2-D MESFET due 
to the heterodimensional 3d/2d junction. 

There are three aspects of the 2-D MESFET's 
electrical characteristics that, independent of 
channel dimensions, indicate a potential for better 
low-power performance than the 3-D MESFET. 

First, the knee voltage of the 2-D MESFET was 
lower than that of the ion-implanted devices by 0.1- 
0.2 V for all channel dimensions. Second, the 2-D 
MESFET consistently had a lower output 
conductance. For the 0.5 x 0.5 (im device, the 
output conductance of the 2-D MESFET was 0 
while that of the 3-D MESFET was 2.2 jiA/V. 
Third, the DIBL voltage shift was smaller in the 
heterodimensional device than the bulk-doped 
device for all channel widths. However, the ion- 
implanted device has the advantage that it does not 
require MBE growth and is therefore cheaper to 
manufacture. Either approach should lead to 
improved low power performance due to 
elimination of the NCE. 

IV. High Temperature Measurements 

The measured drain current characteristics of the 3- 
D MESFET are plotted versus gate-source voltage 
in Fig. 8 for different temperatures. The threshold 
voltage of the device varies according to: 

vT = VT0-2K(T-T0) (2r 

where K= 1.4 mV/K [9] (the factor of 2 is due to 
the dual gates). This temperature dependent 
threshold voltage shift is the same as for 
conventional GaAs MESFETs. The 2-D MESFET, 
on the other hand, has no measurable temperature 
dependent shift in the threshold voltage [10]. The 
much weaker temperature dependence of the 2-D 
MESFET is due to a nearly temperature 
independent built-in voltage related to the 
degeneracy of the two-dimensional electron gas. 
The low-field mobility in the 2-D MESFET also 
exhibits much less degradation than conventional 
MESFETs and the 3-D MESFET. This is due to a 
more effective screening of impurity scattering by 
the two-dimensional electron gas [10]. 
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V. Summary 

Two sidewall gate transistors, the hetero- 
dimensional 2-D MESFET and an ion-implanted 3- 
D MESFET, were described. The 2-D MESFET 
has the advantage of a high mobility InGaAs 
channel and low capacitance due to the 3d metal/2d 
electron gas interface, while the 3-D MESFET is 
cheaper to fabricate. The NCE is eliminated in both 
of these FETs due to the unique sidewall gate 
geometry. The electrical characteristics of both 
devices are similar, especially at submicron 
dimensions. The 2-D MESFET has lower knee 
voltage, lower output conductance, smaller DIBL 
shift, higher average transconductance, and a 
smaller threshold voltage temperature dependence 
than the bulk device. Also, the extracted Schottky 
barrier heights were found to be identical for both 
devices, indicating that there is enhancement of the 
effective Schottky barrier height in the 2-D 
MESFET. Overall, the similarities between the two 
devices indicate that it is possible to combine the 
idea of the sidewall gate 2-D MESFET with a more 
conventional, ion-implanted technology. Both the 
2-D MESFET and the 3-D MESFET appear 
promising for low power electronics applications 
and further study of each is needed. 
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Table 1: Representative 2-D MESFET and 3-D MESFET parameters 

device 
type 

W0xLg 

(Um) 
Vt(V) Imax(^A) Smax 

(uS) 
kleak 
(nA) 

'g.leak 

(nA) 
Vknee(V) 

sub-slope 
(mV/dec) 

DIBL 
shift (V) 

2-D 1.0x1.0 -1.7 318 172 19 25 0.53 117 0.18 

3-D 1.0x1.0 -4.1 310 114 335 466 NA 385 0.35 

2-D 0.5 x 0.5 -1.1 165 112 3.7 5.3 0.35 83 .05 

3-D 0.5 x 0.5 -1.1 148 118 3.8 4 0.5 87 0.13 
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Coplanar-Strip Geometry Multiple-Quantum-Well 
Heterostructure Devices 

Steven W. Kirchoefer 

Naval Research Laboratory 
Washington, DC 20375-5347, (202) 767-2862 

Multiple-quantum-well heterostructures exhibit a variety of nonlinear conduction 
properties which are of interest for high-speed device applications. Conduction 
measurements on channel devices employing a variety of multiple-quantum-well 
sequences have shown nonlinear behavior and negative differential conductivity in low- 
frequency and high-frequency measurements of terminal device characteristics [1]. The 
responses thus acquired are typically frequency-limited by the parasitic elements 
associated with discrete device designs. This makes it difficult to experimentally identify 
the frequency limitations that are due to the carrier transport properties of the intrinsic 
heterostructure. 

A novel device design utilizing an oxide-isolated coplanar-strip transmission line has 
been used to measure the microwave-frequency properties of conduction nonlinearities in 
multiple-quantum-well heterostructure devices in a manner which avoids the discrete 
design parasitics associated with conventional measurement approaches. The dc-bias 
contacts and conduction channel structures are isolated from the microwave coplanar- 
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a) b) 

Fig. 1. Coplanar-strip devices for current injection a) parallel and 
b) perpendicular to the plane of growth. Cross sections through the 
center of the devices are shown below each diagram. 
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strip device structures by means of a 300-nm-thick oxide layer. The only interaction 
between the dc-bias device structures and the coplanar-strip device structures is via the 
common substrate. Changes in the substrate properties with respect to the coplanar strip 
that are induced by the dc biasing of the substrate can be determined through this 
interaction. This arrangement allows one to independently design the coplanar structures, 
using physical dimensions that are optimal for a 50-ohm-referenced measurement, and 
independently design the dc-biasing device structures without concern for the 
introduction of additional microwave parasitics that would be present in a more 
conventional terminal configuration. Two basic device styles are employed for these 
measurements. These are shown in Fig. 1. The type shown in Fig. la is used in 
conjunction with heterostructures typically grown on semi-insulating substrates and 
requiring current flow parallel to the sample surface. The style depicted in Fig. lb is 
associated with samples requiring current injection perpendicular to the surface. Both 
device styles occupy a substrate area of 700 microns by 700 microns. Although the dc- 
biasing structures differ greatly in geometry, the coplanar-strip portions of these devices 
are identical and exhibit practically identical zero-bias behavior. 

A number of devices have been constructed and tested for various heterostructures. The 
best data has been obtained from devices fabricated in the form of Fig. la [2]. Because of 
the insulating oxide layer, it is expected that a simple lumped-element model of the 
coplanar strip would be dominated by a series capacitor. This leads to the conclusion that 
any conductivity changes in the multiple-quantum wells will be most strongly observed 
in open-circuit reflection measurements. Fig. 2 shows the results of such measurements 
made in the frequency range from 50 MHz to 10 GHz. At low frequencies, nearly all of 
the signal is reflected, resulting in data points near the open-circuit point on the Smith 
Chart. This is expected, since the oxide layer is capacitive in its effect and presents a 

-1 
Fig. 2 Reflection data for low (0 volts) and high (40 volts) dc bias 
levels over the frequency range from 50 MHz to 10 GHz. 
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300 
270 

Fig. 3. Equivalent circuit best fit to data for low (0 V) and high 
(45 V) bias levels for the frequency range spanning 50 MHz to 12 
GHz. 

high series impedance which reduces the interaction with the quantum-well layers at low 
frequencies. As the excitation frequency is increased, the data points move toward the 
center of the chart Equivalent-circuit-element values representing the data sets for a 
range of applied bias conditions have been determined. The calculated response obtained 
from the equivalent-circuit model is shown as a smooth line overlying the data curves of 
Fig. 2. The bias dependencies of the variable resistance and capacitance are consistent 
with the dc and low-frequency results, which are assumed to originate from interactions 
between the heated electron populations in adjacent quantum wells [3]. 

Interaction between the substrate under bias and the microwave coplanar stripline has 
been observed in transmission measurements, as shown in Fig. 3. At low frequencies, 
transmission is near unity, resulting in data points near the unity-transmission point on 
the transmission coefficient plane. As the frequency is increased, coupling to the 
substrate through the insulating oxide layer results in microwave signal loss, causing the 
measured points to move toward the center of the chart. An analysis of the bias- 
dependent data shows that the microwave losses present at low dc bias are reduced at 
high dc bias. A standard numerical design model for coplanar lines has been utilized to 
analyze this observation, and a change in loss tangent from 8 to 5 is observed over the dc 
bias range of the measurement. 

Additional measurements for other quantum-well sequences will be discussed. 
Numerical calculations using standard field-simulation software will be presented and 
compared with the experimental data.  Circuit models for the measured data will be 
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included and individual parameter and element variations will be correlated with the 
conduction properties of the multiple-quantum-well heterojunction structures. 
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Corrugated Quantum Well Infrared Photodetector structures 
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Abstract 
In this paper, we report the study of a novel device geometry for quantum well infrared 
photodetector (QWIP) normal incident light coupling. The new detector structure will be 
referred as the corrugated QWIP (C-QWIP) structure. In this structure, V-grooves are 
etched through the active detector region to create a collection of facets within one detector 
pixel. These facets then direct normal incidence light into the QWIP through total internal 
reflection. In order to demonstrate the advantages of this light coupling scheme, a 
two-color C-QWJP covering the two infrared atmospheric windows is used for the study. 
The experimental data show that while the photoresponse of the detector is maintained to be 
the same as that of a 45° incidence sample, the dark current density is reduced by more 
than a factor of two, thus increasing the detectivity. At the same time, no spectral linewidth 
narrowing or wavelength selectivity is observed, which is crtitical for multi-color infrared 
detection. 

Long wavelength infrared detection using intersübband transition in AlGaAs/GaAs multiple 
quantum well (MQW) system has been progressing rapidly during the past several years, i 
Based on a simple theory, one can predict the opto-electronic properties and the potential 
performance of a quantum well infrared photodetector (QWTP) for a given set of structural 
parameters.2 Consequently, optimized structures can be designed for various functions. 
However, there is a well-known drawback for these detectors: due to the dipole selection 
rule, only the light component with electric field perpendicular to the QW planes can be 
absorbed. Therefore, much effort has been made toward designing an effective light 
coupler for the normal incidence geometry. Among different light coupling schemes, the 
2D grating3-5 and the random scattering couplers have been shown to be quite effective in 
obtaining a high quantum efficiency. 

In this paper, we report a study of the novel light coupling scheme in the new detector 
structure which we refer here as the corrugated QWIP (C-QWIP) structure. In this 
structure, a large number of V-grooves with slanted sidewalls are etched through the active 
detector region to create an array of facets within one detector pixel. These facets then direct 
normal incidence light into the QWIP through total internal reflection. Unlike the 
conventional gratings which require a thick top contact layer as grating layer, the V-groove 
structure is fabricated by employing wet chemical etching to create an array of light coupler 
directly in the active QW region, thus eliminating the requirement of a thick contact layer. 
Because of the different etching rate for different crystallographic planes, the resultant 
groove sidewalls are inclined at 54° with the (100) surface along the [01-1] direction, 
forming a triangular profile as shown in Fig. 1. This corrugated structure substantially 
reduces the dark current due to the triangular cross-section area in the active region. 
Because the light coupling mechanism of the C-QWIP is based on total internal reflection 
instead of the usual diffraction, it couples light of different wavelengths equally into the 
detector. No spectral linewidth narrowing and wavelength selectivity are thus expected, 
making this structure superior to the conventional grating. In addition to the formation of 
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this desirable geometry for total internal reflection, another advantage of wet chemical 
etching is to avoid the sample damage caused by plasma etching and thus reduce the 
leakage current considerably. Furthermore, the processing of C-QWIP is much simplier 
because there are no stringent grating parameters such as periodicity, cavity size, and 
etching depth, etc to be observed. 

To evaluate the performance of this new coupling scheme, a two-color C-QWIP covering 
both the 3-5 and 8-12 |im atmospheric windows is fabricated. It has two stacks of MQW's 
in the active region. The first stack has 20 periods of 300-Ä Alo.3sGao.62As barrier and 
5-Ä GaAs / 25-Ä In0.2Ga0.sAs / 5-Ä GaAs well. This MQW is designed to have the 
detection peak at a wavelength Ap = 4.8 (im. The second stack consists of 20 periods of 
500-Ä Alo.25Gao.75As barrier and 50-Ä GaAs well, and X,p is designed at 9.4 |im. The 
conduction band diagram of this sample, which has only one bound state in each quantum 
well, is given in Fig. 2. 

Three devices employing three different light coupling structures are characterized. Device 
C uses a standard 45° incidence coupling. Device B has no special coupling structure. 
Device A contains a C-QWIP structure, fabricated using a grating mask with a period and 
an opening width of 7 Jim and 2 urn respectively. Inside the QW regions, the light beam 
follows the path shown in Fig. 1 for all incident angles equal to or greater than the total 
reflection angle of the air-GaAs interface. This structure allows at least two passes of the 
light within one single pixel without thinning down the substrate (625 u\m in this case) and 
at least four passes with a thinned substrate. The substrate of the present devices have not 
been thinned. For the first pass the direction of light propagation is nearly parallel to the 
QW planes, thus more efficient in light coupling than the 45° incidence case. For the 
second pass, the coupling is less effective because the propagation is less parallel to the 
QW planes. On the average, without substrate thinning we can expect a quantum efficiency 
comparable to that in the 45° incidence sample and two times higher with substrate 
thinning. No crosstalk between pixels is expected in this new structure. 

The dark current of the three devices are measured in a liquid helium dewar. The window 
photocurrent due to 300 K background radiation is also measured at 10 K with a 36° field 
of view. Fig. 3 shows the 77 K dark current densities and the window photocurrent 
densities of all three devices. The dark current densities of devices B and C are almost 
identical, indicating the high uniformity of the intrinsic detector characteristics. On the 
other hand, the dark current density of device A is substantially lower, only half that of 
device B at most at V~9V. This dark current reduction is advantageous in relaxing the 
charge handling requirement of the read-out circuit. The window photocurrent densities of 
devices A and C are roughly equal, consistent with the expectation that the light coupling of 
this C-QWIP without substrate thinning is comparable to that of a standard 45° incidence 
sample. 

In order to compare the spectal efficiency of different coupling schemes, photocurrent 
spectra are measured using a monochromator with a 1000 K glowbar source. In all 
measurements, positive bias is applied on the top contact with the bottom contact grounded. 
At low bias (V<5V), most of the voltage drop is across the 3-5 urn stack due to its larger 
resistence and only a single detection peak at A,p = 4.7 UMXI is observed. When the bias 
increases to 6V, the voltage drop across the 8-10 Jim stack becomes appreciable and a 
second detection peak appears at 7^ = 9.4 u\m. With a further increase in V (V>7V), the 
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peak at Xp = 9.4 urn becomes dominant. The operating bias is therefore set to be 4V for 
the short wavelength detection window and 9V for the long wavelength detection window. 
The responsivity spectra of devices A, B, and C are shown in Fig. 4. The power of the 
glowbar source is calibrated by a commercial HgCdTe detector. No power correction is 
made for the reflection from the substrate for all devices, neither is the optical area 
correction made for the 45° incidence device. Because of the ID character of the C-QWIP, 
the photoresponse of device A depends on the polarization direction of the incident light. 

In a previous publications, we measured the photoresponse of the same two-color detector 
with a conventional 2D grating designed for 10 urn light coupling. It was found that, in 
addition to the shortcoming of specral linewidth narrowing, the light coupling is not as 
effective in the 3-5 |im window in comparison to the 45° incidence coupling. In contrast, 
the C-QWIP represented by device A does not show such shortcomings. As clearly shown 
in Fig.4, the responsivity of device A is 1.2 times higher than that of device C in both 
detection windows. This result leads to the conclusion that the C-QWIP structure is equally 
effective in coupling light of different wavelengths, and there is no spectral linewidth 
narrowing. This optical coupling improvement, together with the dark current reduction, 
leads to an increase of background limit temperature and an enhancement of detectivity. 

Additional improvements can further be made for the C-QWIP structure. By optimizing the 
detector processing, 2D corrugated patterns can be made, which can double the coupling 
efficiency. Also, by thinning down the substrate for more passes, the quantum efficiency 
can be improved by another twofold. Since this new coupling scheme is compatible with 
the infrared hot electron transistor (IHET) structure, the combined approach should make it 
possible to have IHET focal panel arrays operable at 90K. 

The work at Princeton University is supported by an ARO grant DAAH 04-94-G-0270. 
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Fig. 1 The upper part shows the triangular cross- 
section of the C-QWIP. The lower part is an 
enlargement of the V-grooves, showing the light 
path inside one single pixel with a thinned 
substrate. 

5 um stack 

ln02Ga08As/AI03aGa062As     10 ^ siat^ 

I GaAs/AI025Ga075As 

Substrate 
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QWIP. 
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Fig. 3 The 77 K dark current densities and the 
window photocurrent densities of the two-color 
QWIP: A the corrugated structure, B normal 
incidence without any pattern, C the 45° coupling 
incidence. 
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Fig. 4 The responsivity of the two-color QWIP: A 
the corrugated structure, B normal incidence without 
any pattern, C the 45° coupling incidence. 
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The Silicon Hot Avalanche Injection Transistor (HAIT) 
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The speed of bipolar transistors is limited by high injection effects [l]. To achieve 
high cut-off frequencies unipolar hot carrier transistors are an attractive alternative 
[2,3]. Here we describe results of a novel fast hot carrier transistor with an Impatt- 
diode structure as emitter resulting in an inductive impedance. This device offers 
high speed without the disadvantage of the capacitive impedance of the previously 
mentioned transistors. 
As it is shown in Fig. 1, by biasing a silicon n+pp+-diode into Avalanche breakdown, 
a high differential conductance, which is limited by the space-charge resistance, is 
found. This conductance under reverse bias in this regime can be larger than the 
conductance of the forward biased diode. In addition it is well known, that the ima- 
ginary part of the impedance of an Impatt-diode is inductive for frequencies below 
the resonance frequency [1,4]. Taking the Impatt-diode as the emitter-base junction 
of the Hot Avalanche Injection Transistor (HAIT), the second building block of the 
HAIT consists of a planar doped n+-barrier layer, electrically separating the p^-base 
layer from the p-collector. In Fig. 2 the calculated electrostatic potential is shown. 
In order to contribute to the collector current, the holes generated by impact ioniza- 
tion in the high field region of the emitter-base junction under reverse bias, have to 
overcome the planar doped potential barrier. If they loose too much energy and can 
therefore not reach the collector, the base current increases resulting in a low current 
gain. Since with an Impatt-diode as hot current injector, high injection energies can 
be realized, reasonable current gains can be expected. 
To investigate the high frequency performance we have analyzed an equivalent circuit 
of the HAIT (Fig. 4). First the total current through the Impatt-diode Iimpatt is 
determined from the impedance of the Impatt-diode. The hot carriers (4ot), which 
reach the collector are modelled as a certain fraction of the conduction current of 
the Impatt-diode. The current carried by generated carriers, that have lost so much 
energy, that they cannot reach the collector, is then given by Iimpatt ~ I hot- Using 
realistic values for all the parameters, Fig. 5 demonstrates, that high cut-off frequen- 
cies can be achieved. 
To avoid substantial energy relaxation of the hot holes, which would deteriorate the 
current gain, the distance between the place of Avalanche generation and the top of 
the barrier (Fig. 2) has to be as short as possible. This requires a steep junction 
between the narrow p+-base and the planar doped n+-barrier, making low temper- 
ature processing an absolute necessity. The highest processing temperature after the 
growth of the wafers was 400°C. Another technological challenge is the etching of 
the contacts to the 20nm thick base layer. In order to increase the selectivity of the 
KOH-etching of the contacts to the base, the major part of the base layer consists of 
Sio.ssGeo.is (Fig. 3). 
The HAITs were fabricated on 6" silicon wafers, grown at atmospheric pressure in an 
ASM Epsilon One epitaxial reactor (Fig. 6). First a deep mesa structure is etched 
down to the substrate in order to electrically isolate the active regions of the different 
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transistors. Then by selectively etching a shallow mesa on top of the deep mesa down 
to the base layer the emitter is defined. For masking and as insulating layer a 350° 
PECVD-TEOS silicon oxide was used. The SIMS profile of one of the wafers (Fig. 7) 
demonstrates, that the necessary steep junctions between highly doped layers were 
obtained. The dc-characterization of a HAIT with an emitter length of 20ßm and an 
emitter width of l.bßm is shown in the Figs. 8-9. The measured IV-traces of the two 
building blocks of the HAIT, the emitter-base Impatt-diode and the base-collector 
camel diode indicate a successful selective etching of the base.contact (base sheet 
resistance < lOkQ). The leakage current of the base-collector junction is negligible 
up to a voltage of 8V across the potential barrier. The low current gain of the HAIT 
(hfe — 0.35, Fig. 9) is due to a large built in barrier height, which cannot be changed 
experimentally by applying a voltage across the barrier. A calculation of the barrier 
height (Fig. 10) for this structure (Fig. 3b) confirms that for a 15nm thick planar 
doped barrier of 1019cm-3 the barrier can not be depleted up to voltages of 15V" 
resulting in a fixed barrier height of « IV. By choosing a lower doping concentration 
of 5 • 1018cm~3 we expect a substantially higher current gain. To demonstrate that 
the observed current gain is due to hot carriers and not due to parasitic effects, we 
have compared the "cold" carrier current gain with the hot carrier current gain (Fig. 
11-12). Using transistor structures with two separate base contacts the "cold" carrier 
current gain was determined by injecting the current in one of the two base contacts 
(current injection lateral to the barrier, inset Fig 11). The hot carrier current gain 
measured at the same device (Fig. 12) is found to be 106 times larger. 
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Fig. 4. Equivalent circuit of the HAIT with 
re, the emitter resistance, rb, the base resist- 
ance, re, the collector resistance, and cbc the 
base-collector depletion capacitance. The cur- 
rent source Isc takes the finite transit time 
through the base-collector depletion layer into 
account. 
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gain as function of the frequency for the equi- 
valent circuit of the HAIT (Fig. 4). The lines 
correspond to different dc current gains. 

Fig. 6. a)SEM of the HAIT with b) the emit- 
ter finger (contact hole and shallow mesa). 
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The Design and Performance of the Uniphase CMCCD and Its 
Possible Application as an Analog Memory 
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The first charge-coupled device (CCD) [1] was proposed by 
Boyd and Smith in 1970 and since then it has found its way 
in numerous important electronic applications. The princi- 
ple of operation of a CCD is relatively simple and it relies 
on the electron transfer between the neighboring MOS gates 
or Schottky gates in the device. To facilitate an efficient 
charge transfer, normally, submicron gaps between the trans- 
port gates are required and this, sometimes, poses a reli- 
ability problem. More recently, resistive-gate charge- 
coupled devices (RGCCDs) [2] have been used to offset this 
requirement on submicron gaps and high-efficient RGCCDs 
(with a charge transfer efficiency of 0.998 or better) have 
been fabricated. In addition, since cermet is the material 
most frequently used for the resistive gates, RGCCDs are 
also called cermet-gate charge-coupled devices (CMCCDs). 
This work may be divided into three parts. The first part 
deals with the structural optimization and the performance 
of the Uniphase CMCCD. The second part investigated the 
effect of the clock voltages and their waveforms on the 
performance of the devices. Finally, in the last part, we 
investigated the linearity and noise in the CMCCD in light 
of its possible application as an analog memory. 

Numerous work have been performed on the modeling of CCDs 
and CMCCDs and the basic charge transfer operation is well 
understood. The key mechanisms are due to the self-induced 
drift, the fringing field and the thermal diffusion. Both 
analytical models as well as equivalent-circuit models have 
been studied. The later are claimed to offer a better 
computational efficiency when compared with the analytical 
models [3]. One clear advantage of the equivalent-circuit 
model is m its application for the study of transient 
voltage effects. Fig.l shows a cross-section of a uni-phase 
CMCCD. The geometrical parameters as are X = [L, , L x<_] 
To optimize device performance, we can set up of angobjec- 
tive function which in our case is chosen to be the error 
function: 

M-l 
e(X) = .^WCJ) - *max -i(J))2/M        (1) 

where M is the number of grids used in the direction of 
charge transfer, *m (j) is the potential maximum profile 
in volt in the direction of the charge transfer, and $ 

m 9.x 
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•(j) is the "ideal" potential maximum profile in volt in 
the direction of the charge transfer. 

§raax is determined by solving the two-dimensional Poisson 
equation in the channel and *max _j_ is the ideal profile 
determined for maximum charge storage.  By minimizing e(X) 
with respect to the geometrical parameters, we can obtain 
$max cl°sest to *max -i* Tnis can be done using the Fletch- 
er-Reeves method [4]. The optimized profiles of $max are 
plotted in Fig.2. Table I lists the theoretical charge 
transfer efficiencies of the optimized CMCCDs at different 
transfer times.  The initial charge size was 5 x 1011 /cm2. 

Transfer Time (ps)   200   400   600   800    1000 
Efficiency 0.6490 0.8531 0.9514 0.9884 0.9990 

Table I 

As observed, the optimized structure can theoretically 
operate at a charge transfer efficiency of 0.999 up to 1 
GHz. At a higher clock frequency, the charge transfer 
efficiency will decrease due to velocity saturation. The 
charge transfer efficiency versus the charge density and the 
peak clock voltage are shown in Figs.3 and 4. As expected, 
the charge transfer efficiency will fall-off rapidly when 
either the charge density is too high (due to spill-over 
from the potential wells) or when the peak clock voltage is 
too large (due to the presence of energy "troughs") . The 
rise time of the clock voltage Trise is often considered to 
be an important parameter in determining the charge transfer 
efficiency [5]. Fig.5 compares the charge transfer effi- 
ciencies resulting from different values of Tr^se as a 
function of the transfer time ttf for the uniphase CMCCD. 
As expected, the effect of the rise time is more pronounced 
in the later part of the transfer process (when the self- 
induced drift effect has subsided). A small rtf apparently 
will allow the fringing field to be established more quickly 
and that will facilitate charge transfer. The linearity of 
the CMCCD depends primarily on the input and the output 
(I/O) structures. Fig.6 shows the measured transfer charac- 
teristics. As expected, good linearity can be observed over 
a reasonable dynamic range (0 - 0.5 V) up to about 50 MHz. 

In an analog device, noise will frequently limit the per- 
formance and in the CMCCD, the main noise contributions are 
due to thermal generation, bulk trapping and the I/O struc- 
tures. The noise figures (expressed in equivalent number of 
electrons) from the various sources are listed in Table II 
together with the equations used for their estimation. 
Assuming that the maximum charge storage is given by the 
product of the depletion layer capacitance and the value of 
the potential well, it can be shown that the maximum charge 

96 



storage is 6.0 x 10  e~. 
noise ratio of a GaAs 
frequency. 

Fig.7 shows the measured signal-to- 
CMCCD as a function of the clock 

Noise source Equation Two-phase 
CMCCD 

Uni-phase 
CMCCD 

Thermal 
generation [12] 

n* = yjViAJbWU) 31 e" 32 e" 

Bulk trapping [13] in-«? = s/NTVSrcNtx 36 e~ 51 e" 
Jexp{-TtlTc)[l - eip(-T(/re)] 

Input [13] Kinput — ö V          ^inp 179 e" 179e~ 

Output [13] Ko-uiput = ~yKTCop 127 e" 127 e~ 

Total noise 373 e" 389 e" 
Max. charge size 8.6 x 105 e" 6.0 x 106 e" 

S/N ratio 201og(<3m«/<2T„;«) 67 dB 63 dB 

Table II 

In general, CCDs are used primarily for signal processing 
and as imagers. A novel application of the CCD is to use it 
as an analog memory. For instance, a 100 pixel CCD with a 
charge transfer efficiency of 0.9999 connected in a closed 
loop will experience only 10% signal degradation after 10 
cycles and theoretically, this is often adequate for a 
number of analog signal processing applications such as the 
case of adaptive learning in neural nets [6]. Fig.8 shows 
schematically a CMCCD configured to operate as an analog 
memory. The purpose of the level-shift circuit is restore 
the dc voltage levels and Fig.9 shows the photomicrograph of 
the measured output waveforms for a sinusoidal input. As 
observed, other than for the minor signal distortion, the 
output is a good replica of the input. 
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EFFECT OF PULSED FIR LASER RADIATION 
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93040 Regensburg, Germany 

Investigations of the fast response of Schottky-barrier tunnel junctions (SBTJ) to high power 
pulsed FIR laser radiation have shown that under the condition of plasma reflection the change in the 
junction resistance is connected with a deformation of the self-consistent potential barrier [1-3]. This 
deformation is caused by radiation pressure on the free electron plasma in the semiconductor. The 
observed photoresistive effect allows to consider SBTJ as a detector of pulsed FIR laser radiation 
with high temporal and spatial resolution [4] .The two-dimensional electron gas (2DEG) in the 
potential well of the 8-doped semiconductor represents a similar system with a self-consistent 
potential. The properties of this system depend on the redistribution of free carriers in the direction 
perpendicular to the plane of the 5-layer. This work presents the first results of photoresponse 
experiments with 5-doped GaAs structures. 

The investigated samples consist of MBE grown GaAs with one 5-layer, 5 mm long and 1 mm 
wide, at a distance of 20 nm from the semiconductor surface. The donor atoms are Si with a density 
of 61012 cm-2. The 2DEG density is 3-1012 cm-2 due to the spatial redistribution of carriers 
between the surface states and the 8-layer. 

Two different types of samples were used: structures with a plain GaAs surface and structures 
with an aluminum gate. In gated samples the current through the Schottky barrier between the gate 
and the channel is carried by tunneling electrons. Investigations of the samples at 4.2 K temperature 
have shown, that the tunneling-spectroscopy and magneto-transport data are in a good agreement 
with the results of self-consistent calculations of the energy structure of two-dimensional subbands in 
a 8-doped layer of 5 nm thickness [5]. 

The radiation sources used were pulsed NH3 and CH3F molecular lasers optically pumped by a 
TEA CO2 laser providing <100 ns pulses. The measurements have 
been carried out at the wavelengths X of 90.55 urn and 250 urn. 
The maximum intensity of radiation in the sample was 1 MW/cm2. 
For varying the intensity calibrated teflon attenuators have been 
used. The intensity incident on the sample has additionally been 
controlled by a fast photon drag detector. 

The gated samples have been irradiated from the substrate 
side. The photoresponse measurements of gateless samples have 
been performed with irradiation on the 8-layer side. It was proved 
that the magnitude of the signal is only slightly smaller when the 
substrate side is irradiated. Fig. 1 shows a sketch of a sample and 
the measurement scheme. 

hv 

GaAs 

8-GaAs \= 
A'2°°°A Y//'//////////////A 

£ 

AV 

Fig. 1. Scheme of measurements 
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Fig. 2. Gated structure. Photoconductive response (A, C, D) at different gate voltages and photo- 
e.m.f. (B) due to the FIR laser pulse (duration 100 ns, ^.=250 (xm). The sample temperature is 77 K. 
Corresponding gate voltages are Ugd = -0.48 V (A), 0 V (B), 0.45 V (C), and 3.73 V (D). The resi- 
stance Rgd versus the gate voltage is also shown. The same results were observed for ^,=90.55 um. 

A fast response has been observed with a time constant smaller than the laser pulse duration. 
Signal pulses are displayed in Fig. 2 for different gate voltages Ug(j. Note that the response in the 
unbiased case (Ug(j = 0) is a voltaic signal inducating a spatial redistribution of free charges. 

The response at Ug(j * 0 changes its sign when the sign of the bias voltage is changed. This 
means that the response is due to a change in the conductance of the structure at Ugd * 0, i.e., it is a 
photoconductivity effect. The sign of the photoconductivity reveals that during the laser pulse the 
conductance decreases at low bias and increases at high bias. Radiation heating of 2DEG in S-doped 
layer would result in an increase of the tunnel junction conductivity, since the latter rises about ten 
times with increasing sample temperature from 77 to 300 K. 

Thus, we conclude that the low-bias response is of non-thermal origin. However, it must be 
noted that at low bias the dominant negative component of photoconductivity is followed by a small 
positive tail, which may be due to electron heating effects. 

At low bias voltage, Ug<j < 0.5 V, the resistance Rg^ between the gate and the 8-layer is about 
100 times higher than the channel resistance measured directly. Thus, the response at low bias 
should be considered as the result of a decrease of the tunnel conductance during the laser pulse. 
Such a sign of the observed photoconductivity in the gate-channel tunnel junction is completely 
different from what has been observed in usual tunnel junctions with Schottky barriers where the 
photoconductivity is always positive [2-3]. 

The change in the sign of the photoconductivity with the increase of the bias voltage may be 
related to the crossover from the tunnel junction resistance, decreasing exponentially with the bias, to 
the channel resistance. This can be seen from the resistance-voltage characteristic shown in Fig. 2, 
where the resistance assumes an approximately constant value for bias voltages Ugj > 2 V. 
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To clear up the origin of the response of the gated structure at high, bias voltage, the photores- 
ponse of the structure without gate has been measured. It turned out that the response observed in the 
gateless structure is very similar to the response of the tunnel structure at large bias voltages and 
both should be related to an increase of the channel conductance. 

This fast positive photoconductivity of the channel could qualitatively be explained by electron 
heating. To check this assumption, the temperature dependence of the channel resistance must be 
known. We have measured the channel resistance as a function of the lattice temperature under 
different conditions: a) in the dark, b) the sample permanently illuminated by visible light, c) after 
illumination switched off (persistent photoconductivity). It is of interest that a long-time signal tail of 
opposite sign occurs under the condition of steady-state illumination with visible light, in addition to 
the fast positive photoresponse (Fig. 2, curve D). However, this will not further be considered here 
since the fast channel response related to 2DEG mobility change does not depend on the illumination 
conditions which affect mainly the 2DEG density. 

To test the assumption about the thermal origin of the fast photoresponse of the 5-layer, me- 
asurements of the dependence of the channel photoconductivity on the intensity of laser radiation 
have been carried out at various sample temperatures in the range of 77-300 K. The illumination by 
external visible light was rejected with a black polyethylene film, when it was necessary. It was 
found that the values of the fast photoresponse in darkness and under persistent photoconductivity 
condition are identical despite the large difference of the temperature dependencies of the channel 
resistance in these two cases. Therefore, in the following the data obtained under dark conditions are 
discussed only. 

Fig. 3 shows the temperature dependence of the response. The magnitude of the response drops 
by two orders of magnitude in a range where the temperature increases about by a factor of three. 
This behaviour can be attributed to an exponential factor like exp(-h(üQ/kT) in the electron energy 
loss rate (ft©o=36.5 meV is the energy of longitudinal optical (LO) phonons in GaAs). As known, 
such a term is present in the expressions for the electron energy loss rate due to scattering by LO 
phonons irrespectively of the possible heating of the LO phonons (see for example [6]). 

To analyze the heating effects in 2DEG it is necessary to know the electron distribution in two 
dimensional subbands. Following [5] we have obtained the value of the Fermi energy, Ep - 93 meV 
for the lowest subband and 17 meV for first excited subband. A rigorous treatment of hot 2D 
electrons, taking into account the subband filling, is quite cumbersome. Therefore as a first 

2 approach, we have analyzed the measured 
lg(Ao/öJ cm/W)  photoresponse     in     a     one-subband     ap- 

proximation. Effective parameters of the 
2DEG were taken from Hall measurements. 

The density of 2DEG in our samples is 
high enough that the electron temperature ap- 
proximation can be applied. As known, in 
GaAs at temperatures > 50 K the energy of hot 
electrons is transferred to the lattice due to the 
emission of LO phonons. In this case the ex- 
pression for the energy loss rate per electron 
can be written in the form: 

P = fcD0v,[exp(-^)-exp(-^)]   (1) 

where Ve is the effective emission frequency of 

LO-phonon by electrons, Te and T are the 

temperature of electrons and the lattice at equi- 
librium, respectively. It can be rigorously 
proved that Eq. (1) is valid in the case of LO- 
phonon heating, too. 
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Fig. 3. Gateless structure. Temperature dependence 
of the relative photoconductivity Ac/c normalized 
to the intensify J at two wavelengths. The solid line 
shows the exp(ftu)0 / kT) behavior. 
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Using the data shown in Fig. 3, we have determined the magnitude and temperature dependence 

of the emission frequency Ve. It takes a value of the order of 10 s"1 at 77 K and of 10 s"1 at 

room temperature. It could be verified that these values of Ve give the correct order of the measured 

electron energy loss rate in GaAs as a function of Te (see, for example, [7]) and the cooling rate of 

hot LO phonons due to the coupling with acoustical phonons [8] 
Hence, the presented data show that the channel photoconductivity of 8-layers is stipulated by 

electron heating owing to the absorption of radiation by free carriers but the photoresponse of the 
tunnel junction is not due to hot-electron effects. 

It seems likely that the decrease in tunnel conductance observed under the action of radiation can 
be related to a change in the shape of the self-consistent barrier-well potential due to the 
ponderomotive force of the electromagnetic wave, just as it was found in the case of tunnel Schottky- 
barrier junctions [3]. However, the momentum transfer from the radiation to electrons of the 5-layer 
may be provided here by the magnetic field of the free carrier current (like pinch-effect) instead of 
the free carrier plasma reflection of the radiation in the bulk of the semiconductor. To explain the 
observed phenomena, the change in the shape of the 5-layer potential well must be taken into 
aacount. This change is caused by ponderomotive forces in the nonuniform field of the reflected 
electromagnetic wave near the GaAs surface. 

We are thankful to V.G.Mokerov and B.K.Medvedev for providing the samples and to 
VAKokin for calculations of the energy spectrum of 2DEG. Financial support by the NATO (grant 
HTECH.LG 931585) is gratefully acknowledged. 
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We examine vertical Bloch miniband transport in a GaAs-based superlattice of quan- 
tum wires arrayed on a plane, following similar recent studies of planar quantum-well 
superlattices1 and quantum-dot superlattices2. In particular, we determine the cur- 
rent due to a dc field E0 which may drift the system into the regime of negative differ- 
ential mobility, jointly with a perturbing single-frequency electric field Eu sin(27r</rw). 
We consider Eu ~ E0, so that the perturbing ac field is strong, and the responding 
steady periodic miniband current exhibits distortion and harmonic content beyond 
the impressed single frequency, characteristic of nonlinear time-harmonic generation. 

Our nonlinear balance equation formulation takes account of strong electron-electron 
interactions which tend to rapidly thermalize the system about the center-of-mass 
motion, and which dynamically, nonlocally screen the scattering interactions. In our 
treatment of the latter, we employ a realistic microscopic description of random im- 
purity, acoustic phonon and polar optic phonon scatterings in momentum and energy 
balance equations. Our model quantum wire superlattice consists of periodically 
spaced potential wells and finite-height barriers in the z-direction. In the lateral 
plane, wire definition is achieved by electron confinement within a distance dx in 
the x-direction, while the electrons move freely in the y-direction. Thus the electron 
energy dispersion can be written in the form {% = !) 

£n,ky(h) = en,ky+€(kz), (1) 

where 

en,ky = en + i (2) 

and m is the effective mass in the ^/-direction and en represents quantized lateral 
subband energies for confined electron motion in the x-direction. Furthermore, we 
employ a tight-binding approximation for the lowest z-miniband energy 

e{kz) = -(1-cos kzd), (3) 
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where d is the superlattice (SL) period, A is the miniband width, and — ir/d < kz < 
TTJd. 

The momentum and energy balance equations are most conveniently described in 
terms of the average drift velocity vd 

^ = f   E   ^f(en,ky(kz-Pä),Te), (4) 

(N is the total number of electrons) and the average electron energy 

2 
he = N   E  ^n,ky(kz)f(entky(kz-pd),Te). (5) 

In these terms, the momentum balance (expressed in terms of vd) is given by (vm = 
Ad/2) 

—^ = eE(t)da(Te) cos{Pdd) + -^-(A,- + A,), (6) 
vm at /\a 

and the energy balance is 

^ = eE(t)da(Te)sm(Pdd)-™, (7) 

where a(Te) depends on the electron temperature Te, to the exclusion of the center- 
of-mass drift momentum pd, and it is given by 

a(re) = f   E  ™s(kzd)f(en,ky(kz-Pd),Te). (8) 
n,ky,Kz 

Above, /(e,re) is the Fermi-Dirac distribution at the electron temperature Te, with 
chemical potential p,. The detailed expressions for the frictional decelerations A{ 
and Ap induced by impurity and phonon scatterings, respectively, and the energy 
transfer rate W from electrons to phonons, were derived in Ref. 3, using a realistic 
3D microscopic treatment of acoustic and polar optic phonon and random impurity 
scatterings. In the interest of brevity, we refer the reader to Ref. 3 for these formulae. 

As indicated above, we treat quantum wire SL miniband transport driven by an 
electric field of the form 

E(t) = E0 + Eu8m(wt), (9) 

where the dc component Eo drifts the miniband current and Eu is the magnitude 
of the large superposed ac signal field. The resulting high frequency steady state 
drift velocity vd (current) and electron temperature Te are periodic functions of time 
with period Tw = litju. However, they are not simple periodic functions as they 
suffer distortion due to harmonic generation in their highly nonlinear environment. 
Nonetheless, their periodicity permits analysis in terms of a Fourier series in time, of 
the form 

oo 

vd(t) = v0 + X^bni sin(nwf) + vn2 cos(nwi)]. (10) 
n=l 
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The de component v0 and the harmonic coefficients unl and vn2 are given by 

1   [T 2   [T 2   rT 

V° = f Jo   Vd^dtf   Vnl = fJo   Vd^ sin(nujt)dt'   Vn2=Tj    VdiJ) cos{nut)dt. 

(11) 

The particular quantum wire superlattice treated here is a periodic array of quantum 
wires on a plane having period d = lOnm, lateral confinement within dx = 45nm, 
2D density Ns = 6.75 x 1015/m2, low-field dc mobility p(0) = 1.0m2/Vs at lat- 
tice temperature T = 300ÜT and miniband width A = 900ÜT. The driving field is 
E{t) = E0 + EW sin(27rt/rw) with Tu = 0.4p5, E0 = 12kV/cm and Eu = 10kV/cm. 
Using parameters appropriate to GaAs (four transverse subbands are included in the 
calculation), we determine the periodic (but not simple harmonic) miniband drift ve- 
locity as a function of time, exhibited in Figure 1, where the nonlinear generation of 
higher harmonic content is manifested in substantial distortion associated with higher 
Fourier coefficients unli2 in the drift velocity. 
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Figure 1: dc component of electron drift velocity as a function of time. The applied 
total electric field (one period) is also shown for reference. 
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All-optical switches play a central role in high speed optical computing and optical 
data processing. Various kinds of optical nonlinearities are presently under investigation 

for their potentially use in all-optical switching devices. The conventional SEED (self 

electro-optic effect device) is a bistable optical switch, which is already commercially 
available in digital systems [2]. It is based on the quantum confined Stark effect (QCSE) 

in low-dimensional semiconducter structures and a positive feedback is realized by an 
external electrical circuit [1,2]. In the InGaAs(P)/InP system however the contrast ratio 
and speed of the SEED are limited due to saturation at low optical power: The difference 

of the valence band and conduction band discontinuity and the different effective masses 
of electrons and heavy holes lead to an accumulation of photogenerated holes in the 
active region and therefore to a net space charge, which screens the external field in the 
quantum wells. 

Another kind of photonic switch is based exactly on this field-screening mechanism, 
which is maximized to give an internal positive feedback [3]. This charge-induced self- 
feedback device in principle works in short circuit and needs no external connections. 
Nevertheless both, the conventional SEED and the field-screening device are based on a 
light-induced field reduction, so the operating wavelength for the positive feedback mode 
lies on the high energy side of the exciton line, therefore requiring a high input power. 

We developed a novel type of 
pin-SCMQW (separate confine- 
ment multiple quantum well) 
structure, where photogenerat- 
ed carriers lead to a strong en- 
hancement of the internal field 
rather than to screening. The 
basic device structure consists of 
a conventional InGaAs(P)/InP 
SCMQW system, where addi- 

tional larger InP barriers are in- 
troduced. These barriers are po- 
sitioned in such a way that pho- 
togenerated holes screen the op- 
tical confinement layer and in- 
crease the field in the quantum 

wells (Fig. 1). This field increase leads to a red shift of the band edge due to the QCSE 

and therefore to an absorption increase below the band gap, which is utilized for optical 

p-InP     p-lnGaAsP InGaAsP   n-lnP 

Figure 1: Basis layer structure designed to yield field en- 
hancement in the quantum wells due to photogenerated 
carriers. 
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Figure 2: Calculated potential profile of the field enhancement 
structure with varying illumination and space charge at the 
highest power density. 

switching.   The effect of these additional barriers on electron transport is negligible, 

since both the barrier height and the effective mass are much smaller for electrons. 
We performed detailed 

calculations of the spatial 
band diagram with optical 
excitation by self-consistent- 

ly solving Poisson's equation 
and the continuity equation 
[4]. Fig. 2 shows the po- 
tential profile of the struc- 

ture with one additional InP 
barrier under varying opti- 
cal generation. The positive 

space charge at the large bar- 

rier (Fig. 2) screens the field 

in the right confinement lay- 
er and increases the field in 
the MQW region. The left 
confinement layer is p-doped 
to increase the maximum pos- 

sible field enhancement, which is determined by the relative width of the undoped region 

to the left and to the right of the InP barrier. 
On the basis of the modeling we realized such structures and investigated the nonlinear 

behaviour by measuring the change of transmission due to photogenerated carriers at 
fixed bias levels. We got a clear evidence of charge carrier induced field enhancement. 

By comparing the photo- 
transmission spectra with 
electro-transmission spectra 
we were able to determine 

the internal field at different 
pump power densities (Fig. 
3). At all bias levels we ob- 
serve a sharp increase of the 
electrical field at low pow- 
er densities, which flattens 
somewhat at higher power 

levels. We observe a max- 
imum field enhancement of 
about 40% at an optical 
input power of 1 W/cm2. 
Above 1 W/cm2 the field de- 
creases again. This is due 
to an accumulation of pho- 

togenerated holes in all quantum wells, which reduces the field enhancement and finally 
screens the entire MQW-region. Fig. 4 shows the potential profile and the space charge 
in the high power regime of our calculations, which consistently describe the experiment. 
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field enhancement structure under strong illumination. 

So the same screening mechanism, which limits the operation of SEEDs and QCSE 

modulators, is present in our device structure. The maximum field enhancement is given 

by the ratio of the escape times for the photogenerated holes over the large InP barrier 
and the quaternary barrier. 

Based on the results of 
the first field enhancement 
structure above there are 

several possibilities to im- 
prove the switching proper- 
ties concerning high contrast 

ratio and low input power. 
Our first improvement was 

based on a simple geometri- 
cal consideration: The posi- 

tive charge accumulated be- 
hind the large InP barrier 
creates a 'step' in the elec- 
tric field, which contributes 
on the one hand to the field 
enhancement in the MQW 
region and on the other 

hand to field screening in the n-side confinement layer (Fig.5). The ratio of the elec- 
tric field change in the quantum wells and in the confinement layer is fixed with the 
thickness of both regions. 

Starting from the same 
dark field Eo and introduc- 
ing the same amount of pos- 
itive charge into the last 
quantum well the change 
of the electric field in the 
MQW layer is substantial- 
ly larger in structures with 
thicker n-side confinement 
layers. So our second de- 
vice structure had an un- 
doped region at the n-side, 
which was more than twice 
as large as in the first struc- 
ture. To keep the waveg- 
uide structure symmetrical, 

we just shifted the n-doping 
front into the InP layer (Fig. 
5). Differential transmission 

measurements yield a maximum field enhancement of 18 kV/cm at a power density of 400 

mW/cm2, which is less than half the power required for the same shift in the standard 
structure.   Above 400 mW/cm2 the field enhancement is again reduced due to hole 
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Figure 5: Calculated relative position of the electric field 'step' 
of our first field enhancement structure (dashed line) and the 
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The step is shifted towards higher fields in the MQW region. 

109 



accumulation in all quantum wells. Further optimization of the structures based on 
the modeling and experimental results is currently in progress. 
The light induced enhancement of the internal field leads to an increase of the absorption 

below the bandgap and it should be possible to achieve hysteresis effects if the device is 
operated with a single wavelength. The wavelength for the positive feedback mode lies 
on the low energy side of the excitonic resonance and our novel switching structure might 

be useful for realizing low-power optical switching devices. 

Support of this work by the Deutsche Forschungsgemeinschaft under contract No. Ha 

1670/6 is gratefully acknowledged. 
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Photonic control of DC and high-frequency characteristics of HEMTs and related 
devices attract a great deal of attention with their possible applications to the 
optically controlled MMIC's for high-speed switches[l], phase shifters[2], oscillators[3] 
and mixers[4], etc. Previously reported experimental results show, however, rather 
small amount of improvement in DC and microwave characteristics in conventional 
AlGaA^GaAs HEMT's and MESFETs with optical illumination. [5,6] This has been 
one of the problems in implementing application systems with optically controlled 
microwave devices. 

In this work, we report DC and microwave characteristics of optically controlled 
double heterostructure n-Alo.3Gao.7As(100A/i-Alo.3Gao.7As(50A)/GaAs(50A]^no.i3Gao.87As 
(100A) pseudomorphic n-channel HEMTs, which is more efficient for the collection of 
channel carriers and the improvement of carrier transport, as shown in Fig.l. 
Epitaxial layer structures were grown on S.I. GaAs by gas-source MBE system. Hall 
mobility and density of 2-DEG in the pseudomorphic Ino.13Gao.87As channel at 300K 
were measured to be ~5,000cm2/(V • s) and 1.2xl012cm , respectively. Devices for 
characterization have gate length Lg=l/an, gate width Wg=240/an, gate-to-source spacing 
Lg»=l/an, and gate-to-drain spacing Lgd=l/an, which are fabricated by using chemical wet 
etching process with Au-Ge/NJ/Au and TyAu for ohmic and Schottky contacts, 
respectively. 

For the characterization of photonic responses of HEMTs, A =0.83/an AlGaAyGaAs 
laser diode module (Spectra-Physics : Model 7200) and HP8510B network analyzer 
have been used. We measured fabricated HEMTs on wafer in the frequency range of 
45MHz~40GHz and optical power density(Popt) of 0-440mW/cm2 at room temperature. 
Measured low frequency performances of a fabricated pseudomorphic HEMT, with and 
without optical illumination, are shown in Fig.2 and Fig.3. Threshold voltage for the 
device was obtained from h^-Vp plot at the saturation drain bias region, and found 
to be Vth=-0.87V without optical illumination. Transconductance was increased with 
optical illumination as shown in Fig.3. This mainly attributes to the photoconductive 
and photovoltaic effect with photogenerated electron-hole pairs, which are generated 
both in the GaAs spacer layers and InGaAs channel. Photogenerated carriers are 
finally collected in the narrow bandgap pseudomorphic InGaAs channel which 
resulting in the increase of carriers in the channel. Output conductance(gd«) was 
decreased and showed less channel length modulation effect under optical 
illumination. 

Typical microwave characteristics (small-signal current gain : H21, maximum 
available gain : Gm(U) of the fabricated HEMT are plotted in Fig.4, which are 
measured at Vd.=2.5V, VKa=-0.1V, and Popt=52mW/cm2. Current gain cut-off 
frequency(fT) and maximum frequency of oscillation(fmax) were increased as shown in 
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Fig.5. fmar and fT were sharply increased. However, they are saturated above Popt~ 
50mW/cnr. This is probably due to the increased gate-to-source capacitance(Cga) by the 
enhanced photovoltaic effect and the reduced channel mobility by the increased 
carrier-carrier scattering in the InGaAs channel. As shown in Fig.6, this agrees well 
with the small-signal equivalent circuit parameters, which are extracted from high 
frequency characterization. The enhancement of fm« with optical illumination is more 
significant than that of fT. This comes from reduced source, channel, and drain 
parasitic resistances(R«, Rch, and Rd, respectively) even with saturated fT. fT and fmax 
depend on these parasitic elements through 

/T=
 2X(C"+CJ '   /max= 2\j(Rs+Rch+Rä)gds+27rfTRtlCgd- 

Improved microwave performances under optical illumination(Popt=52mW/cm) as 
functions of gate bias(Vgs) and drain bias(V*dB) are also shown in Fig.7 and Fig.8, 
respectively. The improvement of fmax, compared with dark condition, is much more 
significant with the identical reason as in Fig.5. However, the relative change in fmM 
at low Vd» is smaller than that of at high Vds, while fr is not quite significant with 
Vga for dark and under optical illumination. This is because gm and Cga are almost 
constant both for Vp, and Vds while there are large changes in R, and Rd with drain 
bias. We also plotted bias-dependent capacitances(Cg», Cgd, and Cda) for Popt=52mW/cm 
in Fig.9 through Fig.ll. Cg» and Cgd were increased with optical illumination near the 
pinch-off voltage as shown in Fig.9. [5,7] However, Cg8 were decreased with optical 
illumination for small reverse gate bias as shown in Fig.10 and Fig.ll. This probably 
comes from combination of photogenerated carriers from deep levels in the doped 
AlGaAs layer and GaAs/InGaAs layers because of their relatively different responses 
to the reverse gate bias and optical illumination. 

The variations of device performances and model parameters with optical 
illumination for Vd8=2.5V and Vg8=-0.1V are summarized in Fig.12. With optical 
illumination, a significant improvement of gm, fmax, and fT was obtained in the 
efficiently designed AlGaAs/GaAs/InGaAs double heterostructure pseudomorphic 
HEMTs. This experimental results show possible applications of optically controlled 
AlGaAs/GaAs/InGaAs double heterostructure pseudomorphic HEMTs to the optically 
controlled MMIC's and high speed optoelectronic signal processing systems. 
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Si/SiGe Heterojunction Phototransistors 

Karl D. Hobart, Fritz J. Kub, Nick Papanicolaou, and Phillip E. Thompson 
Naval Research Laboratory, Washington, D.C. 20375 

This paper reports for the first time the realization of a Si/SiGe heterojunction 
phototransistor (HPT). The process technology used to fabricate the HPT also yields SiGe 
heterojunction bipolar transistors (HBTs) with fT and fmax of 10 and 25 GHz, 
respectively [1]. The HPTs demonstrated test system-limited bandwidth of over 100 MHz 
and a responsivity of 0.40 AAV at 850 nm laser wavelength. 

The Si/SiGe heterostructure has been shown to enhance the performance of many silicon 
devices. In this instance, the heterostructure technology is utilized to implement 
phototransistors with high bandwidth and good optical responsivity. By utilizing the 
Si/SiGe heterojunction, a number of deficiencies in the Si phototransistor are addressed. 
Inserting SiGe in the base increases the transistor injection efficiency, which effectively 
decouples the base and emitter doping from the current gain. A reduction of the emitter 
doping is advantageous for low emitter-base capacitance, and the base transit time may be 
reduced by incrementally decreasing the base width while increasing the base doping. In 
addition, through bandgap grading the base transit time may be reduced by positioning a 
drift field in the base [2]. For increased absorption, multiple quantum wells (MQWs) can 
be inserted into the collector region of the transistor. For example, Sio sGeo 5 produces a 
two order of magnitude absorption coefficient increase over Si at 850 nm [3]. A 500 nm 
MQW collector with twenty 5 nm Sio.sGeo.5 wells would produce a 70% increase in 
generated carriers for the same Si thickness. For low temperature growth processes such 
as molecular beam epitaxy the MQW structure would be metastable since the average Ge 
fraction would be 12-15 %. 

In this work, HPTs with Si collectors are characterized. The device fabrication scheme is 
similar to that used previously for HBT fabrication (see Ref. 1). A schematic drawing of 
the device structure is shown in Fig. 1. The device features a self-aligned emitter 
fabrication approach with air-bridge interconnects for low parasitic pad losses. Although 
HPTs with base contacts for supplying bias current were fabricated, only devices with a 
floating base are reported here. The layers were grown by molecular beam epitaxy on 
high resistivity p-substrates with n+-subcollector regions defined by implant. The 
nominal layer specifications are given in Table I. The self-aligned emitter fabrication 
sequence utilizes two selective etching processes to define the emitter and heavily doped 
emitter contact layers using the emitter contact metal as a mask. The nominal emitter 
width was 2 p.m. After masking the collector-base mesa with a photomask operation, 
CF4/O2 plasma etching isolates devices and exposes the n+ subcollector. In addition, air 
bridge interconnects are simultaneously formed by isotropic etching of the silicon from 
beneath the narrow metal interconnect. The collector contact is then made by depositing 
metal on the n+-subcollector. Fig. 2 is a micrograph of one such HPT device. Four HPT 
devices with differing active areas were investigated. 

Devices were characterized under both d.c. and a.c. conditions using Cascade Microtech 
on-wafer probing with a calibrated normal incidence fiber probe fed by an 850 nm 
HP8850 laser source. The transistors were biased with the collector at ground and tied to 
the substrate to avoid collection of carriers generated in the substrate. The emitter was 
connected to a digital oscilloscope through 50 Q coax and biased negatively through a 
bias-T. HBTs on the same chip, which were designed for high voltage, had excellent 
microwave characteristics with peak fT and fmax of 10 and 25 GHz, respectively (Fig. 3). 
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TABLE I. HETEROJUNCTION PHOTOTRANSISTORS LAYER SPECIFICATIONS . 
Layer Type Ge Fraction (%) Doping (cm-3) Thickness (nm) 
Emitter Cap n+ 0 lxl02u 200 
Emitter n 0 2xl018 100 
E-B Spacer i 0-17 undoped 3 
Base P 17 2x10^ 50 
B-C Spacer i 17-0 undoped 10 
Collector n 0 1x10^ 2500 
Sub-Collector n+ 0 lxl020 1000 
Substrate P~ 0 1x10" — 

The responsivity, R, and photocurrent gain, g, of the HPT were characterized through the 
relations R = Ic/Pave and R = g-i"iex-(q/nv), respectively. Where Ic, Pave» and T|ex are the 
collector current, average optical power, and external quantum efficiency without 
photocurrent gain, respectively. Paye is the optical bias power upon which a constant 200 
U.W, 50% duty cycle pulse is superimposed. Fig. 4 shows a plot of Ic as a function of Pave 
at VCE = 5 and 10 V. Fig. 5 shows the corresponding responsivity for the same device 
and bias conditions. The maximum responsivity observed was approximately 0.40 A/W. 
No saturation in Ic or R was observed, however, the increase in R with optical power was 
due to the increasing photocurrent gain with increasing collector current. The external 
quantum efficiency of the base-collector photodiode was measured on a separate test 
structure and was ~0.02. The measured maximum photocurrent gain was approximately 
25-30, which is consistent with concurrent HBT measurements of common-emitter 
current gain. 

High frequency measurements were made to assess the response of the HPTs. Fig. 6 
shows the measured rise, tr, and fall, Tf, times as a function of emitter-base area at VCE = 
10 V. The risetime of the two smallest HPTs were faster than the system response under 
the test conditions. Fig. 7 shows the behavior of xr and Tf as a function of VCE for the 
smallest HPT (30 [im2). The reduction in the risetime is due to a reduction in the 
collector-base capacitance with increasing collector-emitter bias. Fig. 8 shows the effect 
of Pave or equivalently, Ic, on xr and Tf with a 10 V bias and a 200 [J.W optical swing for 
the 96 (J.m2 device. The increase in the risetime at low power is a direct result of charging 
the emitter-base capacitance. The HPT response is compared to the output of the pulse 
generator in Fig. 9. The HPT clearly reproduces the source waveform which was limited 
to -3.3 ns risetime. This risetime corresponds to a cut-off frequency of -106 MHz. 
Additional picosecond pulse measurements are currently underway. 

Summarizing, Si/SiGe heterojunction bipolar phototransistors have been fabricated and 
characterized. The results indicate that SiGe HPTs are potential candidates for high-speed 
detectors and optoelectronic applications. The additional advantage of integration with 
high-speed SiGe HBTs is attractive. 
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Figure 1. Schematic drawing of heterojunction phototransistor structure. 

Figure 2. Micrograph of largest heterojunction phototransistor studied. 
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We have studied modulation doped GaAs/AIAs and AIGaAs/AIAs multiple 
quantum well structures and compared them with the results from the respective 
undoped structures. Our motivation in studying this was to determine some of 
the unknown quantities associated with and the device potential of this class of 
structures. These unknown quantities include where the 2D electron gas is 
formed as well as where the parent donor is resident, the binding energy of the 
exciton, type I to type II transitions as compared with the undoped structures, the 
screening and the many body effects that come into play in these structures. 
Finally we will discuss the device possibilities and potential of these novel 
structures. 

The first extensive investigations on GaAs/AIAs were on the vibrational 
modes in short period superlattices. Folded acoustic modes1,2, confined optical 
modes3,4, resonantly excited confined5'6 and interface phonon modes5,7, are 
some examples form the existing literature. It was realized quickly that these 
materials have an interesting band structure due to the indirect band gap of the 
AlAs barrier layers and that there Is significant coupling between the lowest 
energy r band of the GaAs and the lowest energy X band of the AlAs. Review 
articles in which these studies have been systematically discussed are also 
available9"12. In GaAs/AIAs structures with wider wells a significant reduction of 
the e2-h2 excitonic binding energy as well as associated interwell charge transfer 
processes13,14 have been observed. In addition, Raman studies15 on these 
structures showing interface phonon assisted r -X transitions in structures where 
there is coupling between the X and r levels. Calculations have been performed 
in which the relative transltton probablltles have been calculated for the Interface- 
phonon assisted r-X transitions in selected short period superlattices are 
estimated by using the dielectric continuum model for both symmetric15 and 
antisymmetric16 interface optical phonons together with a Kronig Penney model 
of the superlattice electronic models. 
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We have subsequently started an extensive investigation of n-type 
modulation doped  GaAs/AIAs multiple quantum well -^ J»*^ 
ALGaAs/AlAs structures which has the AlAs layers as the wells n ^ strudues 
and the X conduction band edge has the lowest energy m both AlAs and he 
AiGaAs  lavers      Initially  photoluminescence  and   Raman  studies  or  me 
AÄyo!the modultion doped multipie quantum well «- 
oerformed17   Wide wells were chosen in the initial study where the 150 A AIAS 
EÄ«. doped 1.2x10-   cm *  wKhout spacer .ayer.    The«o Wd 
spectrum has the typical form of luminescence from the ^.^^ 
recombination in modulation doped quantum well structures, showingI ***» » 
donors of the barriers release their electrons in the C3aAs wel is. The^feature ,, 
broad and all excitonic features are absent due to screening by the dense 
e ectorn plasma. The position of the Fermi level defended by the width of he 
luminescence (42 meV) yields an approximate calue or10*' «" J* *£^ 
areal density     In the presence of a magnetic field, the broad zero field 
fu'nescence breaks into'a series of well defined features attributed tcunterband 
transitions between Landau levels in the conduction ^a]e^sf^GJ^ 
interband transitions ate similar in character to those observed in GaAs/AIGaAs^ 
InGaAs/GaAs as well as InGaAs/lnP quantum wells. There is a denvation from a 
linear field dependence which is associated with many body effects. 

The Landau transitions extrapolate to approximately 1510 meV, an energy 
which is well below the effective bandgap of an undoped well havingthe same 
dimensions. The reduction of the enenrgy gap has been attnbuted to a bandgap 
^normalization due to the presence of the two-dimensional electron gas in, GaAs 
wells.     In addition the photoluminescence excitation spectra has; awen 
developed onset at 1553 meV which coincides wrth the high energy edge of he 
PL spectrum. The Raman spectra were excited resonantly at the energy of the 
e3-htransition. In the cross polarized situation of the Raman spectra is seen a 
a nqle feature associated with the e,-e2 intersubband transition.  This feature s 
a^TS parallel polarization, and instead two weaker fea ures appear n 
addition to the longitudinal (LO) phonon and 2LO phonon kne*.   They are 
attributed to coupled collective intersubband LO phonon excitations,    in the 
~e of a ma netic field applied parallel to the growth direction the energy of 
the the intersubband transition  Raman feature vanes ™th  B .   Jhe *°£ 
corresponds to a cyclotron effective mass that is very close to the **^™* 
This feature is therefore interpreted as a combination mode of the intersubband 

transition and the electron cyclotron resonance . 

We then continued our studies with narrow wells where the w®ll widths 
wprp So chosen that the lowest conduction subband e, lies above the donor 
SaSs A? irtemperatures the electrons remain attached to the sil con donors 
SrwhÄycl n recombine with photogenerated holes confined ,n the GaAs 
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wells. An impurity related feature is identified as the donor to valence band 
transition. A comparison of the energy of this feature with that of the AlAs X- 
vallcy to valence band transition yields th© donor binding energy. This binding 
energy is found to be 104 meV for these donors which are associated with the 
AiAs X-valley minima. This large binding energy is due to the heavy effective 
masses for the X-band in Al As. 

The type I and type II intorband transitions in AIGaAs/AIAs multiple 
quantum well structures were studied using optical spectorscopic techniques. 
The simultaneous observation of both types of transitions allows an accurate 
determination of the band offsets in this system. In undoped samples the 
spatially indirect transition is dominated by replicas whihe involve single and 
multiple phonon emission. In n-type modulation doped samples in which the 
AlAs X-valley minima are populated by an electron gas, the zero phonon type II 
transition intensity becomes comparable to that of the phonon replicas. This 
indicates a violation of the k-vector conservation selection rule that could be 
attributed to many body effects. Some of the device possibilites of these 
structures including optical modulators, phase shifters and tunneling devices will 
be discussed. 
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This work is a study of the electronic properties of Asymmetric Double Barrier 
Resonant Tunneling (ADBRT) diodes grown with different superlattice (SL) emitters. 
The layer thickness and period of the superlattices were systematically varied in 
order to define a unique emitter state in each structure grown. In each case, the 
emitter state was determined theoretically by calculating the miniband formation in 
the constituting superlattice. The relationship between the emitter state defined by 
the superlattice structure parameters and the current-volt age behaviour of the diode 
at 77 K has been investigated here. 

Extensive research of the physical and electrical properties of superlattices has 
led to the development of an interesting body of device physics based on these struc- 
tures and their incorporation in various semiconductor devices such as double barrier 
resonant tunneling (DBRT) structures, high electron mobility transistors (HEMTs) 
and semiconductor lasers, to name a few. In the case of symmetric DBRT structures, 
Portal et al. [1] and Reed et al. [2] have conducted studies involving the use of 
short-period superlattices as emitters and barriers of the quantum well respectively. 
Optimising these configurations was found to increase the peak-to-valley current ra- 
tio (PVCR), which is a figure of merit for the performance of DBRT structures. The 
ADBRT diode is, on the other hand, not noted for a high PVCR. It has, however, 
been observed to produce greater electron-phonon interaction and therefore, a greater 
degree of phonon-assisted tunneling [3, 4]. Such phenomena could be applicable to the 
operation of exciting new devices such as the quantum cascade laser [5]. Thus, to the 
authors' best knowledge, this study represents the first work in which superlattice 
emitters have been used to investigate resonant tunneling phenomena for ADBRT 
structures. 

Three distinct structures were grown as shown in Figure 1. Briefly, a sample of 
each structure consisted of a graded doped emitter region, a variable composition 
five-period superlattice, the ADBRT structure of an 80 Ä GaAs well with 45 Ä and 
33 Ä AlAs barriers and a graded doped collector (listed in the order of growth). 
The superlattice had five periods with alternating layers of GaAs and AlAs of equal 
thickenesses. The three different superlattices were grown with a characteristic layer 
thickeness namely 50 Ä, 30 Ä and 15 Ä respectively. A 1 fim heavily doped GaAs 
cap layer was finally deposited to allow ohmic contact to be made to the device. 

The electron transmission probability across each superlattice emitter structure 
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was numerically calculated using the transfer matrix approach [6]. The results of 
these calculations are shown in Figure 3 where the transmission probability is plotted 
against electron energy. The position of the peaks (transmission probability of 1) 
indicates the position of the energy levels in the superlattice. The energy band in a 
five-period superlattice has four discrete quasi-bound levels [7] and therefore forms 
a primitive "miniband" when these discrete levels are spaced close together. Upon 
analysis of the numerical calculations, it can be seen that the 50 A superlattice has 
the densest and highest energy band among all the superlattices. In the 30 Ä and 
the 15 A superlattices the multiple quasi-bound levels are postioned lower and wider 
apart. It follows that this difference in the superlattice states would have a noticable 
effect on electron tunneling through the entire device structure when the superlattice 
acts as an emitter. 

Experimental study showed resonant tunneling peaks in all the samples in the 
reverse bias. This is what we would expect because the flow of electron current en- 
counters the ADBRT diode before the superlattice structure. Therefore, the ADBRT 
diode would tend to predominantly influence the resonant tunneling behaviour. This 
was seen clearly in the I-V characteristics of a 50 A five-period GaAs/AlAs superlat- 
tice emitter sample shown in Figure 2. Presence of satellite peaks, evident in the inset, 
indicated the occurence of phonon-assisted tunneling through the ADBRT quantum 
well. The 50 A five-period GaAs/AlAs superlattice emitter sample was also the only 
structure, among all the three samples in this study, that was observed to exhibit 
resonant tunneling in forward bias. In the forward bias the electrons flow through the 
superlattice emitter before the ADBRT diode and it is known that resonant tunneling 
peaks occur when tunneling through the superlattice emitter states takes place. This 
happens under the condition that the potential drop across the superlattice period 
is equal respectively to the width of the first and second miniband [8], according to 
the predictions of the Dohler-Tsu-Esaki theory [9]. Interestingly enough, in this case, 
the valley current shows no other peaks that could be attributed to phonon assisted 
tunneling. 

Therefore, as a result of this study, it can be concluded that inspite of the discrete 
nature of the energy levels, a five-period GaAs/AlAs superlattice emitter is sufficient 
to support electron tunneling provided the thickness is large enough to allow the 
formation of a primitive "miniband". In general, it can be stated that manipulation 
of the emitter levels in an Asymmetric Double Barrier Resonant Tunneling Diode 
changes its electronic properties significantly. 
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Figure 1: Layer schematic of the asymmetric DBRTDs with superlattice emitters. 
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Figure 2: I-V characteristics for the 50 Ä five-period GaAs/ AlAs superlattice emit- 
ter sample at 77 K showing the forward and reverse bias resonant tunneling peaks. 
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Figure 3: Electron transmission probability for the three superlattice structures cal- 
culated for zero bias 
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ABSTRACT 

Thin oxide wearout and breakdown is one of the principle failure mode in CMOS VLSI circuits. 
In the case of nonvolatile memories such as EEPROM and FLASH where carrier transport, 
through the oxide is normal mode of operation, the reliability of the thin tunneling oxide 
represents one of the most critical parameters. The predominant method for measuring and 
monitoring the quality and reliability of thin oxide at wafer level is Charge-to-breakdown (Qbd). 
This paper investigates how well Qbd predicts the endurance (program/erase cycling) of thin 
tunnel oxide.    Qbd data on 8.0 ran silicon dioxide was obtained from constant current stressing 
over a series of temperatures. The thermal activation energy of the oxide Qbd was compared to 
the activation energy of endurance (program/erase cycling) of similar oxide structures on the same 
wafer. The data shows that the activation energies for Qbd and endurance are very different 
(Figure 1), suggesting that Qbd is not a good predictor of endurance. To check if the differences 
seen might be due to bipolar current injection in endurance, Qbd for gate and substrate injection 
was studied. Results for different size capacitors as shown in Figure 2 indicate that differences 
seen in the TDDB is from pre-factor (intercept) and not from the activation energy (slope of log 
(TDDB) vs 1/T). Investigation on the effect of different current densities also show no 
observable impact on the thermal activation energy of the Qbd (Figure 3). Based on the results 
we conclude that Qbd might not be measuring the same oxide degradation mechanism that 
endurance cause. A wafer level test structure for accelerated endurance testing of tunnel oxide 
will be proposed. 
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DATA COMPARING QBD AND ENDURANCE FOR F3 AT VARIOUS TEMPERATURES 

100 

10 ■■ 
—♦—TODS (substrate) 

-■-TODS (Gate) 

—A—Endurance /10 (sees) 

10007T 

Figure 1. Plot of Log (TDDB) versus 1000/Temp(K) showing the difference 
in the slope for constant current QBD and the endurance for capacitor F3. 
The Qbd plot for both Gate(polysilicon) and Substrate (silicon) current injection 
are shown. 

COMPARING QBD OF GATE AND SUBSTRATE INJECTIONS 

CD a a 

TEMP(1000/T) 

Figure 2. Plot of Log(TDDB) versus 1000/Temp(K) for constant current stress 
for four different size area capacitors. Both Gate and Substrate injection are 
included. The difference in the TDDB between Gate and Substrate injection is 
reflected as a shift in the line, indicating no change in the thermal activation enegry. 
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EFFECT OF DIFFERENT CURRENT DENSITY ON QBD AT DIFFERENT TEMP 
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figure 3. Plot showing the effect of different current densities used in QBD stressin,. 
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P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

1    Abstract 
A novel measurement method to determine the series resistance from 
one single MOSFET is discussed. Not only the gate voltage dependence 
of the series resistance RSer%es at low drain bias can be measured now 
but also the increase of the drain series resistance Rd with increasing 
drain bias. In addition attention is paid to the modeling of the series 
resistance in the full bias range. The measurement principle is based on 
the measurement of the (trans)conductance as a function of externally 
added series resistors keeping the 'intrinsic' bias constant. From the 
slope of this plot information is obtained about the derivative of the 
series resistance with respect to terminal bias. At low drain voltage the 
accuracy of the single transistor measurement technique is comparable 
with a measurement technique using a set of identical MOSFETs except 
for the mask channel length [8]. In accordance with our 2-D device 
simulations it is also found that Rd increases linear with the voltage 
across the drain resistance due to velocity saturation. The increase of 
Rd is effectively modelled. Including this model for Rd into a compact 
MOSFET model better physical based parameters are obtained. 
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2    Introduction V„- 4 Volt V„- 5 Volt 

Although much attention has been given to MOSFET 
series resistance and Lejf measurement techniques [1, 
2, 3] to determine Rseries(Vgs) and AL = Lm - £e// 
all these methods need a set of identical MOSFETs, 
except for the mask channel length, leading to addi- 
tional errors in the determination of Rseries and AL. 
Furthermore these methods are not suited to measure 
the series resistance as a function of drain bias. In 
addition the significance of a correct Rseries determi- 
nation increases rapidly as shown in fig. 1. There- 
fore in this paper a' new method is discussed to solve 
the above deficiencies. Finally attention is paid to the 
modeling of the series resistance as a function of the 
terminal biases. 
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Figure 1: Series resistance, channel resistance and 
their ratio for a LDD device from to 2-D device simu- 
lations (Lm=0.25 pm, Wm= 10 pm, Vds= 0.10 Volt). 

3    Theory 

The new method only needs one single MOSFET to 
measure (a) the series resistance as a function of the 
gate and drain bias, (b) the ratio of the intrinsic con- 
ductances and (c) the mobility degradation coefficients. 
In [4] already such a method was presented to mea- 
sure RseHes as a function of gate bias. However, due 
to some inaccuracies inherent to the method incorrect 
results can be easily obtained [5], which are still valid 
despite of recent improvements [6]. Our new method 
measures the conductance and transconductance as a 
function of externally added resistance as a function 
of the terminal biases. It can be easily derived that 
the expression for the conductance Gd equals 

EC 
< 

0.10 0.65 1.20 1.75 2.30 

Vd (Volt) 

Figure 2: Increase in the drain series resistance as a 
function of drain bias at various values of gate bias 
(Wm= 2 pm, Lm- 0.70 pm, Vg = 4 and 5 Volt). 

Gd = 
G/-I       T OK,, 

di * \*-       1-drain QW dVd 

1 + Gdi{Rs + Rd) + (Gmi + Gbi)Rs 

Similar expressions can be derived for the transcon- 
ductance Gm and influence of bulk bias on the drain 
current Gb = dIdrain/dVb. Next the derivatives of 
the series resistance with respect to bias are obtained 
from these conductance measurements. If for instance 
an external drain series resistance Rextd. is added and 
the internal bias conditions for the MOSFET an thus 
also the drain current are maintained, the derivative 
of GJ1 with respect to Rextd equals: 

dGd
l   _ 1 

dR, extl (I-Id 
dR,,- 

ram gyd 

(2) 

from which dRd/dVd can be calculated. Using the 
same approach dRs/dVg can be extracted too. Inte- 
gration of the derivatives yields the series resistance. 
Since we are now able to distinguish the intrinsic MOS- 
FET from the extrinsic MOSFET, the 'ohmic' region 
compact MOSFET model parameters such as the gain 
factor ß and the mobility reduction coefficients are 
obtained, independent from the series resistance as 
shown in equation 3. 

an ch 

8Va 

dRt     ORs 
dVa dVg 

V«') "gt (3) 

Since the compact model parameters can be deter- 
mined, the missing integration constant for the se- 
ries resistance at low drain bias can be determined 
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too. Since our method 'measures' the series resistance 
by distinguishing between the intrinsic and extrinsic 
behavior of the device, our method is not limited to 
MOSFETs only. 

4    Results 

In fig. 2 the measured increase of the drain series re- 
sistance Rdrain is plotted as a function of drain bias 
at various values of gate bias. In comparison with 
our earlier results [7], the new method is also so able 
to measure the drain series resistance in saturation as 
shown in fig. 3 where measurement results are com- 
pared with theoretical results (dotted line). In this 
case Rdrain is plotted as a function of the bias across 
this resistance. 

A similar method is used to determine Rseries as a 
function of gate bias at low drain bias. Since we can 
measure the ratio of the intrinsic conductance and 
transconductance (fig. 4) we are able to determine the 
bias across the intrinsic MOSFET and thus also the 
value of RSeries{Vg)- In fig- 5 a measurement example 
is given where the results are compared with results of 
another method [8] where a set of MOSFETs is needed 
to determine Rseries(Vg)- 

5     Modeling 

Our compact model for the series resistance only needs 
5 parameters to model the series resistance in the full 
bias range. Since according to 2-D device simulations 
the main current path in the junction is near the inter- 
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Figure 4: Ratio of intrinsic conductances as func- 
tion of gate bias (Va = 0.10 Volt. Wm= 10 [im, 
Lm= 0.80 fim). Solid line is according to our model. 
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Figure 3:  Measured drain series resistance at several 
values of gate bias as a function of the bias across 
Rdrain   (Wm= 2 (Ml, Lm= 0.70 \im). 

Figure 5: Rt(Vg) and Rseries(Vg) for (A) set of identi- 
cal MOSFETs and (B) the single transistor measure- 
ment technique (Wm= 10 \im, Lm= 0.80 \im). 

face as illustrated in fig. 6 where the dissipation in the 
MOSFET is plotted, the gate bias dependent part of 
Rseries (at low drain bias) can be modelled as a sum of 
two accumulation resistances in parallel with a sheet 
resistance, giving. 

RpartiYg) — 
-ftpar-^-acO 

KacO + Rpar(Vg — Vth) 
(4) 

In the above equation the sum of the accumulation re- 
sistances was assumed to equal Kaco/(yg — Vth) and 
the parallel resistance Rpar- For the total series re- 
sistance the constant contact resistance Rco and the 
sheet resistance Rsh have to be added to equation 4. 
The final result is that the measured series resistance 

133 



can be perfectly fitted using equation 5 
5.00e-03 

Rseries{Vg) = (Rco + Rsh) + 
ai 

a2 + (Vg - Vth) 
(5) 

From 2-D device simulations we have derived that the 
increase in Rdrain is mainly due to velocity saturation 
in the LDD region of the drain junction resulting in 
a linear increase of Rdrain with the bias across this 
resistance Vd\ as given by equation 6. 

i + eclvdl, 
iiidd — —: ;     m 

Ndo + k* xldd\ 

TÜ      ) (6) 

with 0ci equal to C0/(Ci + Vg). The variables C0 and 
C\ are two constants, modeling the slope of Rd versus 
Vdi as a function of the gate bias. Of course the in- 
crease of the drain series resistance becomes noticeable 
when the MOSFET is in saturation as shown in figure 
5 where the measured 'intrinsic' Id~Vds characteristics 
of the intrinsic MOSFET are shown. In this case the 
voltage drop across the drain series resistance is in sat- 
uration larger than the voltage drop across the channel 
of the MOSFET. Due to this large voltage drop across 
Rd it is no longer possible to include the drain series 
resistance into the compact MOSFET model. Instead 
an additional node has to be added for Rd- 

A important advantage of separately modeling the se- 
ries resistance is that better physical parameters for 
the intrinsic MOSFET are obtained. Since the deter- 
mination of the gain factor ß is no longer affect by the 
influence of series resistance, a better (larger) value 
for AL is obtained (0.30 /mi instead of 0.25 /mi). Also 
the transversal electric field mobility reduction coeffi- 
cient becomes channel length independent. As far as 
the average fit error is concerned, results show that a 

Figure 6: Local heat dissipation for N-channel device. 
The gate lies between x=0.0 and x=0.60 fim. As ex- 
pected the dissipated heat peaks near the interface. 
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Figure 7: (a) Measured and fitted I drain - Vd's1 curves 
for the intrinsic MOSFET (Vg = 2, 3, 4, 5 Volt, Lm = 
0.80 ßm and W= 10 urn). The external drain bias 
varied between 0 and 5.0 Volt. 

reduction of 50% in the average fit error is possible for 
the fitted Ids - Vds characteristics. The disadvantage 
is of course the increase in the time needed to extract 
the series resistance parameters and for circuit simula- 
tion, an additional has to be added for each MOSFET. 
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Remarkable progress in silicon-based device technology has been made by tak- 
ing advantage of the low-temperature preparation of epitaxial films in the Si/Ge 
materials system. A Variety of unique devices with high performance have been 
fabricated. Lately, the world's first highly integrated SiGe IC, a 1.0GHz 12-bit 
digital-to-anologue converter, was developed by IBM and Analog Devices [l]. Low- 
temprature growth of boron and phosphorus doped films will be necessary in fu- 
ture integrated circuit fabrication. In previous studies the boron doping of Si epi- 
layers may be achieved satisfactarily. However, n-type doping to high levels in low- 
temperature(450-750°C) Si deposition processes has been difficult due to the heavy 
reduction of the growth rate [2], [3]. In addition when attempting to incorporate 
phosphorus concentrations in excess of 1 x 1018P/cm3 a steady flow of PH3 produces 
an unstable level of phosphorus doping [3], [4]. In this instance, it is believed that 
phosphorus accumulates on and eventually passivates the growth surface. Study 
of high level(> 5 x 1019cm~3) n-type doping using SiH4 as gaseous source has not 
been reported in the literature. In this paper, we report an investigation of in situ 
doping of Si epi-layers, especially phosphorus doping at high levels. 

Doped layers in this study were prepared in Rapid Thermal Process/ Very Low 
Pressure Chemical Vapor Deposition(RTP/VLP-CVD) reactor which has been pre- 
viously described elsewhere [5] The main feature of RTP/VLP-CVD is the use of 
tungsten-halogen lamps around the quartz tube reactor as energy source to activate 
deposition reaction. Previous study has shown that the reactant gases are decom- 
posed not only thermally but also photochemically. In this paper, all samples were 
grown at 600°C. Epitaxial layers were deposited on (lOO)-oriented Si substrates. 
Overall initial substrate preparation involved a standard "RCA" cleaning process 
followed by a 10:1 DI water/HF bath for 15s. This preclean process produces an 
oxide-free, hydrogen passivated silicon surface. Before deposition the wafers are 
prebaked in H2 at 600°C for 15 min, then the major residual species in the reactor 
is hydrogen. The main growth gaseous source is SiH4. The gaseous sources em- 
ployed for the purpose of doping was 2000ppm B2H6 in H2 and 1800ppm PH3 in 
H2. The partial pressure of SiH4 was maintained at lOmtorr during deposition. The 
ratio of diluted dopant flow rate to SiH4 flow rate varied from 0.1 to 1.6. Growth 
duration was between 45 and 150 min producing 80-350-nm-thick epitaxial layers, 
epi-layer thickness and phosphorus incorporation were determined from spreading 
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resistance(SRP), secondary-ion mass spectroscopy(SIMS) profiling. 

Depth(/mi) 
Fig. 1. A typical SIMS profile of 
boron epitaxial Si deposited at 
600° C from SiH4 and 2000ppm B2H6 in H2 

Depth(/Ltm) 

Fig. 2. A typical SIMS profile of 
phosphorus in epitaxial Si deposited at 
600° C from SiH4 and 1800ppm PH3 in H2 

Figure 1 shows a SIMS profile of boron doped Si epi-layer in which boron con- 
centration up to 1.4xl021B/cm3 has been achieved and sharp doping transition has 
been obtained. In addition, the boron concentration is proportional to B2H6 flow 
rate (not shown). This is consistent with a simple picture of boron incorporation 
in which B2H6 has a small sticking coefficient and does not block surface sites. 

Figure 2 shows a typical SIMS profile of phosphorus doped Si epi-layer in which 
chemical stability and abrupt dopant transition have been achieved. The flat depth 
profile shows that epitaxial layer has nearly constant phosphorus level. The in- 
corporation efficiency of phosphorus from the gas phase is stable. A steady flow 
of PH3 produces a constan level of incorporated phosphorus rather than a mono- 
tonically increasing one [4]. Phosphorus content of epitaxial layer is determined 
by the phosphine atomic fraction present in the growth source. In this instance 
of n-type film growth, a surface poisoning effect [6] is not observed. There is no 
dopant buildup on the growth surface or the reactor wall. Figure 2 also shows that 
the dopant concentation turn-on slope is about 180Ä/decade. In addition, Figure 
3 shows the phosphorus doping concentration as a function of the ratio of diluted 
PH3 flow rate to SiH4 flow rate. Chemical concentration as high as 2.5 x 1020P/cm3 

was achieved. The date suggest that the phosphorus concentration is proportional to 
diluted PH3 flow rate and phosphorus does not block surface sites, many phospho- 
rus doped samples show that the reproducible range of phosphorus concentration 
is from 1.5 X 1018 to 1.2 x 1020P/cm3. We obtained growth rates from a series of 
SIMS profiles related to samples grown under different PH3 flow rates, as plotted 
in Figure 4.   The growth rate decreases as the ratio of diluted PH3 flow rate to 
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SiH4 flow rate increases. When the flow rate ratio varies from 0.1 to 1.4, the growth 
rate decreases from 30 A/min to 4Ä/min. 
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Fig. 3. Phosphorus incorporation 
in Si as a function of the ratio of 
diluted PH3 flow rate to SiH4 flow rate. 

0.0   0.2   0.4   0.6   0.8    1.0    1.2   1.4 

[PH3 +H2 ]/[SiH4 ] 

Fig. 4. Phosphorus doped epitaxial Si 
growth rate dependence on the ratio of 
diluted PH3 flow rate to SiH4 flow rate. 

The reason why a constant level of incorporated phosphorus is achieved should 
attribute to the features of RTP/VLP-CVD and the introduce of a large amount 
of diluted gas H2 . As reported in previous literature [6], the study of the inter- 
action of SiH4 and PH3 with Si(l00) surface demonstrates that a stable layer of 
adsorbed phosphorus will form during the phosphorus-doping deposition process. 
This high phosphorus coverage leads to accumulation of phosphorus on Si surface, 
which accounts for the rapid reduction of the Si deposition rate and the unstablity 
of phosphorus content. However, in RTP/VLP-CVD the main feature of seleting 
tungsten-halogen lamps as energy source to activate deposition reaction has very 
important effete on the phosphorus doping process. Previous study has shown 
that the reactant gases are decomposed not only thermally but also photochemi- 
cally. The consequent activation energy is 4.5Kcal/mol [7], which is much lower 
than 37Kcal/mol, the activation energy of SiH4 pyrolysis [8]; so the adsorption co- 
efficient of SiH4 on Si(100) is high in RTP/VLP-CVD. The reaction probability 
of SiH4 on Si(100) will be higher under lower activation energy. The coverage of 
adsorbed SiH4 on Si(100) surface will promote greatly; and coverage of adsorbed 
PH3 on Si(l00) surface will reduce relatively. Consequently, the effect of phos- 
phorus buildup on growth surface will be weaken to a large extent. Forthmore, 
with presence of a large amount of dilute gas H2 , the desorption of the reaction 
by-product, H2 from surface becomes less efficient, so the surface reactive sites are 
mostly occupied by surface species, H, SiH, SiH2, SiH3 rathor than phosphorus. 
The formation of the overlayer of adsorbed phosphorus is hindered by the presence 
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of dilute gas H2 . In this instance, there is no accumulation of phosphorus on Si 
surface. This results in a constant level of incorporated phosphorus. On the other 
hand, the dilute gas H2 will decrease the growth rates, since the desorption rate 
of hydrogen which is the reaction-limited process will decrease with introduce of a 
large amount of dilute gas H2 . This reduction of growth rates we belive is a result 
of the introduce of dilute gas H2 rather than phosphorus. 

In this paper, boron doped Si epi-layer with boron up to 1.4xl021B/cm3 has been 
grown. The results of boron doping are similar to those on other CVD using the 
same reactant gases. Specially, by using 1800ppm PH3 diluted in H2 as dopant in 
RTP/VLP-CVD, we obtained samples in which phosphorus doping concentrations 
are constant. Phosphorus concentration as high as 2.5 x 1020P/cm3 was achieved. No 
evidence shows time-dependent accumulation of phosphorus on the growth surface 
or the reactor wall. In addition, the growth rates decrease as the flow rate of diluted 
phosphine increases. 
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Recently, there is an increased interest in the use of SiGe" layered 
material for integration with Si technology [1],[2]. The SiGe system has the 
potential for high speed and optical devices which may compensate for 
deficiencies of conventional Si devices. But, the biggest problem with SiGe 
when it comes to optoelectronic application is its indirect band structure. 
As a result, it is not a efficient light emitter. At the same time, we have 
noticed a promising material /?-FeSi2 as a semiconductor with a direct band 
structure [3],[4]. The band gap was measured to be 0.85eV, which makes 
it an ideal candidate material for both source and detector devices in the 
1.3-1.6um wavelength range. In addition, the fabrication procedure is 
compatible with the silicon-based microelectronic technology, which reveals 
its brilliant prospects in the optoelectronic industry field. 

So, it occurs to us that if we can combine the benefit of direct band 
structure of /?-FeSi2 with today's developed SiGe techniques, chance is 
good that we will obtain a new semiconducting material. In another word, 
since the lattice parameter of Ge is larger than that of Si atom, when some 
Si atom in the /?-FeSi2 lattice structure are replaced with Ge atom, a certain 
kind of lattice distortion will take place, resulting in respective changes of 
/?-FeSi2 band structure and especially a shift of band gap. 

As we know, the conventional method to fabricate/?-FeSi2 thin films is 
solid phase epitaxy(SPE) or reactive deposition epitaxy(RDE), which involves 
iron deposition process on silicon substrate and a following annealing 
process. In our experimental work, to form the Ge-Si-Fe alloys, a new 
attempt is made to first grow iron thin films epitaxially onto hot SiGe 
substrate and then take annealing process at higher temperature. 

In this paper, we report for the first time the synthesis of Ge-Si-Fe alloy, 
a new semiconducting material. The whole process of Ge-Si-Fe alloy 
fabrication includes the SiGe strain relaxed epitaxial layer preparation, iron 
deposition onto the SiGe layer and annealing process. The SiGe layer were 
prepared by grow epitaxial strain relaxed SiGe layer on silicon substrate. A 
very low pressure chemical vapor deposition system (RTP/VLP-CVD) has 
been used to grow epitaxial SiGe layer on Si substrate. The deposition 
process details of the growth system has been described elsewhere [5]. 
Auger electron spectroscopy(AES) shows the SiGe layer has been 
successfully grown on Silicon substrate with the Ge content of 7%. Then 
iron was deposited onto hot SiGe layer followed by a annealing process at 
about 700°C for 30min in a high vacuum evaporation system. The ex-situ 
Auger electron spectra shows that the thickness of Ge-Si-Fe alloy films 
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Fig 1 .X-ray diffraction pattern for 
Ge-Si-Fe alloy thin film. 

grown on SiGe layer is about 1700Ä . For comparison, a Si(100) substrate 
has been taken into the evaporation chamber together with the SiGe layer 
to grown epitaxial £-FeSi2 Thin film under the same process condition 

X-ray diffraction(XRD)measurementand Auger electron spectroscopy 
(AES) have been applied to investigate structure properties and depth profile 
of the new Ge-Si-Fe alloy thin film. Optical transmission measurement was 
followed to investigate its optical properties. XRD plot is shown in fig 1 
which gives a set of diffraction peaks of Ge-Si-Fe alloy. The set of peaks is 
almost the same as that of £-FeSi2 [6] thin film. On the other hand, Ge in 
the Ge-Si-Fe alloy has been detected by Auger electron spectroscopy The 
content of Ge is very low, about 2.5%. So, We can draw a conclusion that 
the distortion caused by the Ge replacement is so small that the changes 
of lattice parameters of #-FeSi2 can't be observed from the XRD results due 
to the very low content of Ge in alloy films. For convenience, we continue 
to use the Miller indices of £-FeSi2 to represent the diffraction peak of Ge- 
Si-Fe alloys. Among the peaks, (220) peak is the most prominent one sharp 
and intense, which gives a strong evidence of high crystal quality.' 

Optical transmission spectroscopy technique has been employed to study 
the band structure of Ge-Si-Fe alloy thin films. Fig.2 shows the transmission 
spectra of Ge-Si-Fe alloy and £-FeSi2. Both Ge-Si-Fe alloy and 0-FeSi, thin 
film exhibits a strong absorption, while the absorption edge energy of Ge-Si- 
Fe alloy is lower than that of £-FeSi2. This result shows that Ge-Si-Fe is a 
new semiconducting material with direct band gap a little lower than that 
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Fig.2 Optical transmission 
spectra of Ge-Si-Fe alloy and ß- 
FeSi2 thin film , which shows 
apparent shift of absorption edge 
of Ge-Si-Fe alloy from that of ß- 
FeSi2. 
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Fig.3 Absorption coefficient vs 
photo energy for Ge-Si-Fe alloy 
and y?-FeSi2 thin film. The strong 
increase of absorption coefficient 
up to 105cm"1 is consistent with 
the existence of direct energy 
gap. 
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of /?-FeSi2. The onset of absorption just below 0.6eV is due to extrinsic 
transitions involving defect states within the forbidden energy gap [6], 
Absorption coefficient of Ge-Si-Fe alloy and /?-FeSi2 as fig.3 shows is 
deduced from the transmission data. A strong increase of absorption 
coefficient up to 105cm"1 can be observed, which is consistent with the 
existence of a direct optical gap of the new alloy. In order to estimate the 
energy gap of Ge-Si-Fe alloy, plots of absorption coefficient square versus 
the photon energy were made, which exhibit straight line and indicate a 
direct band gap of 0.83eV while /?-FeSi2 at 0.87eV. 

In conclusion, a new semiconducting material Ge-Si-Fe alloy thin film has 
been achieved by using reactive deposition epitaxy on strain relaxed GeSi 
layer. The new Ge-Si-Fe alloy exhibits exciting direct optical absorption near 
0.83eV in the optical transmission measurement, which means a shift of 
band gap from /?-FeSi2 thin film. It offers new choice for silicon-based 
optoelectronic device engineers to "tailor" the optoelectronic properties to 
the need. We are suggesting that by changing the content of Ge in the 
alloy, Ge-Si-Fe alloy with desired energy gap can be formed, following the 
way opened for GeSi system several years ago. The first step has been 
taken to study the formation and properties of the new alloy in our research 
work, further investigation is quite necessary about the role of Ge atoms in 
the new alloy, the kinetics of fabrication process and the potential prospect 
of application. 
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Abstract 
Damage and diffusion caused by silicon (Si+) ion implantation into epitaxial gallium 

arsenide (GaAs) was studied by capacitance versus voltage (C-V) measurements as a 
function of temperature from 25 to 300°C. The C-V measurements were performed on 
gallium arsenide low doped (n-type, 10*5 cm~3) epitaxial material grown by molecular 
beam epitaxy (MBE) to a nominal thickness of 5 am on semi-insulating gallium arsenide 
(GaAs) substrates. The GaAs material was separated into three regions labeled A, B, and 
C, respectively. The first (A) and second (B) regions each received an implant at a dose of 
5x1012 cm2 Si+. Region A was implanted at an energy of 250 KeV and region B was 
implanted at an energy of 100 KeV. The third region (C) served as a reference region and 
was not implanted. To gain further understanding into the damage caused by ion 
implantation, no annealing was performed after the ion implantation. 

The technology of solid state devices and circuits is constantly moving towards 
increased speed, miniaturization, and higher temperature operation. High speed devices 
that operate effectively from room temperature (25°C) to 300°C are needed for use in such 
areas as the automotive industry, the aerospace industry, geothermal exploration, space 
exploration, and super computers. Systems required for cooling electronic components 
add weight and complexity to the product. In the aerospace industry, weight is an 
especially critical factor. If the weight and space utilized by cooling equipment can be 
reduced or eliminated by using more heat resistant components, critical factors such as 
payload and range can be increased. The pursuit of high speed and high temperature 
devices for use in industry has prompted research in semiconductors including UJ-V 
materials and silicon carbide (SiC) both of which have reached a relatively high level of 
processing and device maturity. HI-V materials such as gallium arsenide (GaAs) offer the 
capability of operating both at higher speeds and higher temperatures than silicon (Si) and 
have a more mature technology base than SiC. For these and other reasons, we have been 
investigating the high temperature electrical properties of GaAs-based devices. Ion 
implantation of GaAs is an attractive, cost-efficient, and established technology to produce 
active regions in semi-insulating GaAs for low-parasitic, high speed devices. However, 
ion implantation does cause damage to GaAs [1-7]. Although most of this damage can be 
thermally annealed out, certain carrier compensating defects remain [1-4]. Some of these 
carrier compensation defects may be due to gallium (Ga) vacancy-donor complexes which 
have been detected by photoluminescence (PL) [3] and cathodoluminescence [4] while 
other defects related to ion implantation damage remain undetected. Others have reported 
the on the effects of background doping and implant damage on the diffusion of implanted 
Si in GaAs [6,7]. To fully understand, characterize, and exploit GaAs-based electronics at 
high temperatures, it is necessary to investigate trap-related phenomena and ion-implanted 
damage in GaAs at high temperatures. In this paper, we continue our investigation of the 
capacitance vs. voltage (C-V) characteristics as a function of temperature on ion-implanted 
GaAs first reported at the 1993 ISDRS [1]. 
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The C-V measurements were performed on circular capacitor structures which 
consisted of a 1000Ä, 130 fim diameter titanium tungsten (TiW) Schottky metal contact 
surrounded by a TiW field separated from the circular metal contact by an annular gap. 
These C-V structures were specially designed to investigate the effects of high temperatures 
on ion-implanted GaAs. Figure 1 shows the room temperature C-V curves for the 
unimplanted, 250 KeV, and 100 KeV capacitors. As can be clearly seen, for any voltage, 
between +0.5 to -15 volts, the unimplanted reference region has the highest capacitance 
value of the three regions. This can be easily understood in terms of carrier trapping 
caused by the ion implantation process. The 250 KeV region has considerably more 
damage than the 100 KeV region. Carrier concentration vs. depth measurements of the and 
two implanted regions (region A: 250 KeV, region B: 100 KeV) and the reference region 
(C) as a function of temperature from room temperature to 300°C were calculated from the 
raw C-V measurement data. No unusual or unexpected features were observed in the 
region C C-V characteristics at high temperatures. Figure 2 shows the semi-log room 
temperature carrier concentration versus depth plots for all three regions. Figure 3 shows a 
linear plot of the data shown in Figure 2. As can be clearly seen from Figures 2 and 3, in 
addition to the implant damage, there is some activation of the implant. Also easily 
observable is that for the ion implanted regions the free carriers are absent up to a distance 
of 2 |im from the surface. This situation changes significantly at higher temperatures. 
Figure 4 shows the carrier concentration versus depth at room temperature, 100°C, 
150°C, and 200°C for a 250 KeV ion implanted capacitor. 

From the data presented in Figures 1 through 4 we can draw some general conclusions 
that have been verified on the three-region capacitors and other capacitors not shown or 
discussed in this paper. Temperatures as high as 300°C did not result in any permanent 
change, redistribution of carriers, or other damage to any of the three regions. However, 
as seen previously in other samples presented at the 1993 ISDRS, a carrier peak is 
observed at elevated temperatures that moves closer to the surface as the temperature 
increases. This subsurface peak was observed for all region A and B capacitors tested at 
high temperatures. The onset of the subsurface peak can be clearly detected at temperatures 
as low as 100°C (more typically, in the range of 125 to 175°C) and moves monotonically 
closer to the surface with increasing temperature. For regions B and C, the concentration 
near the surface first increases monotonically with temperature (in this case up to about 
200°C) and then decreases monotonically as temperature is further increased. To more fully 
understand these effects we have performed C-V measurements on region A and B material 
that has received standard annealing treatment after implantation. Details of the damage, 
diffusion, and redistribution of the both the epitaxial and implanted Si will be presented. 
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Figure 1. Plot of capacitance versus voltage for samples A, B and C at room 
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NANOMETER-SCALE MAPPING OF DOPED LAYERS IN InP 

STRUCTURES AND DEVICES 

M. V. Moore and R. Hull, Department of Materials Science, University of Virginia, Charlottesville, VA 

22903; R.F. Karlicek, Jr. and M. Geva, AT&T Bell Laboratories, 9999 Hamilton Blvd., Breinigsville, 

PA 18301; P. D. Carleson, FEI Company , 7451 N.E. Evergreen Pkwy., Hillsboro, OR 97124; J.F. 

Walker, FEI Europe Inc., Brookfield Business Center, Cottenham, Cambridge CB44PS, England 

We have observed strong contrast between organometallic vapor phase epitaxy-grown 

p-doped (Zn), i-doped (Fe), and n-doped (Si, S) layers in InP samples which are prepared with 

a Ga   focussed ion beam (FIB) for imaging with a transmission electron microscope (TEM) 

[1]. This unexpected contrast is extremely powerful for nanometer-scale mapping of dopant 

distributions in InP-based structures and devices. 

Doping concentrations as low as 10 17 cm "3 can be imaged with this technique; 

contrast levels of 20%-50% between p- and i- (dark in the image) and n-type (light) layers 

have been observed in the dopant range of 10 I? cm "3 - 10 IS cm ~3. Spatial resolution is on 

the order of tens of nanometers or better. These resolution limits extend the capabilities of 

mapping of dopants in InP-based devices. 

We have only observed this contrast in doped InP, not in comparably doped Si, GaAs, 

or ZnSe. The anomalous contrast is only present in samples milled in a FIB, which uses a 30 

keV Ga   beam at glancing incidence to the sample surface; the contrast is not observed in 

samples prepared with conventional Ar + ion milling, which employs a 5 keV beam at an 

incident angle of 14-18 degrees. The contrast present in the FIB-prepared samples increases 

under electron irradiation in the TEM.   We are currently seeking to explain the physical 

mechanism for producing this contrast. It is not conventional TEM diffraction contrast, since 

the polarity of the image does not reverse under any imaging condition, including when the 

diffraction condition is changed from bright field to dark field. The contrast is determined to 

be of the "absorption" type, corresponding to differential scattering of electrons out of the 

image collection system, although it is not clear how a change of I in 105 atoms can produce 

20% - 50% contrast. Our current understanding of the contrast mechanism centers upon 

generation of point defects in the FIB and TEM and on the nature of the bonds in the material. 

To see if the contrast mechanism depends on the covalent-ionic nature of the bonds in InP, we 

are examining InGaAs(P) ternary and quaternary materials that have bonds of varying degrees 
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of covalency and ionicity. We are also investigating the sensitivity of the contrast to types of 

dopant atoms as well as their concentrations. 

Examination of the InP doping superlattice (grown as 200 nm of 2 x 10    cm    Si + 

200 nm of 2 x 10    Zn bilayers) shown in Figure 1 shows the application of this technique to 

studying growth and diffusion over nonplanar surfaces. Growth rates were obtained by 

measuring the bilayer thickness, and Zn diffusion lengths were calculated by subtracting half 

the bilayer thickness from the dark p-doped (Zn) layer; the results are shown in the contour 

map of Figure 2. This is a new technique for studying nonplanar growth and diffusion in InP 

structures with direct application in the study of regrowth of current blocking layers around 

etched mesas in CMBH (capped mesa buried heterostructure) lasers. 

In summary, we have found a new technique for nanometer-scale mapping of dopants 

in InP. Our future goals are fourfold: (1) to further calibrate and, we hope, extend, the limits of 

the technique in InP; (2) to understand the mechanism of the contrast; (3) to extend the 

capability of high-resolution dopant mapping to other materials; (4) to apply the technique to 

other structures of technological interest. 

We gratefully acknowledge critical prior collaboration with D. Bahnck and F.A. Stevie 

of AT&T. 

[1] R. Hull, F.A. Stevie, and D. Bahnck, Appl. Phys. Lett., 66, 341 (1995). 
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r   «,  0ovin18cm"3Si + 200nmofp-type2xlO 
HO. 1. W doping supertax (200 »m of n-type 2 x 10   cm ^ 

„     .3 Znbilavers) grown over the etched mesa in the geometry wh.ch 
cm   Znbdayersjgro „„J. ntehrt doped layers and laser 

CMBH laser fabrication process; shown are p- (dark) and n- (hgh.) dop 

stripe labelled "A." 

149 



FIG.2. (a) Bilayer thickness and (b) Zn diffusion length of the image in Figure 1. 
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Effects of   Emitter Set-Back Layer Thickness on the 
Performance of GalnP/GaAs Heterostructure-Emitter 

Bipolar Transistors-1" 

Y. F. Yang, C. C. Hsu*, and E. S Yang 
Department of Electrical Engineering 

Columbia University, New York, N. Y. 10027 

* Department of Electronic Engineering 
The Chinese University of Hong Kong, Hong Kong 

Recent studies showed that heterostructure- 

emitter bipolar transistors can not only overcome 

some drawbacks of conventional HBTs, but can 

also offer a high current gain, a low offset voltage 

and good uniformity [1-3]. The thickness of the 

emitter set-back layer plays an importance role for 

the HEBT performance. However, previous studies 

were mainly based on DC performance [1, 2]. In 

this paper, the investigations of the effects of the 

emitter set-back layer on both DC and RF 

performance of GalnP/GaAs HEBTs are presented 

experimentally and theoretically. 

C-doped GalnP/GaAs HBTs and HEBTs 

were fabricated same as reference [3]. HEBTs with 
two emitter set-back layer thicknesses (We) of 

150Ä and 300Ä are designated HEBT(150Ä) and 

HEBT(300Ä), respectively. Non self-aligned cross 

section of devices is shown in Fig. 1. The 

heterostructure-emitter consists of an n-GaAs 

emitter set-back layer sandwiched between an n- 

GalnP confinement layer and a p-GaAs base layer. 

There are two possible cases for the emitter 

junction under forward bias. The emitter set-back 

layer is fully depleted when the base-emitter bias 

is low or the emitter thickness is thin. In this 

case, if the emitter potential spike is below the 

base conduction band, the electron injection from 

the emitter to base is the same as homojunction, 

otherwise the electron injection is like the 

heterojunction. The hole injection current from the 

base to emitter follows that of the heterojunction. 

When the base-emitter bias is high or the emitter 

set-back layer is thick, the emitter set-back layer is 

partially neutral. The band diagram for this case is 

shown in Fig. 2. The electron injection current is 

like the homojunction. The hole current consists 
of the recombination current (Jpj) in InGaP layer 

region and the recombination current (Jp2) in 

neutral n-GaAs region due to the hole storage. The 

hole storage also contributes diffusion capacitance 

to the total emitter capacitance. By solving the one 

dimensional Poisson's equation, diffusion equation 

and current continuity equation under depletion 

approximation, the current gain, collector to 

emitter offset voltage and emitter capacitance are 

calculated. 

Fig. 3 shows calculated and measured gains 

for HBT and HEBTs. The results show that the 

current gains of HEBTs are the same as those of 

HBTs at a low current regime. The gain of 

HEBT(150A) tracks that of HBT, while the gain of 

HEBT(300Ä) is lower than that of HBTs in the 

high current regime. Calculation indicated that the 

lower gain of HEBT(300Ä) is due to the hole 

recombination in the n-GaAs region under high 

forward bias. 

+ This work was supported by JESP and NSF 
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The offset voltage versus the emitter set- 

back layer is shown in Fig. 4. The offset voltage 

decreases with the increase of We and becomes 

constant for We > 100Ä. This indicates that We of 

100Ä is enough to eliminate the effect of the 

emitter potential spike on the emitter injection 

current. 

The calculated emitter capacitance (Ce) 

versus collector current density for HBT and HEBTs 

is shown in Fig. 5. The emitter capacitance 

consists of depletion and diffusion capacitances. 

The calculation indicates that the diffusion 

capacitance of HBT and HEBT(150Ä) can be 

neglected so that the emitter capacitances of them 

consist of only depletion capacitance for a collector 

current density (Jc ) less than 7X104 A/cm2. 

However, the contribution of the diffusion 
capacitance to Q is significant for HEBT(300Ä) at 

a Jc > 103 A/cm2. This is because the hole storage 

in the emitter set-back layer. The value of Ce for 

HBTs is slightly higher than that of HEBTQ50Ä) 
for Jc > lxlO3 A/cm2 due to the higher base- 

emitter bias necessary for HBT to reach the same 

current level as HEBT. However, the difference in 

Ce is insignificant. In order to compare the 

calculated results with measured values, the emitter 

capacitances of fabricated small size devices [3] 

were extracted based on the measured S-parameters 

[4]. Fig. 6 shows the calculated and measured 

emitter capacitances as a function of the emitter set- 
back layer thickness at Jc of lxlO4 A/cm2. The 

values of Ce of HBT and HEBT(150Ä) are the 

same, but the value of Ce of HEBT(300Ä) is about 

twice as large as that of HBT. 

Cutoff frequencies were calculated by using 

calculated emitter capacitances and assuming that 

the devices have the same parasitic resistances 

(RCC+REE) and collector capacitances as measured 

from HBT sample and the same base to collector 

transit times as estimated from device structure. 

Fig. 7 shows the cutoff frequencies versus emitter 
set-back layer thickness at Jc of lxlO4 A/cm2. The 

cutoff frequencies from calculation are the same for 

the devices with We less than 200Ä and decrease for 

the devices with We larger than 200Ä. The peak 

cutoff frequencies also shown in Fig. 7 from 

fabricated 5x5 um2 devices are 37,31 and 20 GHz 

for HBT, HEBT(150Ä) and HEBT(300Ä), 

respectively. The lower values of measured cutoff 

frequencies for HEBTs than those of calculation are 

due to the higher values of RCC+REE for HEBTs 

than that of HBT. Small signal parameters of each 

sample extracted from measured S-parameters show 

that the collector capacitances are the same for all 

samples. The value of RCC+REE for HBT is lowest 

and the value of RCC+REE is highest. If the values 

of RCC+REE are the same for all samples, the 

agreement of the experiment and the calculation 

should be good. 

In summary, it is shown that the emitter 

diffusion capacitance due to the hole storage 

degrades the HEBT DC and RF performance, if the 

emitter thickness is not properly designed. From 

above results, the optimal thickness of the emitter 

set-back layer has been found to be 100-200Ä for 

GalnP/GaAs HEBTs. Devices with an optimal We 

show good DC and RF performance. In addition, 

because the p-n junction of the HEBT is away from 

the heterointerface, the HEBT structure can be more 

reliable in terms of the base dopant outdiffusion and 

will be attractive in circuit applications. 
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Optical Techniques for the Nondestructive 
Characterization of 3-580jim Thick Si Substrates 

C.S. DeMain, S.H. Jones, T. Globus 
University of Virginia 

Applied Electrophysics Laboratory 
Department of Electrical Engineering 

Charlottesville, Virginia 22903 

With the advent of micromachining and microelectromechanical devices, there is 
an increasing need for ultra-thin silicon substrates. Similarly, there is need for simply 
measuring and verifying the substrate absolute thickness and thickness uniformity. We 
report simple and accurate techniques of nondestructive optical characterization for 
measuring the absolute thickness and total thickness variation (TTV) of ultra-thin and 
nominally thick (3-580 Jim thick) silicon substrates (1-4 inch diameter). 

To measure TTV, an interferometer system has been built. The interferometer 
uses a long wavelength semiconductor laser, simple optics, and an infrared camera so 
that an image of each wafer and its interference fringes can be viewed. The surface of the 
wafer is only touched when handling the substrate. The fringes, caused by interference of 
the infrared light bouncing off front and back silicon surfaces, relate directly to the 
thickness variation across the substrate; each fringe corresponding to a quarter 
wavelength variation in thickness (approximately lOOnm). Clear and sharp fringe 
patterns allow for rapid inspection of substrates.   This TTV system is used to verify both 
flatness and thickness uniformity with 100 nm resolution. Typical results are shown in 
Figure 1. 

Figure 1. Interference fringe patterns of two Si substrates as seen by interferometer system. 
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A spectrophotometer has been used to develop a set of standards by determining 
and mapping the absolute thickness of several substrates. The spectrophotometer scans 
through a series of wavelengths, ranging from 3.3|im to 0.6|im, resulting in a 
interference fringe signature as shown in Figure 2. 

80.00 

1000.0 1500.0      .  200Ö.0 

wavelength (nm) 

2500.0 3000.0 

Figure 2. Interference fringe signature from spectrophotometer of a 12 |im thick Si substrate. 

From this data, the average absolute thickness is derived. Also, the interference 
signature at near band edge wavelengths as well as longer wavelengths are related to the 
overall quality of the silicon substrate. 

Based on the spectrophotometer results, a simple optical transmit-and-receive 
system has been calibrated to measure the substrate absolute thickness from the detected 
absorption. The LED transmit-and-receive system can be used to scan the wafer absolute 
thickness without subjecting the wafer to any mechanical stress. This simple 
nondestructive absolute thickness measurement is more accurate than a mechanical 
micrometer, and is integrated with the TTV system. A green LED system is used for 
measuring 3-7 \im thick substrates, a red LED is used for measuring 5-150 urn samples, 
and an IR LED is used for the thicker wafers. Characterization results for a series of high 
quality double side polished 3-580 urn silicon substrates will be presented. Substrates 
have been provided by Virginia Semiconductor Incorporated. 
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PHONON OSCILLATIONS IN A SPECTRUM OF  REVERSIBLE  BLEACHING 
OF GALLIUM ARSENIDE UNDER INTERBAND ABSORPTION OF A 

HIGH-POWER PICOSECOND LIGHT PULSE 

I.L.Bronevoi 
Institute of Radioengineering and Electronics, Moscow 

This text describes the results of studies with pico- 
second resolution of the optical transparency T spectra of 
a thin layer of a high-purity GaAs exposed to a  high-power 
light pulse having the photon energy hw  , which  is  some- 

ex 
what larger than the forbidden gap width E .  Experiments 

g 
were carried out at room temperature. The duration of  both 
the exciting and probing pulses was about 14 ps.  Figure  1 
shows results of the sample transparency measurements as  a 
function of the energy of a photon of the probing pulse noo 

P 
(the bleaching spectrum) within the  nco < hu   range.  In 

P    ex 
this spectrum, which has been measured nearly at the moment 
of the maximum of the exciting pulse intensity, were  found 
local minima. An oscillating character of the bleaching has 
been observed for a variety of values of too  and the exci- 

ex 
ting pulse integral energy W  , the  spectral  localization 

of minima being retained. However at the drop of excitation 
and after its cessation  the  oscillations  smoothened  and 
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Fig. t. Transparency T variation (indices 1 and 0 
show the presence and absence of the excitati- 
on, respectively) of OaAs as a function of hoop. 
The delay time of the probing pulse with res- 
pect to the exciting one Td =-3 ps, ho»« =1.558 
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tion of the photon energy of the probing pube 
hofc at fc©cx = 1.558 eV, W« =1.0 a.iu •- Td = 

13ps,-G-Xd=31ps. 

157 



then disappeared (Fig.  2)  despite  the bleaching degree 
being nearly equal to that shown in Figure 1.  Oscillations 
have also been far less strong at hu >ho)  .  This  behavior 

p  ex 
of oscillations, as well as the fact that there is an anti- 
reflective coating on the sample surface, do not permit to 
attribute the oscillations to the interference in the samp- 
le. It should be noted that during the excitation pulse 
there appears a recombinative edge super luminescence from 
the sample [1]. Recombination should result in the appeara- 
nce of a carrier flow in the energy space (partially due to 
emitting by electrons optical  phonons having the energy 
hQ ) towards the level at which the carrier recombination 

o 
occurs. The recombination must lead to a dip on the curve 
of electron distribution at a certain energy E  near  the 

o 
conduction band bottom. This dip is inevitably followed by 
another dip when E =E +hO  since  the  energy  transitions 

10   o 
from E to E under phonon emission are more frequent  than 

those in the opposite direction occurring with phonon ab- 
sorption (in the absence of the dip at  E  the  transition 

o 
rates should have been equal) and so on. This must lead  to 
minima in the bleaching spectrum that are spaced by energy 
intervals hQ (1+m /m. ), where m and m. are the masses  of 

o   e h e     h 
electrons and holes, respectively. In Figure 1, the arrows 
indicate the positions of the supposed minima spaced by 42 
meV. It is seen that they all agree well with minima obser- 
ved experimentally thus proving the model suggested (the 
brief report about this effect was published in [2]). 
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IEMN UMR CNRS 9929 Avenue Poincare BP 69 59652 Villeneuve d'Ascq, France 

We present a study of noise phenomena in III-V heterostructures used in devices, 
such as HEMTs and MS-like-FETs. We examined mainly the diffusion noise, the 
only one which subsists at very high frequencies. 

In any case, the simulation of devices seems to be a necessary step before any 
large scale production. Morever, reliable physical simulation of devices requires a 
good knowledge of the transport properties in materials and heterostructures. 

To this aim, we have developed a Monte-Carlo model of electron transport in 
heterostructures. Special features of the model are the following: The wave functions 
and eigenenergies are calculated by self-consistent resolution of Poisson and 
Schrödinger equations. The nonparabolicity effect, quantization of satellite valleys 
and Pauli exclusion principle[l] are included. All major scattering mechanisms are 
accounted for. 

This method provides the electron velocity and the diffusion coefficient as a 
function of the applied electric field. 

To determine the noise diffusion coefficient we used two methods, by analysing 
either the carriers velocity fluctuations or the spreading of a narrow pulse of 
carriers[2]. We have checked that the results obtained by the two methods are in a 
good agreement. 

We have investigated the influence of temperature on diffusion coefficient. 
Results for Alx Gaj.x As/Ino 15Gao 85As heterostructure with carrier density 1^=8.1015 

m", x=0.15 at 300 K are shown in Fig 1-3. We have compared our results for 
heterostructures and bulk material InGaAs. The first difference we have noticed is that 
the values of the diffusion coefficients are lower for heterostructures. The field 
dependences of parallel diffusion coefficient are also different; in 2D system it 
decreases monotonously whereas in bulk material InGaAs it exhibits a peak. 

At 77 K results for the same heterostructure with iv=8.1015 m"2 are presented in 
Fig 4. We can observe that the longitudinal coefficient Dz exhibits strong variations 
with the electric field. For fields below 1 kV/cm, Dz increases sharply, that may be 
explained by the reduction of the magnitude of impurity scattering which dominates at 
low field. Above 1 kV/cm owing the heating of electron gas, the optic polar phonon 
emission can take place [3] [4] .This results in a strong reduction of Dz. At still higher 
field, the transport is dominated by intervalley scattering and Dz decreases, as it does 
in bulk material. 

At 300 K we have studied the Al048 In^ As/Ino.53 Ga^ As heterostructure (Fig 
5). We have noticed that the values of diffusion coefficients, shown in Fig 6, are 
higher than the values for Al0.15Gao 85 As/1% 15Gao.85 As heterostructure. 
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Introduction 

Hydrodynamic model (HDM) of carrier transport is a valuable tool in the anal- 
ysis of submicron semiconductor devices [1,2]. One of the main problems with this 
approach is the choice of various relaxation times entering the equations of HDM. 
A simplest and earliest approach is to rely on the results obtained for the uniform 
material [3,4]. This, however, limits the accuracy of the model in the regions of 
rapidly varying electric field. In particular, it has been noted that reliance on the 
uniform field approximation for collision integral in Boltzmann transport equation 
(BTE) produces spurious velocity overshoot in n+n~n+ diodes [5-7]. 

There are several ways to alleviate this problem. One can use post-factum 
correction by adjusting the value of the thermal conductivity K in the Wiedemann- 
Franz law used to close the equations of HDM [8]. Alternatively, one can use more 
accurate expressions for the collision integral which explicitly (through gradient 
terms) account for the essential nonuniformity of the field pattern [6]. This approach 
relies on the Monte Carlo simulations in order to extract several parameters of the 
model. Finally, one can discard HDM in favor of the advanced version of the energy 
transport model [5]. 

In this paper we propose a modification of the HDM which is sufficient to sup- 
press the spurious velocity overshoot without significant increase in the complexity 
of the model. The changes concern the relaxation times and truncation method. 
The main purpose is to develop a relatively simple version of HDM which alleviates 
some of the problems associated with the conventional version without relying on 
the Monte Carlo calculation for the extraction of transport parameters. 

Transport Model 

The transport model developed in this work is based on equations 

div{Jn) = 0, (1) 

1       Tmn i\^n      Q2Tm[kBTe ,fkBTe       M , N Jn (Jn ■ grad)— = grad(n) + n gradl -^—- - <h     , (2) 
q n m*   L    q \    q Jy v ' 

div{Jw) = E ■ Jn —, (3) 

and 

Jw= -rjwdiv(X)-^nwE-2^^nw-E. (4) 
m m* 
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where Jn is the current density, n denotes the electron concentration, no is the 
equilibrium value of n, Te-the electron temperature, rm-the ensemble momentum 
relaxation time, r^-the ensemble energy relaxation time, r^-the ensemble kinetic 
energy flux relaxation time, m*-the conductivity effective mass, fc^-the Boltzmann 
constant, E-the electric field, <^-the electrostatic potential, J^-the kinetic energy 
flux, u>-the average kinetic energy per electron, wo-the equilibrium value of w, w-the 
average kinetic energy tensor, and X — ru(evv). Here the angular bracket denotes 
average over the distribution function, i.e., (4>) — J drp4>f j J drpf. 

In a conventional HDM [1], eq.   (4) is not used and the system of equations 
(l)-(3) is closed using the phenomenological Fourier law Q — —K grad(Te) which is 
then substituted into the equation 

Jw = nwvd + nkBTeVd + Q, (5) 

where v^ is the drift velocity. The thermal conductivity K is related to the elec- 
trical conductivity an = nq Tm/m* by the Wiedemann-Franz law K = (5/2 + 
c)(kB/q) onTe, where coefficient c is characteristic of the scattering mechanism. 

As an alternative we rely on the fourth moment balance equation (4). This 
equation is derived from the exact fourth moment balance equation. The system 
of four balance equations is truncated (i.e. closed) by simplifying eq. (4) via the 
ansatz of 

f{r,p) = fo{r,?) + E-pfi(r,p), (6) 

of Ref. [9], where /o is the spherically symmetric part of the distribution function 
taken in the form of a heated Maxwellian and /i is an even function of momentum. 
However, unlike [9] we use this ansatz only in order to simplify the expression for 
Jw and not in the balance equations for the first three moments of the distribution 
function. This yields 

20 Tj ,    . 10 T,-        o .    ,        5 OTo -. ,   . 
Jw = —r-^nw div(w) - —^-w

2div(n) - -^fnwE. (7) 
y m y m* 6 m 

The ensemble momentum relaxation time is obtained from experimental data 
for high-field mobility fj,n(E) in bulk silicon as 

m 
Tm =  fln(E). (8) 

Q 

Following [4], the ensemble energy relaxation time TW is found by applying eq. (3) 
to the uniform case. The ensemble kinetic energy flux relaxation time TJW is found 
by applying eq. (7) to the uniform case. This yields 

3 /       kBTe\ T^ = iv + —)Tm- (9) 

Numerical calculations show that according to (9) TJW W rm, which agrees with the 
results of the more sophisticated calculations in Ref. [5]. 
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Simulation Results 

To facilitate the comparison with the conventional hydrodynamic model, the 
silicon n+n n+ device simulated in this work is chosen to be the same as that used 
in [1]. The doping levels are n+ = 5 x 1017cm-3 and n~ = 2 x 1015cm~3. Two n+ 
outer regions are 0.1/zm long, the length of the inner region is 0.4/xm. The applied 
voltage is 1.5V, and the lattice temperature TL = 300K. The saturation velocity 
vs, which is needed in order to compute mobility, is 1.1 x 107cm/s. 

The results of computations performed using two types of HDM are shown 
in Figs. 1 and 2 (two computations from the conventional HDM with different 
momentum relaxation times). Fig. 1 shows the normalized drift velocity, and 
the normalized electron temperature is shown in Fig. 2. To be specific we set 
c = -1/2 in the Wiedemann-Franz law used in the conventional HDM. The energy 
relaxation time for the conventional HDM is computed as suggested in [4]. If one 
relies on the traditional form of the energy balance equation, then the spurious 
velocity overshoot (solid line in Fig. 1) is present as has been already pointed out 
in the literatures [5-7]. In a new approach this undesirable feature of the HDM is 
suppressed without increasing the complexity of the model. Another consequence 
of the proposed HDM modification is to bring the temperature profile (i.e. average 
kinetic energy per electron) closer to that obtained by Monte Carlo simulation for 
similar scattering mechanisms [10]. 

In conclusion, we presented a new HDM which is both simpler and more accurate 
than the traditional model. 
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A Large Signal HBT Model for Two-Tone Intermodulation Analysis 

Bin Li, TaoLing Fu and Sheila Prasad 
ECE Dept., Northeastern University, Boston, MA 02115 

Heterojunction bipolar transistors (HBT's) are presently being used in many analog and digital 
applications [1]. Although small-signal models of HBT's have been studied extensively [2, 3], the 
same is not true for large signal models. The Volterra series method has been used for modeling 
the nonlinear operation of the HBT at the medium drive level. An Ebers-Moll large-signal HBT 
model [4] which includes many high order effects has been reported, however, it is rather complex 
and needs complicated semiconductor physics analysis and a knowledge of the device fabrication. 

This paper presents a simple Ebers-Moll model [5] based on the quasi-static technique which 
makes use of multi-bias scattering parameters and DC measurements to extract a bias-dependent 
nonlinear equivalent circuit model. The device under investigation is a 5 x 10 fim2 

InGaAs/InAlAs/InP inverted HBT with fT = 23 GHz and fmax = 20 GHz. The small signal 
equivalent circuit of the device is shown in Figure 1. Lb,Lc,Le,Cbe,Cbc and Cce are parasitic in- 
ductances and capacitances respectively, Rb, Rc and Re are extrinsic resistances. The active portion 
of the HBT was modeled by intrinsic elements Ce,re,Cjc,a and Rjc. All elements except five in- 
trinsic elements Ce,re,Cjc,Rjc and a are considered to be invariant with bias [6]. The elements 
Cbe, Cbc, Cce, Lb, Lc, Le are extracted at zero bias by numerical optimization. The intrinsic elements 
at non-zero bias are extracted by the following approaches: 

• Convert the s-parameters to z-parameters and subtract the parasitic series elements Lb and 
Lc. 

• Convert the z-parameters to y parameters and subtract the parasitic shunt elements Cbe, Cce, 
Cbc- 

• Convert the y-parameters to h-parameters. 

The elements of the equivalent circuit excluding the parasitic effects, are easily extracted using the 
procedure described in [3]. 

In the large signal model, Ce, re are represented by BE junction diode and Cjc, Rjc are repre- 
sented by BC junction diode. The following equations are used to characterize intrinsic elements 

R e 
nbeKT 

IT W 
Ce     =     Cje + Te/Re (2) 

Cjc   =   C3dQ{l-VlJV3d0)-
M>< (3) 

Cje     =     Cjeoil-VjVjeo)-^ (4) 

JC    -       qlsR    eXH    KT) ^ 
U   =   IsF(e^KT-l) (6) 
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where V£e,Vb'c are intrinsic base-emitter and base-collector voltages respectively, IsF,nbe, 
Cjeo,Mje0,Vje0,Te are BE junction model parameters, /SÄ,nbc,Cjco,Vjco,Mjco are BC junction 
model parameters. In the small signal device model, the plot of Re + re versus l/7e is used to 
extract nbe. The model parameters are extracted from these equations by fitting them to bias- 
dependent intrinsic elements since a medium power drive level was applied to the device. Mje is 
assumed to be 0.5 for the abrupt emitter-base junction. Mjc is assumed to be 0.33 for the graded 
base-collector junction. The variation of a (oto,fa,r) with bias is not included in the presented 
model. 

Given extrinsic values of voltages and currents, the intrinsic base-collector voltage, base-emitter 
voltage and emitter current are given as follows: 

h     =     Ic + h (7) 

y6'£   =   Vbe-IeRe-IbRb (8) 

Vlc   =   Vbc-IbRb + IcRc (9) 

These equations are fitted to the bias variation of the intrinsic element values and the corresponding 
constants are determined. 

The two-tone third order distortion simulation is performed to verify the resulting HBT model. 
The simulation was made by harmonic balance simulator in LIBRA [7]. Figure 2 shows the measured 
and simulated distortion at the bias of Vce — 1.5 V,Ib — 170 \iA. The two fundamental signal 
frequencies are 6.02 and 6.08 GHz respectively. The third order intermodulation distortions are 
averaged at 5.96 and 6.14 GHz. The source and load impedance are assumed to be 50 f2. The 
difference between simulation and measurement are well within 1.5 dBm. 

The simple Ebers-Moll model is based on the experimental characterization of the frequency 
and bias-dependent behavior of the device small-signal s parameters. The model parameters are 
deduced by fitting the bias-dependent intrinsic elements to the underlying equations from physics. 
The model was validated by simulation. 
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AIRVS FUNCTION IMPLEMENTATION OF THE TRANSFER MATRIX METHOD FOR 
RESONANT TUNNELING 
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Introduction Within the effective mass approximation, 
the exact solution of the Schrödinger's equation via Airys 
functions is the most accurate method of computing the 
tunneling transmission coefficient in electrically biased 
superlattices. For multiple-barrier structures this approach 
is implemented using the transfer matrix method in the 
form developed for piece-wise linear potentials [1]. It is 
then natural to use the calculations of this type to evaluate 
the accuracy of various approximate methods such as piece- 
wise constant potential approximation [2], or the 
argument-principle based method [3]. However, there are 
several problems associated with the implementation of this 
approach. First, the asymptotic behavior of Airys functions 
often results in numerical overflow which significantly 
reduces the computational efficiency of the method at low 
applied biases[4,5]. Thus, the low-voltage region is usually 
not included in the Airys functions based computations, 
and some of the resonant peaks of the I-V characteristics are 
lost In this work we show that, with proper ordering, the 
computations of the transmission coefficient and tunneling 
current in the low-bias region present no difficulty. Second, 
it was pointed out that the energies of certain quasi-bound 
states (QBS) cannot be evaluated by investigation of the 
tunneling transmission coefficient of multibarrier structures 
whosecomplexenergyEQsEr-ir^ has the real part E,in 
the energy range where tunneling is impossible [3]. We 
show that the energies of all QBS with sufficiently large 
lifetimes can be obtained by considering the resonant 
behavior of the transfer matrix in the extended energy 
range. Finally, some of the previous investigation have 
shown the discrepancy between the Air/s function method 
and other approaches for the QBS [1] and the I-V characteristics 
[5]. Weshow that the accurate irnrJernentation of the transfer 
matrix method eliminates this problem. 

Transfer matrix The potential energy profile of the 
general multibarrier structure studied in this work is shown 
in Fig. 1. The height of the j-th barrier corresponding to 
x2j.[< x < xjj is denoted as Uj. The solutions of the 
Schrödinger's equation within the contact and the j-th 
regions are 

¥,, = A„ exp(ik0x) + B0 exp(-j*0jc);      x < xx       (1) 

^2» = **. exp(<'*2„*)+B^ expi-ik^x); x2ll < x   (2) 

VJ-AJAKZJ + BJBUZJ)       Xj <x<xj+l       (3) 

where Ao, Bo, A^ B&, Aj, and Bjare constant coefficients, 
Ai and Bi represent Air/s functions, 

k0 =(2mnE/h2f, k* =[2m2n(£+eVa)/a
2f and 

zj(x) = (2mj)«3(ehFjr*[rj-eFJ(x-xjj\; 

TÜQ m^, and m, are the effective masses within 
corresponding region, the energy E is counted from the 
bottom of the conduction band of the left contact (i.e. V = 0 
forx<x,inHg. IX V, applied voltage, Fj is the electric field 
within j-th region and Tj is defined in Hg. 1. We next 
define the interface transfer matrices W= for j = 1,2, _^ 2n- 

[«]• 
The matrix elements of Wj are readily found from the 
continuity conditions for the wave function and its 
derivative (the latter weighted by the inverse of effective 
masses [6]). Application of these conditions to the contact 
interfaces yield 

Wt(11) = (l/2)[Ai(ß,)+£ A/'(ß, )]expH*0;c). (5) 

Wi(12) = (l/2)[Ä(ß,)+£ B/'tßjjexpHV:,), (6) 

^(21) = (l/2)[^(ß,)-^ A/'tf^expO*,,*,), (7) 

^(22) = (l/2)[Ä(ß,)-^ «'(ß,)]«!*»^,), (8) 

Wu<\l)=x[Bi\au)+h\ Biia^sxpd^x^, (9) 

W2,(21) = -jt[/l«'(a1,)+fn Ma^cxpdk^x^)      (10) 

W2„(12) = K(11)]\ W2„(22) = [W2„(21)]\      (11) 
where 

«y ^j.^j) = (2mJ.,)
v3(ehFMy

ip(rj_l -AE,.,) (12) 

$j=Zj{xj) = (2mj)*{ehFj)-«iTj  , (13) 

c, = m()(2*Fl)
,'3/*0(m1

2a2)1'3   , (14) 

^=^K„-,2fi2)V3/'"2B(2eF2„.l)^   . (I5) 

and AEj denotes corresponding band bending in j-th region. 
Similarly, for j = 2,3 2n-l we find 
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Wfl 1) = *[Mß,) Ä'(a;)-Y,. A/'(ß,.) 5/(a,)] (16) 

«5(12)=Jt[Ä(Py) B'"(a>)-Yy Ä'(ß,) «(a,)] (17) 

H{(21) = x[-Ai®j) Ai'(CLj)+Vj A?®j) A'iOLj)] (18) 

Wj(22) = icf-ÄXßj) Ai'(a,)+yy Ä'(ß,) Ma,)] (19) 

The transmission coefficient and the overall transfer matrix 
are given by 

Z)(£) = (^mnA0m2ll)|W(ll)(-2 ; W = f[ W, 

Equations (8) - (19) represent the Airys function 
implementation of the transfer matrix method The only 
remaining problem is numerical evaluation of the transmission 
coefficient for the low applied voltages. For V, -*0 numerical 
overflow results if expressions (8) - (19) are used. In order to 
deal with the overflow problem, we introduce a large 
dimensionless parameter C (2^= 25 in our computations) 
and use the following procedure. If the arguments of Airys 
functions used to compute the transfer matrices do not 
exceed C we use equations (8)- (19) directly. Otherwisewe 
use asymptotic expressions for Air/s functions, to evaluate 
the transfer matrix  i^. = W^W^  for the i-th barrier 

w&jk) = a?* exp(-e() + s'/t exp(e,) • where i = 1,2,..., n, 

j, k = 1, 2, and MTOß^-O or 

9, =(2/3X2ma.I)
V2(eAF2,..,)-

1 [r*.*2 -flV, -AE^.,)*2] 

In the asymptotic expressions for matrix elements of W^.the 
argument of the exponent is no longer ctg or ß^j ( which 
tend to+«fbrV,->0), but their difference. Consequently, 
when Fa-i -»0, and AE3.1 -> 0 we have 6-, = 0( 1), and the 
overflow problem does not arise while computing Wt. 

Resonant behavior and symmetry of the transfer 
matrix There are several techniques for extracting the 
energies of the quasi-bound states. The simplest one is to 
consider the peaks of the transmission coefficient as a 
function of energy [1,2]. Strictly speaking, D(E) is defined 
only for E > 0, otherwise, there is no plane-wave solution of 
the Schrödinger's equation in the left contact region. 
Consequently, other techniques have been developed to 
evaluate the energies of QBS with E, < 0 [3,4]. 
For QBS with complex energy E, - 372 we note that the 
asymptotic expression for the wave function contains no 
incoming waves, i.e., Ao(Er - 372)=B2n(Er - 372)= 0 and 
consequently W| i(Er - 372)=0. For sufficiently small T 
Wn(E)=y(E-Er+ir/2)+0(E-EQf (20) 

where y =(dWu/dE)SmeQ. 

Equation (20) is valid regardless of the energy range. 
When E > V„ the QBS - induced root of W„ at E = EQ 

results in a Lorentzian resonance of the transmission coefficient 
D oe IW, ,(E) I '2 and the time reversal symmetry implies [ 11 ] 
W„=W£,       Wn=w;t;       E>Vxl (21) 

In the energy range Va, < E < Vu where there is no 
tunneling, ko is purely imaginary. In such case Eq. (20) still 
follows from the absence of the incoming wave for x > 
x^ and of the exponentially growing term for x < Xi in 
the asymptotics of the QBS wave function. The 
resonance behavior of IW„ I '2 remains in place, but 
instead of (21) we have [7] 
WU=W1'2,       W12=W;1;       V<E<Vl (22) 

For this energy range a physically meaningful problem is 
the reflection of a plane wave propagating from the right in 
the negative direction. The reflection amplitude 6 near the 
resonance is given by [7,12], 
8(£) = const - 2 arctanfT / 2(£- Er)] (23) 

The negative energy resonances can be studied analytically 
using WKB approximation which confirms the resonant 
behavior of I Wu I "2 in the energy range where the tunneling 
is impossible [7]. 

Numerical results We first consider a single well with 
effective masses are taken as m*w = 0.067mo inside the well 
and m*b = 0.1087mo within the barrier. The energy 
dependence of the transmission coefficient is shown in Hgs. 
2 for the bias voltages V, = 0,0.16 V and Vt = 0.4 V. The 
negative-energy resonance peak corresponding to a QBS 
with Er = -119 meV which exists for V»= 0.4 V is clearly 
seen in this figure. The formation of both positive-energy 
and negative-energy resonances is further investigated by 
considering the double-well structure. At zero bias only 
resonant states with E, > 0 are present As the bias is 
increased to 0.16 V the negative-energy resonance with E, = 
- 22 meV becomes apparent. For V, = 0.4 V there are two 
negative-energy QBS with Er=-198 meV and Er = -24 
meV (Rg. 3), respectively. 
Next we consider the variably spaced finite superlattice in 
Fig 4. The related calculations are summarized in Tables I 
and II and compared with published results. Since in the 
literature the negative-energy resonances were not studied 
using D(E)I dependence, we used the computations of Refs. 
[3,4], employing a different technique (developed within a 
step approximation for the transfer matrix) as a comparison 
for Er < 0. With the exception of Ref. [1] in all cases an 
excellent agreement was reached with previous 
investigations. This verifies various approximations by 
comparison with the exact solution obtained here. 
Furthermore, this comparison supports the validity of 
computing Er using the resonance property of IW, 11 '2 in the 
energy region E, < 0 where the tunneling dees not occur. 
Apart from the resonance peaks the numerical computation 
indicate singular behavior of IW|, I"2 near E = VX|. 
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which is in agreement with the threshold singularity of 
IW,, I -2«(E - V»,)"2 established in [7]. 
Finally, we calculate the I-V characteristics of a double 
barrier structure; m,=0.041n>> inside the well, n\=O.078n>) 
within the barrier, barrier and well thicknesses are 5 and 9 nm 
respectively, and barrier height is 05 eV, Fermi level in left 
contact is 0.04eV and T=4K. h contrast to [5] we find that a 
step approximation is in a good agreement with the results of 
the exact solution. However, we find that the calculation of 
I-V characteristics of multilayer structures with more than 
three barriers using step approximation method is much 
slower than Air/s function technique. Fig. 1. Potential energy profile. 

Conclusions: We have developed a version of the transfer 
matrix method based on the exact solution of the 
Schrödinger's equation with a piece-wise linear potential in 
terms of Airys functions. Particular care is taken in order to 
eliminate the numerical problems which arise in the 
computation of the transmission coefficient and I-V 
characteristics of the multibarrier tunneling structure at low 
applied voltages. The results presented in this work 
eliminate the discrepancies between the exact solution and 
various approximate computations of transmission 
coefficients, energies of the QBS, and I-V characteristics in 
finite superiattices. The QBS with negative energies do not 
affect the transmission coefficient but are related to resonances of 
thelWnl^CTthcsecftherefkxtmarrpuaide. 
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Fig. 3. Same as Rg. 2 for a triple barrier 

173 



IV 

_   _ _ _ _ 
s *i~ s *s s W3 s X 

Hg.4. Potential energy profile of an unbiased variably spaced 
superlatnce. s=33a5nm,wI = llnm,wj=282nm,w3=22 
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Table I 
The energy of QBS 

Doub e barrier 

Bias 
(V) 

Energy 
level(1) 

[3] 
(meV) 

[2] [1] 
(meV) 

this 
work 

(meV) 

0 E, 
E* 

935 
379.8 

94 
380 

* 
* 

93.8 
378 

0.16 Ei 
E2 

11.6 
2972 

12 
300 

40 
350 

12 
298 

0.4 E, 
E2 

-118.8 
178.9 

* 

180 230 
-119 
180 

Triple barrier 
Bias Energy [3] \2] [1] this 
(V) level«» (meV) (meV) (meV) work 

(meV) 

0 E, 87.9 89 * 88 
E2 100.4 100 * 100 
E3 351.4 353 * 352 
E, 4072 404 * 406 

0.16 E, -21.9 * * -22 
Ez 48.8 46 80 483 
E3 255.6 257 317 256 
E4 343.1 342 * 343 

0.4 E, -197.5 * * -1973 
Ez -23.4 * * -233 
E3 91.1 90 120 913 
E, 267.6 260 320 267.5 

*-net computed. 
(1) - We use notations of Refe. [3], and [4] in Tables I and II 
respectively, but redefine the reference energy level as shown in 
Fig. 1. The numerical values ofenergies given in P] and [4] are 
adjusted accordingly. 

VOLTAGE. V 

Fig. 5.1-V characteristic of a double barrier structure. The 
exact result and step approximation are represented by solid 
line and triangles respectively. 

Table H 
The energies of QBS in Variably Spaced Superlattice (cf. Kg. 4) 
Ml 
kV/ 
cm 

E 
level 

(i) 

[4] 
(meV) 

[1] 
(meV) 

This work 
(meV) 

s=33 
nm 

s=5 
run 

s*33 
nm 

s=5 
nm 

s=33 
nm 

s=5 
nm 

0 E, 
E2 

E, 
E" 
E" 

29.7 
119 

2663 
180.9 
2292 

29.8 
119.1 
266 
181.4 
228.2 

* 
* 
* 
* 
* 

* 
* 
* 
* 
* 

29.7 
119 
266 
181 

229.4 

29.7 
119.1 
2663 
181.4 
2283 

20 E, 
E2 

E" 

12 
101.6 
248.8 
1424 
179.1 

9 
98.7 
2453 

137 
168.9 

* 
* 
* 
* 
* 

* 
* 
* 
* 
* 

11.6 
101 

2483 
142 

178.8 

83 
982 
245 
1363 
168.4 

T»5 E, 
E2 

? 
E" 

-21 
743 
2163 
693 
90.9 

-292 
618 
2092 
57.8 
63.9 

* 
* 
* 
* 
* 

763 
2143 
703 
813 

-223 
73.1 
216.4 
682 
89.8 

-30.6 
61.4 

207.8 
56.4 
616 

ffifi E, 
E2 

? 
E" 

-31.7 
61.1 
208 
49.6 
64.6 

-41.7 
51.4 
197.7 
293 
34.2 

* 

69.6 
215.6 
56.6 
86.6 

* 

* 
* 

-333 
59.8 

206.6 
48.4 
63.4 

433 
50 

1963 
28 

318 
100 E1, 

E2 

E3 

E" 
EB 

-643 
333 
1793 
-7.9 
-26.1 

-793 
18.2 

163.9 
40.4 
-69 

* 
* 
* 
* 
* 

* 
* 
* 
* 
* 

-66.8 
31 

176.8 
-10.2 
-28.2 

-81.8 
15.8 
1613 
417 
-71.2 
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SIMULATION OF THE GaAs MESFET ELECTRICAL BURNOUT 

V.A.VASHCHENKO, J. B. Martynov, V. F. SINKEVITCH, A. S. Tager 
Russia 

INTRODUCTION Electrical source-drain breakdown limits operating 
drain voltage, output power of GaAs MESFETs and HEMTs, therefore its 
understanding is important for problems of FETs design, optimization and 
reliability [1,2]. Electrical current instability which results in negative differential 
conductance (NDC) and reversible switching in the current filament state of 
GaAs MESFETs was observed under 20 ns drain voltage pulse duration for all 
operation gate biases [3]. In the filament state increase of the drain current or 
pulse duration resulted in instantaneous local burnout of MESFETs in the 
filament area [3]. It was supposed, that electrical burnout of GaAs MESFETs is 
the consequence of: (i) uncontrollable drain current increase due to modulation 
of the semiinsulating buffer by injected holes from the drain avalanche area 
and electrons from source n+-contact; (ii) NDC and current filament formations 
and following local melting [3,4]. The purpose of this study is to demonstrate 
with the help of 2D simulation, that: (i) GaAs MESFETs really have NDC area 
of drain-source lD-VDS characteristics due to buffer conductivity modulation; 
(ii) the breakdown of GaAs n+-i-n+ structures having parameters typical for 
contact and buffer layers of power MESFETs results in NDC and filament 
formation. 

SIMULATION   METHOD   AND    MODELS Drain    breakdown 
characteristics of the MESFET were simulated under steady-state conditions. 
For carrier motion specification the equations of the quasi hydrodynamic model 
were used. The equation system was solved with "mixed" boundary conditions: 
the constant gate bias and drain current. The breakdown characteristics of the 
simple MESFET (Fig. 1(a)) and GaAs n+-i-n+ (Fig. 1(b)) structures were 
calculated. The 1D (W = 0.3 urn) n+-i-n+ models were calculated for a number 
of i-area length (L|); 2D n+-i-n+ model - for Li = 1.6 um, W = 10 um n+ = 
10l8Cm-3(Fig.1(b)). 

RESULTS The calculated drain lD-VDS characteristics of GaAs 
MESFETs (Fig.2(a)) have NDC branches for all gate biases. The electric field 
strength and carrier concentration depth profiles for NDC condition of the 
MESFET (Fig.3(a,b,c), gate bias VGS= -2 V) in the SI layer are changed 
significantly in comparison with condition typical for drain avalanche 
breakdown [2]. Injection level of electrons and holes in SI layer is greatly 
increased. The electrons, injected from the source n+-contact and the 
avalanche holes create quasi neutral domain of electron-hole plasma in SI 
layer near the source n+-contact (Fig.3(b,c)). With following increasing of the 
drain current this domain expand and electric field near the drain increase. 
The calculated l-V characteristics of 1D n+-i-n+ structures for various i-area 
lengths (L() have similar peculiarities (Fig.2(b, dashed lines)). The electric field 
and carrier concentration distributions in the n+-i-n+ structure are presented 
on the Fig.4. Introduction of deviations in model structural parameters allowed 
to conclude, that NDC formation primarily is defined by the properties of carrier 
transport through the i-GaAs area. In the GaAs p+-i-p+ model the NDC branch 
was not formed (Fig.2(b), dotted line). Calculated C-V characteristic of n+-i-n+ 

structure of W = 10 urn and L| = 1,6 urn (Fig.2(b, solid 
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Fig.2. Calculated drain cur- 
rent—voltage characteristics 
of the GaAs MESFET (a) and 
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Fig.3.Depth profiles of the electric field 
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centration  for GaAs  MESFET NDC 
condition  0D=1OOOmA/mm,  UGS= 
-2V) 

176 



0.5 1.0 
X (Mm) 

Fig.4.Electric field  (a),  electron  (b)        Fig.5.Electric field  (a),  electron  (b)  and 
and hole (c) concentration hole (c) concentration distributions 
distributions in   1D  GaAs  n+-i-n+ in  2D  GaAs  n+-i-n+ structure  (L = 

lL,= 1,6f*m.  W=0.3^m)  in the  states        =1,6/urn,  W=10lUm)  in the  current 
( a.^.V' )  (fig.2a). filament stete. 
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line)) have the NDC branch corresponding to the carrier filamentation regime 
(Fig.5). In this regime distributions of electric field and carriers between n+ 
contacts are the same as in the state (y) of 1D model, but far from this 
regime-as those in the state (a). 

DISCUSSION The calculated lD-VDS characteristics of GaAs 
MESFET model agree with the experiment [3]; electron-hole plasma 
distribution in the 2D GaAs n+-i-n+ structure corresponds to the spectral and 
intensity distributions of the electroluminescence [3]. Therefore presented 2D 
model is acceptable for explanation of the observed IQ-VDS cnaractenstics 

and electrical burnout mechanism of GaAs MESFETs. The last can be 
explained as follows. With increasing of the drain voltage the high electric 
field domain is formed near the drain n+~contact in the SI layer due to and 
dropping dependence of the electron velocity vs electric field. A portion of 
holes generated near the drain is accumulated in the SI buffer layer near the 
source n+-contact. The holes positive space charge cause the injection of 
additional electrons into the SI layer from the source. The injected electrons 
create an additional negative space charge in the drain avalanche region. 
This results in the increase of the avalanche generation rate and holes 
injection. Such positive feedback leads to the formation of the spatial quasi 
neutral area (Fig.3 and 4(b,c)). The NDC branch of MESFET 's and n+-i-n+ 

structures l-V curves are due to the extension of the quasi neutral domain in 
the SI substrate with increasing of the drain current. Current filamentation in 
the wide 2D GaAs n+-i-n+ structure may be explained by spatial instability of 
current distribution typical for the S-type NDC [5]. 

CONCLUSION Using 2D simulation the breakdown mechanism of the 
GaAs MESFETs has been studied. The isothermal drain l-V characteristics of 
GaAs MESFETs have NDC branch at any gate bias. The mechanism of the 
NDC formation of GaAs MESFET is of an avalanche-injection nature [4] and 
presents itself as a modulation conductivity of the "built in MESFET' n+-i-n+ 

structure (SI buffer & n+ -contacts). The instability of current spatial 
distribution under NDC results in formation of 5-10 (am high current filament in 
GaAs buffer. The GaAs MESFETs electrical burnout mechanism may be 
explained by: formation of the NDC, switching according to the drain load 
characteristics into the state with high conductivity; the- filamentation of the 
avalanche injection drain current in the buffer and following rapid local 
melting of the MESFETs structure. 
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INTRINSIC OSCILLATIONS IN MODIFIED HETEROJUNCTION BIPOLAR 
TRANSISTORS 

Vladimir A. Posse and Bahrain Jalali 
Electrical Engineering Department, University of California, Los Angeles, California, 90095 

e-mail: vposse@ee.ucla.edu, phone: (310)206-4554, fax: (310)206-8495 

The transferred-electron (Gunn-Hilsum) effect resulting from the non-linear veloc- 
ity-field characteristic in III-V semiconductors is widely utilized in micro- and millime- 
ter-wave technology. If the electric field in a conventional n+nn+ Gunn diode exceeds the 
threshold value (£^=3 kV/cm for GaAs), injected electrons transfer from the central T val- 
ley to lower mobility L and X valleys resulting in the formation of propagating charge 
domains. There exists a great similarity between the active region of a Gunn diode and the 
collector drift region of a m-V npn heterojunction bipolar transistor (HBT). This has 
motivated us to investigate the transferred-electron effect in HBTs [1,2]. In a Gunn diode 
with E>Ep and supercritical length L>KJN (where N is the doping of the active region and 
K=10 cm" for GaAs) the transferred-electron effect causes current oscillations under a 
d.c. bias. However, such oscillations are not observed in HBTs even when the collector 
region satisfies the above criteria. We have previously shown that the stability of the col- 
lector current in conventional HBTs is ensured by the Kirk effect occurring at high levels 
of injection [2]. In this paper we discuss the physics of the transferred-electron effect and 
high injection phenomenon under transient conditions. We establish requirements for 
observing current driven instabilities in HBT structures. 

In a conventional Gunn diode, a region where the magnitude of electric field has a 
positive gradient is a prerequisite for the formation of instabilities. Dynamics of a charge 
accumulation is related to the local electric field gradient through charge conservation, 
dp/dt = -VJ, where J is the local current density. For Gunn diodes with a high-field cath- 
ode this requirement results in the threshold condition on current density JG > eNdvs, 
where vs s 107 cm/s is the electron saturation velocity, e is the electronic charge, and Nd is 
the donor concentration [3]. The collector drift region of an npn HBT is analogous to a 
Gunn diode with a high-field cathode. The solid line in Fig.l shows the electric field pro- 
file in the collector of an exemplifying transistor biased in the forward active region. The 
dash line there illustrates the conditions sufficient to observe the Gunn-Hilsum effect in 
the collector at current density Jc > JG. 

In an HBT high collector current leads to the Kirk effect (base widening). The base 
widening occurs at the collector current density JK > eNdvs + 2zvs$/L2, where £ is the 
dielectric constant, L is the length of the collector, and § is the total base-collector poten- 
tial. For HBTs with a collector design that satisfies the NL product criterion, the second 
term can be ignored. Kirk effect is detrimental to formation of charge instabilities since it 
eliminates high electric field at the cathode (the p-n junction) as shown by the broken line 
in Fig.l. Since the threshold current for Kirk effect, JK, coincides with the threshold for 
Gunn effect, JG, it effectively prevents transferred-electron induced instabilities. This 
explains the absence of the Gunn-Hilsum phenomenon in HBTs even when the collector 
drift region satisfies conditions sufficient to cause such oscillations in a Gunn diode. 

To observe Gunn oscillations in an HBT one may attempt to increase the threshold 
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for Kirk effect. It has been suggested that an n+ doping spike inserted at the base-collector 
interface of an npn HBT would suppress the Kirk effect [4]. However, detailed investiga- 
tion by Lee et al. [5] later showed that this modification does not improve JK under d.c. 
conditions. We have investigated the transient behavior of HBTs modified with an n+ 

spacer layer using numerical simulations. Our results indicate that while the n+ layer does 
not suppress the Kirk effect, it does delay its onset in time. This provides an opportunity 
for charge instabilities to nucleate under proper switching conditions. 

We consider a GaAs HBT with a 1500Ä Alo.3Gao.7As emitter doped to 
5xl017cm"3 preceded by a contact region consisting of an n+ GaAs layer and 500Ä graded 
transitional layer. The 1000 Ap+ GaAs base is doped to lxlO19 cm"3, and collector con- 
sists of a 1.5 (im long GaAs drift region with JV^=lxl016 cm"3 followed by an n+ subcol- 
lector. The length and doping of the collector were chosen in order to satisfy the NL 
product condition. In the modified structure, a thin 2xl013 cm"2 n+ doping spike was 
placed at the base edge of the collector drift region. To investigate the behavior of HBT 
structures we use the hydrodynamic model of electron transport to simulate the transient 
device response. The self-consistent algorithm includes the first three moments of the 
Boltzmann transport equation along with the Poisson equation. The non-linear veloc- 
ity-field characteristic leading to the Gunn effect is realized through a field dependent 
mobility model [6]. Recently, it has been shown by Zybura et al. that the hydrodynamic 
model can accurately simulate conventional Gunn diodes [7]. 

We have studied the transient response when the transistor is excited by step biases 
applied to the base and collector terminals [1]. The conventional HBT reveals a perfectly 
stable behavior, whereas the modified structure exhibits charge accumulation layers nucle- 
ating at the n+ doping spike and propagating towards the subcollector. The behavior is 
similar to that of a Gunn diode operating in the stable-anode-domain mode. In order to 
understand the significance of the n+ layer we investigate its influence on Kirk effect. 

Figure 2 shows the simulated transient responses of the modified HBT at biases 
corresponding to Jc < JK (dot line: Vfce=1.5 V, Vce=4 V) and Jc > JK (dash line: Vbe=1.51Y, 
Vce=4 V), along with that of a conventional transistor at Jc > JK (solid line: Vfee=1.57 V, 
Vce=4 V). For demonstration we use a silicon-like mobility model since otherwise the 
Gunn effect induces current instabilities in the modified structure (as shown below). Fig- 
ure 2 reveals that at high injection levels the n+ spike causes a delay in the collector termi- 
nal current which may reach hundreds picoseconds. Inspection of the carrier densities and 
currents inside the collector shows that this delay is associated with the formation of the 
current-induced-base region. For base widening to occur, electron density in the collector 
must exceed the background ionized donor concentration. The time necessary for the 
build-up of electron density is longer in the modified structure, since the n+ spike creates 
an additional reservoir to be filled by electrons injected from the base. During this charg- 
ing time the terminal collector current is low, whereas the electron current in the vicinity 
of the cathode (base-collector junction) is high and may exceed JG. Furthermore the elec- 
tric field in the cathode region is high since the base widening has not yet occurred. There- 
fore, the n+ spike provides a time period when both the electron current density and the 
electric field exceed threshold values for initiation of Gunn oscillations. 

In a conventional transferred-electron device, self-maintaining oscillations are 
characterized by the propagating dipole domains in which a charge depletion layer pre- 
cedes the accumulation layer. Formation of dipole domains may be triggered by random 
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doping fluctuations of sufficient magnitude [8]. To emulate the effect of doping inhomo- 
geneities in the collector drift region we include a doping notch (5xl015 cm , 400 nm 
long) in the collector. Similar techniques are commonly used to simulate conventional two 
terminal transferred-electron oscillators [9]. Figure 3(a) shows the simulated collector cur- 
rent density as function of time after applying step biases Vbe= 1.525 V and Vce=4 V at /=0. 
The oscillation period is about 25 ps corresponding to the distance between the nucleation 
site and subcollector. Time evolution of the electron density reveals that when the incipi- 
ent electron accumulation layer nucleated at the n+ spike reaches the doping notch, a 
dipole charge domain forms behind the notch creating a high-field layer. After initial 
growth the latter propagates towards the anode where it is absorbed while the next domain 
forms at the notch. Results of analogous simulations performed with the silicon-like 
mobility model do not exhibit charge instabilities proving the transferred-electron nature 
of observed oscillations. 

To underline the effect of the n+ doping spike we perform the transient analysis of 
the same structure under identical bias conditions but without the spike at the base-collec- 
tor junction. The result presented in Fig. 3(b) shows that after initial stabilization no oscil- 
lations are detected in such a structure. Although a doping fluctuation in the quasi-neutral 
region of the collector may create an electric field disturbance with characteristics ade- 
quate for Gunn domains nucleation (E>Epi dE/dx>0), the growth of a domain there would 
be prevented by the lack of voltage drop in the direction of possible domain propagation. 
On the other hand, in the proposed structure with the n+ spike, an initial charge accumula- 
tion layer propagating away from the spike causes the electric field in front of it to rise, so 
that the base-collector voltage drop is effectively redistributed from the p-n junction to the 
region between the accumulation layer and subcollector. This leads to the growth of a 
dipole domain at the doping notch and hence triggers the oscillatory process. 

In summary, we have investigated the prospects for transferred-electron induced 
instabilities in the collector of npn HBTs. We have established that stability of conven- 
tional HBTs is ensured by the classical Kirk effect. Our study suggests that HBT structures 
with properly engineered collector doping profile may exhibit oscillatory behavior under 
d.c. bias conditions. 
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Figure 2: Normalized collector currents in conventional and modified HBTs at different 
levels of injection in the absence of negative differential mobility. 

0.1 0.2 
time, ns 

0.1 0.2 
time, ns 

Figure 3: Collector current density after applying the bias Vbe= 1.525 V, Vce=4 V to HBT 
structures with n+ doping spike (a) and without it (b). 
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Electron System Properties In Semiconductor Structures 
Based On PbS And ZnCdHgTe Thin Layers 

G.Khlyap, A.Andrukhiv 
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L.V. Bochkarioya 
Yaroslavl State University, Yaroslavl, 150014, Russia 

I.INTRODUCTION 

The contacts of different semiconductor materials attract 
interest for investigation of their electron system properties 
and the application in device construction. The special interest 
is attracted by heterostructures based on narrow gap 
semiconductors which are obtained by MBE technology. In this work 
we report for the first time such results in n-PbS/n-ZnSe and 
Pb/p-ZnCdHgTe heterostuctures. 

We present the main results of electrophvsical and 
photoelectrical characteristics in 77-293 K range studies and 
energy band diagrams which are built" according 
Harrison-Kroemer-Frensley theory [1,23. 

11.EXPERIMENTAL 

A. n-PbS/n-ZnSe heterostucture fabrication. 
n-PbS films were grown in home-made equipment. The growth 

process was controled by modern methods of the surface 
monitoring. The film thickness was in the range l-3_ pm, the 
carrier concentration and the Hole mobility were 4.5 10~17cnf3 and 
1 104 cm2 /V s, respectively. 

B. ZnCdHgTe samples preparation.   

ZnCdHgTe layers were grown by LPE and served as substrates 
for Pb/p-2n0.i70do.07Hgo.76Te Schottky barrier fabrication. The 
as-grown LPE layers had the Hole concentration 3 1016 an~'3 and 
Hall mobility 600 cm2/V s at 77K. 

III.RESULTS 

The model [1,23 used for energy diagrams building is 
appicable only for abrupt heterostructures, so we investigated 
I-V and C-V characteristics, for Examination of their abruption 
(Fig.l). '  183 : 



The most interesting point in semiconductor heterostructures 
investigations is the construction of energy band diagrams. In 
our work we present the diagrams of n-PbS/n-ZnSe and 
Pb/p-ZnCdHgTe structures (Fig.2,3). 

The C-V dependence is a straight line in coordinates 
C~2=f(V) and I-V characteristics are discribed by the following 
equations: 

If-0.25 evniXexpC-(AEc+Ess)/2kT3exp(eV/nkT) (1) 
Ir-IsXV(Fi+F2-eV)

2 . (2), 
were If and Ir are forward and reverse currents, 

respectively, Is is saturation current.v is a thermal velocity, 
ni is the carrier concentration in substrates, X is a tunneling 
transparancy coefficient, AEC is the conduction band 
dicontinuity, Ess is the energy of surface electron states, Fi 
and Fi are quasi Fermi levels for magority carrierrs in 
heterocomponents. 

The energy band diagrams were build according triangle 
potential well approximation [3,43. The energy levels Eo and Ei 
are appeared in the narrow interlayer range on tha 
heterointerface with the electron states concentration about 
lO^-lO13 cm'2 (this value was determined by C-V measurements). 

Both heterostructures were photosensitive in the 2-5 and 
2-11 pm wave range respectively. The investigations of the 
carrier life time were carried out for the Pb/p-ZnCdHgTe 
heterostructures. 

Minority carrier lifetime was measured by the 
photoconductivity decay technique. Experimental data were 
compared with the calculated values obtained using band-to-band 
radiative and two Auger recombination mechanisms. In the 
calculation analitical expressions for the energy gap,dielectric 
constants, and intrinsic carrier concentration vs temperature and 
composition of quaternary solid solutions ZnCdHgTe were used. 
Satisfactory coincidence of the experimental temperature 
dependence and the calculated according to the chosen model ' 
proves that concentration of the recombination centers in the 
epilayers to be negligible. 
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Phonon Wall as a Mean of Enhancing 

Electron Mobility in 2D Structures 

Juras Pozela, Vida Juciene, and Karolis Pozela 

Vilnius, Lithuania 

In two-dimensional (2D) AlAs/GaAs MODFET heterostnictures where impurity scattering 

is eliminated by spatial separation between the carriers and the parent donors  electron - 

polar optical phonon scattering play a dominant role at temperatures T > 80 K It 

determines an electron mobility and other electrical properties of semiconductor devices 

[1]. hi order to improve high-speed parameters of MODFETs it is a considerable interest to 

enhance an electron mobility in 2D channels by reducing electron - optical phonon 

scattering. 

It is well known that electrons and polar optical phonons due to their different physical 

nature can be confined in heterostructures independently in their quantum wefls (QWs). 

These structures can be used for the enhancement of an electron mobility by reducing the 

electron - optical phonon scattering rate [2-5]. Recently it has been shown that the most 

significant reduction of the scattering is expected when a new type of barrier - phonon wall 

(phonon-reflecting barrier transparent to electrons) is inserted into an electron QW [6]. 

Thin AlAs layer (one to three monolayers) can serve as a phonon wall in GaAs QWs. 

hi this work we analyze the possibilities for designing phonon walls in electron QWs and 

calculate the confined electron - phonon scattering rate dependencies on the phonon wall 

position, thickness and surrounding heterostructure. It is shown that the decrease of the 

intrasubband (i-> /) scattering rate is maximal when the phonon wall is placed in the 

center of the electron QW, mainly due to the great reduction of confined phonon scattering 

rate (5 times in the QW with the width lower than 50 Ä) (Fig. 1). The reduction of the total 

scattering rate (due to confined and interface phonons) is a function of the electron - 

phonon coupling constant that depends on the parameters of the phonon wall and 

surrounding heterojunctions. 
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fig. 1. Electron-phonon scattering rates in QW. 
Curves 1 and 2 are for confined phonon scattering 
without Ph-waD (curve 1) and with Ph-waD (curve 2), 
curves 3 and 4 are total scattering without Ph-waD 
(curve 3) and with Ph-wall (curve 4). 

insertion of the phonon wall into the FET 2D channel 

the characteristics of the transistor. 

The reduction of the scattering rate 

in the case when bulk phonons are 

divided by the phonon wall 

inserted in the electron QW with a 

low width is about twice. 

The calculations of the scattering 

rate in the single heterostructure 

with the inserted phonon wall 

(analogous with the MODFET 

channel) show that the 

enhancement of 2D electron gas 

mobility is more than 1.4 times at 

temperatures T = 80 - 300 K The 

is a powerful method of improving 
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Identification of a Coulomb Correlation Gap and its Influence on 
Carrier Transport in Non-Metallic Si:B 

Mark Lee and J. G. Massey 
Department of Physics, University of Virginia, Charlottesville, VA 22903 

Using a metal-insulator-semiconductor (MIS) tunneling device fabricated on single 
crystal boron-doped silicon (Si:B) with dopant density below the metal-insulator transition, 

we have been able to identify quanitatively the properties of the Coulomb correlation gap in 
the density of states N(e) first predicted 20 years ago by Efros and Shklovskii (ES).1 In 
agreement with this analytic model, N(e) is found to have a nearly parabolic energy 

dependence, resulting in a "soft" zero at the Fermi energy, with a gap width = 0.75 meV. 
We have further done ultra-low temperature resistivity measurements of the Si:B itself to 

demonstrate precisely how this Coulomb gap governs the crossover between non- 
interacting and correlated hopping transport. 

In insulating doped semiconductors, carrier transport occurs via inelastic hopping. 
Mott showed that at low temperature electrons seek accessible energy states by hopping 
distances beyond the localization length, leading to variable-range hopping conductivity 
a(T) °= exp(-T0/T)v. For non-interacting electrons v = 1/4 in 3-D. ES argued1 that, 

including Coulomb interactions, the ground state is stable with respect to a single carrier 
excitation only if N(e) has a quadratic dependence on e near eF: 

N(£) = f(jr)VsF)2 (1) 
where K is the dielectric constant. Because N(e) vanishes only at eF, this is a "soft" 

Coulomb correlation gap with a width Ac = e3(N0/K3)1/2, where N0 is the non-interacting 
density of states. In general,3 a power-law N(e) °= (e - eF)m results in a hopping exponent 
v = (m+l)/(m+4) as T -> 0, so that (1) gives v = 1/2. When T is high enough for a 
hopping electron to explore an energy range kB[T3T0]1/4 > Ac, where T0 = 18/(kB£3N0) 
and £ is the localization length, the influence of the Coulomb gap can be neglected and the v 

= 1/4 exponent is expected. Below a temperature Tx = 03Se4^N(/k^, only states inside 
the gap are accessible and a crossover to v = 1/2 is predicted. 

Using a MIS tunnel junction, we have made a quantitative measurement of the soft 
Coulomb correlation gap and have measured its relationship to the conductivity in Si:B. 
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The conductivity of Si:B across its MIT was extensively studied by Sarachik and co- 
workers,4 whose measurements show a critical boron density nc = 4.0 x 1018 cm"3. 

Electron tunneling in metallic Si:B crystals was reported by Wolf, et al.5, using Schottky 

contacts. They observed a conductance cusp . 
When a conductor is separated from a conventional metal by a rectangular potential 

barrier high enough to prevent classical current flow but thin enough to permit quantum 
tunneling current, the tunneling conductance, G(V) = dUdW is given by: 

G(V) 
J—oo 

N(e) 
N 0    L 

3/(e-eV)' 
d(eV) 

de 

where G0 is the conductance in the non-interacting case,/is the Fermi function, and V is 

the applied voltage between electrodes. We take eF = 0. In many cases, interactions alter 

N(e) within at most a few meV of eF, so that G0 is taken as the conductance at a high 

enough voltage bias where I(V) is nearly ohmic. The conductance then gives N(eV)/N0 

thermally broadened by -df/d(eV). The classic application is in superconductor gap 
spectroscopy, where N(e)/N0 = Re[e/(£2 - A2)1/2] has a distinctive shape. When one 

electrode is a superconductor, observation of this structure definitively establishes that the 

junction current is due to quantum tunneling. 
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Figure 1. Conductance vs. voltage bias of a Pb-Si02-Si:B device at 1.15 K. 
The dashed curve is in zero magnetic field The solid curve is in 2 kG. The 
circles are this data with the thermal broadening removed. Inset: Schematic 
cross section (not to scale) of the junction. 

(2) 
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Figure 2: Plot of log[3ln(p)/9(lAT)] vs. log[T]. The slope of the data gives 
the negative of the hopping exponent. The solid line is a linear fit to the range 
1.5 K < T < 10 K. The dashed line is a linear fit to the range 0.3 K < T < 0.8 
K. 

We fabricated tunnel junctions on <100>-oriented single crystal wafers of Si:B grown 
by PureSil, Inc. The resistivity ratio p(4.2 K)/p(300 K) gave a boron density n = 3.4 x 
10 cm" , or n/nc = 0.85. We fabricated a more ideal tunnel junction by the following 
procedure. Both sides of 12 mil thick crystals were cleaned,6 and a 150 nm Si02 layer 
was grown. The Si02 was stripped off one side (the "back") and four Al stripes were 

evaporated. Ohmic contacts were formed by briefly annealing the Al stripes. The tunnel 
junction was made on the "front" by etching a slot in the Si02 down to the Si. A very thin 

o 

(5 to 8 A) Si02 layer, the tunnel barrier, was then grown using the methods described in 

Ref. 7. Pb stripes were evaporated through a mask, crosswise to the patterned slot, to 

serve as the counterelectrodes. Junction quality was sensitive to the fabrication details. The 
"failure" mode was a junction resistance > 10 MQ.. To prove that the conductance was due 
to quantum tunneling, our criterion for a "good" junction was observation of the 

superconducting gap of Pb. The Pb could be driven to its normal state by a 2 kG magnetic 
field, which allowed measurement of the density of states of the Si:B alone. 

Figure 1 shows a normalized tunneling conductance spectrum taken at 1.15 K in both 
zero field, where the Pb is superconducting, and in 2 kG, where the Pb is normal. The 

zero field data clearly show the superconducting density of states of Pb, proving that the 
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junction conductance is due to quantum tunneling. A "soft" depletion in the density of 

states of the Si:B is revealed when a 2 kG field drives the Pb normal. There is a clear dip 
in G(V)/G0 between ±0.5 mV, which is the signature of the Coulomb gap. Near V = 0, 

the measured conductance is approximately parabolic but does not go to zero. At 1.15 K 
the conductance is broadened by thermal smearing. Using the G(V)/G0 data, the thermal 

smearing can be deconvoluted from the integral in (2). The result is depicted by the circles 
in Fig. 1. This gives a functional form N(eV)/N0 °= leVI2-2, and a width Ac = 0.75 meV. 

Also, most of the small measured conductance at V = 0 is removed from N(eV). 
The hopping exponent v can be determined without prior assumptions about carrier 

transport by plotting log[3ln(p)/3ln(l/T)] against log(T), the linear slope of which gives -v. 

This is shown in Fig. 2. Clearly, a single line does not fit the data over the entire 

temperature range. A linear fit for T > 1.3 K yields a slope of -0.25, indicative of Mott 

hopping. A fit over a limited temperature range (0.3 K < T < 0.8 K) yields a slope of -0.5, 
consistent with ES hopping. The empirical crossover temperature Tx between non- 

interacting and Coulomb correlated regimes can be defined where the slope = -0.5 and 
slope = -0.25 lines in Fig. 3 intersect. This gives Tx = 1.4 K. 

The independent measurements of both density-of-state structure and resistivity on the 

same Si:B sample allow us to definitively establish the influence of the Coulomb gap on 
charge transport. The measured Coulomb gap form N(e) «= e2'2 predicts a hopping 

exponent v = 0.52 near 1 K, consistent with the transport data. This demonstrates that the 

shape of the gap determines the hopping characteristics in the expected manner. Moreover, 
the size Ac of the Coulomb gap, as measured by tunneling, determines the crossover 
temperature Tx, as measured by the resistivity. This can be shown by noting that, within 

the ES model, Ac, Tx, and T0 are defined to satisfy the consistency relation Ac = 

kB(Tx
3T0M)1/4. From the data, using the independently measured values Ac = 0.75 

meV, Tx = 1.4 K, and T0M = 1500 K, we obtain a relation Ac/kB = 1.1(TX
3T0M)1/4, in 

reasonable agreement with the model, given our empirical definition of Tx. 
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Hot-Electron Fluctuations in n-type GaAs 
at Extremely High Electric Fields 

V.Aninkevicius, V.Bareikis, R.Katilius, JXiberis, I.Matulioniene, 
A.Matulionis, P.Sakalas, and R.Saltis 

Semiconductor Physics Institute, A.Gostauto 11, LT-2600 Vilnius, Lithuania 

We are presenting experimental results on hot-electron noise in GaAs at electric 
fields over 25 kV/cm. The intervalley noise temperature is found to saturate at 
15000 K in the field range over 100 kV/cm. The scattering time of high-energy 
electrons from the T-valley into the X-valleys is estimated: 20 fs < T^ < 60 fs. 

Noise spectroscopy is known [1] to be a powerful tool to study hot-electron 
kinetic processes. In particular, microwave fluctuations in n-type GaAs at 
sufficiently high electric fields are dominated by intervalley transfer. The hot- 
electron transfer from the T-type valley to the L-type satellite valleys of the 
conduction band appears at fields over 2 kV/cm, and the intervalley T-L 
fluctuations remain the most important source of microwave noise in long 
samples until the hot electron velocity fluctuations are obscured by Gunn 
instabilities. The latter can be avoided in short channels; as a result both T-L and 
T-X transfer contributions to microwave noise have been resolved in n-type GaAs 
at fields below 30 kV/cm [2]. On the other hand, electric fields over 100 kV/cm 
are often found in channels of field-effect transistors. The electrons are extremely 
hot in the high-field region of the channel, and investigation of hot-electron 
velocity fluctuations is important for understanding low-noise performance of 
field-effect transistors at microwave frequencies. 

In this contribution, results of microwave noise measurements in n-type GaAs at 
electric fields up to 300 kV/cm are presented. Ungated channels of submicron 
length were investigated. Figure 1 gives a sketch of a sample: a recessed silicon- 
doped GaAs channel on an insulating substrate has two ohmic electrodes of Au- 
Ge evaporated onto an n+-doped cap layer. The electrons are heated up by pulsed 
voltage to reduce the channel overheat. 
Short 100 ns voltage pulses were 
necessary, and a nanosecond/microwave 
sample holder was designed to perform 
short-time-domain pulsed measurements 
of hot-electron noise power at 
microwave frequencies. Equivalent noise 
temperature of hot electrons was 
measured in 10 GHz frequency band. 
The typical pulse repetition frequency 
was 55 Hz. The principle of 
measurement is illustrated by Fig.2 [3]. 
The sample was placed into a coaxial 

0.2 |im 

Fig.l. A schematic view of a 
recessed ungated n-type channel of 
GaAs on an insulating substrate. 
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Fig.2. Main blocks used to measure hot electron noise temperature. 

cable of the nanosecond circuit and coupled to the waveguide by means of a T- 
shaped antenna (Fig.2, the cross-section view: AA). When the voltage pulse was 
applied the incident/reflected pulse waveforms were fed into the oscilloscopes and 
analyzed to obtain voltage dependence of the channel current. The coupling and 
transmission coefficients and waveguide losses were determined using the noise 
standard. The delay of the gating ensured the noise power measurements before, 
during, and after the voltage pulse. This was sufficient to control the channel 
overheat and keep it low enough. Matching of the channel circuit to the 
waveguide was controlled by the standing-wave-ratio-meter (SWR-meter). Its 
readings were voltage-dependent, they were taken into account while determining 
the noise temperature. The noise power radiated by the channel and detected by 
the gated radiometer was compared to that of the "black body" radiation source 
kept at known temperature. This technique enabled to measure the equivalent 
noise temperature of hot-electron velocity fluctuations in the channel in the 
direction of applied electric field. 
Figure 3 shows dependence of the equivalent noise temperature on the average 
electric field defined as E = U/L, where U is the applied voltage and L is the 
sample length. Exploitation of 100 ns voltage pulses opens an essentially wider 
range of fields and noise temperatures as compared to the microsecond time- 
domain data. An essential increase of the hot-electron noise temperature takes 
place at 25 kV/cm average field (Fig.3, open squares). This increase is followed 
by the noise temperature saturation at fields around 100 kV/cm and by another, a 
much stronger, source of fluctuations dominating at fields over 200 kV/cm. 

The excess noise temperature ATn = Tn - T0, where T0 = 293 K, is plotted as a 
function of the applied voltage U in Fig.4. A decomposition of the ATn(U) 
dependence into four sources of noise is given: thin lines in Fig.4 represent 
possible contributions of each source. The contributions sum up into the solid line, 
which fits the experimental results pretty well. The lowest threshold appears at 
around 0.2 V. It has been associated with the resonant scattering of hot electrons 
by the impurity levels located inside the conduction band [2]. The next two 
sources with thresholds at 0.3V and 0.5V are caused by the intervalley transfer of 
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Fig.3.   Field   dependent   hot-electron 
noise temperature: 2 us pulses (dots) and 
100 ns pulses (squares). n=3 1017 cm"3, 
T0=293 K, L=0.2 um. 

hot electrons. Since the hot-electron noise in 
short samples at very high fields is 
contributed quite a bit by ballistic electrons, 
the sources due to the L-type and X-type 
valleys of the conduction band (with the 
threshold energies close to 0.3 eV and 0.5 
eV, correspondingly) are resolved at different 
voltages. Our experimental results show that 
the maximum contribution to the noise 
temperature due to L-valleys is essentially 
lower than that due to the T-X transfer 
(Fig.4). 

The extrapolation of ATn(U) data obtained at 
fields over 200 kV/cm yields the threshold 
energy for the fourth source; the energy 
exceeds the forbidden gap (Fig.4). This 
source of noise is accompanied by the steep 
increase of the current and consumed power 
(Fig.5); impact ionization is thought to be 
responsible for. 

The saturation of hot-electron noise temperature turns into the field-controlled 
dependencies at E < 100 kV/cm and E > 200 kV/cm. This very specific behaviour 
suggests two independent ways for 
estimation of the time constant of the 
intervalley scattering experienced by 
the high-energy electrons present in the 
T-valley at/over the X-valley energy (s 
> 0.5 eV). 

The observed strong dependence of the 
intervalley noise temperature on field at 
E < 100 kV/cm means that the hot- 
electron intervalley fluctuations are 
limited by the electron acceleration 
rather than the T-X transfer of the 
already accelerated electrons. Contrary, 
the saturation of the noise temperature 
at E > 100 kV/cm means that the 
acceleration no longer decides the 
result. Consequently, the acceleration 
time at these fields is already shorter 
than the T-X transfer time. On the other 
hand, some of the high-energy electrons 
in the T-valley can avoid T-X transfer 
and be accelerated up to the energies 

Voltage, V 

Fig.4. Voltage-dependent excess noise 
temperature of hot electrons (n=3 1017 cm"3, 
L=0.2 urn) at T0=293 K. 2 us pulses (closed 
circles), 100 ns pulses (squares), different 
sources of noise (thin lines) and sum of the 
source contributions (solid line). 
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sufficient for impact ionization. The 
related noise becomes dominant when 
the time required for electron 
acceleration inside the T-valley from 0.5 
eV to the impact ionization energy 
becomes shorter than the T-X transfer 
time. Our experimental results show that 
the T-X transfer is too weak to eliminate 
impact ionization in n-type GaAs at 
fields exceeding 200 kV/cm. 

Supposing that the T-valley electrons 
are     accelerated     ballistically,     the 
acceleration time of a cold electron to 
the X-valley energy (0.5 eV) is 60 fs at 
100 kV/cm. The additional acceleration 
time of the high-energy electron to the 
impact ionization energy (i.e. from 0.5 
to 1.5 eV) at 200 kV/cm is 20 fs. Since 
the obtained acceleration times are short 
as compared to the time of spontaneous 
emission of an optical phonon (190 fs, [4]), one finds out that the evaluation based 
on ballistic acceleration is self-consistent. Thus the T-X transfer time falls into the 
range 20 fs < irx < 60 fs. This estimation, based on hot-electron noise data, does 
not contradict to that obtained from optical cw spectroscopy data [5]. 

This research was made possible in part by Grant LHP 100 from the Joint Program 
of Government of Lithuania and International Science Foundation, by Grant 
P5/94 from Lithuanian State Science and Studies Foundation, by PECO Projects 
ERBCIPDCT 940007 and 940020, and COPERNICUS Project CP941180. 
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Concept of the realization of the ultimate possible 

photogain in intrinsic photoresistors under given 

concentration of the Impurity recombination centres 

A.A. Drugova, 

V.A. Kholodnov 

Research, Development, and Production Centre "Orion", 

Plekhanov St. 2/45, Moscow,111123, Russia 

The greatest photogain In the Intrinsic photo- 

resistor is attained when the electron and hole life- 

times T and %   exceed their times of the transit [1-43. 
n p 

Often T and T are conditioned oy the recombination of 

carriers via impurity centres [2,3,53,which sometimes 

especially Introduced [6,73. 

It might seem that the Increase in the con- 

centration of recombination Impurity atoms N   always 

reduces %    and T due to the Increase in the capture n      p r 

rate of non-equilibrium carries. However, as we are able 

to show [8-103, under certain conditions the %   and % 
n      p 

very strongly Increase with the N increase within a 

certain Interval (Fig.l) due to weak non-equilibrium 

occupation of the recombination level with the energy 

Ef. Let semiconductor is doped with a shallow donors and 

recombination centres be acceptors. Consider a small 

departure from equilibrium. In this case T (N) may be a 

non-monotonic function if 

J 2Nn » \ n.  , 3n2 « 46rc « 9ff?,      (1) B z z i B 

where NB and rc - shallow-levels donors and carrier 

intrinsic concentrations, n% - equilibrium concentration 

of electrons when Perm! level energy EF = E , 9 = w /w , 



10      10Z     w3 t*-N 

Fig.1. The dependences of T <-> and T^ <—> on N  at 

different values of JL.. 1(T = % ) - ü = N   /n   < 1: 

2 - h - in2- 0 ; 3 - h = 10 . Lifetimes are measured in the 
.-1 

units (n w )  -, N -  in units n,. It is assumed that 

e = 102, n. =  10~2n,. 

wp and w^-hole  and electron capture probability. The 

n (JO non-mono tonic dependence takes place if 

I NB  » J 2nt , 2?ii « F . (2) 

The value of N when T (A
T
) and % (N)  attain their maximum 
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Pig.2. The dependences of T <-> and %        <—> lor 
* pmax rnmax 

/-* — / <# \ e(1), Si(2) and GaAs(3) on A s E+ - E /2 under tempera- 

ture 300 K. It is. assumed that NB = I016cm~3, 

wn =  1Q~8cm3/s, 8■= 10E. E   - bandgap. 

extrema in a zero approximation is NB.   The ratio 

's /v  , may be several orders [8-103. The *u nict.2.     muz pmax       ranas 

values strongly depend on St (Fig.2) and increase with 

the NB decrease CFig.1). We are able to show that the 

coefficients a1 and a£ for example, in the continuty 

equation of electron current [11] 

IF- 
dzAn 

Qsr 
+ a. 

ÖA71 

OX 
+ a. f- 

dLn   * 

*   K. dx ) - 

An 

n 
<^,> 

vanish at the same concentration of N = N^  when % (N) 
D P 

and \(J) attain their maximum extrema, where If1- effec- 

tive diffusion coefficient of electrons, An- concentra- 

tion of non-equilibrium electrons, g- rate of photogene- 
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ration. It means that the electrical field E does not 

affect the space distribution of non-equilibrium carries 

[113. The diffusion distribution remains of course in 

the some vicinity of N = NJ) too. Therefore,in these 

conditions the photogain saturation with E increase 

[1,21 does not occur even under the extracting 

contacts. Thus,concept on which we shouldlike to report 

consists in the doping of the semiconductor with shallow 

donors to ffD=ff. At the cost of that it is possible to 

increase photogain very strongly even under large values 

of A1. The photogain increasing is the more the lower E, 

and occurs at an arbitrary low excitation level. 
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Study of the effects of high temperature and substrate biasing on the D.C./high 
frequency characteristics of GaAs-based devices 
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ABSTRACT 

A novel high temperature electronic technique (HTET) has been developed to 
stabilize the performance of GaAs-based devices (MESFETs, HEMTs) at elevated 
temperatures [1-5]. In this technique, a voltage of correct magnitude and polarity is 
applied to the substrate which substantially reduced the leakage currents in the 
substrate, improved the output resistance and the breakdown voltage. The HTET also 
aids in obtaining comparable high frequency gain at elevated temperatures to the gain 
obtained at room temperature. Due to space limitations, we will only discuss the D.C. 
results for depletion MESFETs, and high frequency gain (S21) results for HEMTs in this 
abstract. 

D.C.RESULTS: 

Device performance tends to degrade due to changes in various semiconductor 
electronic properties with increasing temperature. The effects of elevated temperatures 
and HTET on the ld-Vd and gm characteristics are described elsewhere [1-5]. Figure 1 
shows the effect of elevated temperatures and substrate biasing (HTET) on leakage 
currents for a depletion MESFET. The X-axis corresponds to the voltage from drain to 
the substrate, considering the substrate as the fourth active terminal of the device. The 
Y-axis corresponds to the leakage currents from the drain ohmic contact to the 
substrate. If 5V is applied to the drain terminal and substrate is grounded then Vd. 
sub = 5V' f°r which, the leakage current is around 3 mA at 300°C. If +6V is applied to 
the substrate then Vd.sub= -1V for which the leakage current reduces to a near-zero, 
negligible value. Figure 2 shows the variation of output or drain conductance (G0) with 
substrate bias at 300°C for a 20x3 //m MESFET. Typical geometries tested ranged 
from 20x1 to 10x3//m. From Figure 2 it is clearly seen that the +6V substrate bias 
produces the lowest G0 or the highest R0 value at 300°C which is comparable or better 
than the room temperature R0 value. These results are well explained elsewhere [3]. 

HIGH FREQUENCY RESULTS: 

Figure 3 shows the effect of elevated temperatures and HTET on the magnitude 
of the high frequency gain or forward transmission coefficient (S21) of a HEMT. At 100 
MHz and at an ambient temperature of 220°C the gain increased by 1.15 dB from 
what it was at the same temperature without using the HTET. But, as seen from Figure 
3, the gain is still lower than the room temperature gain. 
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This is due to the fact that HTET helps to reduce the leakage currents which 
increases R0 which in turn leads to a partial increase in the gain at elevated 
temperatures. However, HTET has no effect on the gain decrease related to the 
electron mobility and saturation velocity. Since HTET increases the breakdown voltage 
at elevated temperatures, devices can be operated at higher gate biases at elevated 
temperatures to achieve similar gain levels to that of room temperature on the 
application of the HTET. This effect is shown in Figure 4. The bottom line is the gain 
(S21) at 210°C without HTET, the middle line is for room temperature and the line on 
the top is the gain at 210°C with the HTET applied and gate bias increased. From this 
figure it is evident that HEMTs and MESFETs can achieve equal or even higher gain 
than room temperature gain at 210°C with the HTET applied. 

The HTET technique has been shown to stabilize the low/high frequency 
performance of various GaAs based devices. Experiments were performed on various 
devices which represent different geometries, processes, and foundries. Therefore, the 
results produced by the HTET are generic in nature. The HTET technique has already 
been applied to stabilize the performance of digital inverters upto 300° C (4). Currently 
research is going on to develop enhanced thermally stable Schottky and ohmic 
contacts and high performance digital circuits which will also be presented. 
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Introduction 

1-r-no™JhiSu-p,!,per presents a new Programming method of the EPROM and flash 
EEPROM which utilizes the channel bipolar transistor (n+-source/p-sub/n*-drain) As the 
size of EPROM and flash EEPROM shrinks down below half-micron for high density and 
low voltage applications, the channel bipolar transistor action becomes more pronounced 
when the source is negatively biased [1]. We use this naturally formed bipolar transistor 
as an emitter of hot electrons to program the EPROM and flash EEPROM instead of 
using the channel hot electron (CHE) programming method. The advantage of this method 
is that the EPROM and flash EEPROM can be programmed at lower voltages as well as 
higher speed. 

Results and Discussion 

«rDD™7°« l.
demor'strate our proposed programming method we used a single-poly 

EEPROM fabncated by 0.8 pm standard CMOS process [2]. Fig. 1 shows the cross 
section of the single-poly EEPROM. The p7n+ diffused layers in the n-well are used for 
the control gate and the polysilicon layer is used for the floating gate. Note that the 
p -diffused layer in the n-well increases the coupling ratio during programming. This cell 
can be programmed by the CHE method or our proposed method For the CHE 
programming method we typically apply Vs=0V, VD=6V, VCG=12V. With high drain voltage 
the horizontal electnc field near the drain junction increases and hence generates hot 
electrons. These hot electrons are injected into the floating gate by aided vertical electric 
neia For our proposed bipolar programming method we apply Vs=-1 5V VD=4V VCG=10V 
In this case, channel electrons are horizontally injected by forward-biased source-channel 
junction and getting hot due to high electric field near the drain junction. The control gate 
attracts these hot electrons. 

The characteristics of the channel bipolar transistor are shown in Fig 2-5 The 
pummel Plot of the channel bipolar transistor in Fig. 2 shows that the dc gain is very 
high (over 1000) at low source voltage due to the presence of the gate electrode  but 
Sa™Sth~ Mocat ?S=~]2V as shown in F'9- a With the application of control'gate 
voltage the MOS channel current adds to the bipolar collector (drain) current and thereby 
w \?J\ai?J™ett,n2 wVen,^9f/.^ shown in R9- 4 RQ- 5 shows '°-Vos characteristics for Vs=0V (MOS) and Vs=-1.5V (MOS+bipolar). 

*, w Tl?ue °ne~snot Programming characteristics for the CHE method and bipolar 
method with the substrate current are shown in Fig. 6. For the CHE method the cell is 
programmed at VD=~5.5V and the substrate current is almost negligible. For our proposed 
bipolar method the drain current is already flowing at VD=0V due to the bipolar action and 
slowly increases with the increase of VD. The cell is now programmed at VD=~35V and 
the substrate current is about 1mA. If we compare the power consumption during 
programming to achieve same VT shift, the bipolar method consumes less power 
7   i,      Pjooramming characteristics of the cell are compared between two methods  Fig 
LS^w, ft as a function of control 9ate volta9e for two methods. It indicates 
mat the bipolar programming method requires smaller control gate voltage compared to 

* M E,method-  F'9- 8 shows the VT shift as a function of drain voltage for two 
methods. In case of the CHE programming method the drain voltage of ~55V is required 
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to get VT=~7.5V, but for the bipolar programming method the drain voltage of only ~ 
3.5V is required to get same VT. Fig. 9 shows the VT shift as a function of source 
voltage. This figure reveals that at least source voltage of -1.1V is required to program 
the cell above VT=7V. Finally the programming speed of two methods is compared in 
Fig. 10. The same control gate voltage and about same drain-source voltage are applied 
for two methods. The programming speed for our bipolar programming method is about 
10 times faster than that of the conventional CHE method. 

Summary 

We proposed the bipolar programming method of the EPROM and flash 
EEPROM replacing the CHE method. This method requires lower control gate voltage (~ 
10V) and lower drain voltage (-3.5V). Also the programming speed of this method is 
about 10 times faster than that of the CHE method. 
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Fig. 1. Cross section of the single-poly 
EEPROM used to verify our proposed bipolar 
programming method. 
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bipolar method. 
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lüew heterostructures pbS-HgGdTe    and their 
main properties 

G.Ehlya-p, Drogobych Pedagogical Institute, 
24 Franko street, Drogotten, 2S3 72G, ÜEKA.INE 

Abstract. 'The results of complex investigations 
of new heterostructures g-PbS-p-Hg* •CdJPe vx=0.2:, 
0.4), which were obtained by low-teürp er &ture (T=540 
E) MBS technology,   are presented. 

1 .Introduction. The narrow-band semiconductors, 
such.as lead sulphide and solid solutions EgGdTe,   are 
good studied and their properties  are presented in 
hundreds of various works. But the investigation of 
these narrow-band gap materials  contacts gives possib- 
ility to esamine new physical processes, which are 
realizing in such hetero structures,   and in the same 
time these structures  are useful for different devic- 
es modelling. 

So we present at the first time the results of 
p-pbS-p-EgCdTe heterostructures study. 

2,Experimental.  D-PbS films were grown in a home- 
made MBE system. She" growth was monitoring with refl- 
ection high energy electron diffraction.  Growth rates 
were ranged from 0.05 - 0.1 // m/hr and substrate 
temperature was about 540 E.  Mono crystalline p-Eg* 
GdJüe  (x=0.2,  0.4) was used as  a substrate.  pbSfilm 
thickness was in range 1 - 3/< m. The caxrier_#oncentr- 
ation was determined to b« about 4.5*10      cm      an(i 
Han mobility was 8000 cm /V-s at 77 E. Surface morf- 
ology was examined by TEM and Auger-spectroscopy. 

The main electrophysical  (i-7 and 0-7) measurem- 
ents were realized in temperature range 77-2S3 E. 
This study showed the heterostructures p-pbS-p-Eg0 ß 
Gdr 2Te were abrupt hetero junctions  [1]   . 

*The 1-7 characteristics of new heterostructure 
p-PbS-p-Eg0 sCdQ 4Te are plotted on 3?ig.1. They appear 
as -exponential functions with two  sections in all 
temperature range. The detail study of  carrier transp- 
ort processes in these heterostructures allows to 
suggest the following approximation of 1-7 curves: 

d1=DskT/e(7d - 7£)exp[(e7£+Ess)/ ^ifij]   , (1) 

,i2=DsM?/(e7£ - Ess)1'/2exp(e7£/ll2#kT)     ,       ...    (2) 
where  3    is a saturation current,   e is an elemental 
charge, V, is a diffusiai potential, 7S is an applied 
voltage, 2;ss is an energy of hetero interface electron 
states, k, and  ^ are the non-ideality factors of first 
and second sections of 1-7- characteristic. 

The G-7 -measurements of this heterostructure 
revealed some peculiarities which are caned Mott's 
plateauTs  (Fig.2).  The "bisection is existing only 

at 270-2S3 E and it's degenerating to  a point at 
temperature decreasing. 

5. Results. The band diagram is built according 
Anderson-Cerveny-Liou model [2-3)   . It's nesessary 
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to determine the valence band AE    and conduction bend 
A S    discontinuities.    It is known that A2L end A üc 
arensinding by the rool £4} : 

ÄEg= ÄBC + A\# ' (3) 

So we determined AE„ from C-Y-measurements according 

Ü5J. We had the set of equations for voltages V,, and 

Ä v1 * ?l   * A*c * Yd   - Uf^/^*) - 

72 = V - 7d + A Ec +  U^aa/ £Y >£> (5) 
where 7| =23TelT,,a /£Y     (^ is carrier concentration 
of lead sulphide film,  a is a thickness    and £/ is 
dielectrical constant of PbS), 7d is diffusial potent- 
ial  , ä    =eN„„, K „ is charge defects concentration, 

'    ^SE     rjSS'       SS -I/O p 
*£=  UsTeTfe/ e^KT)1'   , T^ST^aV ^ ,   and H2, 
£&are carrier concentration and dielectrical const- 

ant of Eg- £Cd„   .»De.    So the value of A E« is consist- 
ing of 110 meY, T = 293 E. 

The-current mechanism    in these heterostructures 
is following;' tunneiing-recombination current is dom- 
inated atforward voltage 1G-500 met" and diffusion' 
current is dominated    at the increasjrnc- of forward 
voltace up to 1«5 Y. We suchest that this current mech- 
anism is reaiizine    due to presence of sufficient numb- 
er of heterointerface electron states with ehergy EßS 
=254 meY. This value was calculated on C-Y-measurem- 
ents basis. 

The full heterointerf ace electron states • ch«r?re 
Qpo is a sum of the charges $„C(1) and Qss(2) which 
are arising on both sides of    """heteronuncüion: 

».*■ W1> * %^ • (6) 

the capacitance C  of space charge region is determ- 

*** as y css^) + css(2)' (7> 
where Cs* = -(e/kT) 3Qjs/3ySB,  i=1,2; <8) 

y-r8^^'    ^ss=2eilo 4 (P/4r1/2e^(yss^)'     .(5) 
here n is an intrinsic carrier concentration of both 

0 
heterocomponentc, Ld is Debay leneth, p. is dopinc 

impurity concentration, after the mathematical transf- 
ormations we found Ege is determined by the expression 

The band diagram of p-pbS-p-Hg^Cd^Te hetero- 
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structure is plotted in Pig«o. 
•These results showed that the full electron states 

charge on heterointerface is stored during 5 years 
without significant alterations and these heterostruct- 
ux-es would be a base for operative «e^ory devices ™an- 
ufacturinp. 

*1.   J.Äppl.Phys.,   8(24),p.5*288(155 
ai. PhyG.Stat0Sol.(a)_2i   557^   '<% 

5ef erences. 
1. G.Ehly&p et 
2. Yaya p.E.   et   uj..   .ruy^.auao.uox. \uj   T;.   vj-;    u 
3. ?,iou ST..T. pijys.Stat.Sol«   (a)   132,  651   (1S8S). 
4. Sze S.M* Physics of Semiconductors Devices. V/i3 

New York,  1?6S. 
5. Bychkovsky L>.!N.  et ai. Sov.Phys.Semicond.,  4(26), 

p.65ö-S5ShSS2). 

$8S). 

■ey. 

Fie.1.    I-T-characteristics of heterostructure 
p-PbS-p-Hg0Ä6Cd0 42e. T,K: 1 - 77, 
2 - 2$3. ° .       * 
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Fig.2.  a)n}he theoretical 
C-V-characteristic of the 
isotope p-p-hetero «-junction 

5 . The inclines of "a" 
and nb"  sections are determ- 
ined "by free -carriers conc- 
entration of PbS layer 

and the narrow-hand substr- 
ate, respectively. v* volt- 
age is corresponding to app- 
earence    of Bfott plateau on 
C-7-characteristic. 
b)0-7-characteristic of het- 
erostructure p-PbS-p-HeQ g 

Cd^Te, 11 = 25^ E, f =" 
= 1 MHz. 

Fig. 5. The band diagram of heterostructure -D-PbS-p- 
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FAST IMPACT IONIZATION FRONTS IN LARGE AREA DIODE STRUCTURES: 

AN ANALYTICAL APPROACH TO THE STABILITY AND 3D DYNAMICS 

A. M. Minarsky, P. B. Rodin 

Department of Power Electronics,  Ioffe Physical Technical 

Institute, Politechnicheskaya 26,St.Petersburg,194021, Russia 

E-mail: agor@pulse.pti.spb.su, FAX: (812)-247-10-17 

1. Introduction.  The propagation of superfast  impact 

ionization front (IIF, v- >  v , v  - the  saturation drift X    s   s 
velocity) is the fastest of presently known mechanisms for 

diode switching. This phenomenon being originally observed 

for low voltage Ge TRAPATT diodes [1] also occurs in high 

voltage Si [2] and GaAs structures [3]. It has formed the 

basis of powerful nanosecond diode peakers performance [4] 

and appears to have considerable promise in laser 

applications [5]. For large area structures the still 

unsolved problem of IIF transverse stability and realistic 3D 

dynamics takes on major importance. In the present work we 

develop an analytical approach to the stability problem 

providing as well the qualitative description of 

nonhomogeneous dynamics of large area IIF. 

2. Transverse stability. The stability analysis is based 

on the following front propagation model [6,7] 

(1,2)   x=   jfu, x(rx)l, u = V - fqNdRS <x>] . 

Here u is the voltage applied to the diode, S, V, R denote 

the area of the structure, e.m.f. of the power source and 

external load respectively; angle brackets denote the average 

value over the device area. 

According to (1,2) the growth of long-wavelength 

fluctuations (X > W, fig.l) is an inherent feature of planar 

IIF dynamics [8]: as the front length lf increases in the the 

leading part of the wave but reduces in the lagging part the 

difference in velocities v    and *>_ arises and lead to the 
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further development of transversal fluctuation. In actual 

practice IIF behavior is determined by the relation between 

the characteristic time of instability T which depends 

dramatically on specific field profile E(x) [6,8] and the 

total time  of  IIF passage T ~ W/vf.   Low  fluctuation 

contrary,  when 

in long 
increments take place if E » E(W) 

f 
In the 

E(W) E the wave stratificates rapidly. The waves 
a 

base diodes (W > 2e«e/u   ) are expected to be quasi stable. 

The instability eventually  leads to the  formation of 
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several local switching channels (LSC) or even a single one. 

The minimum transverse dimension of LSC and current per 

channel can be estimated as 

(3,4)    r .  ~ (W - x) ~ W,  J   = f2qN^ ljrfu/E l2 

mxn        a        max   L   sj i.  <*J 

3. Nonhomogeneous dynamics. For the purpose of describing 

nonhomogeneous wave dynamics we treat the problem in terms of 

the front area distribution function over the  longitudinal 

coordinate D(x,t): D(x*,t) is a part of device area where x„ 

> > x*. According to  (1,2)  for the  linearized dependence 

j(u,x) the evolution of the distribution  is ruled by the 

following equations [6,7] 

*.D(x,t) + X (x - x*) dD(x,t) = 0, x > x*: 

(5)     <?.D(x,t) =0, x < x*. 

x = -   + e J  D(x,t)dx, x > 0. 

• x > 0. 

(6) 0D(x,t) + X 

X      * 
X 

V £ 

  + x -  <x> 0,},: <M)(x,t) =■ 0, }-,x* = 0. 
X(l+£)       1+« 

Coefficients X,s,v  are determined by structure  and external 

circuit parameters. Eqns (5,6) have been solved analytically 

for all possible modes of the IIF propagation and arbitrary 

initial distribution D(x,0) [6,7]. The qualitative pictures 

of IIF dynamics for small and large initial dispersion of its 

position are presented in Fig.2 (cases a and b respectively, 

D(x,0) is assumed to be linear). Behind the  freezing front 

(FF) x = x there is no wave propagation, t  corresponds to s 
the origin of the FF. 

4. Conclusion. The instability of the large area IIF is 

due to the long-wavelength mechanism which is caused by the 

interaction of front regions through the external circuit. 

The front propagation is accompanied by exponentially fast 

growth of initial dispersion of its position which may lead 

to the termination of the propagation process on the part of 

the device area. The degree of switching inhomogeneity 

decreases with load resistance, device area, impact 

ionization coefficients and threshold field increase  and 
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applied voltage decreases. 

The short wave length enhancement of electrical field at 

nonuniformitities of small radious becomes significant on the 

stage of LSC formation and limits reducing of its radios at 

the value close to the n-base thickness W. As rw__ ~ W  the LSC 

field enhancement near the LSC head is insignificant and so 

the streamer discharge mechanism does not make 

essential contribution to the LSC propagation. Although the 

LSC and streamer discharge are similar in appearance, the 

mechanism of LSC propagation remains mostly the same as for 

planar IIF. 

The present consideration justifies the empirical 

reliability criterion [9] of Si diode peakers performance 

which demands the existence of a neutral undepleted region in 
r        "I1/2 the n-base when the wave starts: W > 2^^/u . It also 

agrees with the results of direct observation of local [10] 

and homogeneous [5] switching of GaAs diodes. 

Acknowledgements. We are grateful to M.E.Levinstein who 
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I.V.Grekhov and A.F.Kardo-Sysoev for thier useful 

discussions. 
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Spin-Polarized Electron Photocathodes 
Based on InxGai_xP - GaAs Superlattices 

Arsen Subashiev 
Department of Experimental Physics, State Technical University, 

195251 St.Petersburg, Russia 

Major efforts have recently been devoted to the investigations of new sources of highly 
polarized electrons. Spin-polarized electron beams have numerous applications in modern 
physics1. In solid-state physics the studies of the magnetic properties of the subatomic 
layers and nanosandwicb.es has become possible2. In atomic physics the experiments on 
the spin-dependent inelastic scattering of electrons with atoms come now to be an area 
of active studies3. In high energy physics the observation of the parity violation in the 
inelastic electron scattering4 and the Weinberg angle measurements5 show potential role 
of the polarized electron beams. 

In the experiments using polarized electrons to ensure high sensitivities a source which 
gives as large an electron current as possible and as high a polarization as possible is 
required. During last three years two efficient ways to obtain very high polarization 
were experimentally demonstrated. One of them is to employ semiconductor structures 
activated to negative-electron-affinity with strained thin film« when the lattice mismatch 
generates substantial stress in the overlayer. The stress lifts the orbital degeneracy of the 
P3/2 multiplet at the valence band maximum. A lattice mismatch of typically 1% results 
in a splitting of the heavy and light valence band states by about 0.05 eV. The optical 
excitation of a single band transition by circularly polarized light leads potentially to 100% 
polarization of the emitted electrons. With GaAs strained overlayers on Ga - PxAsi_x 

substrates polarization up to P = 90% has been achieved6,7 . A workable alternatives to 
the strained layer polarized electron sources (PES) make short-period (Al, Ga)As - GaAs 
superlattices (SL) in which the splitting of the valence band levels is imposed by the hole 
confinement in quantum wells. Then, further enhancement of the polarization can be 
obtained by using strained-layer SL-based PES8. 

Besides the polarization, the main problem remains to obtain high quantum effi- 
ciency(QE). The QE limitation in the strained layer PES comes from two physical reasons. 
First, the lattice strain in the strained layer PES can be maintained only in sufficiently 
thin layers. Though the calculated critical thickness is as small as 12 nm, the layers of 150 
nm thickness have usually enough residual strain for PES fabrication. Since this dimen- 
sion is still far less than the escape depth of the electrons from the bulk negative electron 
affinity photocathodes - e.g. CsO-activated GaAs - the quantum yield is significantly 
reduced. Second, the optical excitation of a single band transition near the edge of the 
band gap where the density of states is very low results in small absorption in the active 
layer. 

In the SL-based PES the thickness of the active layer is not restricted by critical 
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thickness. Nevertheless the electrons escape depth is rather small, however, as a result 
of the inevitable necessity for the electrons to tunnel through the SL barriers. This leads 
to electron depolarization and losses during their diffusion to the surface. As a result the 
quantum yield is still less than 0.15 % for the polarization of about 70 %8. 

Recently semiconductor alloys exhibiting spontaneous superlattice (SSL) ordering were 
proposed as possible candidates for PES9. Most experimental and theoretical studies of 
SSL are reported for LixGax-x — P alloys with x » 0.5. These alloys have rather low 
electron mobility and the largest ordering induced valence band splitting observed by 
now is less than 40 meV which does not seem to be sufficient for effective PES. 

The purpose of this paper is to suggest the use of LaxGai_xP — AlyGai_yAs super- 
lattices to achieve small height of the electron barriers and large valence band splitting 
appropriate for the effective polarized electron emission. Good quality InxGai_xP — GaAs 
quantum well structures and SL have already been obtained by gas source and metalloor- 
ganic molecular beam epitaxy10. 

The main advantage of the SL comes from the band line-up between the semiconductor 
layers of SL. In the case of (Ga, Al)As — GaAs the ratio of the conduction-band offset 
Aü?c to the valence-band offset AEV is AEe/AEv « 2, while in the InxGai_xP — GaAs 
heterostructures the value is close to 0.410. As a result of the conduction-band line up, 
the barriers for the electrons in the short-period SL are transparent and the along-the 
axis electron effective mass is small. At the same time sufficiently large hole-miniband 
splitting can be obtained. The small addition of Al to the well composition is to make 
the band structure less sensitive to the parameters of the structure. Finally, as a result 
of larger valence band splitting the optical absorption coefficient can be large enough in 
this case. 

The parameters of the SL-based PES can be optimized treating the superlattice as an 
artificial bulk material, and applying for the PES analysis a diffusion model. 

For the spin asymmetry experiment applications the efficiency of the PES is measured 
by the product PI2 where I is emitted current. The analysis of the limitations of the 
excitation power due to nonlinearity of the emission and the surface degradation shows 
that quantum yield is appropriate quantity for PES characterisation. In the framework 
of the diffusion model quantum yield Y of the semiinfinite layer is given by 

Y = B(l — R)aL/(l + aL), where B is provability of the electron emission from the 
band bending region into vacuum, a is absorption coefficient, L is diffusion length L = 
VDT, T is the electron lifetime and D is diffusion coefficient for the electrons, R is the 
light reflection coefficient. 

The emitted electron polarization can be expressed as follows 

p = p0(M (l+r/7i)1/2)[(1 + r/Ta)1/2 + aL], (i) 

Eq.(l) is obtained in the assumption of the absence of the electron depolarization at 
the surface. In Eq.(l) Po(huj) is the electron polarization at the moment of the excitation, 
r, is the spin relaxation time. 
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The estimates of Y and P are based on the electronic band structure, effective mass 
and absorption coefficient calculations. The SL electron and hole subband spectrum has 
been calculated using the envelope-function approximation, in the framework of the Kane 
model including the conduction band T6, and the states of light and heavy holes of the 
valence band Tg11. The conduction and valence band offsets were chosen as follows. The 
photorefiectance experiments on the multiple quantum well structures with GaAs wells 
separated by InxGai_xP barriers yielded a value for the conduction band offset AJE?C = 
130 meV for x=0.55 at low temperatures. The results of the interpolation procedure 
proposed by Krijn12 give values which are very close to experimental values for InGaAsP 
and InAlGaAs systems for both low and room temperatures. Therefore we follow the12 

interpolation scheme. 
In Fig 1. the assumed relative energy positions of the band edges of the InxGai_xP - 

GaAs and InxGa!_xP - AlyGai_yAs for the matched SL are shown. The effects of the 
internal strain on the valence band offsets are incorporated by assuming that the center 
of the strain-split valence bands coincides with unstrained valence bands. 

The dependence of the positions of the miniband edges for the SL with the well 
material thickness d\ and barrier material thickness ck at Q = 0 and at Q = n/d , where 
Q is the momentum component along the SL axis and d = dx + dz was calculated as a 
function of well thickness for y = 0 and for y = 0.2. A particularly important feature 
of the energy band structure is large energy dispersion of the electron subband along 
the growth axis. This large energy dispersion occurs because the SL barriers are low 
and transparent. The other important feature is large distance between the upper hole 
minibands, which provide high electron polarization and the single band absorption. The 
transport properties of the electrons were calculated using the electron effective masses. 
The masses were determined both from the energy dispersion curves and using analytical 
expressions13 and were found to be nearly isotropic: mjj/m = 0.095, m^/m = 0.075 , 
for SL with y = 0 and mjj/m = 0.117, rrfjm = 0.090 ,for SL with y = 0.2 . Since the 
electron mobility is predicted to be as large as in the bulk InxGai_xP composition, the QE 
is predicted to be the same as from the bulk InxGai_xP at the equal absorption excitation 
energy. The absorption coefficient of the SL was calculated in the region were only the first 
heavy-hole to the first conduction band transitions contribute to it using optical matrix 
elements and the effective masses of the SL. The calculations demonstrate that close to the 
threshold the absorption is larger than in the strained layer PES or superlattices on the 
base of GaAs as a result of wider band gap (all the effective masses are larger) and larger 
subband splitting. Then, the electron depolarization in the considered SL is predicted to 
be smaller than in AlyGai_yAs SL, also as a result of smaller barriers for the electrons. 

Note that the thickness of the SL have no severe limitations since the layer mismatch is 
small. Finally, the InxGai_xP surface is reported to be better activated than AlyGai_yAs 
that imposes the choice of the last layer. 

Overall, we predict that the electronic and the optical properties of InxGai_xP — 
AlyGaj_y As strained layer superlattices with x « 0.5—06 and y « 0—0.2 are expected to 
have superior properties for spin-polarized electron emission applications than commonly 
used stressed thin films and AlGaAs-based superlattices. 
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The possibility of chaotic oscillations' emission using semiconductor 
devices with Negative Differential Conductivity (NDC) is demonstrated by 
modeling the circuits containing Tunnel Diodes and Gunn Diodes - some of 
the most important high-speed NDC devices. A simple rule for evaluation 
the circuit parameters providing chaotic oscillations with N- or S-type 
NDC devices has been suggested. The results obtained are in actual 
practice important for the generation of high-frequency and microwave 
chaotic oscillations. 

INTRODUCTION 

Chaotic oscillations [1, 2] have attracted much attention in recent years. That 
was caused not only by a purely scientific view of this uncommon dynamic problem 
[3], but also by extremely promising practical applications such as secure 
communication systems, radars, image recognition, sound synthesis, artificial 
memory [4], brain investigations [5], medicine [6] and so on. Hundreds of 
publications concerning both theoretical and experimental treatment of electrical 
chaotic oscillations appeared   during the last 10 - 15 years [7,8]. 

Nonlinearity is of basic importance for chaotic oscillations. In theoretical 
studies the nonlinear terms appear in differential equations describing the system; 
under experimental conditions it is simulated by electric circuits with operational 
amplifiers, diodes, transistors, and K, L, C components. 

Analyzing numerous papers devoted to chaotic oscillation investigations, one 
can see that in most cases (excluding systems with explicit delays) the necessary 
nonlinearity is equivalent to incorporating an element with NDC into the oscillatory 
circuit. In some cases the necessity of NDC element is pointed out explicitly, in 
others it follows from the analysis of the circuit equations. 

On the other hand it is well known that the effect of NDC is an essential 
feature of a large variety of semiconductor devices, many of them exhibiting the 
NDC properties up to very high frequencies, including microwaves, and in large 
intervals of the voltage, current and temperature. That is why it seems very 
interesting and important to prove the possibility and to study the conditions of 
chaotic oscillations excitation in circuits which include semiconductor devices with 
NDC, mainly those working on high frequencies. Chaotic relaxation oscillations in a 
circuit with two tunnel diodes were studied in [9]. Here more general approach is 
proposed. 

RESULTS AND DISCUSSION 

The N-type elements were investigated in the circuit shown in Fig.1. This 
circuit can be easily implemented as a printed microwave IC. Besides, it incorporates 
the diode's equivalent circuit containing parallel junction capacitance. The non- 
linearity is represented by specific I(U) curve of active element N. With the use of 
dimensionless variables z=a>2t; ©2=1/V(LC2>; q=R/«>2L; c21=c2/cl> the circuit 
can be described by the following system of equations: 

221 



Fig.1. Electrical circuit for 
modelling chaotic oscillations 
with N-type devices 

öUi = C21 [U2 - Ux - Ri<U,)] / q;      (1) 

= (U1-U2+ Ri3)/q; 

dz 

dz 

%=q(E-U2)/R; 
dz 
The system (1-3) was studied with different 

i(U) functions representing various semicon- 
ductor devices with NDC. 

(2) 

(3) 

l,mA 
Experimental pointe(11}; 

■3-exp"ftmc«on[11]; 

7tti order porynomial; 

U.V 

02 04 0J6 9» 1.0 

RgJ. I-V Curves of the GaAs Tunnel Diode. 
R  shows approx. maximal load for chaos. 

The best known and most wide- 
spread example of the microwave NDC 
devices is a tunnel diode. Experimental 
I(U) curve of a typical GaAs tunnel diode 
[11] is shown in Fig.2 When studying the 
tunnel diode microwave generators, the 
diode's I(U) curve is usually approximated 
by cubic porynomial function. In this case 
the system (1-3) can be reduced to one de- 
scribed in [10] where chaotic oscillations 
were observed. However, such an ap- 
proximation describes the tunnel diode's 
I(U) curve only qualitatively, as can be 
seen from Ftg.2. So it cannot prove the 

possibility of chaotic oscillations with a real device, because the nonlinear behavior 
of the circuit is extremely sensitive to specific shape of nonlinear I(U) curve. That is 
why we investigated the circuit with a tunnel diode using more accurate approxima- 
tions. Fig.2 shows "classical" 3-exponential tunnel diode I(U) curve [11] together 
with the 7th order polynomial approximation. The behavior of the system (1-3) was 
studied for the above mentioned approximations (and for some others as well) and 
we have found that the results do not depend significantly on a specific method of 
describing the experimental curve. 

Several operating regimes have been found which allow the chaotic 
oscillations with a tunnel diode. Fig. 3 shows phase diagram (a) and spectrum (b) for 
one corresponding to operating point Uo=0.24 B, Io=18 mA and the circuit 
parameters C2i=9.0; q=3.7; R=0.026k. The presence of chaotic dynamics was 
verified visually from the attractor form in the phase diagram. Since the presence of 
continuous signal spectrum is also a good indirect criterion of chaoticity [1], we 
computed the voltage spectrum in all cases. As it is clearly seen from Fig.3,b the 
oscillations have a typical continuous spectrum as opposed to a discrete spectrum of 
periodic oscillations. 

The problem of locating the set of parameters corresponding to a chaotic re- 
gime is one of the most significant land difficult problems in chaos investigations. As 
applied to semiconductor devices this problem becomes still more complicated due 
to a large scatter of device parameters. For the case of smooth I(U) curves peculiar 
to most NDC devices we have found a simple empirical rule allowing to find the 
parameters of the chaotic regime. Let the value of the device differential resistance at 
the operating point be -Rdo- Let the load ""e Rcr (^ 2) intersect the device I(U) 
curve in one (or both) extreme points. Then the circuit load R providing chaotic 
oscillations falls within the approximate range of 

Rd0<R<Rcr; (4) 
Besides, other circuit parameters must meet an approximate condition 
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C2,R>q*Ra0lp^77, (5) 
o being the basic oscillation frequency (it may be found e.g. by harmonic balance 
method [13]). This rule gives simple (much more simple than one in [13]) 
approximate necessary condition for chaos and makes a definite physical sense: 
equations (4), (5) correspond to the condition that all the 3 operation points 
available are unstable. We have also tested the validity of this rule for numerous 
different I(U) curves and for the results which have already been published. 

Chaotic oscillations in a circuit with a hypothetical InP Gunn-effect diode 
are shown in Fig. 4. Such diodes serve as powerful microwave oscillators [12]. I(U) 
curve corresponding to device active region length lOu and to the uniform electric 
field distribution (so-called LSA mode [12] ) is shown by a dashed line in Fig.4,c,d. 
Two essentially different kinds of oscillations are shown. In Fig.4,a,c the diode 
voltage is always above the threshold value of NDC 1% Thus the circuit does not 
control the space charge growth and the device operates in the Gurni domain mode. 
Possible types of diode - circuit interactions seem to be very interesting in this case 
because the device acts as a source of external signal in a chaotic circuit Obviously, 
more rigorous treatments are necessary to take account of nonuniform and time- 
dependent field distribution. 

Fig. 4,b,d represents the oscillation mode with a space charge growth fully 
controlled by the voltage. With ©2 sufficiently high it corresponds to the most 
effective LSA mode of the Gunn diode operation providing a generation up to 
several hundred HGz. 

We also applied the above method to some S-type devices (avalanche 
transistors, thyristors etc.) and found several chaotic regimes in the circuit dual to 
one shown in Fig. 1. 

To conclude, it was shown in this paper that NDC semiconductor devices can 
be used as high frequency and microwave generators of chaotic signals which have 
various applications in communications and other fields of engineering. 

The authors are grateful to Prof. M. Levinshtein for helpful discussion. 
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EXTRINSIC HOPPING PHOTOCONDUCTIVITY IN DIAMOND-LIKE 
SEMICONDUCTORS 

O.LSmimova, Ya.E Jckrovskii, N.A.Khvalkovskii 
institute of Radioengineering & Electronics, Moscow 103907 

1. INTRODUCTION 
Fast response of extrinsic photoresistors made from diamond, silicon or germanium 
doped with HI and V group impurities is due to giant capture cross-sections of 
electrons and holes to ionized impurities under Coulomb attraction. At low 
temperatures these cross-sections are much larger thari that corresponding to geometric 
dimensions of impurity orbitales in ground states. As was shown by MXax [1] and 
then in a large number of papers (see, for ex., [2]), the carriers are captured initially on 
shallow excited states and then they go down by a ladder of excited states with 
emission of acoustical phonons. The model [2] is based on the suggestion about quasi- 
continuos distribution of excited states and is in a good agreement with experimental 
data. It is possible to calculate the lifetime ? of photocarriers if the impurity contents in 
semiconductor is known. But the relaxation process of impurity excitation is completed 
only after localization of carrier on the ground state. This process could be not so fast if 
the carrier reaches a deep excited state having the same parity as the ground state. In 
this case dipole optical transitions between those states are forbidden. In diamond-like 
semiconductors those states can be the lowest IS- states splilted from ground state by 
valley-orbital interaction for donors and spin-orbital interaction for acceptors. If the 
lifetime T* of charge carriers on these states is much longer than that of free carriers T, 
so the carriers should be accumulated on longliving excited states. At low temperature 
and high concentration of impurities it leads to predominance of extrinsic hopping 
photoconductivity (PC) with participation of longliving excited states of impurities. 
Long relaxation time and strong increase of photoresponse with temperature decrease 
should be specific for hopping PC. 

2JMAMOND 
Monocrystals of synthetic diamond doped with B in concentrations N=1017-1019cm"3 

were investigated. Boron impurity creates an acceptor level with ionization energy 370 
meV. Hopping PC in diamond predominates in temperature and concentration regions 
where the dark conductivity is also determined by hopping process [3]. For N>1018 

cm-3 it takes place at T < 220 K (Fig. la). Typical behavior of hopping PC through 
excited states is an exponential increase of photoresponse with lowering T. The 
activation energies of the photoresponse were equal to 170 or 130 meV and were 
dependent on exciting photon energy hv. Both these values periodically changed as 
functions of hv with period 165 meV, corresponding to energy of optical phonon. 
Oscillations with the same period were also observed in PC spectra and were in 
opposite phase in low and heavy doped crystals. It points to the existence of two 
longliving excited states of boron impurity in diamond with ionization energy 130 and 
170 meV. At T<90 K when thermal ionization of the excited states is hardly probable 
lifetimes of the excited states were determined from dependence of photoconductivity 
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on modulation frequency of exciting radiation (Fig.2). The values obtained from Fig.2 

were x*=210"7sec for level 170 meV and t*=410-8 sec for level 130 meV. The 
lifetime of free holes T=10"* * sec estimated from the value of steady-state PC at higher 
temperatures. Therefore the lifetime of longliving excited states of boron impurity in 
diamond exceeds free holes lifetime by 3 - 4 orders. 

3. SILICON 
We studied PC of silicon doped with donors (P, As, Sb, Bi) and acceptors (B, Ga, 
In) in concentration N =10l* - 10^ cm"3 and with minority impurity concentration 
10*2 . i()14 djj-3 j4j xhe ionization energies of the impurities are from 42,7 meV for 
Sb to 160 meV for In. Under DC bias PC was determined by free carriers with lifetime 
T=10"7 - lO'lO sec. The lifetime values and their temperature dependences (5 - 50 K) 
were in a good agreement with cascade capture theory (Fig. lb). Under microwave 
(MCW, 37 GHz) bias and N > 510!5 cm-3 the relaxation time of PC increased to 
10"3 sec (Fig.2) and the value of steady-state MCW PC exceeded that under DC bias 
almost by three orders at low T (Fig.2b). It was observed for all impurities except of Ga 
and Bi. For these impurities MCW and DC photoresponses were similar. To explain 
the experimental dependences of MCW PC on excitation intensity, temperature, 
majority and minority impurity concentrations we suggested the model of polarization 
PC in MCW electric field. In a doped and compensated semiconductor photocarriers, 
captured on dipoles, create charged pairs consisting of minority impurity ion and 
majority impurity atom in excited state with lifetime T*. Coulomb attraction between 
the charged pair and the nearest majority impurity free ion leads to a drift of the ion to 
the charged pair. If the drift time is shorter than t*, so triplets created, consisting of 
majority and minority ions and localized nearby longliving excited atom. Polarization 
PC is a result of hopping transitions between excited and ionized majority impurity 
atoms induced by MCW electric field It leads to a strong absorption of MCW electric 
field energy. We estimated that polarization PC can be much higher than DC PC for 
heavy doped and compensated semiconductor at low temperature. The model is in a 
good agreement with experimental data. The absence of slow relaxation of MCW PC 
in Si doped with Ga and Bi is due to a possibility of fast relaxation of excitation by 
emission of only optical phonon. Long lifetime 10"^ sec of excited states of other 
donors and acceptors in Si leads to a strong influence of excitation intensity on the 
results of optical experiments. So, the relaxation time of absorption of room 
temperature background radiation of excited crystals, due to population of excited 
states, increase with decrease of background intensity. The excitation of doped Si also 
leads to capture of photocarriers to neutral impurity atoms and creation of H~- like 
centers. DC PC due to H"- centers was clear observed in far IR spectra obtained by 
FTS method. However in a strong electric field ( > 100 V/cm) H"- like centers were 
distructed, MCW PC and absorption of background radiation did not changed 
sufficiently. Therefore the observed phenomena of slow relaxation can not be explained 
by existence of H"- like centers. In IR absorption spectra of Si doped with B and As 
broad bands were observed and investigated in a region of energies lower than 
ionization energies of the impurities. Low-energy edges of the step-like bands 
correspond to ionization energies of IS excited states of B (23 meV)and As (32 meV) 
in silicon. 
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4. GERMANIUM 
We carried out the preliminary investigation, of germanium doped with As in 
concentrations N=10^ -10*6 cm"3 [5]. Ionization and valley-orbital splitting energies 
of As in Ge are equal to 14,18 and 4,24 meV respectively. As in a case of Si, the 
difference between DC and MCW PC was observed in strongly doped Ge crystals. At 
2,2 K this difference exceeds two orders (Fig.lc). The relaxation time t* determined 
from frequency dependence of photoresponses is about 3.10"^ sec (Fig.2) and it is 
much longer than tree electrons lifetime x. It points to the existence of longliving 
excited states of donor impurities in germanium. 

5. CONCLUSION 
We established that in diamond, silicon and germanium there are simple donor and 
acceptor impurities having longliving excited states. The lifetime of those excited states 
are by a few orders longer than the lifetime of free photocarriers. This difference of 
lifetimes leads to accumulation of charge carriers on longliving excited states. That 
manifests itselfs in a predominance of hopping PC under DC or MCW bias. 
Localization and ionization energies of impurities in diamond, silicon and germanium 
are sufficiently different, so hopping PC is observed at various concentrations and 
temperatures for these semiconductors (Fig.l). The lifetime t* of excited states also 
differs by a few orders (Fig.2). In spite of so strong difference the general regularity of 
the established phenomena for these semiconductors are similar because of the similar 
physical nature of longliving excited impurity states - the splitting of impurity ground 
states in semiconductors with diamond-type crystalline lattice. 
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THEORY OF SCHOTTKY-BARRJER TUNNEL JUNCTION RESPONSE 
TO RADIATION PRESSURE 

A. Ya. Shul'man 
Institute of Radioengineering and Electronics of the Russian Acad. Sciences 

103907 Moscow GSP-3, Russia. E-mail: ash@cplire.ru 

A metal-semiconductor tunnel junction with a Schottky barrier is a structure in which 
the form of potential barrier and therefore the tunneling current depends significantly on the 
profile of the self-consistent distribution of electrons in the semiconductor [1-2]. Under 
ordinary conditions this distribution is established by the electric field generated by charges 
of impurities and of surface states at the boundary with the metal. The equilibrium position 
of the boundary of the electron gas corresponds to the balance of forces, acting on each 
volume element of the monopolar electron plasma due to the presence of the electron pres- 
sure gradient and of electric field in the plasma. When this balance is disrupted by an exter- 
nal perturbation, the plasma boundary is displaced and the shape of the potential barrier 
changes. That change can be detected as the change in the tunneling conductivity of the 
junction. We consider the case when such a perturbation is the radiation pressure force, 
arising due to the plasma reflection of the light by free electrons of the semiconductor. 

The effect described above was predicted in [3], observed in [4] and experimentally in- 
vestigated in [5]. The photoresistive effect in n-GaAs/Au tunnel junctions was found under 
the action of electromagnetic radiation in the region of the plasma reflection at the wave- 
length X=90.55 urn. Here the theoretical consideration of the radiation-pressure-deformed 
self-consistent Schottky barrier is presented and the photoresistive response of tunnel junc- 
tion produced by this mechanism is calculated. 

Let a degenerate electron gas occupy the half-space X < 0 to the left of the semicon- 
ductor-metal interface. If an electromagnetic plane wave, whose frequency CO is much lower 
than the plasma frequency 00^ of the electrons, is incident on the electron gas from the 

right, then the reflection of radiation is accompanied by transfer of momentum to the elec- 
tron subsystem. This should disturb the equilibrium of force and shift the plasma-depletion 
layer boundary. As a result, the shape of the potential barrier changes and correspondingly 
the resistance of the tunnel junction has to change. 

In order to find this change, we consider the condition of equilibrium of the plasma in a 
static electric field of the depletion layer, taking into account also the ponderomotive forces 
produced by the radiation incident in a direction normal to the surface. Let us begin with 
well-known hydrodynamic equation of momentum balance for electrons: 

mn — = -Vp-neE-n-[uH\-mn- (1) 
dt c x _ 

Here H is the magnetic field of the wave, m is the effective mass, n(x) is the density, 
p{x) is the pressure, U(JC,1) is the drift velocity, and T is the momentum relaxation time 
of the electrons. Now we transform this expression, using the fact that the density of the 
ponderomotive force Fem(r,0, exerted by the electromagnetic field on charges with den- 
sity p(r,?) and currents with density j(r,f), can be represented as a divergence of the 

Maxwell stress tensor Tik(r,t): 
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FeBM(r,0-P^(r,0 + i[JH(r,0]/ =^- (2) 

Here we dropped the time derivative of the Poynting vector in the matter (Minkovski force) 
since the quasistationary pulse field is considered. It may be shown in the case of non-dissi- 
pative reflection of the radiation from plasma half-space in quasistationary approximation 

..     n    (Cö/CO_)3      1-(Cö/CöD)2       a2 

CK     0)p dtA 

i-c^a-K-1)] 
where K is the lattice part of the dielectric constant of the semiconductor, J is the Poynting 
vector of incident wave. It is interested to note that the first non-vanishing approximation 
for Minkovski force under considered conditions turns out to be proportional to the second 
time derivative of the slow-varying intensity of the incident radiation instead of first order of 
time derivative usually obtained (cf. with [6], Sec. 80). Since we will assume CO < G)p, the 

pulse duration xd is of order 10-r-100 ns, and (&Xd »1 (quasistationary condition), the 

Minkovski force can be estimated as negligibly low (of order of 10     ) in comparison with 
the terms kept in (2). 

Setting p = e[N - n(x)] and j = -enu and using Eq. (2), the r.h.s of Eq. (1) can be 
put into the form 

mn^ = ¥(x,t)-mn^, (3a) 

where 

Ft(x,t) = -ViP - eNEt + ^L (3b) 
axk 

Assuming now 
Y,(xit) = Est(x) + 'E1(x)cos((Qt),H(xtt) = -ll1(x)sm((ot) 

averaging Eq. (3a) over the period of the high-frequency field, we obtain the condition of 
equilibrium of a collisionless plasma in the form Fx = 0 (the overbar indicates time-averag- 
ing). Integrating this equality from —oOup to point X in the depletion layer (x0 < X < 0), 
we find that the total force, acting on the plasma, is zero: 

p(-co)-NO(x) + Txx(xl=0. (4) 

Here we took into account the fact that p(x) = J^-oo) = 0 and 
-eEst{x) = -dO I dx, where <&(x) = -ecp(^) is the potential energy of an electron in 
the electrostatic potential <p(x). The point x0 is the boundary point of the degenerate 
plasma in the depletion layer and is determined by the condition ®(x0) = JW, where [i is 
the Fermi energy in the bulk of the semiconductor. Since 

^w=i(^-fN2-il^il2) 
for the geometry chosen and the amplitude Hi of the magnetic field, decaying as Qxp(kx) 

with k = (© / C)[K(Cö „ / CO   -1)]     into the plasma, can be expressed with the help of 

the first Maxwell equation 

in terms of E^ by the relation 

rotE=-lf 

Hi = [K(®l/a2-l]ulEh p 
230 



we obtain 
CO2 

Txx(x) = ^E2
sl(x)-^-^\E1(xf. 

CO 

It should be noted that the transverse components of the electromagnetic field are almost 
constant in the depletion layer owing to their characteristic length (skin length 

1/9 1/9 
L± = c I CD „K     or wavelength in pure semiconductor XIK    ) is much greater than the 

thickness L of the depletion layer. Hence, we will use further the value of JEI(*O) 
as ^e 

electric field amplitude of the electromagnetic field. 
An equation for the static field Est in the depletion layer in the presence of an electro- 

magnetic wave can be derived from Eq. (4): 
2 

^E^NQixylNv+^-tfcixof. (5) 

In order to understand the consequences of the change in the field Est in the Schottky bar- 
rier owing to the action of the radiation pressure, we examine the expression for the tunnel- 
ing current [2] 

\l/2 0 

lKJdE[f(E)-f(E + eV)]exp 
o 

Here xE is the turning point of the trajectory of an electron incident with energy E on the 
barrier. We denote the argument of the exponential by — G and transform it using (5): 

where <&b is the height of the Schottky barrier. The expression for the static electric field 
O' in the barrier as a function of the potential <X> can be obtained from (5). The change oc- 
curing in the current / when the tunnel junction is irradiated at the constant bias voltage V 
is related to the change in the argument of the exponential 

ZG = G(E,®b,u)-G(E,<I>b,0), (7a) 
91       l2 9 

where known high-frequency potential u = e  £j   / Am CO   is introduced. As a result we 
can obtained the explicitly expression for the relative response to the radiation pressure 

^^J^(0OO-i<)1/2 

A/ 
v t (?b) V=const V=const       ° 

where a = 11 V is the conductance (not the differential one!) of the tunnel junction and 
AI is given by the simple expression 

AI = $dE[f(E)-f(E + eV)]{exV[-(G + bG)]-exV(-G)}. (7c) 
o 

The following qualitative features of the tunnel junction response to the radiation pres- 
sure results from the expressions (7): 1) the tunnel transparency of the barrier has to in- 
crease under the action of the radiation; 2) the magnitude of the response does not depend 
on the radiation frequency (if 0) < CO „); 3) at low radiation intensity in linear approximation 

for AI as a function U the relative response depends on the free carrier density N ap- 
N     . All these results are in agreement with the measurements [5]. 
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The most striking conclusion above stated is the increase of the barrier transparency 
since the transfer of radiation momentum to the free carrier should seemingly shift the 
plasma boundary inside semiconductor, giving rise to the increase the barrier thickness and 
to decrease of the transparency. Formally it follows from the Eq.(5) that shows the increase 
of the static electric field in the depletion layer as the radiation presents. The point is that 
the force acting on a volume element of the plasma is not a simple sum of the forces exerted 
by the external electromagnetic field on the each electron. It includes also the interaction of 
the electrons by means of the self-consistent field. The existence of the plasma reflection is 
itself due to this interaction. Thus, one can expect that although the radiation-pressure force 
acts on the entire free carrier plasma as a whole in the direction away from the illuminated 
surface of the semiconductor, the part of the transition layer of the plasma boundary, where 
the electron density drops from its bulk value to zero, can move in the opposite direction. 
This makes thinner the barrier width at the energy of order of Fermi level and increases the 
barrier width at the energies of the electron states well below Fermi level. However, the 
main contribution to tunnel current is determined by the electron states near the Fermi level, 
the tunnel transparency of which is increased. 

A detailed analysis of the field and electron distributions in the transitional layer would 
require solving the time-dependent Vlasov kinetic equation in the inhomogeneous barrier 
field, which is a quite hard problem. At the same time, the use of the momentum-balance 
equation and the Maxwell stress tensor makes it possible to find exactly the change in the 
Schottky barrier in the depletion layer for electron energies E>\i. Moreover, the general 
expressions (7) allow us to analyze the response in non-linear region of its intensity depend- 
ence. This may open the way to the absolute measurements of the radiation field strengths in 
the near-surface region and lead to an explanation of the observable enhancement of the 
measured response [5] in comparison with the theoretical estimations. 

I would like to thank Prof. V.l. Perel' and Prof. L.P. Pitaevskil for several helpful dis- 
cussions. Partial financial support by NATO Linkage Program (grant TECH.LG 931585) is 
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PHYSICAL LIMITATION FOR DRAIN VOLTAGE OF POWER PHEMTs 

V.A.Vashchenko and V.F.Sinkevitch 
Russia 

INTRODUCTION Monolithic microwave integrated circuits based on 
pseudomorphic GalnAs channel HEMT (PHEMT) has held a leader position 
among these devices for power applications [1]. High power performance 
requires a high drain-source breakdown voltage [1]. The drain breakdown, 
along with the other things, limits the major parameters of PHEMTs - 
operating drain voltage and reliability. That is why, the understanding of 
breakdown mechanisms is important. Up to now such mechanisms have not 
been clarified. Modern technology of the PHEMT chip attachment allow one 
to avoid a high level of channel temperature and conditions of current thermal 
instability during its operation. That's why breakdown mechanisms which limit 
the drain supplying voltage are of an electrical nature and probably have the 
same features both in the DC and pulse operation of PHEMTs. The purpose 
of this study is to establish the electrical mechanisms of the drain-source 
breakdown, which result in a maximum drain voltage limitation and, 
particularly, in the catastrophic failures under a drain voltage increase. In this 
paper the results on the drain-source current-voltage (ID-VDS) characteristics 
of the PHEMTs and the light emission spectral and intensity distributions are 
presented for pulse and DC regimes. 

EXPERIMENTAL For the experimental investigation the test 
structures of serial PM HEMTs (Fig. 1(a)) were used. The PHEMTs structures 
have topology (Fig. 1(b)): 180 jim gate width, 0.3 |im gate length, 3 |am drain- 
-source spacing, V-Au gate and AuGe-Au-V-Au drain and source 
metallization. The ID-VDS characteristics were measured using method [2] at 
20 ns pulse duration of the drain voltage, 0.01 % duty factor, constant gate 
biases and 1000 ohms drain load resistor. The light emission intensity 
distribution was measured using the scanner with a narrow gap and the 
photomultiplier with S-20 photocathod. The scanner allowed one to measure 
a light emission distribution over an active PHEMT surface with 1 \im spatial 
resolution. The DC ID-VDS characteristics and the light emission distributions 
were measured on the PHEMTs matched in the amplifier, having 1000 Ohms 
resistor in the drain circuit. 

RESULTS The typical pulse ID-VDS characteristics of investigated 
PM HEMTs at various constant gate biases are presented in Fig.2(a). After 
the saturation region a slight drain current increase was observed in the ID- 

VDS characteristics due to a drain avalanche breakdown (Fig.2(a)). In this 
state (a) the light emission was distributed uniformly along the drain contact 
and electroluminescence spectrum was typical for the GaAs avalanche 
breakdown (Fig.2(b,c,d), curves (a)). At operation and pinch off gate biases 
the reversible switching of PHEMT to a new state (ß) was observed (Fig.2(a)). 
The switching time was less than 1 ns. After switching the light emission 
intensity distribution along the drain changed (Fig.2(b), curve (ß) due to 
current filament formation. Within the current filament area the light emission 
distribution in the drain-source spacing also changed (Fig.2(c), curve (ß)). 
The current filament dimension increased with the drain current increase. The 



radiation intensity of 0.88 um wave length increased in the light emission 
spectrum (Fig.2(d)) after switching. This increase was the result of an 
additional radiation from the gate-source spacing (Fig.2(c), curve (ß)). Under 
the following drain current increase the spectrum was not changed. For 
positive or small gate biases a sharp drain current increase was observed at 
the positive differential conductivity (PDC) (Fig.2(a)). This increase was 
limited by a thermal overheating. In a high state condition the light emission 
was distributed uniformly along the drain contact, but the light emission 
distribution in the drain-source spacing was similar to the distribution after 
switching (Fig.2(c), curve (ß)). In high conductivity conditions both at the PDC 
and at the NDC states the light emission spectra were the same. 

A decrease of the drain load resistance, an increase of the duty factor 
or a pulse duration led to the PHEMT local burnout under the measurements 
of switching voltage. As a result of the burnout the active area of the structure 
was locally melted in areas of 10 |im dimension, which coincided with the 
places of current filament formation. DC and pulse Ip-Vps characteristics of 
the investigated PHEMTs were the same before switching. At small gate 
biases the switching was reversible, but in pinch off conditions the switching 
led to a local instantaneous burnout. The switching or burnout voltages in DC 
regime coincided with a good accuracy with switching voltages in 20 ns pulse 
regime. After DC switching the light emission distribution on the PHEMT 
surface coincided with the distribution in 20 ns pulse regime. 

In 20 ns pulse regime, at a duty factor of more then 1 % and pinch-off 
gate biases the filament formation showed new interesting features. In such 
conditions after switching into the current filament state the PHEMT 
differential conductivity became positive and the following drain current 
increase was accompanied by a number of the breaks and hysteresis in the 
ID_VDS characteristic (Fig.2(a) dashed line). These peculiarities 
corresponded to the transitions to new multifilament states. Under a high 
drain current of the PHEMT the multifilament states have a spatial periodic 
structure (Fig.2(b), curve (y)). Under a drain current increase the filaments in 
the initial state became expanded at first and then the spatial period 
decreased. Depending upon the way of the electrical load and the duty factor 
the filament states with the same number of filaments may localize in various 
places of the PHEMT structure. 

DISCUSSION From the presented results it follows, that in the 
condition of a low thermal overheating at a constant gate bias the drain 
voltage increase is limited by a sharp drain current increase at the PDC or 
the NDC. The NDC formation results in the HEMT switching to a filament 
state according to the drain load characteristics. Depending upon conditions 
of channel Joule's heating (a pulse duration, a duty factor or a drain current 
level in the filament state) the filament formation may end with a local burnout 
both in a pulse and DC regimes at voltage of the NDC formation and 
switching. Before switching or a sharp drain current increase the light 
emission spectrum was typical for the avalanche breakdown of GaAs, and not 
depends upon the drain voltage value. After switching or a sharp drain 
current increase the spectrum changed due to the GaAs band gap 
electroluminescence from the gate-source spacing. This electroluminescence 
from gate-source spacing pointed out the intensive recombination of injected 
holes and electrons near the source in the i-GaAs layer of PHEMT (Fig. 1(a)). 
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Fig.2. Pulse  drain-source characteristics of  PHEMT (a). The  light emission 
intensity (photomultiplier current) distributions on the active surface of 
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emission  spectra  (d). The state .(<*)  before  switching,  corresponding to 
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curves \ß,y ), are marked in fig.(a). 
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The main characteristics of the PHEMTs breakdown (the IQ-VDS 

characteristics, the spectra, the filament formation) are close to the 
characteristics of the GaAs MESFET's breakdown [2]. This allows to 
conclude that observed breakdown mechanism is the same with isothermal 
current instability at an avalanche injection breakdown of SI buffer of GaAs 
MESFET's [2,3]. The mechanism that produces this breakdown is as follows: 
first there is accumulating the holes from the drain avalanche area in the i- 
GaAs layer near the source. It results in an electron injection increase from 
the source, the formation of the quasi neutral area of the electron-hole 
plasma near the source, the modulation of the i-GaAs layer conductivity, an 
electric field redistribution in the drain-source spacing and the change of 
HEMTs differential conductivity. Apparently, the sign of differential 
conductivity is defined by the effective distance between an avalanche and 
injection areas, and is controlled by the gate space charge region and also 
defined by the channel length. 

Formation and evolution of multifilament states under the HEMT 
breakdown demonstrated the main properties of dissipate structures behavior 
and are an example of selforganization in strong nonequilibrium systems 
[4,5]. The formation of multifilament states appears to be defined by 
difference between two spatial parameters: channel NDC and the distributed 
resistance of the drain and source contacts. 

CONCLUSION According to the presented results the maximum 
drain voltage of the PHEMTs at a constant gate bias is limited by an 
avalanche injection breakdown of the undoped i-GaAs layer. The evolution of 
this breakdown results in a the sharp drain current increase at PDC or in the 
appearance of NDC and the following switching to the filament state of a high 
current density. The instantaneous burnout of the PHEMT under an increase 
of the drain voltage is the result of a local overheating and melting in current 
filament area after switching. Such a local burnout appears to be the main 
kind of a catastrophic failures of power PHEMT in the applications under the 
drain voltage overloads. Since the values of switching voltages at 20 ns pulse 
regime coincide with switching or burnout voltages in DC regime, therefore 
the method of 20 ns measurements may be successfully used for direct 
reversible measurements of the safe operating area of PHEMTs. 
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Comparative Study on Resonant Tunneling Diode (RTD) and 
Traditional Tunnel Diode (TD) and Their Co-integration with 
Heterojunction Bipolar Transistors (HBTs) 
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This paper discusses a comparison of resonant tunneling diodes (RTD's) and conventional 

tunnel diodes (TD's) for use in negative differential resistance based digital circuits. The 

comparison includes processing, switching speed, temperature dependence, stacking, as 

well as I-V characteristics. The RTD is a highly strained AlAs/InGaAs/AlAs structure, 

while traditional Si TD (dopant concentration greater than 3xl019 cm"3) and InGaAs TD 

(dopant concentration 5xl019 cm"3) are both fabricated and tested. 

Chemical Beam Epitaxy (CBE) is used to co-integrate InP-based heterojunction bipolar 

transistors (HBTs) and RTDs for the first time. The integrated transistor achieves dc and 
differential current gain of 53.6 and 122 respectively, with breakdown voltages V^- 6 V 

and V^- 9 V. For microwave performance, fT of 77 (63) and f„„ of 60 (53) GHz after 
(before) the onset of negative differential resistance is obtained. Co-integration of high 

speed HBTs and TDs are also experimentally realized for the first time. A dc current gain of 

20 with NDR characteristics and breakdown voltages of V^ ~ 6 V and V^- 9 V are 

shown. Estimated fT of the fabricated transistor is around 50 GHz. 

A hybrid integration circuit of Si bipolar junction transistors (BJTs) and Si TD is being 

improved by comparing different ways of doping for the TD, including diffusion, ion 
implatation, and molecular beam epitaxy (MBE), to achieve higher dopant concentration. 

(This work was supported by ARPA under contract DAAH-04-93-G-0242) 
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The characterization of HEMTs in the microwave range is done by measuring the S or 
Y parameters. Analytically, two distinctive approaches exist for the calculation of those 
parameters which are essential to analyze and design circuits in the microwave range. The 
first approach calls for deriving a small signal equivalent circuit from the dc model using 
a quasi-static approximation [1]. The circuit is then used to find the Y and S-parameters. 
The second approach known as the non-quasistatic approach [2] consists of solving the device 
wave equation to directly find the F-parameters without having to find a physical equivalent 
circuit representation for the device. 

In this paper, a physically based model describing the HEMT is used to predict the 
scattering and admittance parameters as function of the applied gate bias and the operating 
frequency. The F-parameters are compared with those resulting from solving the 
device wave equation and found to be in excellent agreement. The model accounts 
for second order effects such as mobility degradation, velocity saturation as well as the 
conduction in the AlGaAs layer. The elements of the small signal equivalent circuit namely 
the transconductance, the output conductance and the capacitances are used to derive the 
Z-parameters and to project both the S and F-parameters in three-dimensions. The model 
is used to estimate the operating power gain (Pw), the transducer power gain (PG), the 
maximum stable gain (MSG) and the maximum available gain (MAG). 

The theoretical predictions of the model are compared with the experimental data for a 
250 \im x 0.32 pm, pulsed-doped HEMT [3] and a 350 fim x 1 pm HEMT [2] and shown 
to be in excellent agreement over a wide frequency range. 

Figure 1 compares Yu obtained from this model to that resulting from the non quasi- 
static approximation. The figure shows an excellent agreement which was made possible by 
adjusting the values of CGS and CGD in our model. 

The experimental data available for device 1 [2] are the admittance parameters of which 
we have selected FX1 and Y\2 to reproduce in Figure 2. Those data are compared with the 
theoretical predictions of the model over a frequency range extending from 2 GHz to 18 
GHz and show a good agreement over the entire range. 
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The data available for device 2 are the scattering parameters [3]. We have selected a 
representative sample of these parameters namely the real and imaginary components of Su 
and superimposed them in Figure 3 on the predictions of the model over a frequency range 
extending from 1 to 25 GHz. The agreeement between the theory and the experimental 
data is excellent. 

Since we have established the accuracy of the model by comparing its predictions to the 
experimental data available for devices fabricated by independent research groups, we like to 
explore the potential of the model in projecting the admittance and scattering parameters 
as well as the power gains in three dimensions i.e. as functions of voltage and frequency. 
Towards that purpose, we have selected device 3 [4]. The experimental data available for 
device 3 are restricted to the dc and small signal parameters. We have established [1] 
the match between the predictions our dc and ac models with those published data. No 
experimental data are available for Y or S-parameter. We however have projected in Figure 
4 the real and imaginary part of Su, as function of both gate voltage and frequency. 
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1     Introduction 

Several quasi-optical systems have been reported, including grid oscillators [1] and amplifiers [2], 
resonant cavity oscillators [3,4], microstrip-based rotator arrays [5], and dielectric slab beam waveg- 
uides (DSBW) [6] for power combining. The dielectric slab system described here has the advantage 
of being two-dimensional and is thus more amenable to photolithographic reproduction than the 
conventional open quasi-optical power combining structures. Previous investigations of the quasi- 
optical dielectric slab cavity and waveguide [7,8] demonstrated the suitability of this structure for 
the integration of quasi-optical power combining with MMIC technology. 

A complete DSBW quasi-optical system, as shown in Fig. 1, could consist of the following: a 
source, active or injection, [7], an amplifier array [8], triplers, and a leaky wave antenna which would 
be used for steering the energy out of the system. Between each of the stages lenses are used to 
focus the guided waves for optimal field concentration on the elements in the system. In this work 
we present the amplifier array stage using both convex and concave lenses as shown in Fig. 2. The 
DSBW amplifier system incorporates four MESFET amplifiers and two thin convex/concave lenses. 
The waveguide system was adjusted with the transistors turned off so that the guided waves are 
focused near the aperture of the receiving horn. The dielectric slab is Rexolite (e = 2.57, tan<5 = 
0.0006 at X-band ), and it is 27.94 cm wide, 62 cm long, and 1.27 cm thick. The convex lenses 
are fabricated from Macor (e = 5.9, tantf = 0.0025 at 100 kHz) with a radius of 30.48 cm, and the 
focal length, /, is 28.54 cm. The concave lenses are air (e = 1) with a radius of 30.48 cm, and the 
focal length, /, is 40.4 cm. The aperture width of both horn antennas is 9 cm, designed to be wide 
enough to catch most of the amplified power. Energy emitted from the input radiator propagates in 
a quasi-optical TE Gaussian mode in the dielectric slab waveguide,and is focused by the first lens in 
the middle area of the slab. This system is designed so that the amplifier unit cells are within the 
beam waist (the 1/e field points). 

The amplifier unit cells are 7 cm x 1.5 cm and employ HP ATF-10235 MESFETs. This design 
was derived from the active slot-line notch antenna by Leverich, et al. [9]. An amplifier unit includes 
two end-fire Vivaldi antenna tapers which are gate-receiver and drain-radiator, and is specifically 
designed to eliminate surface-of-slab to ground-plane resonance. The advantage of locating the 
amplifiers on the ground plane is that it reduces beam-mode perturbation, scattering losses, and 
reflection of the input energy due to the amplifier structure. These are problems with amplifiers 
mounted on the surface of the slab [8] and in the more conventional grid system. 
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Figure 2: Amplifier array stage with convex and concave lenses. 

2    Experimental Results and Discussions 

Passive measurements were made on the DSBW system with no amplifiers present comparing the 
convex and concave lenses. The concave lens system has less loss than the convex lens system as 
shown in Fig. 3. Fig. 4 shows the electric field measured at a frequency of 7.28 GHz for both the 
convex and concave lenses. This measurement estimates the loss due to the lenses where the convex 
lens loss is approximately -3.66 dB and the concave lens loss is approximately -1.18 dB. This loss 
estimation is obtained by integrating the areas under the E-üeld patterns before and after lenses. 
In Fig. 5, the insertion loss is given for both cases where the convex lens system is showing lower 
loss. The reason for this is that the input wave scattered by the amplifier array goes into the air 
more easily for the concave lens system than for the convex lens system. 

The amplifier gain, computed as the ratio between P0Ut(Amp ON) and P0Ul(Amp OFF), is shown 
in Fig. 6 for both concave and convex lens systems. The amplifier gain is 16 dB for the concave 
case and 14 dB for the convex case as P,„ is -12.4 dbm. This implies that the concave lens system 
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has better performance than the convex lens system. In these measurements the four MESFET 
amplifiers were placed on the ground plane underneath the Rexolite. 

The system gain (defined as P0ut/Pin) is shown in Fig. 7 for both the concave and convex systems 
with and without a metallic top cover. For the concave case the system gain is approximately 7.7 dB 
with and without the metallic top cover. For the convex case the metallic cover gives a system gain 
of about 6 dB and without the cover 4 dB. The reason that there is a difference in the convex system 
gain with and without the cover is because the passive scattering loss for the convex lens system 
is higher than for concave lens system. Therfeore, using a metallic cover can save more scattrering 
energy for convex lens system. 

3     Conclusions 

We have demonstrated quasi-optical power combining in a dielectric substrate with the amplifier 
array located on the ground plane for both a concave and convex lens system. The overall perfor- 
mance of the concave lens system was better than the convex lens system including passive system 
gain, amplifier gain, and active system gain. 

Acknowledgment 

This work was supported in part by the U.S. Army Research Office through grant DAAL03-89- 
G-0030. 

References 
[1] J. B. Hacker, M. P. de Lisio, M. Kim, C.-M. Liu, S.-J. Li, S. W. Wedge, and D. B. Rutledge, "A 

10-watt X-band grid oscillator," IEEE MTT-S Int. Microwave Symp. Dig., pp. 823-826, May 
1994. 

[2] Z. B. Popovic, R. M. Weikle II, M. Kim, and D. B. Rutledge, "A 100-MESFET planar grid 
oscillator," IEEE Trans. Microwave Theory Tech., vol. MTT-39, pp. 193-200, Feb. 1991. 

[3] J. W. Mink, "Quasi-optical power combining of solid-state millimeter-wave sources," IEEE 
Trans, on Microwave Theory and Techniques, vol. MTT-34, pp. 273-279, Feb. 1986. 

[4] P. L. Heron, G. P. Monahan, J. W. Mink, F. K. Schwering, and M. B. Steer, "Impedance 
matrix of an antenna array in a quasi-optical resonator," IEEE Trans. Microwave Theory Tech., 
vol. MTT-41, pp. 1816-1826, Oct. 1993. 

[5] N. J. Kolias and R. C. Compton, "A microstrip-based quasi-optical polarization rotator array", 
IEEE MTT-S Int. Microwave Symp. Dig., pp. 773-776, May 1995. 

[6] J. W. Mink and F. K. Schwering, "A hybrid dielectric slab-beam waveguide for the sub- 
millimeter wave region," IEEE Trans. Microwave Theory Tech., vol. MTT-41, pp. 1720-1729, 
Oct. 1993. 

[7] F. Poegel, S. Irrgang, S. Zeisberg, A. Schuenemann, G. P. Monahan, H. Hwang, M. B. Steer, 
J. W. Mink, F. K. Schwering, A. Paollela, and J. Harvey, "Demonstration of an oscillating 
quasi-optical slab power combiner," IEEE MTT-S Int. Microwave Symp. Dig., pp. 917-920, 
May 1995. 

[8] H. Hwang, G. P. Monahan, M. B. Steer, J. W. Mink, J. Harvey, A. Paollela, and F. K. Schwering, 
"A dielectric slab waveguide with four planar power amplifiers," IEEE MTT-S Int. Microwave 
Symp. Dig., pp. 921-924, May 1995. 

[9] W. K. Leverich, X.-D. Wu, and K. Chang, "FET active slotline notch antenna for quasi-optical 
power combining," IEEE Trans. Microwave Theory Tech., vol. MTT-41, pp. 1515-1517, Sept. 
1993. 

245 



CO 
•a 

a 
£ 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

—i i i 1 

Convex-Lens: System  
Concave-Lens System!   

^Zi^^M^ 

6.8 72      1A       7.6       7.8 

Frequency (GHz) 

Figure 3:   Passive system gain for convex-lens 
and concave-lens systems. 

m 

o 
r 

6.8        7        72.       7A       7.6       7.8        8        8.2 

Frequency (GHz) 

Figure   5:   Insertion  loss   of convex-lens   and 
concave-lens systems. 

20 

15 

as 
2-    10 

o 
»        5 

t 

Cm 
Com 

S 

vox-Lei 
ave-Ler 

s Syste 
s Syste 

n   
n   

\\ '0 V^ •*~3< 
TOCÄ 

*^^~J 

v> "-—, y^ 
X 

\> H 
Figure  4:   \Ey\ distributions  before and after 

lenses. 

E < 

-10 
7 7.05        7.1        7.15        72        725        7.3 

Frequency (GHz) 

Figure   6:   Amplifier gain in convex-lens  and 
concave-lens systems. 

a 
E 

•5 < 

Frequency (GHz) 

Figure 7: Active system gain for convex-lens and 
concave-lens systems. 

246 



GalnP/InGaAs MODFETs on GaAs grown by OMVPE for 
high frequency and power applications 

tBoris Pereiaslavets, tKarl Bachern, ttjürgen Braunstein, 
and tLester F. Eastman 

tComell University, School of Electrical Engineering, Ithaca, NY 14853-5401 
^Fraunhofer Society, IAF, Tullastr. 72, D-79108 Freiburg, Germany 

Abstract 

GaJn^P/InyGaj.yAs/GaAs MODFETs with a pseudomorphic barrier and a pseudomorphic 
channel were grown by OMVPE. This Al-free material system is the most promising 
material system for advanced MODFETs on GaAs for high frequency and power 
applicaions. Record 2DEG carrier densities of 3.M012cm"2 for single sided MODFET 
were measured. 0.25 um device yield 0.45 W/mm rf power. 

1. Introduction 

There is a high demand in a low noise power MODFETs. GaJn^P is a very promising 
barrier material for the MODFET fabrication on GaAs substrates for RF and power 
applications. Following the initial simple analytical design by Eastman [1], MODFET 
structures were grown by OMVPE [2] The novel concept of grading the barriers was 
implemented in these structures. Grading the channel results in further improvement [3]. 
Hall measurements were made on the wafers and compared well with the predictions. 

The idea of graded barriers is given in section two. Hall data of the designed 
structures are shown in section three. Device fabrication and results are given in section 
four. Section five summarizes the paper. 

2. Concept of graded barriers 

There is are simple way of optimizing MODFET structures. A conduction band profile of a 
conventional MODFET is shown schematically in fig. 1(a). As can be seen from this figure 
the problem of this structure is the dip in the conduction band due to the d-doping. Since 
this region is closest to the Fermi, level a high probability arises to accumulate parasitic 
charges there. The solution of this problem is to increase the distance of the dip to the 
Fermi level by increasing the Ga mole fraction in the GaxInl-xP barrier. Therefore the 
barrier will be pseudomorphic and still be constrained by the Matthews-Blakeslee limit [4] 
However, it is not necessary to strain the whole barrier. It is important to raise the potential 
of the mainly problematic part of it. In the case of GalnP one needs to increase the GaP 
concentration at the doped region. The Ga composition in the graded barrier is shown 
schematically in fig 1(b). The resulting conduction band profile is shown schematically in 
fig 1(c). The advantages of the graded barriers are obvious.  First of all they lead to the 
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enhanced electron sheet density. The simple analytical model [1] showed 30% increase of 
the carriers in the channel. Second, material can be strained to a higher value where 
needed. And the most important is the reduced amount of parasitic electrons in the barrier. 

Fig. 1(a) Conventional MODFET Conduction Band 

r^ 
Fig. 1(c) Ideal Conduction Band 

after Grading 

Fig. 1(b) Grading of the Ga Composition in GalnP 

The graded barrier MODFET layer structure was grown at the Fraunhofer Institute [2].  An 
example of the layer structure is shown in table 1. 

Table 1. Graded barrier MODFET, layer structure. 

Material In Composition Description Doping 
1018 

Thickness 
(Ä) 

GaAs 0 Cap layer Si  5 200 
GalnP 0.5 Barrier n.i.d. 106 
GalnP 0.35 Barrier n.i.d. 30 
GalnP 0.25 Supply layer Si 13 24 
GalnP 0.35 Spacer n.i.d. 30 
GalnP 0.5 Spacer n.i.d. 10 
GaAs 0 Smoothing Layer n.i.d. 10 

GalnAs 0.22 Channel n.i.d. 120 
GaAs 0 Buffer n.i.d. 100 

The Hall measurements are shown in fig.2. As one can see the mobility of the single side 
doped transistors is above 6100cm2/Vs and for the double side doped devices with graded 
channels it is above 5800cm2/Vs at room temperature. 

5. MODFET fabrication and device results 

MODFET fabrication was done in a standard way utilizing the GalnP / GaAs system 
advantages. Mesa definition was carried out by wet etching. An acetic acid based etchant 
was chosen. The selectivity between GalnP and GaAs was 1:1. The mesa definition was 
followed by ohmic contact formation. Au/Ag/AuGe/Ni metal was evaporated for the ohmic 
contacts, followed by rapid thermal annealing for 10s. Several annealing temperatures 
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Fig. 2       Hall results for 300K (a) and 77K (b). Graded channel mobilities are higher at 
room temperature. 

were investigated to niinimize the contact resistance. 0.15ßmm ohmic contacts for single 
side doped MODFETs were achieved at the temperatures between 390 and 400°C. 

0-1 — 0.25u.m mushroom gates were defined using electron beam lithography. 
Recess etching was done with a phosphoric acid based solution. The selectivity between 
GalnP and GaAs is >300. Such a selectivity cannot be achieved for AlGaAs/GaAs 
MODFETs. 

Device results are shown in fig. 3. The single side doped layer design was optimized 
for 0.25|im gate length MODFETs which have good DC performance. Fig. 3(a) shows the 
IV curve for such a device. The saturation current is nearly 640mA/mm with a negligible 
gate current of less than ImA/mm. A recent publication reported saturation currents of only 
550mA/mm with a doped channel [5]. Rf power was estimated as 1/8-AI-AV. It is as high 
as 450mW/mm. Future transistor designs will shift the threshold voltage towards more 
positive values to make use of the device's potential for power applications. The 
transconductance, as shown in fig. 3(b), is 560mS/mm with a drain bias of 1.5V and a 
current of ^ 224m A/mm. With the output conductance of 15mS/mm at this bias point a 
voltage gain of about 37 is achieved. No dispersion was observed between DC and RF 
data. The 0.25u.m gate length MODFETs achieved fT's about 70GHz. Record RF 
performance for this material system can be reported here for 0.1 [im devices with fx = 
106GHz and fmax = 188GHz. With an optimized design for short gate lengths like 0.1u.m 
fT values greater 200GHz and W greater 300GHz can therefore be expected soon. 

7. Summary 

MODFETs with record characteristics for the GalnP/GaAs system were successfully 
fabricated and tested. The device structures implement new ideas of graded barriers. The 
rf power of 450mW/mm was achieved. The carrier sheet density of the 2D electron gas is 
as high as 3.1 1012cm'2 for single side doped MODFETs. The saturation current of the 
devices was 640mA/mm with a negligible gate current of less than ImA/mm. Record RF 
performance for this material system can be reported for 0.1u.m devices with ff = 106GHz 
and fmax = 188GHz. Advantages of GalnP over AlGaAs now become obvious. 
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ABSTRACT 

RF triggering of oscillators with series- 
connected tunneling diodes was shown to 
be an effective method to overcome the 
biasing problem associated with the DC 
instability of the series connection. 
Excitation with the signal of frequency as 
low as one-sixth of the oscillation 
frequency was reported so far. The 
experimental demonstration of RF 
triggering with the signal at frequency as 
low as 200 Hz is reported here, for a 2 
GHz oscillator with two tunnel diodes 
connected in series. This findings show 
practically that there is no lower limit on the 
triggering frequency, as long as triggering 
power can be sufficiently increased. 

INTRODUCTION 

A Resonant Tunneling Diode (RTD) 
can generate signals at frequencies above 
700 GHz, but with the output power of less 
than a ^.W [1], Connecting several tunnel 
diodes in series was shown to be a feasible 
method for increasing the output power of 
oscillator circuits using these devices at low 
frequencies [2]. Since RTD's and tunnel 
diodes exhibit very similar behavior, this 
scheme was also proposed to increase the 
power of RTD oscillators at millimeter- 
wave frequencies [3]. As was originally 
observed in [2], biasing difficulties are the 
main disadvantage of an oscillator with 
several tunneling (RTD or tunnel) diodes 
connected in series. If a DC voltage 
sufficient to bias all tunneling diodes in the 
middle of the negative differential resistance 
(NDR) region is applied gradually, the DC 
instability will divide this voltage so that all 
the diodes are biased in the positive 

differential resistance (PDR) region. An 
external RF source may be used to switch 
the bias points from the PDR region to the 
NDR region, and initiate the oscillation. RF 
triggering with the signal of frequency 
close to the oscillation frequency 
(fundamental excitation) was originally 
proposed in [4]. Fundamental excitation 
was demonstrated in proof-of-principle 
experiments at microwave frequencies, for 
oscillators with two, three and four tunnel 
diodes connected in series [5, 6, 7]. 
Triggering by an RF signal at considerably 
lower frequency (subharmonic excitation) 
was also proposed [8], and experimentally 
demonstrated [6]. Subharmonic excitation 
was reported with the signal at frequency as 
low as one-sixth of the oscillation 
frequency [6]. 

In this paper, we report new 
experimental findings that show that there 
is no lower limit on the frequency of the 
triggering signal. CW signal at frequency 
as low as 200 Hz was successfully used to 
initiate 2 GHz oscillation in an oscillator 
with two tunnel diodes connected in series. 
This low frequency triggering may be very 
significant for the generation of signals at 
millimeter- and submillimeter-wave 
frequencies. 

THEORETICAL 
CONSIDERATIONS 

Series connection of tunneling diodes is 
initially biased with a DC battery, with a 
voltage sufficient to bias all diodes in the 
middle of the NDR region. In this state all 
diodes are biased in the PDR region, and 
conductive currents through all diodes are 
equal. When an RF signal is applied, the 
DC components of the conductive currents 
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will change due to the high nonlinearity of 
tunneling diode I-V curve. This change in 
current will initiate the motion of DC bias 
points towards the NDR region [6]. If the 
triggering signal has a sufficiently large 
power, diode bias points will eventually 
switch to the NDR region. After the 
triggering signal is turned off, oscillation 
may build-up and sustain, depending on 
initial conditions in the circuit. In some 
cases, oscillation signal already exists 
during excitation, which makes it easier for 
the oscillation to be sustained [9]. The exact 
mechanism through which an oscillation 
builds-up and sustains will be published 
later. 

Signal at any frequency may be used to 
switch the bias points from the PDR to the 
NDR region, provided that sufficient power 
is applied. Voltage amplitude on each diode 
during excitation has to be sufficiently large 
to trigger and carry on the rectification 
process. At very low frequencies, another 
phenomena will constrain the excitation 
power. Even though a single tunneling 
diode does not have a lower limitation on 
the oscillation frequency, series connection 
exhibits a low frequency cutoff associated 
with the DC instability [10]. At frequencies 
below this low frequency cutoff bias points 
cannot be maintained in the NDR region 
during free-running oscillation. However, 
if an RF signal of such a low frequency is 
applied externally, bias points can be 
maintained in the NDR region provided that 
voltage amplitude on each diode is large 
enough. Therefore, signals of frequencies 
below the low frequency cutoff can be used 
for triggering, but required power will be 
very high. 

EXPERIMENTAL RESULTS 

Since RTD's were not available, back 
tunnel diodes manufactured by Metelics 
Co. (M1X1168) were used for the 
experiment. Tunnel diode, oscillator 
configuration and experimental set-up are 
described in detail in [5,6]. Several 
oscillators were designed at 2 GHz with 
two series-connected tunnel diodes, for 
oscillation amplitudes between 0.14 V 
which is the minimum oscillation amplitude 
[10], and 0.176 V at which negative 

differential conductance approaches zero. 
The RF excitation signal is applied to the 
oscillator circuit through a circulator. An 
HP 8350B sweep oscillator with HP 
83592C plug-in was used as an external RF 
source for excitation frequencies above 1 
MHz. Waveteck programmable waveform 
generator, model 154, was used to supply 
the excitation signal at lower frequencies. 
The oscillator signal was detected by an HP 
8562A spectrum analyzer. By monitoring 
current through diodes, it was possible to 
determine when bias points switched to the 
NDR region. 

Excitation was attempted with signals 
of frequencies below 100 MHz. Similarly 
as for subharmonic excitation reported in 
[6], low frequency excitation was possible 
in all circuits but for circuit which was 
designed for the smallest oscillation 
amplitude of 0.14 V (circuit 2D2 in [6]). 
Switching of bias points, judged by a 
current level, was possible with any 
frequency in all circuits provided that 
power level was adjusted. In all cases, 
oscillation was not always sustained, and 
the probability of successful excitation was 
very much dependent on the excitation 
power. As discussed previously, for each 
frequency there is a low power limit below 
which switching cannot happen. As 
triggering power increases, switching 
happens always, and probability of 
sustained oscillation increases to a certain 
point. During excitation, different spectrum 
is observed as a function of triggering 
frequency and power. 

Fig. 1 shows the spectrum of the 
triggering signal, for the triggering 
frequency of 1.767 MHz, and the 
triggering power of 5 dBm. At such low 
frequencies signal generator produces high 
harmonics, but they are still about 20 dB 
lower than the fundamental and should not 
affect the excitation. Power shown in the 
spectrum is the power reflected from the 
oscillator, and therefore considerably lower 
than 5 dBm (-12 dBm). There is also about 
3 dB loss in the measurement system. Fig. 
2 shows the oscillator spectrum during and 
after triggering with the signal of frequency 
1.767 MHz, for the circuit designed at the 
oscillation amplitude of 0.176 V (circuit 
2D5 in [6]). Since triggering frequency is 
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thousand times lower than the oscillation 
frequency, oscillator signal is shown on a 
different scale. For the triggering power of 
-10 dBm, oscillation signal is present 
during excitation (Fig. 2(a)). This signal is 
stable but not clean, it is about 6 dB lower 
in power than the free-running oscillation 
signal and its frequency is somewhat lower 
than the free-running frequency (Fig. 2 
(c)). For the triggering power of 5 dBm, 
oscillation signal at 2.042 GHz is clearly 
visible during excitation, but there is also a 
stronger component at 1.957 GHz. During 
triggering, power is exchanged between 
these two spectral lines, and their 
frequencies also shift slightly. Fig. 2(b) 
shows one snapshot of the spectrum for 
such a case. 

After the triggering signal was turned 
off, oscillation was not always present in 
the circuit. Experiment was repeated at least 
twenty times for each triggering power, to 
determine the probability of the sustained 
oscillation. For the triggering power from 
-15 dBm to -10 dBm, probability was 
about 10 %. As triggering power was 
increased, probability gradually increased 
to about 50 %, at -4 dBm. As power was 
further increased, probability started to 
decrease, and at 5 dBm it was about 30 %. 
Once initiated, the output signal of the 
oscillator was completely independent of 
the excitation signal power and frequency 
(Fig. 2(c)). 
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Fig. 2 Oscillator signal during triggering with the 
Fig.  1  Spectrum of the triggering signal of signal of frequency 1.767 MHz and power 

frequency 1.767 MHz and power of 5 of (a)-10 dBm and (b) 5 dBm, and (c) after 
dBm. the triggering signal was turned off. 
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Excitation was possible with the signal 
of frequency as low as 200 Hz, with the 
probability of about 30 %. At this 
frequency maximum power that can be 
supplied by Waveteck generator was used 
(9.99 V of peak-to-peak amplitude if 
delivered to 50 Q), and therefore lower 
frequency excitation could not be tested. 
During excitation with the signal at 
frequency of 200 Hz, oscillator signal was 
always present, and it exhibited chaotic 
behavior. Frequency and power of the 
spectral components were constantly 
changing, with some components 
temporarily disappearing. 

CONCLUSIONS 

RF triggering is an efficient method to 
circumvent the biasing problem of series- 
connected tunneling diode oscillators. We 
reported new experimental findings that 
show that there is no lower limit on the 
triggering frequency, as long as triggering 
power can be sufficiently increased. CW 
signal at frequency as low as 200 Hz was 
successfully used to initiate 2 GHz 
oscillation in an oscillator with two tunnel 
diodes connected in series. In this case, 
excitation frequency is not related to the 
oscillation frequency, and therefore it does 
not necessarily increase as oscillation 
frequency increases. Even though this low 
frequency triggering is not 100 % 
repeatable, it still may be useful for the 
generation of signals at millimeter- and 
submillimeter-wave frequencies. 

ACKNOWLEDGMENT 

This work is supported by Joint 
Services Electronics Program, through 
AFOSR F49620-92-C-0055. 

REFERENCES 

[1] E. R. Brown, J. R. Soderstrom, C. D. Parker, 
L. J. Mahoney, K. M. Molvar, and T. C. 
McGill, "Oscillations up to 712 GHz in 
InAs/AlSb resonant-tunneling-diodes," App. 
Phys. Lett., vol. 58, pp. 2291-2293, May 
1991. 

[2] Y. I. Vorontsov and I. V. Polyakov, "Study of 
oscillatory processes in circuits with several 
series-connected tunnel diodes," Radio Eng. 
Electron. Phys., vol. 10, pp. 758-763, May 
1965. 

[3] C. C. Yang and D. S. Pan, "Theoretical 
investigations of a proposed series integration 
of resonant tunneling diodes for millimeter- 
wave power generation", IEEE Trans. 
Microwave Theory and Tech., vol. 40, no. 3, 
pp. 434-441, March 1992. 

[4] C. C. Yang and D. S. Pan, "A theoretical 
study of an integrated quantum-well resonant 
tunneling oscillator initiated by an IMP ATT 
diode", IEEE Trans. Microwave Theory and 
Tech., vol. 43, no. 1, pp. 112-118, January 
1995. 

[5] O. Boric-Lubecke, D. S. Pan and T. Itoh, "RF 
Excitation of an Oscillator with Several 
Tunneling Devices in Series," IEEE 
Microwave and Guided Wave Lett., vol. 4, no. 
11, pp. 364-366, November 1994. 

[6] O. Boric-Lubecke, D. S. Pan and T. Itoh, 
"Fundamental and subharmonic excitation for 
an oscillator with several tunneling diodes in 
series," IEEE Trans. Microwave Theory and 
Tech., vol. 43, no. 4, pp. 969-976, April 
1995. 

[7] O. Boric-Lubecke, D. S. Pan and T. Itoh, 
"Effect of the Increased Number of Diodes on 
the Performance of Oscillators with Series- 
Connected Tunnel Diodes," to be published in 
the Proc. of the 6th Inter. Symp. on Space 
THz Tech., Pasadena, California, March 21-23, 
1995. 

[8] R. Sun, D. S. Pan and T. Itoh, "Simulation of 
subharmonic excitation of series integrated 
resonant tunneling diodes", IEEE Microwave 
and Guided Wave Lett., vol. 5, no. 1, pp. 18- 
20, January 1995. 

[9] R. Sun, O. Boric-Lubecke, D. S. Pan and T. 
Itoh, "Considerations and simulation of 
subfrequency excitation of series integrated 
resonant tunneling diodes oscillator", to be 
published in IEEE Trans. Microwave Theory 
and Tech., vol. 43, no. 10, October 1995. 

[10] O. Boric-Lubecke, D. S. Pan and T. Itoh, 
"Oscillation Amplitude and Frequency 
Limitations for an Oscillator with Several 
Tunneling Devices in Series," Proc. of the 
19th International Conf. on Infrared and 
Millimeter Waves, pp. 17-18, Sendai, Japan, 
October 17-21,1994. 

254 



Semi-classical effects of ballistic electrons in 
Schottky diodes 

D. W. van der Weide 

Abstract— Modern small Schottky diodes have anode di- 
ameters d ~ 20AF, the electron Fermi wavelength in the 
semiconductor, and hence may exhibit indirect evidence of 
an electron standing-wave effect at room temperature under 
AC stimulus. They can thus be modeled as dynamic Sharvin 
point contacts (using only d and XF) to get a frequency- 
scaled bias current for lowest noise. Published observations 
of this bias condition are well-predicted by this new model. 

I. INTRODUCTION 

MUCH attention lately has been focused on structures 
and conditions in which electron transport is quan- 

tized[l]. For cases in which a geometrical constriction in 
a conductor gives rise to quantized conduction, the Fermi 
wavelength of the electrons \F is typically on the order 
of the width of the constriction d, while the elastic mean- 
free path of electrons le is long compared to the length 
of the constriction I. These conditions for "ballistic quan- 
tum transport" [2] often involve using patterned semicon- 
ductor heterostructures at cryogenic temperatures; they 
rely on two-dimensional (2-D) electron reservoirs connected 
by one-dimensional (1-D) constrictions. 

Ballistic electrons—those which undergo no inelastic 
scattering events and maintain their phase coherences- 
can also be prepared in bulk (3-D) semiconductors. For 
GaAs, the technique of "hot-electron spectroscopy" [4] 
shows T = 4.2 K ballistic transport, while at T = 300 K, 
Fermi velocities are at least 2 x 107 cm/sec and character- 
istic times for LO phonon relaxation have been measured 
at < 200 x 10"15 sec[5], which would give a "ballistic hori- 
zon" of ~ 400 A. For most experiments, this length is too 
short to directly observe effects of room-temperature quan- 
tized transport through a constriction at DC; indeed, con- 
ductance steps of the "Coulomb staircase" in 1-D quan- 
tum point contacts[6] are thermally smeared out even at 
T < 10 K [2], so at room temperature one expects the DC 
conductance to be ensemble-averaged to a bulk, macro- 
scopic value. 

In short, experiments seeking direct evidence of quan- 
tized conduction have most often been performed at cryo- 
genic temperatures on patterned heterostructures at DC. 
Here I point out, however, that an indirect observation of 
phase-coherent 3-D electrons traversing a 2-D constriction 
can be (and likely has been[7]) made at room-temperature 
under A C stimulus, specifically under conditions for high- 
est sensitivity (i.e. lowest noise) operation in small (diam- 
eter d < 1 ßm) n-type GaAs Schottky mixer diodes. Such 
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diodes are widely used in receivers for radio astronomy[7], 
[8] because they have junction capacitances Cj ~ 10-15 F, 
together with low series resistance R, resulting in RC cut- 
off frequencies on the order of 1013 Hz. Despite their im- 
portance, however, a complete picture of the conduction 
mechanism in such Schottky contacts has yet to emerge. 

II. DYNAMIC SHARVIN POINT CONTACT (DSPC) 
MODEL 

For operation as a mixer (multiplying two high frequen- 
cies to get the difference) or as a detector (rectifying only 
one frequency for DC output), a small Schottky diode is bi- 
ased to near-forward conduction ("flat-band"). As shown 
in Fig. 1, an AC electric field at frequency v applied across 
the diode (here via antenna coupling) drives it from re- 
verse bias into forward conduction with period 1/v.  For 
this DSPC model, AC conduction current 7 arises from a 
packet of N ballistic electrons accelerated from the edge 
of the depletion region in the semiconductor bulk through 
the small Schottky contact, a 2-D constriction whose length 
I < XF and whose diameter d ~ 20Aj?. Like an over-moded 
microwave waveguide[9], spin-paired electron waves should 
form transient 2-D conduction channels in the constriction 
up to Nch, the maximum number determined by d and 
kp = 2it/\F (set by doping density in the semiconduc- 
tor rid), beyond which point excess electrons are reflected 
back into the semiconductor, a noisy process of inelastic 
scattering. If N < Wmoa. = 2^, however, the signal cur- 
rent could still be increased by changing VHas, Ibias and/or 
Vrad, the amplitude of the AC electric field (Fig. 1). Thus, 
by varying these three parameters (which can be done in- 
dependently and with considerable precision), one would 
expect to measure an optimum diode current at highest 
sensitivity, 

lopt = qNmaxV, (1) 

where q is the electronic charge. At this optimum, a count- 
able number (Nmax ~ 103) of electrons should traverse the 
diode junction with period \{v, independent of v. Equa- 
tion 1 has in fact been reported for different n-type GaAs 
Schottky mixer diodes by Röser et cd.[7], [10] over a very 
wide frequency range, 3 GHz < u < 3 THz. Attempting 
to increase diode current beyond 1^ will increase inelas- 
tic scattering, hence also junction shot noise[ll]. Mixing 
sensitivity thus decreases with more inelastic collisions and 
resultant heating; if the current density and voltage in these 
small diodes is not limited to < 106 A/cm2 (~ 1 mA for 
the "1T15" diode type[12]) and VM(M < 20% above fiat- 
band^], sensitivity is permanently lowered. By contrast, 
when N = Nmax for coherent transport through a constric- 
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Fig. 1. Band diagram of a Schottky diode under near-forward bias, 
together with external circuitry to form a frequency mixer: the 
output current appears as a signal on Ru,^. Also shown is the tip 
of a wire antenna, which acts as a transducer of incoming high- 
frequency radiation to modulate the conduction-band energy at 
the junction, Bci, with AC voltage VTad. This modulation peri- 
odically creates a depletion region of depth ldcpt. The Schottky 
contact is deliberately depicted as having a short transition re- 
gion [24], and the diode backside contact is indicated as N+. 

tion, Landauer and Martin[13] argue that, because elec- 
trons obey Fermi statistics, "a fully occupied set of states, 
within a given energy range, is noiseless." They argue fur- 
ther that Coulomb repulsion tends to "smooth out" the 
current flow through a constriction; both arguments rein- 
force the observations in [7] and this DSPC model. 

The universality of this AC effect is supported by sim- 
ilar observations of maxima in the responsivity 7(14] of 
metal-insulator-metal (MTM) diodes[15]. While the peak 
7 of MIM diodes is lower than that of Schottky diodes, 
it is a weak (nearly fiat) function of frequency from 0.6- 
30 THz, while peak 7 of a Schottky diode "rolls off at 
~ 20 dB/decade at higher 1/, presumably because of com- 
paratively large parasitic resistances of the semiconductor 
and its ohmic contact[16] (see Fig. 1). 

III. DEVELOPMENT OF THE DSPC MODEL 

Now I explain and model this effect as a dynamic Sharvin 
point contact (DSPC). The semi-classical conductance ob- 
tained by Sharvin[17] of a 2-D constriction connecting two 
ideal conductors is often cited in the study of mesoscopic 
systems[18] and point-contact spectroscopy of metals[19]. 
The constriction and kp give rise to a limited number of 
conductance channels NCh, each channel having conduc- 

tance Geh — e2/h, ignoring spin. 
The condition of ballistic transport needs closer exami- 

nation, and might seem difficult to achieve in a real device 
at room temperature [9], though most discussions of this 
topic implicitly assume quasi-DC measurements whereas I 
describe an AC effect. The semiconductor part of the diode 
at flat-band bias provides electrons via diffusion from the 
backside contact to the edge of the depletion region. There, 
the electric field periodically accelerates electrons through 
the constriction in a time less than that for inelastic scat- 
tering. Such collisions could be with longitudinal optical 
phonons (at hw0 = 0.035 eV in GaAs[20]), electron-electron 
collisions (less likely in highly-doped semiconductors due 
to screening[21]), impurity scattering (dependent on mate- 
rial quality), and roughness at the perimeter of the anode 
(dependent on the fabrication process and difficult to pre- 
dict). With impurity scattering, the above-mentioned "bal- 
listic horizon" of ~ 400 A could be somewhat shorter[22], 
but still exceeds the depletion depth from which electrons 
travel to the junction (^ « 310 A for the "1112" diode 
type[7]). Finally, cryogenic cooling of the diodes has only 
a minimal effect on the measured noise[23], so it is reason- 
able to suppose that the electrons are already ballistic at 
room temperature. 

There are "non-idealities" in the metal-semiconductor 
diode which could actually reinforce the effect. The in- 
terface between a metal and a compound semiconductor 
is not abrupt on the 10-100 A scale—though still shorter 
than Xf—but rather encompasses an extended region of 
metal-induced gap states[24], [25], as indicated in Fig. 1. 
This DSPC model draws on the analogy between the modes 
in a microwave waveguide and the electronic eigenstates in 
the constriction[9]: the scattering of electrons back into the 
semiconductor (where their phase would be destroyed by 
the thermal bath) could be suppressed in part due to this 
smoother transition, in a manner analogous to a dielectric 
"matching layer" which slows electromagnetic waves and 
reduces reflections. My simple model has also ignored the 
mismatch in electron effective masses between the metal 
and the semiconductor[26], but these two "non-idealities" 
in fact may lengthen the time the sheet of ballistic electrons 
spends in the constriction. 

Thus, for the DSPC model I assume an ideal 2-D con- 
striction with no inelastic scattering (in particular no 
backscattering) for packets of ballistic electrons with N < 
•Wmai, and ignoring higher-order terms due to perimeter 
roughness and to fluctuations of geometry (which are neg- 
ligible for the diodes here)[27], I calculate both !<&. and 
the dynamic junction conductance G^ resulting from the 
Nch conduction channels; because I < XF in the constric- 
tion, only two electrons per channel are allowed during the 
conduction event. 

To find Neb, I calculate kp in the 3-D bulk by assuming 
all states below EF are filled; the heavy doping rid of the 
epitaxial layer makes this zero-temperature argument more 
plausible[21]: 

2    4w, 

(2TT)3 3 
kF = ni. (2) 
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Fig. 2. Comparison of optimum mixing current Iopt from DSPC 
model to measured data. Data for diode type "1T15" from [10]; 
other data from [7]. What appear as error bars are in fact "tuning 
ranges" [7] over which lowest noise in mixing changes by < 10 %. 

I project this 3-D kF onto the 2-D area S of the (junction) 
constriction, which limits the areal density of conductance 
channels, rich: 

TABLE I 
DIODE PARAMETERS: DOPING LEVEL NEAR THE JUNCTION IS n,j; 

SCHOTTKY CONTACT DIAMETER IS d\ kp IS CALCULATED FROM nd. 

Diode type nd (cm_a) d (/an) kp (cm-1) 
1T15 1.0xl0ls 0.25 3.90x10"° 
1112 4.0xlOi7 0.45 2.87x10"° 
117 3.0xl017 0.8 2.61x10-° 

1J118 2.0xlOr/ 1.0 1.81x10"° 

TABLE H 
DSPC MODEL RESULTS: 71^ FROM kF fc^jfc AND EC;. 3; Nmax 

3000 RESU1'TS FROM "eh AND JUNCTION AREA; I0pt RESULTS FROM EQ. 1 
AT V = 10O0 GHz. 

(M ;irkF = rich. (3) 

Finally, JV«* = Sn^. 

Using this model, I calculate I^t for four different diode 
types according to Eq. 1 and compare the results to mea- 
sured data in Fig. 2. As expected, agreement of the 
model with the data is better for smaller, more highly- 
doped diodes, while for the larger, lower-doped diode 
types, the data deviate systematically from the frequency- 
independent DSPC model. This deviation could result 
from more inelastic collisions due to ldepi > le arising from 
the lower rid of these diodes. Numerical details are given 
in Tables I and II. 

The DSPC model can also be used to calculate a dynamic 

Diode type rich  (cm-^) •**max Iopt   (ßtO 
1T15 • 12.1x10" 1190 190 
1112 6.56x10" 2090 330 
117 5.42x10" 5450 870 

1J118 2.60x10" 4090 660 

junction conductance, 

^-T^-T*© yty*kr (4) 

If each channel is independent and effective, the series re- 
sistance due to the channels is the reciprocal of Eq. 4; this 
should be a measurable fraction of the total diode series 
resistance[16]. Strictly speaking, this expression assumes 
the cross-sectional area of the constriction S = 7r(d/2)2 <g 
/g[18]. This is not the case here, since for gold at room 
temperature, le « 400 A, and for the diodes, le < 500 Ä, 
while 0.25 < d < 1.0 fiia. However, I take the condition of 
ballistic longitudinal transport as the most important one 
for AC operation. 

In summary, I have proposed that a semi-classical ef- 
fect of periodically-created electron standing waves is re- 
sponsible for the observation of systematic conditions, for 
peak sensitivity in small Schottky mixer diodes. I have 
developed a dynamic Sharvin point contact model whose 
results agree quite well with measured data from different 
devices, so it appears the effect falls in the "middle ground" 
between transport which is completely coherent and that 
which is completely incoherent [9]: transport coherent on a 
short time scale. 

IV. CONCLUSIONS 

While the DSPC model shows that today's small- 
est, most highly-doped GaAs diodes probably attain 
geometrically-limited maxima in sensitivity (given rid), it 
also suggests that slight improvements might come from 
whatever would reduce inelastic scattering near flat-band 
conditions, such as smoother anode perimeters or fewer im- 
purities. Other materials with longer le at room temper- 
ature, such as InP, may enable diode designers to reduce 
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dynamic capacitance by allowing lower doping levels and 
longer ldepi while still achieving transient ballistic trans- 
port. 

Second, with this AC model it is no longer clear what 
role, if any, is played by the (disordered) contacts; their role 
in quasi-DC transport has been the subject of much dis- 
cussion[28]. Since this effect is dynamic, and the electron 
standing waves are only transient entities, their interaction 
with the originating Fermi sea may no longer be important. 

Finally, determination of Nmax via peak sensitivity could 
be a interesting new probe of high-frequency transport in 
metal-semiconductor contacts since the wire antenna as 
a field transducer enables such a wide range of energetic 
stimulus. One could effectively measure le for example by 
raising the temperature of the diode while monitoring this 
effect, looking for a significant increase in noise due to loss 
of ballistic conditions. 
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Introduction 

The design of nonlinear circuits including frequency multipliers requires an understanding of the strong 
interaction between the nonlinear active device and its linear embedding circuit. Our approach to the 
analysis and design of high frequency nonlinear circuits uses a physics-based numerical device model coupled 
with a harmonic-balance circuit analysis technique. Recently novel device simulators have been designed 
for generic InGaAs/InP and GaAs/InGaAs/AlGaAs Heterostructure Barrier Varactors (HBVs) [1], for 
GaAs Schottky Barrier Varactors (SBVs) [2], and for InP, GaAs, and GaN Transferred Electron Oscillators 
(TEOs) [1,3]. In this paper we report on a robust simulator which has been developed for GaAs and InP 
SBV frequency multipliers with arbitrary doping profiles. The large-signal time- and temperature-dependent 
numerical device simulator facilitates a self-consistent analysis with good convergence properties and speed. 
The novel and efficient harmonic-balance circuit simulation technique is specifically designed to expedite 
the inclusion of a numerical device simulator. The use of the numerical device model in conjunction with 
the harmonic-balance circuit model allows co-design from both a device and circuit point of view. 

Frequency Multiplier Simulation 

Numerical Device Simulation Technique 

Carrier transport through the bulk region of the SBV has been described [2] by a set of coupled 
nonlinear differential equations. The numerical device simulator is based on the first two moments of the 
Boltzmann transport equation coupled to Poisson's equation. The resulting equations are 

dn(x,t) _ 1 dJn(x,t) 

dt        a     dx 
(1) 

d<$> (x,t) 
Jn(x,t) = -^B(r,f )n(r,()—= , (2) 

etc 

and 

where 

_3_ 

dx 
e{x).^(U) 

dx 
=q[n(x,t)-ND(x)], (3) 

n(x,t)=HlWexp ^(x,t)+Vn(x)-4>n(x,t)) (4) 

and where n is the electron density, q is the electron charge, /„ is the electron particle current density, <j>„ 
is the electron quasi-Fermi potential, lj; is the electrostatic potential, «^is the intrinsic electron density in 
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the reference material (GaAs or InP), k is Boltzmann's constant, Tis absolute temperature, and V„, p„, ND, 
and e are the spatially-dependent alloy potential [4], electron mobility, donor impurity concentration, and 
dielectric permittivity, respectively. 

In an attempt to account for hot electron effects and high-field velocity saturation effects, field- and 
temperature-dependent mobility is considered here. Mobility values were computed from three-valley 
Monte Carlo simulations under static electric field conditions [3]. These static mobility values differ 
somewhat from the high-frequency values, but give a good approximation compared to low field values and 
yield significant insight into the physics of electron transport. For InP and GaAs, mobility values were 
obtained at 50 degree increments from 300 to 500 K, for fields of 1 to 100 kV/cm with uniform doping 
concentrations of 1 x 101<s cm"3, 5 x 1016cm"3, 1 x 1017cm"\ and 5 x 1017cm"3. 

The transport equations are solved at discrete points throughout the device using a finite-difference 
approximation to the differential equations over a user-defined mesh. The total device current density is the 
sum of/„ and/D where JD, the displacement current density, is given by 

JD(x,t)=e(x) 
dt 

3i|r(r,f) 

dx 
(5) 

For accurate modeling of SBVs, current transport through the device bulk is combined with thermionic 
and thermionic-field emission current imposed at the metal-semiconductor contact. This approach is 
analogous to the analytical thermionic-emission/diffusion theory of Crowell and Sze [5]. Following the 
work of Adams and Tang [6,7], we have adopted a current density boundary condition at the metal- 
semiconductor interface which assumes a drifted Maxwellian electron distribution at the interface. This 
boundary condition allows us to avoid the unphysical accumulation of electrons at the metal-semiconductor 
interface above the flat-band voltage. The resulting current density interface constraint at x=0 is 

J„(0,t)=qvr \n(0,t)-no] (6) 

where n(0,t) is the electron density at the metal-semiconductor interface and n0 is the equilibrium electron 
density at the interface. The effective surface recombination velocity for electrons is 

v   =vs r,n     a 

2kT 

\ nm * 

exp 
( 2m A 

kT 

1+erf v 
\ 

2m' 

kT) 

(7) 

where rn is the effective electron mass at the metal-semiconductor interface. The amount of drift in the 
electron distribution at the metal-semiconductor interface is modeled as 

JJM_ 
qn(0,t)' 

(8) 

The electrostatic potential at the metal-semiconductor interface, assuming a constant potential of zero for 
the metal, is 

TK0,t)= 
yft kT 

1 
+—In 

1 

Cjcf (9) 

where xref is the electron affinity in the reference material, $ is the metal work function, and J^^ is the 
total effective conduction band density of states in the reference material. The barrier height at the metal- 
semiconductor interface, <bb, is given by the first term in equation (9) multiplied by the electronic charge. 
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This barrier height is lowered due to the Schottky effect by the amount 

A<k(f)= 
N 

glg(0,*)l (10) 
47te(0) 

where £(0,t) is the electric field at the metal-semiconductor interface. Tunneling of electrons also introduces 
a barrier height reduction term. The barrier height reduction $ [8] is given by 

Q=fitee, (ii) 

where \ is the total electric field in the barrier, and Axc is a fixed critical tunneling width. 

Through careful investigation of solution methods we have developed a robust method with excellent 
numerical convergence and good speed. For ease of combining the numerical device simulator with a 
harmonic-balance analysis technique, the state variables/,, 4>„, i|f, and D are used. The carrier transport 
equations are solved for a given bias voltage, and subject to the metal-semiconductor interface constraints 
and an ohmic contact boundary condition, using the coupled equation Newton-Raphson method. 

Harmonic-Balance Circuit Analysis Technique 

The novel harmonic-balance circuit analysis utilized in our simulator, termed the Accelerated Fixed- 
Point (AFP) method, is derived from the multiple reflection algorithm [9]. One period of the time-domain 
current through the device, calculated by the numerical device simulator, is used in the harmonic-balance 
analysis. For SBVs, as well as for TEOs, six harmonic components of the current plus the DC term are 
extracted from the time-domain total current waveform using a discrete Fourier transform. Thirteen 
harmonics plus the DC term are utilized for HBVs. The AFP method [10] is then used to update the total 
voltage applied across the active region of the device in terms of the circuit embedding impedances, the 
harmonic components of the current, and the harmonic components of the voltage from previous 
iterations. This iterative process is repeated until the harmonic components of the voltage converge to their 
steady-state values. The AFP method utilizes the fact that the nonlinear device impedance will equal the 
negative of the linear embedding impedance of the circuit for each of the undriven harmonics in steady-state. 
Frequency-dependent parasitic impedances, external to the active region of the device and similar to those 
of [9], are included in the analysis as additional contributions to the linear embedding circuit. 

Results 

Good correlation has been achieved between the SBV hydrodynamic device simulator utilizing field- and 
temperature-dependent mobility and experimental I-V results for the UVA 6P4 GaAs SBV frequency 
doubler. The experimental UVA 6P4 output power versus incident pump power is shown in Figure 1 for 
a pump frequency of 100 GHz. This figure also shows the simulated results obtained from the harmonic- 
balance circuit analysis coupled to both the analytical and hydrodynamic device models. Results from the 
hydrodynamic device model using field- and temperature-dependent mobility and constant electron 
mobility are shown. 

Conclusions 

An efficient and accurate large-signal time- and temperature-dependent simulator for SBV frequency 
multiplier circuits has been developed by combining a physics-based numerical device model with a 
harmonic-balance circuit analysis technique. We have demonstrated the use of this analysis and design tool 
in the simulation of the UVA 6P4 GaAs SBV frequency doubler. Overall, this approach allows for the self- 
consistent analysis of the nonlinear active device and its linear embedding circuit and provides for the careful 
investigation of the internal physical phenomena occurring in highly nonlinear active devices. 
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Figure 1: Experimental and theoretical doubling output 
power versus incident pump power for the UVA 6P4 
GaAs   diode   subject   to 100 GHz   pump   excitation. 
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Abstract 

Monte Carlo simulations of degenerately-doped, GaAs Schottky diodes for terahertz frequencies are 
performed. It is demonstrated that the maximum velocity of the depletion layer edge imposes a limitation 
on their cutoff frequency, and that it substantially overshoots both the steady-state saturation velocity and 
the thermal velocity in bulk n-GaAs. It is shown that, up to the cutoff frequency, transit time effects cause 
a phase delay in the particle current that increases with frequency, and is accompanied by an increase in the 
magnitude of the current. The displacement current is shown to be approximately 90 degrees in phase 
ahead of the particle current. Beyond the cutoff frequency, both the particle and displacement current 
components are shown to drop abruptly in magnitude. 

I. Introduction 

A number of recent workers have suggested that, in the operation of terahertz frequency Schottky 
diodes, the velocity of the depletion layer edge may be limited by the saturation velocity of GaAs, and that 
this may provide an inherent physical limitation on their operation as varactors and mixers [1-3]. Other 
workers have remarked that, instead, the thermal velocity may limit the excursion of the depletion layer 
edge [4]. In this paper we answer these questions by showing results from time-dependent, one- 
dimensional Monte Carlo (MC) simulations of GaAs Schottky diodes. The simulations consider effects 
important in degenerately doped material, such as electron degeneracy and the electron-electron and 
electron-plasmon scattering mechanisms. The usual scattering mechanisms, such as ionized impurity, 
polar optical phonon, deformation potential acoustic, and intervalley scatterings, are also included. Image 
force lowering as well as electron tunneling through the Schottky barrier are considered. The electrons are 
injected from a Fermi-Dirac distribution. The assumed applied voltage waveform is an AC component at 
the local oscillator (LO) frequency in addition to a DC bias. The MC program, as well as the theory behind 
it, are more fully described in Ref. [5]. 

II. Simulation Results 

The ionized impurity concentration of the semiconductor was assumed to be 5 x 1024 m-3. Only the 
"epitaxial" layer was simulated, and electrons were injected directly into the "ohmic contact" at the side 
opposite the Schottky contact. The simulated region was assumed to be 320 angstroms in thickness, which 
is substantially greater than the zero bias depletion length. The assumed voltage waveform was a 0.7 V DC 
bias in addition to a 0.3 V AC component, which is typical for Schottky diodes operating as mixers. The 
assumed Schottky barrier height was 1.0 V. 

Velocity and Position of Depletion Layer Edge 

In this context, the position of the depletion layer edge is defined as the coordinate at which the free 
electron concentration, as determined by the MC simulation, is equal to one-half of the ionized donor 
concentration. The velocity of the depletion layer edge is calculated by simply dividing the change in the 
position of the depletion layer edge by the time interval. 

Figure la shows the velocity of the depletion layer edge, vxdep, as a function of time, over one period, 
T, after achieving convergence. For the sake of comparison, we have also shown in Figure lb the 
depletion edge velocities that would result simply from using the depletion approximation, given by 

'e(4>B-V)]'/2 

Xdep  — 
qNj (i) 

and subjecting it to a time-dependent voltage waveform, but ignoring all high frequency effects. It is clear 
from the illustration that the preceding approximation results in a velocity of the depletion layer edge with 
a step function type change when the voltage reaches the flat-band condition. Such behavior is not, of 
course, physically realizable because electron inertia prevents infinite, instantaneous accelerations from 
occurring.  Instead, our MC simulations show that vxdep increases at a finite rate, and overshoots the 
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velocity curves predicted from the depletion approximation. In many cases, this overshoot is followed by 
velocity undershoot. 

As the frequency is increased, the peak velocity of the depletion layer edge increases roughly in 
proportion to the frequency. The peak velocity of the depletion layer edge reaches a maximum of about 
4xl05m/s at a frequency of 8 THz. At a frequency of 16 THz, however, the peak velocity of the depletion 
layer edge does not increase further beyond 4xl05m/s; in fact, it shows a slight decrease. Thus, we 
designate the cutoff frequency in this context as the frequency at which the maximum current is reached, 
which in this case is 8 THz. 

It should be noted that these velocities are roughly four times the steady-state saturation velocity of 
n-GaAs. They are also substantially greater than the maximum velocities found in the steady-state 
velocity-field curves [5,6]. In fact, the maximum velocities we observe are even greater than the thermal 
velocity of GaAs, which is 2.7 x 105 m/s. The sub-picosecond time scales involved make it possible for 
the electrons to exhibit velocity overshoot, and not be constrained by either the steady-state saturation or 
maximum velocities. 

The curves are far from smooth, and instead show much ringing behavior, indicating the presence of 
higher harmonics of the LO frequency. The ringing appears to reflect velocity overshoot and undershoot 
phenomena, and may also be influenced by transit time effects across the epitaxial layer. We mention that 
velocity overshoot and undershoot in various two-terminal devices have been predicted by others [7]. 
These effects are similar to the velocity overshoot and undershoot effects seen in bulk n-GaAs [8]. 

Figure 2a shows the position of the depletion layer edge as a function of time, and is compared with 
the prediction using the depletion approximation, Eqn. (1), which is plotted in Figure 2b. Below the cutoff 
frequency, the excursion of the depletion layer edge, as predicted by the MC simulations, is significantly 
greater than that predicted by the depletion approximation, and this effect increases with frequency. 
Evidently, a type of overhoot effect exists. The increasing excursion of the depletion layer edge coexists 
with an increase in the particle current through the device, which is described next. Beyond the cutoff 
frequency, however, it is evident that the excursion of the depletion layer edge is vastly smaller than that at 
lower frequencies. 

Particle and Displacement Current 

Figures 3 and 4 show the particle and displacement current components, respectively, as a function 
of time. The plots show that there is substantial particle current only during the "on" phase of the LO 
cycle, which corresponds to roughly the first half of each cycle. The displacement current shows a ringing 
behavior similar to that observed in the velocity of the depletion layer edge. 

Figures 5a-b show the magnitude and phase relationships, respectively, of the particle and 
displacement current components, as a function of frequency. The effects of including the electron- 
electron and electron-plasmon scattering mechanisms are also shown. The magnitude and phase of the 
current components were obtained by performing Fourier Transforms of their waveforms. Figure 5b 
clearly demonstrates the existence of a phase delay in the particle current that, up to the cutoff frequency, 
increases approximately in proportion to the frequency. The time or phase delay is due to the time needed 
for the electrons at the depletion layer edge to travel towards the Schottky contact. We refer to this 
phenomenon as a transit time effect. The magnitude of the particle current, as shown in Figure 5a, 
increases slightly as the frequency approaches the cutoff frequency of 8 THz. Beyond this frequency, 
however, its magnitude drops abruptly. The cutoff frequency observed here is consistent with the 
frequency at which the maximum velocity of the depletion layer edge no longer increases, and is also 
consistent with the maximum frequency at which the full, expected excursion of the depletion layer edge 
can be sustained. Figure 5a also shows that the displacement current increases approximately linearly with 
frequency up to 8 THz, but beyond that point it decreases abruptly. This indicates an effective capacitance 
that is roughly constant up to the cutoff frequency. However, beyond the cutoff frequency, velocity 
saturation and transit effects severely reduce the charge that can be displaced, and therefore also reduce the 
effective capacitance of the device. Furthermore, Figure 5b shows that, up to the cutoff frequency, the 
phase of the displacement current stays nearly 90 degrees with respect to the particle current, as opposed to 
the applied voltage waveform. We remark that electron-electron and electron-plasmon scattering are 
shown to decrease the magnitude of the particle current and displacement current components, and this is 
an effect that increases with frequency. . 

The behavior of the particle current deviates from the classical series inductor-resistor lumped 
element model in that its magnitude continues to increase as the cutoff frequency is approached, even as 
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transit time effects increase the phase delay. By contrast, the classical series resistor-inductor circuit used 
to model bulk material predicts a gradual drop in the magnitude of the current: a reduction by a factor of 
the square root of two is expected at the corner frequency, where the phase delay is 45 degrees. In any 
case, the cutoff frequency that we observe here is much higher than the scattering frequency connected 
with inductive behavior in bulk material, which is around 1 THz for the doping concentration considered 
here. Furthermore, the observed cutoff frequency is also different from the plasma frequency of GaAs, 
which is about 25 THz for the same electron concentration. Thus, while electron inertia accounts for the 
phase delay in both Schottky diodes and bulk material, it is misleading to model the phenomenon in 
Schottky diodes as merely an inductive effect. Instead, it is more nearly correct to consider the effect in 
Schottky diodes as being due to transit delays in the spatial transfer of charge caused by the finite 
maximum velocity of the electrons. 

IQ. Conclusion 

In this paper we have shown the results of time-dependent Monte Carlo simulations of Schottky 
diodes at terahertz frequencies. We believe these are the most comprehensive simulations to date. They 
have considered effects such as electron degeneracy and electron-electron and electron-plasmon scattering, 
in addition to the phenomena usually considered in MC simulations. One of our most significant 
demonstrations is that the maximum velocity of the depletion layer edge imposes an inherent physical 
limitation on the cutoff frequency of GaAs Schottky diodes. Equally important, we predicted that the peak 
velocity of the depletion layer edge substantially exceeds the steady-state saturation velocity of GaAs, and 
is even greater than the thermal velocity. We showed that these transit time effects cause a phase delay in 
the particle current that increases with frequency, but that this phase delay is not accompanied by a gradual 
roll-off in the magnitude of the conduction current. Instead, we expect a slight increase in the magnitude 
of the particle current up to the cutoff frequency, followed by an abrupt drop beyond that frequency. Thus, 
our simulations show that Schottky diode behavior at terahertz frequencies cannot be modeled accurately 
by a traditional lumped-element circuit model. The inclusion of the electron-electron and electron-plasmon 
interactions is shown to reduce the high frequency response and the higher harmonic content of both the 
particle and displacement current components. 
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Fig.   5a.    Particle   and   displacement 
current magnitude vs. frequency. 
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Fig.   5b.    Particle   and   displacement 
current phase vs. frequency. 

Key for Figs. 1-4: ellipses, 2 THz; rectangles, 4 THz; circles, 8 THz; squares, 16 THz. 
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I. INTRODUCTION 

Varactor elements are commonly used to multiply 
the output of Gunn diodes to higher frequencies for use as 
local oscillator sources in heterodyne receivers. At 
frequencies over 100 GHz, the standard varactor element is 
a GaAs Schottky diode. The typical configuration has 
traditionally been a single whisker contacted varactor; this 
configuration's main strength is its minimal parasitic 
capacitance. Recently, however, techniques for fabricating 
planar Schottky diodes have evolved to the point where they 
are competitive with or superior to whisker contacted 
devices, particularly in varactor applications [1]. The most 
obvious benefit of moving to planar devices is their 
ruggedness relative to whisker contacts. However, another 
significant benefit is the ability to integrate several devices 
onto one chip. Recent improvements in yield and parasitics 
have opened up a wide range of possibilities for improved 
varactor elements made of arrays of planar Schottky diodes 
in various configurations. 

The first stage of a multiplier chain obviously has 
the highest requirements for power handling. In traditional 
single-diode varactor designs, higher power handling is 
obtained by increasing the epilayer thickness and reducing 
doping density. This increases the reverse breakdown 
voltage (Vjjj), allowing higher pump powers to be used, but 
at the expense of higher series resistance. For example, the 
UVa 6P4 whisker-contacted varactor has a doping density 
of 3.5 x 1016 cm"3 and a thickness of 1 urn, with a large Vbr 
of 20v. However, due to velocity saturation of carriers in 
GaAs under high fields, it may not be possible to fully 
deplete this lum depth on each cycle at 80 GHz [2]. In this 
case, efficiency drops off quickly under higher pump powers, 
and the extra epilayer thickness is of no benefit. 

n. SERES ARRAY BALANCED DOUBLERS 

Arrays of devices do not suffer the same trade-offs, 
however. Power handüng can be increased by distributing 

Fig. 1. SEM photograph of optimized 160 GHz balanced 
doubler devices. 

the power among several diodes without increasing the 
epilayer thickness. A series array of n devices of area A may 
be used to replace a single diode of area A/n, while keeping 
the same overall capacitance. Thus, such an array can 
handle n2 times the power of a single diode. Such an 
approach was used in UVa SC10V2 devices [1] , which 
divided power among four diodes to deliver 55 mw at 174 
GHz, twice the power available from the previous best 
multiplier at a nearby frequency. This was the first instance 
in which a planar device displayed significantly higher 
performance than whisker contacted devices, demonstrating 
extremely high power-handling capability. Indeed, it 
appeared that the chip could handle far more power than 
what would be available from a Gunn source. 

It should be noted that each individual anode of the 
SC10V2 adhered fairly closely to traditional designs for 
varactors in this frequency range. The doping and thickness 
of the epilayer were similar to 6P4-type diodes, and so their 
cutoff frequency were about the same. The only benefit of 
the series array of four diodes was to increase power 
handling by a factor of four over the 6P4; no attempt was 
made to improve the cutoff frequency or reduce series 
resistance. 
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Fig. 2. A cross section through the doubler block 

HI. OPTIMIZED 160 GHz BALANCED DOUBLER 

In this research, an improved balanced doubler chip, 
shown in Fig. 1, was fabricated and RF tested at 160 GHz 
output The array is laid out identically to the SC10V2 - four 
diodes, two in series on each side. Priority was placed on 
reducing series resistance rather than increasing power 
handling capability, in an effort to achieve a higher cutoff 
frequency and improve efficiency. In this case the chief 
benefit of using this configuration versus a single 6P4 is that 
we were able to use a much higher doped and thinner 
epilayer than are typically used at this frequency, while 
maintaining adequate power handling levels. It is believed 
that the epilayer thickness (4500Ä) is now thin enough that 
velocity saturation effects do not seriously degrade 
performance, and the epilayer may be fully depleted on each 
cycle at 80 GHz. 

The characteristics of this batch (SC6T6) are 
compared with those of the SC10V2 in Table 1. By using 
high doping and thin epilayers, the series resistance was 
reduced to 1.5 Q per anode, a significant improvement over 
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Fig. 3. Output power and efficiency of opimized 160 GHz 
doubler (SC10V2) vs. previous results (SC6T6) [1]. Data 
for input powers other than 145 mW is not yet available. 

the 6 Q per anode of the SC10V2. This was accomplished 
while still maintaining the 40 fF per anode capacitance 
which was desired for matching to the RF circuit. Since two 
diodes are in series on each side, the Vbr for the pair (22 V) 
is still large enough to handle the full available power of an 
80 GHz Gunn source. 

The fabrication followed the surface channel 
process, described in detail elsewhere [3,4]. After forming 
the long metal 'finger* which connects the outer pad tothe 
diode, a deep (9 urn) etch is used to isolate the two pads and 
to undercut the 'finger* of metallization, forming an air 
bridge. This air bridge allows the parasitic capacitance to be 
reduced to very low levels. The fabrication deviated 
somewhat from the standard surface channel process - 
special care was taken to keep the resistance as low as 
possible. To this end, evaporated Ni/Ge/Au ohmic contacts 
were substituted due to their lower contact resistance. Also, 
all contact pads and 'fingers' were plated with thick 
(~2.2um) gold metallization to minimize resistance. During 
lapping, the chips were thinned to 15 - 25 um. Lapping the 
chips very thin, in an effort to minimize the amount of GaAs 
within the waveguide, is necessary to get good RF 
performance. 
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Fig. 4. SEM photograph of the 320 GHz doubler devices 

IV. DOUBLER MOUNT AND RF EVALUATION 

The doubler mount is the same as was used in [1], 
and is shown in Fig. 2. The diode is soldered to the 
waveguide top and bottom walls as well as to the center pin 
in one operation. The chip is supported by the solder joints, 
and the resulting structure is quite robust. 

The highest efficiency was obtained at an input 
power of 145 mw at 80 GHz. The output was 58 mw at 160 
GHz, corresponding to 40% efficiency - considerably higher 
than the 25% obtained from SC10V2 diodes. We believe this 
is a record for both output power and efficiency from a 
multiplier at this frequency. This result is compared with the 
output power and efficiency of the SC10V2 in Fig. 3. Data 
for input powers other than 145 mw is not yet available. 

V. 320 GHz BALANCED DOUBLER ARRAY 

Other planar diode arrays have been fabricated, but 
no RF results are available yet One configuration, which we 
will briefly describe here, is a scaled version of the above 
160 GHz doubler which is intended for operation as the next 
stage in a chain of multipliers. These doublers receive input 
power at 160 GHz and doubles it again to 320 GHz. These 
devices (SC3T5) are also a linear array consisting of two 
pairs, as seen in Fig. 4. The shapes of the pads are changed 
slightly, to facilitate easy soldering and handling despite the 
smaller size. These have smaller anode sizes and higher 

doping than the 160 GHz devices, since their capacitance 
must be lower to operate at higher frequency, but then- 
power handling requirements are lower, with 40 mw 
available for pumping. 

VL CONCLUSION 

Several new designs for varactor anode arrays have 
been fabricated. A160 GHz doubler was fabricated as a four 
diode array with a highly doped (1.4 x 1017cm"3), thin 
(4500Ä) epilayer, in order to minimize parasitic series 
resistance. This and other improvements resulted in a factor 
of four reduction in series resistance below previous devices. 
It is believed that the 4500Ä epilayer is thin enough so that 
velocity saturation effects are not significant. This device 
was RF tested and produced 58 mw output and 40% 
efficiency. This is the highest power and effeciency yet 
reported for a doubler at this frequency. 
A scaled version of the above device was fabricated for 
doubling from 160 to 320 GHz. RF testing of this device is 
under way. 
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Introduction 

There is a need for sensitive receivers at submillimeter wavelengths for such applications as radio 
astronomy, atmospheric studies, plasma diagnostics, molecular spectroscopy and compact range radars. Mixers 
using GaAs Schottky diodes can provide excellent sensitivity at either cryogenic or room temperature, making 
them flexible detectors with proven performance at submillimeter wavelengths. Unfortunately, the best Schottky 
receivers have used whisker-contacted diodes, which make the design and assembly of the receiver quite 
expensive, and complicates the space qualification process. This research is an investigation of the use of planar 
Schottky diodes [1] in waveguide receivers which are optimized through the use of modern circuit simulators and 
design tools, with the goal of achieving the same level of performance that has already been demonstrated with 
whisker-contacted Schottky diodes. 

This paper describes the design, fabrication and testing of a 585 GHz waveguide receiver which utilizes 
state-of-the-art planar Schottky diodes. The design of the mixer, including numerical modeling of the diode and 
circuitry with Hewlett Packard's High Frequency Design Software is described. The results of testing with several 
mixer configurations are presented. 

Mixer Configuration 

The mixer block, shown schematically in Fig. 1, was originally designed for use with a superconductor- 
insulator-superconductor junction. The primary modification was the redesign of the microstrip circuitry to 
present the proper embedding impedance to the planar diode. The LO and RF signals are coupled into an 8x16 
mil waveguide by a diagonal feedhorn [2]. The signals are then coupled into a 4x4.5 mil shielded microstrip 
channel by a microstrip probe in the waveguide. The diode, a UVa SC1T5 diode with a 1.2 jttm anode diameter, 
is mounted across a gap in the microstrip. 

Mixer Modeling and Design 

In order to determine the 
embedding impedance presented to the 
diode, Hewlett Packard's High Frequency 
Structure Simulator (HFSS), a three- 
dimensional finite element solver for 
Maxwell's equations, was used to 
determine the fields for the diode 
mounted across a gap in the microstrip. A 
coaxial probe was inserted in the HFSS 
model near the diode's anode, and the 
input impedance of this probe was used to 
predict the diode's embedding impedance. 
The main mixer tuning parameter is the 
distance between the diode and the low- 
pass filter. Other key parameters affecting 
the diode's embedding impedance are the 
diode's finger length, the impedances of 
the transmission lines on either side of the 
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Fig. 1. Schematic of the planar diode mixer block interior. 
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diode, and the length of the gap across which 
the diode is mounted. 

Once the variation of the diode's 
embedding impedance with system 
parameters was determined, the harmonic 
balance routines in Hewlett Packard's 
Microwave Design System (MDS) were used 
to design RF coupling structures for the 
diodes. Typical diode parameters for an 
SC1T5 diode are R, = 15 Q, i\ = 1.16, I„t = 

(GHz) 

rj-DSB — DSB 
Amlx 

(K) 

LDSB 

(dB) 

SC1T5-S10 585 2500 2030 8.6 

SC1T5-S20 690 4290 3610 10.2 

3E-17 A, and CL = 2 fF.   The values for 
Table 1.1. Summary of the best receiver results at 585 and 

-     J .      •    A u      i    .    690 GHz. R,, ij andjj    were determmed by a least 
squares fit of the measured diode I-V to the 
nonlinear diode equation. Mixer circuits were designed at 585 GHz for diodes with finger lengths of 5, 10 and 

20 fim lengths. 

The microstrip circuits were fabricated on 1.5 mil quartz substrates. The thin quartz wafer was mounted 
with wax on a silicon support wafer, allowing the use of standard photolithography techniques to fabricate the 
circuitrv. The quartz wafer was then diced into individual circuits before being removed from the silicon carrier. 
The IF/DC connection wires were then bonded onto the choke and the diode was soldered across the gap. Finally 
the quartz structure was mounted into the mixer block and held in place by the wires which were pressed into 
indium. Once the mixer block halves have been put together, there are no variable tuning elements. 

Receiver Measurements 

A diplexer and an off-axis parabolic mirror with a focal length of 60 mm are used to couple the LO and 
RF power into the feed horn. The LO power is supplied by an FIR gas laser which is in turn pumped by a C02 

gas laser. Testing was performed at both 585 and 690 GHz. For the 690 GHz testing, the mixer block tuned 
for 585 GHz was used with no adjustments. Table 1 gives a summary of the best mixer results obtained using 
this mixer block. At 585 GHz, the mixer required less than 0.5 mW of LO power for optimum mixer 
performance. The 690 GHz result required approximately 1 mW of LO power. 

Future testing is planned using chokes with a shorter length of microstrip line and using diodes with 
higher doping and smaller anode diameter. With these changes, the modeling predicts that the planar diode 
mixer performance will approach that of the best room temperature whisker-contacted diode mixer. Additionally, 
the modeling predicts that the if the mixer circuit is designed specifically for 690 GHz then its performance at 

690 GHz will be comparable to that at 585 GHz. 
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Generation and Modulation of Infrared Light by Hot Carriers in 
Ge and GaAs/(Al,Ga)As Structures 

L. E. Vorobjev, S. N. Danilov, D. V. Donetsky, Yu. V. Kochegarov, 
D. A. Firsov and V. A. Shalygin 

Saint Petersburg State Technical University 
Saint Petersburg, RUSSIA 195251 

We describe new results of the investigations of hot carriers in certain electro-optic devices: 
first, we describe the characteristics of hot hole carriers in far infrared (FIR) Ge lasers. Next, 
we describe the characteristics of hot electrons in n-type modulation doped GaAs/(Al,Ga)As 
structures. The Ge laser is inserted in crossed electric and magnetic fields in the Faraday and 
Voigt field configurations. It is found that the generation regime, emission spectra, FIR light 
gain, optical power and operation temperatures for the two configurations are different. In 
our presentation, we will discuss the mechanism of population inversion and optical gain. A 
new mechanism for mode selection in the FIR spectrum and continuously tuning the radiation 
wavelength from 80 to 200 micrometers is suggested. This tuning mechanism is made possible 
through the use of a thin absorbing film placed inside the resonator. The continuous tuning 
characteristics of the Ge laser will be presented. 

In the second part of our presentation, we discuss the fast (on the order of a picosecond) 
modulation of carbon-dioxide laser emission at 9.6 and 10.6 micron by hot electrons in selec- 
tively and non-selectively doped n-type, multiple quantum well GaAs/(Al,Ga)As structures. 
In this experiment, the electron population in the structures is heated by applying a pulsed 
electric field parallel to the layer structures. We find that the laser modulation depends on 
its polarization; this modulation is believed to be caused by a change of the light absorption 
coefficient and a birefringence induced by the hot two-dimensional electrons. The physical 
origin of this phenomenon will be discussed. It is different for the two types of structures 
investigated. For the selectively doped multiple quantum well structure, the main cause of 
the light modulation is probably the change of space charge due to the hot electrons. The 
light modulation in the non-selectively doped structures is probably caused by the interaction 
of the hot carriers and the non-parabolicity of band spectra. 
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Optical Pumping of Lattice-Matched ZnCdMgSe Quaternaries and ZnCdMgSe/ZnCdSe Quantum Wells on InP 
Substrates 

Neal Bambha and Fred Semendy, Army Research Laboratory 
10235 Burbeck Rd. Ste. 110 Ft Belvoir, VA 22060 

Znl-xCdxSe quantum wells with ZnxCdyMg-^x.ySe barrier layers were characterized by 
photoluminescence, x-ray topography, and optical pumping. These layers can be grown entirely lattice 
matched to InP, making the material system attractive for blue, green, and yellow laser diodes. Emission 
resulting from the optical pumping of these layers by a pulsed dye laser is presented. 

To date, the only successful blue laser diodes have been fabricated with ZnSe based alloys. The rapid 
degradation of these devices is the biggest obstacle remaining towards their successful commercializtion. 
These devices have all been grown on GaAs, using a Z^^Cd^e quantum well. The lattice mismatch in 
the quantum well produces strain which may lead to degradation during operation. It would be interesting 
to test a laser structure that is completely lattice matched and free of strain. At x=0.525, Zn^Cdx Se has 
a lattice constant of 5.87 angstroms, equal to that of InP. Using the quaternary ZnxCdyMg^x.ySe, lattice 
matched cladding and barrier layers can be grown. 

The layers were grown at CUNY by MBE in a Riber 2300P growth chamber. Elemental Zn, Cd, Mg, and 
Se sources were used. Growth was performed under Se-rich conditions with a beam equivalent pressure 
ratio group VI to group II of approximately 4. Growth temperatures of 270 C and growth rates of about 1 
micron per hour were used. InP (100) substrates having defect densities of < 5xl(Pcm"3 were obtained 
from Sumitomo Electric. Oxide desorption of the InP substrate was performed by heating with an As flux 
impingent on the InP surface as previously reported.* 

To investigate the quality of the layers grown by this method, low temperature photoluminescence and 
double crystal x-ray rocking curve measurements were performed. A 1 micron layer of ZnCdSe grown by 
this method produced extremely narrow (8meV) and efficient PL bandedge emission with very low level 
of defect-related deep emission. X-ray rocking curves having widths of 270 arc sec (FWHM) were 
obtained for these layers. These are the narrowest values reported for ZnCdSe layers grown on any 
substrate. 

The optical pumping experiments were performed with a dye laser pumped by a N2 laser. The N2 laser 
had a pulse energy of 250 microjoules , 3ns pulse at 337 mn.   The samples were thinned to 100 micron 
and manually cleaved to small bar-like samples with cavity lengths of 03mm to 2 mm. The cleaved bars 
were attached with thermal epoxy to a copper mount attached to a cold finger. The temperature of the 
cold finger could be varied from 10K to 300K. The laser beam was attenuated using neutral density filters 
and focused onto the sample surface using a cylindrical lens, forming a rectangular excitation spot. A p- 
i-n photodiode was used to record the incident pump intensity. The light emission from the sample was 
focused with a lens into a 0.8 m Spex double grating spectrometer. The spectrum of the emission was 
measured for several pump intensities, at temperatures from 10K to room temp. The emission 
characteristics were found to be a strong function of pump wavelength and temperature. 

*N. Dai, A. Cavus, R. Dzakpasu, M.C. Tamargo, F. Semendy, N. Bambha, D.M. Hwang and C.Y. Chen, 
Appl. Phys. Letters 66, (1995) 2742 
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Theory of Dark Resistance in Photodiodes for Arbitrary Diode Geometry 

B. L. Gelmont, M. S. Shur, and R. J. Mattauch 
Department of Electrical Engineering, University of Virginia 

Charlottesville, VA 22903-2442 

The dark resistance of far infrared photodetectors is described by the analytical theory of 
Grimbergen [1], which is applicable in the limiting case, when the diffusion length is much 
greater than the detector size. We derive an integral equation, which is valid for any ratios 
of the layer thickness, the recombination length, and the detector radius. This equation can 
be easily solved by standard numerical techniques. We compare our results with 
Grimbergen's approximation and show that, for a typical detector design, the error of this 
approximation may be as large as 30%. 

1.    Introduction. 

Infrared focal plane arrays of photodetectors require small pixel size with uniform 
response over large areas. As the detector area decreases, surface and geometrical effects 
become increasingly important. In particular the zero-bias resistance of the photodetector 
has to be calculated taking into account the lateral spreading of the flow of the minority 
carriers [2]. A simple one-dimensional model is applicable when the layer thickness, b, 
and the diffusion length, L, are small in comparison with the detector radius, R (b, L « 
R), see Fig. 1. Grimbergen [1] derived an equation for the current, which takes into 
account the lateral spreading of the flow.  His equation is valid when b « L, R. 

In practical photodetector arrays, b is comparable with L. Since the absorption 
coefficient is relatively large and the light is absorbed near the surface, the collection of the 
photogenerated carriers improves when the junction is closer to the back surface of the 
device (see Fig. 1), i. e. when b is decreased. On the other hand, the spreading resistance 
decreases with an increase in b. Choosing b to be on the order of L is a reasonable trade- 
off, since at such values of b nearly all photogenerated carriers are collected by the 
junction. When b is comparable to L, analytical treatment does not apply. Briggs [3] used 
numerical techniques to solve directly the three dimensional diffusion equation for planar 
circular photodiodes. 

region 

umination 

Fig. 1. Schematic device geometry. 

In this paper we derive an integral equation which permits us to find the current 
for circular geometry at any ratio of the layer thickness, the recombination length, and the 
detector radius. This approach is a reasonable alternative to a full numerical solution, such 
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as discussed in [3]. We calculate the dependence of the current on the ratio of the 
recombination length to the detector radius for different values of b and compare our results 
with the Grimbergen approximation. 

2. Basic equations and boundary conditions. 

For a circular geometry (see Fig. 1), the minority carrier concentration, n(r,z), can 
be determined from the diffusion equation in the p-type region 

32n(r,z) t a
2n(r,z) 119n(r,z)__   2 m 

~5?"+   8r2    +7^r~n/L C1) 

with the boundary conditions 

n(r,0)=n(0) for r<R (2) 
dnjdz=0 at z=0 for r>R, (3) 

8n/9z=0 at z=b (4) 

These boundary conditions assume that the depletion region thickness is small in 
comparison with both the layer thickness and the recombination length. 

3. Integral equation and its solution. 

Following the approach discussed by [4], we can find the solution of eq.(l) satisfying 
boundary conditions (3) and (4) 

.    , 7 dttF(t)Ln(0) J(b-zWt2L2+R2' 
n(r,z)=j j-r— -cosh 

0 Rsinhf—Vt2L2 +R2 \l t2L2 +R2 
V        LR        J 

Jol 'i I (5) 

where Jnisthe Bessel function, 
1 

F(t)=Jdvf(v)cos(vt) (6) 
0 

and f(v) is a function defined in the interval 0 < v < 1, which can be determined from the 
boundary condition given by eq. (2). This boundary condition leads to the following 
integral equation for f(v): 

R    ?d,g(t)cos(m)        bVt'L' + R' 
T J     -/«-2T2   ,  r>2 IP 

0 Vt2L2 + R2 LR 

The resistance Rs is related to the function f(v) as follows 
l/Rs = 2^qDnRn(0)F(0)/(kBT) ^    (8) 

where q is the electron charge and Dn is the electron diffusion coefficient. 
The solution of eq. (7) depends on two parameters b/R and L/R. In the limit of a 

small layer thickness (b « L, R), this integral equation is simplified 
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b  7dttcos(utR/L))T,,tRx 
^= J r~2 F(—) R 0 1+t' 

The solution of this equation is 

,. , 2bR 
f(V)=^J 4^?+ 

-G1) 
where 

A_LK!(RA.) 

RK0(R/L) 
and Kn is the modified Bessel function. 

Substituting eq. (10) into eq. (8) we obtain Grimbergen's equation 
Rg=R0/(l+2A) 

where 

R = 
kBTL2 

(9) 

(10) 

(11) 

(12) 

(13) 7rqDnR
2 b n(0) 

is the current predicted by the one-dimensional model based on the assumption that the 
layer thickness, b, and the recombination length, L, are small in comparison with the 
detector radius, R. 

In a general case, the integral equation (7) has to be solved numerically. For the 
numerical solution, it may be re-written in a more convenient form: 

1 1 1 
^f(u)=l+jdvf(v)~jdvB(u,v)f(v)-^-]dv[A(u+v)+A(ki-v\)]f(v) 
1 0 Lo 2L0 

(14) 

where 

and 

B(u,v)=J dtt 

4^\ 
coth 

bV?+l 
cos 

(\xR\    (vt$C\ 

\ L 
- cos - 

L ) 
(15) 

JC/2 

A(z)=z jdQsin 8exp(-zcos9) (16) 
0 

We solved eq. (14) numerically for different ratios of b/R and L/R and compared the results 
with the Grimbergen approximation (see Fig. 2). 

Conclusions 

As expected and as seen from Fig. 2, the Grimbergen approximation works quite 
well when b/L « 1. For practical photodetectors, this ratio is on the order of unity, and 
the error introduced by the analytical approximation may be quite large (30% or so). The 
proposed method allows us to obtain a more accurate solution quite easily. This method 
may be also applicable for a large variety of other problems involving diffusion of electrons 
and holes in semiconductor devices, such as the current spreading in semiconductor diodes 
of different geometries. 
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Fig. 2. Relative difference between the computed dark resistance, Rs, and the dark 
resistance, Rg, predicted by Grimbergen's theory versus the ratio of the recombination 
length to the detector radius for different layer thicknesses. 
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LASER BEAM INTERFERENCE EFFECTS on the PHOTOVOLTAGE of a 

GaAs P-N JUNCTION 

K. Weiser, F. Dahan and S.E. Schacham- Dept. of Electrical Engineering, 
Technion, Haifa, Israel 

E.Towe and H. Park- Dept.of Electrical Engineering, U. of Virginia 

We present measurements of the photovoltage f>  observed for a GaAs p-n 
junction diode when illuminated through a mask by a sinusoidally varying 
light pattern produced by the interference of two coherent He-Ne laser 
beams. Using a theory (l) which relates j both to the fringe spacing and 
to the phase of the interference pattern relative to markers placed 
parallel to the fringes, but at a distance 1 apart, we deduce the 
diffusion length of minority carriers in the top layer of the diode. 

By the use of a mask the illuminated area (typically 0.5. x 0.5 mmA2) was 
kept much smaller than the surface area. Under these conditions it was 
found that the photovoltage between the n- and the p- layers in the 
absence of interference increased logarithmically with the exposed area 
and, of course, with the light intensity. The edges of the mask along the 
fringe direction were metallic stripes which served both as ohmic contacts 
to the p-layer and as the "markers" relative to which the interference 
pattern was measured. By using a beam expander the region between the 
contacts was uniformly illuminated, except for the interference effects. 
The photovoltage was measured between these contacts and an ohmic contact 
on the n-side. 

By passing one of the beams through a phase modulator the interference 
pattern could be swept across the region between the top contacts. The 
effect of this sweep on the photovoltage 4  depended on the angle between 
the beams. If b, the number of fringes between the two stripe contacts, 
equaled an integer N^ did not change during the sweep. For b= N + 1/2, 
however, the voltage alternated between maxima and minima as the phase of 
the interference pattern changed with respect to the position of the two 
contacts. The magnitude of the voltage swing decreased with increasing 
values of b. 

From the dependence of the voltage swings/}0 on b it is possible to 
obtain the diffusion length of the minority carrier (electrons) in the top 
layer. A simplified theory(l) which accounts for this dependence starts 
with the fact that for b= N +1/2 (but not for b=N) the sweep results in 
periodic changes in the total light flux reaching the illuminated area. 
This phenomenon is due to the fact that for zero phase difference between 
a maximum in the phase pattern and one of the stripe contacts the total 
light flux reaching the illuminated area is equal to that in the absence 
of interference, IQ.  As the phase angle changes during the sweep the total 
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light flux first exceeds and then becomes smaller than L,; after a phase 
change of 77/2 the cycle repeats itself. Hence, even without taking 
minority carrier effects into account f  undergoes periodic variations 
during the sweep. This effect alone does not, however, correctly predict 
the dependence of the voltage swings /Xi on the wavevector k of the 
interference pattern. 

To explain the dependence of £&   on k observed experimentally one must 
take into account the spatial distribution of minority carriers in the 
illuminated layer of the diode. Since the light intensity varies 
sinusoidally along the direction of k the minority carrier concentration 
exhibits an analogous pattern. The amplitude of the oscillations is, 
however, much smaller than that of the light pattern because of diffusion 
of carriers from regions of high light intensity to those of low light 
intensity(2). It can be shown that the amplitude of the oscillation is 
proportional to an attenuation factor ( It %£&)~ (2) where 
L is the minority carrier (electrons) diffusion length in the top layer. 
Since the photovoltage depends on the rate of arrival of minority carriers 
at the junction(3) we have derived an equation for the swing in the 
photovoltage during the sweep of the interference pattern which takes 
this attenuation factor into account. The theory predicts (l) that the 
voltage swing^p depends on the wavevector k according to the relation: 

W/Z*T + t 
M ( itM-2-*-1) 

From a plot of the l.h.s of Eq.i at different £  £'s vs k , with L as a 
fitting parameter, we obtain a value of L= 13.4 microns which is in 
excellent agreement with the value calculated from the lifetime and 
mobility of electrons in GaAs at the doping level of the diode studied. 

(1) K. Weiser,F. Dahan ,E.S. Schacham, M. Shur, E. Towe and H. Park; 
to be published 

(2) D. Ritter, E. Zeldov and K. Weiser- Applied Physics 49, 91 (1986) and 
J. Of Applied PhysiCS 62, 44563 (1987) 
D. Levy and K. Weiser- Appl. Phys. Letters 66,1788 (1995) 

(3) J.P. McKelvey- Solid State and Semiconductor Physics, Harper and Row 
1966; Ch XV 
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High Speed Turn-Off of a GaAs Optoelectronic Thyristor 

V. Korobov, V. Mitin 

Department of Electrical and Computer Engineering 
Wayne State University, Detroit, MI 

1. INTRODUCTION 

Recently, extensive research has been performed on light-emitting thyristor-like 
PnpN structures [1, 2]. Their applications for optical parallel processing schemes and 
optoelectronic integrated circuits require high speed of operation. Switching times 
of the order of several nanoseconds have been obtained using gate contacts [3].The 
fast recovery of two-terminal PnpN structures could essentially expand applications 
of optothyristors for optical parallel processing, copying and transmisson of optical 
images [4]. Recent experiments [5] have demonstrated that two-terminal optoelec- 
tronic thyristors with ultrasmall n-base region can be turned off in a few nanoseconds 
simply by applying the negative voltage to the anode. An improvement in turn-off 
time by about three orders of magnitude over traditional two-terminal thyristors has 
been achieved. Theory of this phenomena has not been reported yet. 

Our goal is to present results of numerical simulation of reverse recovery processes 
in a GaAs optothyristor with a narrow n-base, when its punch-through occurs after 
reversing anode voltage. The simulation is based on the numerical solution of the 
full set of nonstationary semiconductor device equations. Analysis of our simulation 
results has allowed to show that n-base punch-through allows essentially decrease 
switching times and icrease immunity with respect to dV/dt switching. We have 
derived an expression for a recovery time in terms of device parameters for the first 
time. Comparison with available experimental results will be discussed in our talk. 

2. PnpN STRUCTURE WITH A "WIDE" BASE 

In the ON state the voltage drop across the device is small and there are many 
excess electrons and holes in the inner n,p regions of the thyristor. In order to switch 
the device off, excess carriers, supporting the ON state, have to be reduced below 
the holding level. Attempts to remove excess carriers by reversing the anode voltage 
were not successfull. It was reported [5] that several microseconds were required 
for an excess charge to reach equilibrium after applying a negative anode voltage 
to the two-terminal device, which initially operated in the ON state. Simulation 
results show, that the reason of this long turn off is that only one type of carriers 
(fast diffusing electrons) can be pulled out after applying a negative anode voltage. 
Decrease of electron concentration takes place only near the Pn junction, where a 
space charge region forms. Practically all voltage drop occurs across this region. 
After this region has been formed, the next slow stage of relaxation starts, when 
electric field practically does not change its magnitude and carrier concentrations 
slowly decrease with time. It can be shown, that hole concentration p0(t) at the 
boundary of depletion and quasineutral regions decreases proportionally to the total 
current j(t) at this moment of time. Hole concentration in the quasineutral region 

p(t) can be found to be proportional to j(t) also. The ratio p{t)/p0(t) ~ J(V) is time 
independent. Part of the structure outside the depletion region remains quasineutral 
and is flooded by excess carriers, whose concentrations decrease proportionally to 
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the current density j(t). The latter is not a strong function of the negative applied 
voltage. Reverse recovery process for this traditional structure is a slow process, 
because electric field has a little effect on the rate of holes removal. 

3. "NARROW" BASE 

In this case the n-layer becomes completely depleted and is unable to consume 
all applied voltage. We call an n-base "narrow" if its width Wn is less than the width 
of a Pn space charge region at a given reverse voltage V. The simulated structure 
consists of two outer regions (P and N) doped with 1017 cm~3, and inner regions (p 
and n) equally doped with 1015 cm~3. Widths of P, n, p and N layers are 3.5 fim, 1.5 
[im, 5 fim, and 3 fim respectively. Figs. 1 shows electric field distribution at different 
moments of time after applying a negative voltage V = —6V at t = 0. It is seen, that 
after a depletion region has been formed near the Pn junction all n-base is completely 
depleted and field starts to penetrate into the p-base. On this stage of recovery process 
we can indicate three different regions in the device: the depletion region I, which 
coincides with the whole n-base, and two neutral regions II and III in the p-base. In 
the region II there is a constant electric field E0(t), electrons concentration is small 
and hole concentration has decreased up to the equilibrium level: p = N^. Electron 
and hole densities in the region III are n(x,t) « p(x,t) « n(x,t) > NA,ND- Electric 
field in this region is small as well as a space charge. At t « 1.7ns the boundary 
between regions II and III reaches the pN junction. It means that at this moment 
all excess holes have been evacuated from the p-base and the depletion region near 
the pN junction has been formed. Electric field distribution at t > 1.7ns shows two 
depletion regions, the first is near the Pn and the second is near the pN junction. It 
means, that in the regime of n-base punch-through not only electrons, but also holes 
have been removed from the center regions of the device during a short period time 
« 1.6ns. 

It is possible to obtain a closed expression for time tp, required for the electric 
field to go through the whole p-base. This time determines a rate of excess carrier 
removal from the device and, as we will see, is crucial for the increase of immunity 
with respect to dV/dt switching. Poisson's equation in the completely depleted n- 
region can be integrated with the boundary condition E(x = Wn) = Eo(t). E0(t) is 
the electric field in the region II. It is position independent, because the total current 
here is controlled by holes, whose concentration is equal to doping concentrations NA'- 
3 Ä jp(t) = 1PpEo{t) NA- At x = l0(t) E0(t) goes to zero. Assuming that its drop 
is abrupt, the voltage V across the device can be written as: 

V = ^^ + Eo(t) (l0(t) + Wn), (1) 

where EM = (47rg/e) ND Wn. The boundary x = l0(t) moves to the right with the 
velocity | ff |. To get a relationship between | 4k | and the current j(t) we integrate 
the hole continuity equation over the p-base: 

8P    j(t)      rw" 

P is the total number of holes in the p-base, which can be written as P = iV^Jo^) + 
n (Wp - k{t)). The last term in Eq. (2) is small and can be omitted. Using (2) 
we obtain, that the boundary x = l0(t) moves to the right with the velocity | ^k- | 
so that the carrier content of the swept-out region just covers the current density 
j(t) = qn | -^ | = qnPEo(t) NA . Assuming that n = const we get an equation for 
Jo(i) : 
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Zo2(i) + 2lQWn =  ^ß- (V - V0)(t - to), (3) 

where Vp = EM Wn/2 = (2irq/e)NDWn
2 , t0 is the moment of time, corresponding to 

the begining of electric field penetration into the p-base : l0(t0) = 0. Using (4), we 
can estimate the current density when IQ S> Wn: 

.,,.        _ dl0(t) UPnNA{V - V0) 1 

The time tp, nessesary for electric field to reach the pN junction (when l0(t) = Wp) 
is given by 

U   Wr' + 2W,W„ 
t'-to+2N: (v-vo^ ■ w 

Substitution into this expression values NA = ND = 1015 cm~z,n - 2-1016 cm~3 

Wp = 5- 10-4cm, Wn = 1.5 • 10"4 cm-3 gives V0 = 1.85 V and for V=6 V we obtain 
tp « 2.1ns. It is in a good agreement with the results of direct numerical modelling. 

4. IMMUNITY WITH RESPECT TO dv/dt SWITCHING 

_ It is well known experimentally, that a fast increase of the anode voltage induces 
switching of a thyristor before a quasistatic break-over voltage is reached. It was 
pointed out in [?], that remaining majority carriers ( holes in the p-base) supporting 
the ON state, provide a forward bias for the emitter-base pN junction and induce 
dV/dt switching. To reveal the effect of electric field penetrarion into the p-base we 
have performed a transient simulation for the applied anode voltage, which has the 
following form. Starting from the positive value V = 0.5F, the anode voltage V then 
pulsed to a negative value V^g. After an interval of time T^g the voltage V increased 
during 1 ns to the value V^. Maximum positive voltage ^5

mox, up to which the 
thyristor can be pulsed in 1 ns without switching on, versus T^ is depicted in Fig. 
2. For negative voltages V < V0 small positive bias switches the device ON and this 
positive bias practically does not depend on the magnitude T^g. For V > V0 immu- 
nity sharply increases for T^g « tp. This shows, that tp, calculated in the previous 
section, has a meaning of a switching time of our device. The increase of immunity 
has been observed experimentally in [5]. 
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Figure 1. - Electric field after applying the voltage -6V to the anode at various 
nents of time t . 1 -1 = 0.3ns, 2 - t = 0.7ns, 3 -1 = 1.1ns, 4 -1 = 1.5ns. moments 

10 15 
Tneg, ns 

Figure 2. - Maximum positive voltage Kp,l-mail up to which the thyristor can 
be pulsed in 1 ns without switching on, versus Tneg. T^g is the time interval, during 
which a negative voltage V^g was apllied. Curves 1, 2, 3, 4 correspond to Vneg= —4.5 
V, -3.5 V, -2.5 V and -0.5 V. 
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Optimizing p-i-n/HBT Receivers for Bit-rate and Sensitivity 
Using SPICE 

Moon-Jung Kim, Dae-Keun Kim, Sung-June Kim 
Seoul National University 

Mukunda B. Das 
Pennsylvania State University 

Abstract 

Recently there have been several reports on the high speed OEIC receiver frontends of bit 
rate exceeding 10 Gbps[l-3]. These receivers are typically characterized by the 3-dB band- 
width of their low pass frequency responses, and also by the minimum detectable power or the 
sensitivity. No analytical method, however, has been developed to determine the optimum 3- 
dB bandwidth, f3dB.op[, one can operate a device with the highest sensitivity at a given data 
rate. The condition of f3dB.opt comes from detailed behavior of the active and passive 
components of the receiver circuit. This includes a distortion called intersymbol interference 
(ISI) that exists in the pulse train response. 

In this paper, we present the results of determination of f3dB.opt versus bit rate B using SPICE 
transient simulations based on a p-i-n/HBT OEIC transimpedance receiver designed with 
optimized load resistance and feedback resistance. For accurate determination of the sensi- 
tivity, we have employed direct integration of the transfer function ZT(f) instead of using 
Personick's integration constants, and combined it with the ISI noise obtained from transient 
simulations. At 10 Gbps operation, f3dB.opt is 6.5 GHz for the optimum sensitivity of-22.6 
dBm, and at 18 Gbps operation, f3dB.opt is 8.6 GHz for the optimum sensitivity of-22.0 dBm. 
The ratio f3dB.opt/B was found to vary from 0.65 to 0.45 when f3dB changes from 6.5 to 9 5 
GHz. 

Fig. 1 (a) and (b) show the epi and device structures we employed. The collector of the HBT 
also acts as the photoabsorption layer for the p-i-n diode, and therefore some trade-offs are 
made between the speed of HBT and the quantum efficiency of the p-i-n photodiode. We 
choose a transimpedance amplifier circuit for its wide bandwidth and large dynamic range, as 
shown in Fig. 2. The size of the components and the corresponding small signal equivalent 
circuit of the HBT(Dl) are shown in the figure as well. In the circuit we take Rf, Cf, and RL as 
the key variables in optimizing the photoreceiver in terms of bandwidth and sensitivity. The 
advantageous point of variable Cf lies in that we can make various values of Cf keeping that of 
Rr constant by varying the geometrical aspect ratio of Rf. The capacitance Cf arises mostly 
from fringing effects between the end pads of Rf. The range of the value of Cf can be a few 
fF's. 

In determining the sensitivity, the circuit noise should be analyzed first. Conventionally, the 
total noise is estimated using the following expression 

<il>cm   -iA^+2q{IB+IDARK))-I2B + (4££ .(X)2+29/c(0_)2)./3ß3   (1) 

where I2 and I3 are the Personick's integrals in the forms of      f \ZT'{f)\2df IB      , and 

J0 / " \ZT (f)\ df I B , respectively. These expressions are valid, however, as long as the 
equalization is done to make the output of the photoreceiver ISI free. In actual cases this 
assumption does not hold because equalization is not used or because it is also input pulse 
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shape dependent. In the evaluation of the noise, we have taken a new approach of taking the 
direct integral of the frequency response function from the SPICE simulation directly [4]. Fig. 
3 shows the effect of changing Cf on the transfer function. Fig. 4 shows the bandwidth- 
dependent integral factors and compares those with the conventional Personick's integral 
constants. If the effective integral factor is larger than Personick's constant, the conventional 
noise analysis gives more optimistic results, and vice versa. 

Another novel respect of our approach in the evaluation of the noise is that we deal with ISI 
noise which cannot be neglected because the raised-cosine assumption is not valid. We have 
analyzed the effects of ISI by examining rectangular pulse responses of receiver with a given 
bandwidth operating at various bit rates for some levels of ISI. Fig. 5 shows the change in 
SNR (signal-to-noise ratio) due to ISI. For a given data rate, an optimum 3-dB bandwidth 
exists. As the 3-dB bandwidth increases above f3dB-oPt me transfer function tends to transmit 
all higher harmonics and this increases ISI noise, whereas the 3-dB bandwidth decreases 
below f3dB-oPt t'ie transient response tends to attenuate the pulse height causing ISI noise to 
increase monotonically. 

By combining the transient analysis to observe ISI and the SPICE-based noise bandwidth 
analysis, we can then.more accurately analyze the sensitivity of the p-i-n/HBT circuit. The 
overall sensitivity can be obtained by 

"5 hv . I      < z»> cm vP== TXX (2) 
f    Q2     SNR 

where r\ is the quantum efficiency, P is the sensitivity, v is the frequency of light, Q = 6 for 
10"9 BER. Fig. 6 shows the overall sensitivities of the circuit with Cf as variable for several 
bit-rates. As Cf increases, the bandwidth decreases, and the circuit noise decreases as well due 
to reduced noise bandwidth. At the same time, for a given bit rate, the ISI noise can increase. 
Thus one can optimize the sensitivity of the p-i-n/HBT circuit including both the circuit noise 
and the ISI. 

We can establish a proportional relationship between the bandwidth and the bit-rate, so we 
can define k factor by f3dB-opt = kB, where B is the operating data rate. Fig. 7 shows the 
optimum bandwidth for a given data rate and corresponding k values. Using this analysis, we 
determine the best sensitivity that can be obtained at 10 Gbps operation is -22.6 dBm with the 
k factor specified at 0.6. Smaller k factors are expected at higher bit-rates. For example, at 18 
Gbps operation, k = 0.48 and a bandwidth of 8.6 GHz for the for the optimum sensitivity of- 
22.0 dBm. The difference is less than 1 dB and this is only due to difference in noise 
bandwidth in the estimation of circuit noise. 

In summary, we have shown that the sensitivity of an OEIC receiver can be optimized using 
SPICE timing and frequency domain simulations, by applying correct noise bandwidth and 
including ISI. We have accurately determined the values of ISI and circuit noises for changing 
bandwidth, which enabled the detection of the optimized bandwidth for a given data rate. The 
ratio f3dB-opt/B was found to vary from 0.65 to 0.45 when f3dB changes from 6.5 to 9.5 GHz for 
the OEIC receiver. 
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Fig. 1. InP/InGaAs p-i-n/HBT Device   (a) The epitaxial layer structure    (b) The schematic cross- 
sectional view of the device structure. 
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Fig. 2. (a) Transimpedance Frontend Circuit and (b) Small-signal Equivalent Circuit : The design 
parameters used in this paper are C^ = 1.5 fF, Cc = 4 fF, Cn = 52.8 fF, rbb. = 60 Q., rcc = 40 Q, r0 = 12.5 
kQ, r„ = 3.5 kfi, and gm = 14.28 mS, respectively. These values are extracted from epi layer structure, 
geometric structure of the device, and DC biasing conditions. 
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Fig. 4. Comparison between the integral factors in the conventional Personick's constants and in the 
exact noise analysis using direct integration of transfer function : The Personick's constants I2 and I3 are 
0.56 and 0.083, respectively, for rectangular input pulses. We define the effective integral factors as I2e(r 

= l\zT-(j);dfJB,h^\:r.\zT'<jtdfJB   respectively. 
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Fig. 5. The Bandwidth Dependent Signal-to- 
ISI -noise Ratio : For a given bit-rate, there 
exists an optimum bandwidth for an almost ISI 
free operation. 
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Fig. 6. The Bandwidth Dependent Overall 
Sensitivity : Both the circuit noise and the ISI 
noise are included. 
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Fig. 7. k versus Data Rate : We define the k factor as f3dB_opt = k B (k<l) where f3dB_0ptIS tne optimum 
3-dB bandwidth obtained as in Fig. 6. and B is the operating data rate. We can see that k value exhibits 
the values from 0.65 to 0.45. 
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Deep Cooling 2x128 Elements Hybrid Photoresistor Device 
for Spectral Range 6-2(ht Based on Epitaxial 

PbSnTe<In> Films Prepared by MBE Technique 

V. N. Shumsky, G. N. Feofanov, A. A. Frantsuzov, 
A. G. Klimenko, A. E. Klimov, N. I. Petikov, 

T. U. Shafirova, S. N. Shalapaev, V. V. Soldatenkova 

Institute of Semiconductor Physics, Russian Academy of Science, 
pr. Lavrentjieva 13, Novosibirsk 630090, Russia 

The working out of photoresistor device (PD) appeared to be possible not only 
because of using PbSnTe<In> films with extraordinary properties as photosensitive 
elements, but also due to Si-multiplexers operating at T<20K and due to hybrid 
assembly technique with metallized polyimid ribbon cables. 

The properties of lead-tin-tellurium (LTT) solid solution (x=0.24-0.26) doped with 
indium (In) have been investigated for the last few years [1,2]. The most interesting 
and unusual properties of this narrow gap compound (Eg=0.06 eV corresponds to the 
red edge of sensitivity about 20 u) are almost intrinsic charge carriers concentration in 
darkness till liquid helium temperature and very long lifetime of nonequilibrium 
photoexcited charge carriers below temperature about 25K. Lifetime may achieved a 
value of a few seconds and more at T=4.2K. Nevertheless we have no any 
information about the creation of matrix or array PD based on LTT<In> epitaxial 
films. 

PD consists of 2x128 elements photoresistor array having lOOu period and 
120u*80|i area of each element, of four Si-multiplexers with 64 entrances on each 
of them which are connected to the array by metallized polyimid ribbon cables and of 
electronic units to control multiplexers. Fig.l gives the general view of the PD. 

2 3    13        2 
Fig.l PD assembly. 1-2x128 elements photoresistor array, 2 - Si-multyplexers, 

3 - polyimid ribbon cables. 
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Photoresistor arrays were formed on epitaxial LTT<In> films prepared by MBE 
technique on BaF2 substrates. The thickness of the films was 1.35-1.5 u . The 
average concentration of In through the films from the substrates to the film surfaces 
equals to 2-5 at.%. The peculiarities of the structure, composition and some other 
properties are described in [3]. As a rule the darkness resistance of a particular array 
element exceeds 1010 Ohm below T=20K and 1013 Ohm atT=4.2K. 

PD characteristics were measured in special deep cooling chamber which contained 
blackbody source of irradiation supplied with ZnSe window and mechanical shutter. 
This chamber provides low level of background irradiation which stays below 1010 

photons/cm2/s. 

The spectral dependence of the array sensitivity was measured in optical helium 
cryostat with the level of background irradiation being rather high. Therefore in this 
case the element resistance didn't exceed (l-3)xl05 Ohm. The red edge of 
photosensitivity was disposed near 20u. 

The typical dependence of PD photosignal vs the element number for one of four 
multiplexers is given in fig.2. Bias voltage at photoresistors is equal to U=2.2 V, the 
base multiplexer frequency is equal to f=l kHz (accumulation time - 1 ms). The 
sensitivity dispersion does not exceed ±20%. The noise of PD as a whole is 
determined by multiplexer noise and it is several times more than calculated 2ql noise 
of a particular photoresistor. 

u,v 

Element number 

Fig.2 The dependence of output photosignal vs element number. T=10.4K. 

The dependence of PD sensitivity vs blackbody temperature seems to be of special 
interest. It is given in fig.3. Current sensitivity was calculated using the values of 
output voltage, amplification coefficient, accumulation time and entrance capacity. 
The irradiation of the element vs blackbody temperature was calculated using 
transmission coefficient of ZnSe window. One can see that the sensitivity is rising 
about 30 times during blackbody cooling from room temperature to liquid nitrogen 
temperature and exceeds 200 000 AAV at bias voltage U=2.2 V. The sensitivity rises 
due to the increase of nonequelibrium charge carriers lifetime with the level of 
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Fig.3 The dependence of the single element sensitivity vs blackbody 
temperature. 

u,v 

Time , s 

Fig.4 The time dependence of output signal for the three values of blackbody 
temperature, l-Tbb=77K, 2-Tbb=250K, 3-Tbb=300K. Shutter "on" and 
"off' are marked by the arrows. 

generation being lower at lower blackbody temperatures. It is proved by relaxation 
data of PD output photosignal of a particular element given in fig.4 for three 
blackbody temperatures. 

In general the temperature dependence of the conductivity of LTT<In> being used 
as well as the dependence of relaxation time of the conductivity vs generation level 
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corresponds to radiative recombination. In addition radiative recombination seems 
to be more preferable because LTT is well known as a compound used for creation of 
injection lasers. On the other hand there are no enough experimental data for 
LTT<In> used in this work which would allow us to come to the final conclusion. We 
hope the wide possibilities of PD which is described in this paper will help us to find 
the answer on this question in the nearest future. 
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3. A.E.Klimov, D.V.Krivopalov, I.G.Neizvestny, V.N.Shumsky, N.I.Petikov, 
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HIGH-PRECISION DESCRIPTION OF MEMORY EFFECTS 
IN LOW-BACKGROUND IR DETECTORS. 

Boris I. Fouks 
Institute of Radioengineering and Electronics of RAS, Moscow. 

The devices incorporating high-resistivity semiconductors, such as wide 
band gap or low-temperature devices, suffer often from memory effects. 
These effects are due to traps being abundant in such semiconductors. 
The traps vary their charges by generation and capture of free carriers 
over nonstationary processes caused by various actions. The trap charge 
integrated for a long time becomes so high that creates the field vari- 
ations affecting essentially the current or the other characteristics 
of the operating devices. The higher the semiconductor resistivity, the 
longer the typical time of a trap recharging. Hence the characteristics 
of the mentioned devices at the moment depend on the long prehistory, 
that is, on all the events which affected such a device over a long 
period before the moment. This worsens the performance of the devices. 

Below the memory effects are studied in more detail by the example 
of low-background IR detectors. We discuss the way these effects hamper 
the use of these detectors, present a high-precision description of the 
memory effects for the detectors of one important type, and show that 
such a description allows to use the mode of the fast detection of in- 
cident fluxes that markedly improves the performance of the detectors. 

Low-background IR detectors are used to study the radiation of the 
Universe between 3 and 200 fxm. This radiation is very low. To detect 
such a radiation the extrinsic silicon and germanium photoconductors 
doped by shallow impurities and cooled to helium temperatures have to 
operate in space. An accuracy of ~17. is required for such measurements. 
In the process the detectors exhibit the pronounced memory effects with 
the typical time being as much as 10 s or even longer. The length of an 
exact measurement has to be longer than this time as the detectors are 
calibrated at a direct current. There is no way to make the calibration 
under frequent step-like flux changes being best suited for the space 
applications, since the current in the process is coupled ambiguously 
with the intensity of the incident flux at the moment and depends non- 
linear ly on a great body of variable parameters: the flux intensities 
incident on the detector for a long time before the moment, their dura- 
tions and order. The long time of the measurement makes it very costly, 
confines a list of measurements over a space flight. 

To detect fast the incident fluxes one has to have an exact des- 
cription of the transient current caused by frequent flux changes. The 
memory effects render the deduction of such a description particularly 
intricate. Nevertheless it has been deduced and is presented here. It 
generalizes the theory of the response on a flux step after a steady 
state and, that is of first importance, gives a key to a large dividend 
in the ability of the detectors to solve space problems. Now it is be- 
ing used to improve the operation of the Si:Ga detector arrays of the 
Infrared Space Observatory (ISO) being launched this year. 

To study the physics of the trap memory we consider the simplest 
model of an extrinsic p-type photoconductor containing acceptors and 
donors in concentrations N and Nd<N; the donor level lies higher than 
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the acceptor one. With no generation all the donor electrons go in the 
acceptors (traps) with the result that their occupancy by holes f has 
the equilibrium value: fo=l-Nd/N. The holes come to the valence band 
when generated from the traps by an IR radiation. Since the generation 
is so low that the free-hole concentration p satisfies the condition 

p«Nd, N-Nd, (1) 

the occupancy of the traps remains close to fo. The detector has the 
contacts situated in the planes x=0 and x=l and is under the voltage 
Vo, that is, the mean field in the detector is Eo=Vo/l. 

The detector operation is described by the simplified equations of 
the total current conservation, of Poisson, and of the trap recharging: 

J/A = ejiEp + (e/4ir) SE/St, (2) 

SE/ax = 47reN(f-fo)/e, (3) 

NÖf/at = p/T - G(t). (4) 

Here J is the total current, E(x,t) the electric field, e the charge of 
a hole, e the permittivity, A the cross-section area; fi and T are the 
hole mobility and capture time; T =yN(l-fo), y the capture coefficient 
If the generation is optic its rate G(t)=ocI(t), where a is the absorp- 
tion coefficient and I(t) is the variable photon flux. 

A boundary condition describing the contact injection of holes has 
to be added to Eqs.2-4. Under the chosen positive voltage the injecting 
contact lies at x=0 and the boundary condition has a form: 

p(0,At)=p(0,0)exp[AE(0,At)/Ej]. (5) 

Eq.5 shows the way the deviation AE(x,At) from the field distribution 
existing in the bulk at an arbitrary initial instant, At=0, varies the 
near-contact hole concentration p(0,At) from its initial value. Ej«T/eL 
is the characteristics of the injection ability of the contact; L the 
width of the near-contact space charge region, T the temperature in the 
energy units. Eq.5 implies a very important general feature of the con- 
tacts to high-resistivity semiconductors: they are ohmic at a steady 
state but inject highly the nonequilibrium free carriers during nonsta- 
tionary processes owing to even small field variations. If IR detectors 
operate in space conditions the field Ej is low: ~10 V/cm or even less. 

Consider the physics of the photoresponse for the detector being in 
a steady state before a flux change. Let the flux rises by step. A flux 
rise generates from traps the added free holes which drift to the drain 
contact with the velocity vo=fiEo. This process gives a step-like res- 
ponse on the flux step: its typical time is equal to the shorter of the 
times, T or 1/vo. This current step the higher, the more the share of 
the generated holes swept-out in the drain contact; the rest holes are 
trapped again fell short of the contact. The lower the field, the lower 
the efficiency of the hole sweep-out and hence the current step. After 
the step the current varies very slowly. When a hole leaves a trap this 
latter remains negatively charged. The trap charge rises as time passes 
since the holes continue to be generated and swept-out. This charge de- 
viates the field from the steady-state value Eo. Initially the field 
rises mainly to the injecting contact and falls to the drain one. Next, 
spatial field oscillations caused by the trap-recharging waves (TRWs) 
appear.' '  Their amplitude rises and spatial period shortens as time 
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passes. The field changes affect the current by two ways. Firstly they 
affect the hole velocity in the bulk and thus the sweep-out efficiency. 
This causes variously shaped current changes, including oscillations, 
with the typical TRW time Tb=eAEog/47rJ°°; here J°° is the steady-state 
current at the given flux, g=xvo/l. Secondly, the field rise at the 
point x=0 increases the contact injection and thus the current with the 
typical time Tj=eAEj/47rßJ°°, where ß=l-g[l-exp(-l/g)]. The times TJ and 
Tb depend on the incident flux. The lower the flux, the slower the in- 
tegration of such a charge which is able to vary the field sufficiently 
for an essential current change. 

Hence the memory effects are due to the inhomogeneous field struc- 
ture caused by the trap charge which is generated by the elapsed flux 
changes. This field governs the contact injection and the sweep-out ef- 
ficiency, and thus controls the current response on a new flux step. In 
order to describe with a high degree of accuracy this response one has 
to describe first the processes caused by the previous flux changes, to 
find the field everywhere over the bulk after these processes, and then 
to use this field distribution as the starting one for the required 
description. This way is real, promises a great benefit when applied to 
space observations, but demands cumbersome numerical calculations. 

The above physical picture says that this procedure can be highly 
simplified without loss in accuracy, if the next inequality is true: 

Ej/Eo«l, (6) 

If the left side of Eq.6 is negligibly small one can ignore the effect 
of field changes on the hole velocity. This means that the field change 
at the point x=0 only, but not at every point x, is responsible for the 
current relaxation; that is, the effect of the elapsed flux changes on 
a photoresponse is described by one parameter. Indeed, solving Eqs.2-5 
in the case of a current relaxation at a fixed flux after arbitrary 
flux changes and designating y=4irß/eAEj, we obtain the next expression: 

U-ß)Jm[J{0)-ßJa'] 
J(At) = ßJ + J(0)-ßJ^[JUJ-J(0)]exp(-rJU,At)' (7) 

where the initial current J(0) reflects the effect of any prehistory. 
With Eq.7 and the calibrated detector parameters, ß and ?, one can cal- 
culate J from the response on a short irradiation by a fixed flux and 
defines this flux from J and the detector calibration at a dc. 

In practice this general approach has to be frequently specialized, 
as low-background detectors are very sensitive not only to an IR irra- 
diation but also to the the other actions, say, to the fast temperature 
changes creating the same contact injection? This has been found in the 
IS0PH0T7Si:Ga detector arrays where flux changes cause low temperature 
changes. As in these detectors Ej/Eo~0.01, one would expect a precision 
of ~1% from Eq.7. But the values ß and y calibrated in various experi- 
ments had a scatter far beyond 1% and ranged up to -100%. The analysis 
has pointed to the temperature changes as a reason of this scatter. 
With this effect one can derive the next expression instead of Eq.7: 

(l-ß)[J(0)-ßJco]exp[rJcoAt+AT(At)/Tj] 
J(At)=ßJ +— f (8) 

l-ß+y[J(0)-ßJro]Atdt 'expUft '+AT(t * )/Tj ]' 

297 



with the temperature change AT(t); AT(0)=0. The detector parameter Tj 
is to be of order 0.1 K. Hence even the temperature changes of such an 
order vary markedly transient processes. Experimental tests have con- 
firmed that Eq.8 describes the operation of the IS0PH0T Si:Ga detector 
arrays with a high degree of accuracy, that is exemplified by Fig.l. 

As noted at the beginning of this paper the memory effects are 
inherent in any devices incorporating high-resistivity semiconductors. 
In line with this notion the analysis have shown that at the moment the 
main obstacles for the treatment of the operation of these arrays with 
an accuracy of 1% are created by their cold-readout electronics (CRE) 
which consists of silicon MOSFETs operating at helium temperatures and 
thus exhibiting the effect of traps of the frozen substrate. An additi- 
onal trap memory can be also due to a high density of the interface 
slow traps which have to exist in the real MOSFETs operating at low 
temperatures and currents. The distortions of the CRE amplification 
ranges up to 10% that limits now the precision of the treatment. 
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Fig.l.   Measured   (dots)   and  fitted   (lines)   photoresponses   of   the  Si:Ga 
detector;   the used parameters:   ß=0.575,   Ej=20.8 V/cm,   Tj=0.276 K. 
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GaSb/AlSb/InAs HBT-LED-RTD  Structures for 
Complex Nanoelectronic Signal Processing 

and Computation 
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tlnstitut fur Hochfrequenztechnik, Technische Hochschule Darmstadt, Darmstadt, Germany 

1. Introduction: Internal Photon Streams 
For future nanoelectronic arrays, complex signal processing and efficient computation 

are required. A proposed new family of HBT-LED-RTD circuitry addresses the former 
with A/D conversion circuitry and the latter with both binary and multivalued logic. 
We are applying optical methods of current summation to otherwise electronic circuitry. 
Precision photon streams are generated, and summed, that are equivalent to electron 
currents in conventional circuitry. Strictly local interactions of HBTs and LEDs are 
employed, and combined with stacks of vertically integrated RTDs for stairstep and bit 
pattern generation. Non-local (especially vertical free-space) optical interconnects are also 
possible, and quite useful [1], but not addressed here. 

The basic building block is an LED (or laser) as the load element of an HBT amplifier. 
Fig. la shows a very simple case of the new circuitry. The LEEVs photon stream drives 
the depleted base-collector regions of one or several HBTs in the next stage (Fig. lb). Full 
optical switching of HBTs and HBT-like FETs was recently demonstrated by Breglio [2]. 

metal bus 
forVB metal 

RTD 
EZEZZ2Z i        noo-transparent 

/              .insulator 
Stack /         s 

222222 555*«>S^H<^ 

LED -i» HBT -Z» opt. waveguides 

= n» 

substrate 

Fig. 1a        Simple HBT-LED-RTD 
Circuit 

T—7—7—7—7—J—}—T~T 

Fig. 1b       Basic Structure 

This new circuitry is aimed at very high packing density: it is essentially resistor free; 
it requires no voltage signal-level shifting subcircuits; the RTD-HBT structure is 3- 
dimensional; and parasitic electrostatic interaction of densely packed circuits is 
prevented by the optical isolation and the buried optical interconnects. 

2. Fabrication Sequence 
The fabrication sequence for the LED is based on a significant body of recent 

accomplishments by the workers in the field [3]: GaSb substrate, n-GaSb(2um, 
n-AlSb(4nm), GaSb(50nm), p-AlSb(4nm), p-GaSb(lum), metal   (Fig. 2).   Electron-hole 
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Fig. 2a        LED Structure Fig. 2b Band Diagram, 
no bias applied 
(direction of light 
emission indicated) 

Band Diagram 
(with bias applied) 

reverse 
biased 

Fig. 3a        HBT Structure 

forward 
biased 

Fig. 3b        HBT Band Diagram 

recombination occurs in the undoped GaSb layer which has a refraction index of 4.0 and 
is also used as the optical conduit between stages. The AlSb barriers are thin enough for 
carrier tunneling and also act as confinement layers (RI=3.8) for the optical conduit. For 
the HBT, the top three layers are etched off preferentially, and are regrown: 
p-GaSb(50nm), n-AlSb(lOnm), n-GaSbQum), metal (Fig. 3). 

Resonant tunneling transistors (RTTs) are some of the most important components in 
nanoelectronic circuitry [1, 4, 5]. Near-term and quite robust RTTs are implemented as 
HBTs with series of RTDs in the emitter branch. For this purpose a stack of equal-sized 
RTDs is grown on the HBT emitter: m timesfspacer, AlSb(5nm), InAs(5nm), AlSb(5nm)}, 
GaSb(500nm), metal (Fig. 4a). The RTDs exhibit peaks of similar height (Fig. 4b). To 
implement certain ternary and quaternary logic functions, RTDs with different peak 
currents are used (Fig. 4c) which will be covered in a future publication. 
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Fig. 4b RTDs of Equal Design 
(not to scale) 
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3. Metering of the Photon Stream 

In earlier A/D converter and multivalued logic work, resistor ladders were used to 
divide the signal input voltage in ratios of the powers of two [4,5], but resistors are very 
wasteful in chip area and preclude attempts at extremely dense component packing. In 
the optical domain, however, the width of the waveguides can be tailored in highly 
compact fashion; precision metering of the photon stream in a 4:2:1 (or possibly 8:4:2:1) 
ratio affords a most compact implementation of A/D converters and redundant positive- 
digit multivalued logic similar to the earlier work. There are two ways of accomplishing 
this. In the first approach the photon stream is tailored (Fig. 5a) and the recipient RTDs 
are all of the same size; the HBTs act only as photon-to-electron/hole-pair converters, 
and as linear amplifiers [5]. The least-significant-bit subcircuit (LSB) receives the full 
photon stream, with a conduit width of four, and-in terms of the transfer functions of 
Fig. 5b-it switches most rapidly. The next bit (width of two) switches at 1/2 that rate, 
and the most significant bit (MSB, width of one) at 1/4 the rate. This 4:2:1 ratio 
generation by means of tailoring the photon stream is equivalent to resistor ladder 
tailoring of the voltage each bit-subcircuit receives [4, 5]. The transfer curve is equally 
well suited for non-Gray code ADCs similar to [4], for redundant positive-digit 
multivalued logic [5], and for higher-order binary adder building blocks [6]. 
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Fig. 5a        4:2:1 Tailoring of the 
Photon Stream 
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Fig. 5b        Transfer Function 
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Fig. 5c        4:2:1 Tailoring of the 
RTD Stacks 
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CONDUITS 

RTD 
Stacks 

I     LED     • 

■ i 
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Area:     4      2      1 
MSB LSB 

In the second approach all the photon streams are the same, and the recipient RTD 
stacks are tailored instead (Fig. 5c) [7]. Here the RTD stack with an area of one switches 
most often (LSB), in terms of the transfer function, and the one with an area of four least 
often (MSB). This again replaces (in the photon-stream domain) the resistor ladder 
operation (in the voltage domain) of the earlier circuit concepts. The second method is 
preferred initially, before experimental data is available on design methods for the 
accurate photon stream metering under the first approach. 
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4. Device Designs 

Device calculations and initial layout designs were conducted. Minimum LED 
dimensions of 3x3 urn2 appear most suitable for the early experiments in order to get an 
even, high-intensity light output. Minimum HBT dimensions of 1x3 urn2 are considered 
initially but may have to be increased when the 4:2:1 area-tailored RTD stacks are grown 
on the emitter. For future implementations of this new IC family with highly scaled- 
down devices, area reductions of over 180:1 are expected in comparison to conventional 
implementations using resistor ladders. 

5. Conclusions 

Many electron current properties of conventional circuits are duplicated, or improved 
upon, by the photon stream properties of this new HBT-LED-RTD circuit family. Of 
particular importance is the precision metering of these photon streams and the highly 
compact bit pattern generation for ADCs, multivalued logic and multivalued arithmetic. 
Very high component packing densities appear feasible. 
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Periodic Conductance Osciilations at Room Temperature in Novel 
Metal-Nano-Tip/lnsulator/Semiconductor Anti-Dot Arrays 
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ABSTRACT 

have JttZE^^ 
mainstream technology such as epitaxial growth followed by nanolithography anT^nkfreSTSatd 
competed and seems to approach its limits both in terms of mirnmuSlS and SSJS^taSf 

S^TTr anodic a^ummum oxide (AAO) templates. This method allows us to prepare duTerenTnanS 
SSTJiL"2f [

A °r""%*«* f4Jnan°-wire^«***combinations)XhighpSfaJSS 
SÜÄSfJf   ^ T"*" "Bdwid«1 m »*"« metal/oxide layers have ÄTSSSw 
S^ÄS^1 rCmiDiSCent ^ *— °f -**" —• ^ugh low! 

In this presentation, we report some new interesting features observed in a novel structure of metal nano- 
w*e/semi»nductoi-anti-dot array fabricated by using the above non-lithographic m*rtl££££m^ 

nmand2xl0 cm- respectively. After etching back part of the AAO matrix to expose the top portion of the wires a 
1 urn thick fflm of n-Cd^ was electrochemically deposited The semispherical top rfNi nanSe in £*£££ 

ZZSZ1 * 3 nT °*f-V?' ^ "^ betWBHl te Ni«« "* *• OS shell consistmoSpSry o" 
«TSt!r^ "?? 03dJ CmiChed ^ S " a resdt rf «W to * P** to CdS depSition and to the CdS deposition medium at elevated temperatures. *~««im <mu 

,„ K    5LÄS S? mfasurements on «"«"1 samples have been performed by using a semiconductor parameter 

temperature. Nearly penodic oscillations of conductance were observed at room temperature as shown in Fig 2 Xn 
a negative voltage, (^ «« «fed to CdS as shown in Fig.Ha). The periodic^*™ is superimposed o^ 

mV(\VR |). Theopened of oscillations is as small as 12 mV, which is smaller than kT/o^-26 mV, at IF» I < 200 mV 

to SSfi v' I ™tT^ ** ?V SiDgle 0SCÜlati0n is 20 »*■ ^ P^0* ■* *• «***■ amputudes tend 
££T^      tW '* '" *?" m Fig"3 ■Bd 4' Furthermo^ a negative conductance appears at Znd400 mV 
clmJ^T * "T "e ^.UeCting additi0nal rCSUitS * ""^ ** o"*1**»1 **£** dinSond and compositional parameters of the arrays. -uu 

Although at the present stage, any explanation must remain largely speculative due to the comblex 
combination of man^^ classical and quantum effects involved in this system, SMSSTJ^ Z£%£ 

IZS^ZTV^Iri ?0Ul0mb Blockade from «**** the nano-wires to the CdÄ£Z2£ 
toough the nanometnc half-sheU potential well induced at the NiaVCdS interface, quantization ofSJ 

Sue ^21*2 I* eXteQd *' ^ t0 ** rf *' «**»*«  nano-wires syLn^S tunnelmg resistivity of our sample is approximately 0.25A which is smaller than 25.8 Kß of resistance 

SS i ^ ? the,exPlanation «sing a resonant tunneling model, it will be needed to extend the usual 
model to that of seimsphencal system with electron transportation from 3s3imension to 1-dimensLTmaUv iuS 

d^cereSohÄSf^^ ""S *• ""-" ^ « the surfaL ÄTS^ÄS 
Sn^Swlr L Par*0l,c syaeaL penodlc ^^ctance osculation may be observed because the enerev spacings of localized states are equal. Details will be presented in our talk. «»»*« oecause me energy 

with redS vol^otl^?5^0? ^ ^ StrUCtUre * te ^ "» electroluminescence display witn reduced voltage. To this end, different material combmations are being explored, and will be reported as weU 
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Photoeffect as a possible explanation for 
conductance quantization in nanostructured 

GaAs Schottky diodes 

H.-W. Hübers, E. Bründermann, H.P.Röser 
DLR, Institute for Space Sensor Technology 

Rudower Chausse 5, D-12489 Berlin, Germany 

Nanostructured GaAs Schottky diodes are frequently used as mixers in THz het- 
erodyne receivers. Experiments have shown (see paper of H.P.Röser et al. at this 
conference) that the optimum current lopt which is necessary to achieve lowest re- 
ceiver noise is given by 

lopt = Neev, (1) 

where v is the frequency of the local oscillator (LO) radiation (from a far-infrared 
laser or a klystron) which pumpes the Schottky diode mixer and e the electron 
charge. Ne is the number of electrons which contribute to the optimum current 
Iopt (about 1300 to 4500). These electrons are due to an active depletion volume 
of thickness Ddepi (about 200Ä to 300Ä). A remarkable result is that the electron 
transport in these diodes is governed by h/e2. 

The electrons move ballistically through the active depletion volume. This is 
supported by the experimental fact that cooling of the diodes down to 20 K lowers 
the noise only by a small amount (less than 30%). Part of this improvement is not 
due to the Schotky contact itself but due to the embedding network. In addition, 
the thickness of the active depletion volume Ddepi is smaller than the mean free path 
Ljv indicating ballistic transport of the electrons already at room temperature (see 
table 1). 

Diode J118 117 1112 1T15 

Ddepi 
Lip 

[Ä] 
[Ä] 

324 
835 

270 
635 

260 
520 

210 
350 

Table 1: Thickness Ddepi of the active depletion region and mean free path Ljp of 
the electrons. 

As a possible explanation for these results we propose a photoeffect. At the LO 
power levels used in the experiments the Schottky diode can be considered as a 
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square law type mixer. For such a device the photocurrent is given by 

I = V^PLO, (2) 
hu 

where 77 is the quantum efficiency of the mixer. The LO power can be replaced by 
pLO = nhv2 with n the number of photons emitted by the LO. Under optimum 
mixing conditions (i.e. lowest receiver noise) the quantum efficiency is given by 
7? = Nein. Together with eq. (2) this yields eq. (1). Furthermore we assume that 
one photon is absorbed by one electron. The energy of the photon is transformed 
into kinetic energy of the electron. If one expresses the kinetic energy Wkin in terms 

of a voltage V0, meaning 
Wkin = eVo = hu, (3) 

one gets in combination with eq. (1) 

l_h 
NKe

2 V0 = 4r-JoPf (4) 

The voltage V0 can be determined from the mobility of the electrons. A plot of V0 

as a function of Iopt/Ne yields (25750±600)ft in close agreement with h/e2. 
The important consequence of eq. (4) is that a single electron is connected to the 

fundamental resistance h/e2. Since the active depletion region of the Schottky diode 
has to be filled and emptied within one cycle of the LO radiation the electron has to 
move the distance 2Ddepi within the time of one LO cycle. The classical resistance 
of a sample of length 2Ddepi and cross section A is given by R = 2Ddep[/(aA) with 
the conductivity given by a = e/xiVd. This leads to 

The measured series resistance Rs is bigger than R because it includes contributions 
from the undepleted epitaxial layer and the GaAs bulk material (see table 2). Eq. (5) 
describes the resistance of a classical network of Ne resistors of magnitude h/e2 in 
parallel. This view is supported by a power analysis. If the energy is of Ne photons is 
transformed into the optimum current through a resistor R, i. e. Nehv2 — Rl2

opV one 
gets again eq. (5). This equation might be viewed as a special case of the Landauer 
Büttiker formula with two electrons per channel. 

Diode J118 117 1112 1T15 
Rs 
R = h/(Nee

2) 
[0] 30 

9.2 
13 
5.7 

33 
11.7 

20 
19.9 

Table 2: Resistances of the Schottky contact. Rs is the measured series resistance 
which is bigger than R because it includes contributions from the GaAs bulk mate- 
rial. 

308 



Switching Behavior of Quantum Cellular Automata 

P. Douglas Tougaw and Craig S. Lent 
Department of Electrical Engineering 

University of Notre Dame, Notre Dame, IN 46556 

There has been considerable recent interest in the possibility of developing a 
device technology based on interacting quantum dots. It has been shown theoretically that 
digital circuits could be constructed from cells composed of Coulomb-coupled quantum 
dots in a so-called quantum cellular automata (QCA) design. Within each cell, electrons 
can tunnel from dot to dot. Between cells tunneling is suppressed but the Coulomb 
interaction remains. This transistor-less technology would be based on mapping the 
ground-state of the many-electron problem onto the solution of the computational problem 
at hand. To date, attention has focussed primarily on determining the ground state of the 
cellular array and verifying that the correspondence with useful computational problems 
can be made. Here we focus on the dynamic switching behavior of QCA arrays. 

Each QCA cell consists of four quantum dots with two electrons tunnelling 
between the dots. A fabrication schematic and two examples of such cells are shown in 
Fig. 1. While the near-neighbor distance between two dots within one of these cells could 
be as large as 20 nm, cell response will improve as this distance is reduced. 

Due to the electrostatic interaction between the two electrons within a cell, they 
tend to align on antipodal dots as shown in Fig. 1. To measure how closely the state of a 
given cell matches one of these two arrangements, we define the cell polarization. As 
indicated in Fig. 1, the cell on the left has a polarization of+1 while the cell on the right 
has a polarization of -1. Cells that are in a mixture of these two states will have an 
intermediate polarization between -1 and +1. 

Exposed Surface etal Gate 

Dielectric 
2DEG 
at interface 

Substrate 

0-##-0 

p=+l   p=-l 
Figure 1. Schematic diagram of typical quantum-dot cells.The 
fabrication schematic shows how such cells could be fabricated. 
The two cells shown on the right demonstrate the two polarization 
states of the QCA cell. 
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Figure 2. The cell-cell response function. The effect of the 
polarization of one cell on the polarization of a neighbor is highly 
nonlinear and bistable. 

When such cells are placed near one another, the electrons interact Coulombically 
(tunneling  between  cells   is  suppressed).  This  Coulombic  interaction  causes  the 
polarization of one cell to have an effect on the polarization of its neighbors. If we vary the 
polarization of one cell and measure its effect on the polarization of a neighboring cell, we 
can generate the "cell-cell response function", which is shown in Fig. 2. The highly 
nonlinear and bistable nature of this response function indicates that it will be possible to 
rapidly recover from local decreases in polarization due to fabrication irregularities. 
Essentially, one is using the physics of the two-electron system to provide the nonlinearity 
which plays the role of gain in conventional devices — restoring signal levels at each 
stage. Note that current gain or voltage gain are not appropriate concepts here because the 
signal is being encoded in the cell state rather than in a classical voltage or current. 

When a linear array of these cells is created, the information encoded at one end of the 
wire is transmitted to the other end. The behavior of a line of cells is shown in Fig.3. 

Such a "binary wire" can be used to connect logical devices constructed using 
QCA cells. The most fundamental QCA logical device is the majority logic gate, shown in 
Fig. 4. In a majority logic gate, the device cell (in the middle) and the output cell (shown 
here on the right) align in the same direction as a majority of the three inputs. The output 
can then be connected to other devices using a binary wire. In addition, a majority gate can 
be used to create a programmable AND/OR gate if one of the three inputs is taken to be a 
program line to select between the two functions. Using majority logic gates, binary wires, 

i[ 1 
Figure 3. Transmission of information along a binary wire. 
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0 0 

'□ »□ 1    1 1   1 0 

l ~r o o 
Figure 4. Four different majority logic gates. The device cell (in 
the center) and the output cell (to the right) always match a 
majority of the three inputs. 

and inverters (which are realized by using the cell's diagonal anti-voting behavior), it is 
possible to generate any Boolean function. The most complex function simulated thus far 
is a one-bit full adder, which requires only 1.5 square microns using the largest design rule. 

The dynamic behavior of a binary wire is shown in Fig.5. At t=0 ps, the cell on the 
left side of the wire has been switched and is held at P=+l. In the time immediately 
following this switch, the other cells in the line also proceed to switch in that direction. By 
t=20ps, the polarization "kink" has almost completely left the system. The propagation 
time of approximately 2 ps per cell will decrease as cell size shrinks; a macromolecular 

t=0ps 

t=2ps 

t=4ps 

t=6ps 

t=8ps 

t=10ps 

t=12ps 

t=14ps[ 

t=16psöE 

t=18ps 
Figure 5. The dynamic behavior of a binary wire. 
Propagation of information between neighboring cells 
requires approximately 2 ps, but this time will decrease as 
cell size shrinks. 
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implementation of these cells would propagate information 100 times faster than this. 

Finally, the dynamic response of a majority logic gate is shown in Fig. 6. In this case, the 
binary wires leading up to each of the inputs and away from the output have been included 
for completeness. Before t=0, a majority of the three inputs are in the P=-l state, but the 
bottom input is then switched so that the majority changes to P=+l. The device cell and 
the output cell correspondingly change directions, and the kink begins to propagate away 
from the majority gate just 10 ps after the input was fully switched. 

• 
• . 

 • 
• 

• 

1.11.1 r. r .ir. * 1. 11. "I OCLB 
• ~ 

1   . 

• t=0ps 
• • 

• 

t=10ps 

• • 

■ • 
■ . 

1.11. :| r .ir .ir .ir .i    i. ii. *i 1.11. *ll* .11" • 
• - . 

. ■ 

• t=20ps • 
• 

t=30ps 

Figure 6. The switching response of a majority logic gate with 
input and output leads. A change in the bottom input causes the 
output cell to change, and the kink is propagating away from the 
device just 10 ps after the cell is switched. 
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A Percolation Model for Rapid Vacancy Diffusion during 
Initial Void Growth in Minimum-Size VLSI Conductors 
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Abstract 

High concentrations of vacancies at the initial stages of void growth in narrow 
metal film very large scale integrated circuit conductors can affect vacancy diffusion in 
ways which cannot be modeled through straightforward application of Fick's laws of 
diffusion.  This effect can be seen in the nonlinear relationship between atomic flux and 
atomic density in the initial stages of the high resolution resistance measurements which 
are indicative of void growth within metal films.  To date, the various models for void 
growth contain only partially satisfactory explanations for observed experimental 
behavior.  In this paper, a model utilizing percolation theory is presented that allows for 
mathematical analysis of the observed non-linear incremental resistance.  This model 
can account more simply and realistically for experimental results. 

I. Introduction 

As line widths have narrowed in VLSI circuits, an in-depth understanding of the 
complex modes of failure in minimum-size conductors has become imperative. 
Electromigration, because of its ubiquitous nature and catastrophic results (including 
complete opening or shorting of circuits), has received especial attention. A variety of 
different models related to the basic physical mechanisms leading to electromigration 
have been suggested [1-6] but, as De Munari, et al. [7] have stated: "Overall 
comprehension of the phenomenon is still unsatisfactory."  What is known, however, is 
that a key cause of failure in metal film conductors is void growth. 

There is a substantial amount of stress on thin metallic films deposited on 
oxidized silicon substrates.  This stress has been hypothesized to be alleviated through 
void growth that occurs during cooling and room temperature aging.  Voids grow by 
the diffusion of vacancies provided by dislocation climb to the stress free void surface. 
A dislocation climbing under the influence of the vibrational frequency of the lattice 
will continue until: 

C„ =Cvoexp(-oQv/ife7) (1) 
where Cvo is the thermal equilibrium vacancy concentration in the absence of stress, ^ 
is the vacancy volume, and a is the amount of stress retained in the metal conductor 
after passivation[8].  Each dislocation leaves behind a sheet of vacancies which disperse 
throughout the metal crystal.  In a narrow conductor with "bamboo" structure containing 
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voids at some of the grain boundaries, vacancy diffusion along the grain boundaries to 
the voids can be assumed to be practically instantaneous compared to lattice diffusion. 
Thus the flux of vacancies can be considered to be equal to the flux of lattice vacancies 
into a grain boundary with a void. 

Furthermore, if two vacancies are formed on neighboring lattice sites in 
aluminum, the resulting double vacancy is more stable than the configuration consisting 
of two single vacancies far apart.  The activation energy for the motion of a double 
vacancy through any face centered cubic metal crystal is about one-half that for a single 
vacancy.  Vacancy pairs are, therefore, highly stable and highly mobile in metals such 
as aluminum [9]. 

A common misconception about diffusion is that it occurs when atoms or, in this 
instance, vacancies, simply switch places.  In actuality, a simple exchange of position 
does not allow long-range migration to occur.  After any exchange, a given vacancy 
must move yet again away from, instead of back into, its initial position.   After these 
two moves, the vacancy will have completed one diffusion step in an fee lattice.  (In the 
silicon lattice, by way of contrast, a vacancy must diffuse to at least a third-nearest 
neighbor in order to complete one diffusion step.) 

Vo>0 E 1^ 
v/Whoul V2 

wiH-iV, 

J L 
0   12   3   4 
v0 v2 

Figure la: Configuration of vacancies Figure lb: Corresponding energies of 
at high concentration. the vacancies. 

Figure 1 illustrates the vacancy potential as a function of coordination site away 
from a pair of vacancies.  The important idea to catch here is that the presence of a 
vacancy within four "moves" of a vacancy pair lowers the effective energy of formation 
of a vacancy by Eb: the binding energy between a vacancy at position "0" and a vacancy 
on a second neighbor site "2".  In this case the second neighbor site "2" is also a second 
neighbor site "2"' from V2 or V'2; thus the vacancy has the same energy in this site as in 
site "2", and it can diffuse directly from Vx to  V2 or V\ with a potential barrier height 
smaller than that existing for the diffusion of an isolated vacancy.  If a sufficient 
number of vacancies are connected in this way, they can freely diffuse in accelerated 
fashion through that portion of the lattice.  Using the language of percolation theory, we 
will refer to that portion of the aluminum lattice which is exceptionally dense with 
vacancies as a "cluster."  The concentration of vacancies in that cluster would be 
considered as having reached or surpassed the percolation threshold, pc. 

314 



II.  The Percolation Threshold and High Concentration Vacancy Diffusion 

When concentrations of vacancies become very high, in fact, high enough that 
the effective energy of formation is lowered, we find that £>v (the general vacancy 
diffusion coefficient within the lattice) does not linearly relate Jv (the vacancy flux) to 
the variation in vacancy concentration.  That is: 

Jv * Dv dCv/dx. (2) 

This inequality occurs because an implicit, yet fundamental assumption 
contained within Fick's Laws is that diffusing particles execute diffusion jumps 
independently.  As we have shown, however, when the vacancy concentration is 
increased, the number of available lattice sites at which vacancies can remain 
unperturbed by other vacancies begins to diminish significantly. The result is that the 
effective concentration of vacancies is increased by a factor of F = exp(E'JkT)[\0]. 
The corresponding flux at these high "percolation" vacancy concentrations is therefore . 
given by: 

Jv
?m = FJV^ (3) 

If P« is the probability that a given vacancy belongs to a cluster large enough to 
have the accelerated diffusion, the total vacancy flux is given by: 

Jv = (l-Pwyv^ + iV/~ (4) 

with the effective diffusion being characterized by the expression: 

D* = (1 - PJJ/™ + PJDJ™ (5) 

We note that PK is actually the strength of an infinite network,1 for which we 
have a formula: 

P„ = K'(p - pf = K(p/pc - 1)P    (p > pc) (6) 

Using this formula, we find that: 

P«, = 0 for Cv < CV" (7a) 
P. = K(CW ICS- - I)04 for  Cv  > CV». (7b) 

The lattice of fourth-neighbor positions that have equivalent lowered binding 
energy at the second-neighbor position has a coordinance of 20.2 For this lattice, pc » 

P. is the first moment, M,, of percolation theory, which is the probability of an arbitrary site 
belonging to the infinite network.    It should not be confused with p, which is the probability of an 
arbitrary site being occupied by a vacancy. 

2The coordinance of this particular configuration is calculated by counting the number of positions 
on an fee lattice which, at four moves away from the given initial position, also have the same number 
of moves away from each other at the second position. 
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0.073.  The beta parameter of 0.4 is the critical order exponent in three dimensions [11]. 
K is computed to be 0.85, so that Pm = 1 for  Cv > 2.5 Cj* [10][12]. 

From geometrical considerations, then, we find that the critical "percolation" 
concentration of vacancies is 

4.4 x 1021 cm-3. 

Note that this concentration of vacancies is not found throughout the metal 
crystal, but rather only in those clusters large enough and concentrated enough to have 
the accelerated diffusion.   Since sheet dislocations, for instance, introduce vacancies 
along a single plane at concentrations even higher than that of Cj**, this value appears 
to be quite reasonable. 
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Figure 2.  Two different behaviors of resistance changes during and after 
electromigration experiments on passivated, Al-1% Si/TiN/Ti submicron lines 
subjected to a current density of 2 MA cm'2.  Measurements taken at a true test 
temperature of 240 °C on a common time scale.   (From De Munari, et al. [7]). 

It has been assumed [7] that relative resistance variations are proportional to 
relative volume variations.  The linear region of Fig. 2 has been analyzed by 
hypothesizing that the relative resistance variations are proportional to the atomic drift 
velocity, LRIR °C VD = JJNt.  Utilizing the expression for vacancy flux developed in (4), 
above, this proportionality can be extended to the non-linear region, assuming that AR/R 

oc vD = JJNt.  By means of a percolation model, then, we have arrived at a general 
expression for vacancy flux which describes both the linear and nonlinear regions. 

III.  Conclusions 

Traditional modeling of void growth in minimum-size VLSI conductors almost 
invariably assumes a constant coefficient of diffusivity.  However, the active production 
of metal lattice vacancies in distinct clusters of high concentration, particularly at the 
early stages of void growth, leads to a lowering of the energy of formation of vacancies 
throughout these clusters.  This in rum leads to distinctly accelerated diffusion which is 
very different from that characterized by the constant coefficient of diffusivity used for 
low level vacancy concentrations.  As a consequence, the non-linear region of 
resistance measurements in minimum-size conductors has heretofore been inaccurately 
modeled.  Expressions have been developed in this paper for variable, concentration 
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dependent flux and diffusivity using the mathematical techniques of percolation theory. 
These expressions should allow for far better understanding and more accurate 
modeling of the complex mechanisms of void growth. 
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3-D Self-Consistent Simulation of Grid Gate Quantum Dot 
Devices 

V.Y.A. Thean, S.H. Nagaraja, P. Matagne and J.P. Leburton 

Beckman Institute for Advanced Science and Technology and Coordinated Science 
Laboratory, University of Illinois, Urbana, Illinois 61801 

Advances in nanostracture technology have enabled the fabrication of 
semiconductor devices with submicrometer feature sizes. In order to gain insight into basic 

device operation and to achieve optimum device performance, computer simulation is an 
important tool that provides guidelines for design and device fabrication. 

In this paper we present a self-consistent Schrödinger-Poisson simulation of a 

delta-doped AlGaAs-GaAs quantum dot grid gate device(Fig. 1). The potential profile of 

the device is obtained from the solution of the 3-D Poisson equation. Since the lateral 

potential variations(x and z-directions) are much more gradual man the vertical potential 

change(y-direction) across the AlGaAs-GaAs heterojunction, we have assumed that 
quantum confinement is realized only in the vertical direction. Hence, to obtain the electron 

density, only the 1-D Schrödinger equation in the vertical direction is solved adiabatically 
for the whole device. The exchange-correlation energy within the local density 
approximation, when more than one electron sits in the unit cell of the device, is also taken 
into account The Poisson and Schrödinger equations are discretized by a nonuniform 
mesh finite-difference method. The potential and charge distributions were then computed 
self-consistently using the Newton-Raphson Successive Over-Relaxation (NRSOR) 
approach. 

The simulation was performed for a unit cell of the device with a pocket of electrons 
formed in the quantum well under the electrostatic confinement potential arising from the 
gate. We have examined the variations of bound states in the quantum dot as a function of 

the 3-D potential distribution(Fig. 3). We have also investigated the change in the potential 
and electron density within the device for different gate bias and device temperatures(Fig. 

2). Moreover, we have simulated single-electron charging effects when the condition for 
integer number of electrons in the device is imposed on the self-consistent 
computations(Fig. 4). The quantum dot capacitance was also derived for a wide range of 

temperatures. Furthermore, we have also simulated the influence of material interface 
disorder on the potential and fluctuations in the coulombic impurity charge distribution in 
the device. 
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FIG. 1. Device model and boundary conditions imposed for the 3-D simulation. 
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HG. 2. (a) Conduction band surface (xz-piane) at the beterojunction for Vgate=-320mV 
(b) Electron density (xz-pianeX corresponding to 2 electrons, at the faeterojuncöon for 
Vgate=-32QmV. <c) Conduction band surface for Vgate=-330mV. (d) Electron density {1 
electron) for Vgate=-330mV. (e) Ctonductios band surface for Vgate = -345mV. (f) 
Electron density (0 electron) for Vgate=-345m V. (Device temperature at T=4.2K) 
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HG. 3. (a) Conduction band profile (y-direction) of the quantum well and wavefunctions 
of the first three bound states at the center of the electron pocket (b) Conduction band and 
wavefunctions away from the center, (c) Conduction band and wavefunctions under the 
gate. 
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FIG. 4. A plot showing the change in the number of electrons in the device as the gate bias 
changes. (Device temperature at T=4 2K) 
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MULTI-PHONON PROCESSES IN OPTICAL TRANSITIONS IN 
QUANTUM NANOSTRUCTURES 

I.P.Ipatova, A.Yu.Maslov, O.V.Proshina. 
A.F.Ioffe Physical Technical Institute, 194021, St.-Petersburg, Russia 

In a spectrum of ionic crystals there are intense phonon replicas of electron transi- 
tion lines in deep impurity centers. They occur due to lattice polarization by localized 
electron in materials with strong electron-phonon interaction [1]. 

Similar effects should be of great importance in optoelectronic devices based on 
quantum nanostructures due to the strong localization of carriers. However the free 
motion of electrons in a quantum well plane or along axis of quantum wire prevents 
to the appearance of static polarization. 

In a present paper it is shown that additional confinement of carriers within quan- 
tum well and quantum wire which give rise to the polarization of surrounding medium 
may be realized in semiconductors with high ionicity. In these materials the polaron 
effect occurs due to electron - polar optical phonon interaction [2]. 

As this take place, the electron movement in well plane or along wire axis is limited 
by a polaron radius. The additional polaron localization lead to the static displace- 
ments of the atom equilibrium positions within a localization area. In calculating the 
electron optical transition probability the static displacements manifest themselves 
in appearance of phonon replicas of the lines of an electron transition between size 
quantisation levels. The intensity of these phonon replicas has the same order of 
magnitude as direct transition lines. 

The electron state is initially localized in quantum dots therefore the multi-phonon 
effects similar to those in deep impurity centers may occur without regard for polaron 
polarization. Nevertheless a polarization within a quantum dot can enhance the multi- 
phonon processes. 

1. Quantum well. 
In ionic crystals the strong interaction with LO phonons results in electron autolo- 

calization in the area of a radius a0. In other words, the Pekar polaron appears. We 
will consider the situation when a quantum well size L is less than a polaron radius 

L < a0. (1) 

This condition implies that the multi-phonon processes are allowed by energy conser- 
vation law for electron interlevel transition in quantum nanostructures. 

The Schrödinger equation for an electron located in a quantum well is: 

*2 

A tfB(r) + V(z)Vn(r) + etf(r)tf,(r) (2) 

^|d3r(V^(r))2^(r) = ^n(r), 

where V(z) is one-dimensional potential of a quantum well and U[v) is the potential 
created by the polar optical phonons. The last term of the left side of equation (2) is 
the energy of polarized medium [2]. Here m is the effective mass of carrier and e is 
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so-called optical dielectric constant, 1/e = l/Soo — l/^o, by which the inertial part of 
a medium polarization is taken into account. 

The condition (1) means that an electron movement across the well is fast and a 
polaron movement is slow, and therefore the adiabatic approximation can be used. 

The adiabatic wave function of an electron has a form: 

tfB(r) = tfn(*)x»(r||), (3) 

where ißn(z) is the wave function of an electron in the quantum well, n is number of 
the size quantisation level and Xn(r||) is the wave function of two-dimensional polaron 
movement, and rj| is a two-dimensional vector. The variation of the energy E from 
the equation (2) with respect to potential U(r) results in the Poisson equation. The 
solution of this equation gives: 

UM = -- [ ^"frlliW"**1) (4) 
e J | r — ri | 

The optimal potential energy U(r) (4) corresponds to the deepest potential well for 
an electron being at the size quantisation level n. 

Substituting (4) in the Schrödinger equation and averaging over the fast move- 
ment, one obtains: 

Xn(r„)= (5) b2     A ,      N e 

Ani X*(rll) - ^ 2m -T^-'"     2e 

= (E- £(°>)xn(rn), 

Here E^ is the energy level of size quantisation. The solution of this equation 
with an accuracy up to the first order on parameter (1) gives: 

En = E® + a2huQ{Co - ClQnn-), (6) 

where 

e2   /2mo;o\1/2 /_1_ _ J_\ 

2Kuo\   ft   )     [eoo     eQ) ^ ' 

is the Fröhlich constant, u0 is the optical phonon frequency, ao = h2e/rne2 is the 
polaron radius. The coefficient Co = 0,4047 has been found in the theory of two- 
dimensional polaron [3]. We have obtained that the numerical coefficient C\ is equal 
to C\ — 0,0682 by using the function x(r) of two-dimensional polaron [3]. 

The equation (6) shows that the polaron energy dependence on the quantum 
well shape and the size quantisation level number is determined by the value of the 
coefficients ann only. These coefficients are determined by the wave functions of an 
electron in the quantum well in a following way: 

ann = ll dzdz^2n(Z)tä(ZJ \Z-Zl\- (8) 

2. Quantum wire. 
In the quantum wire an electron oscillates in two directions transversely to the 

axis of the wire (directions rx). These oscillations are fast corresponding to condition 
(1). A slow movement occurs along the wire direction (axis z). 
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Using the adiabatic approximation, the wave function may be written as: ^n(r) = 
'l/>n(*±)Xn(z)- Averaging over the fast two-dimensional movement, one obtains the 
equation in Xn{z) 

%2  d2      _      e 
2m dz*xM ~ YeUn{z)Xn(z) = {E~ ^Xniz), (9) 

where the optimal potential Un(z) is determined by variational procedure similar to 
that which was used in obtaining equation (5). It was obtained: 

Un(z) =   f ^^l&l^(^)^(^l)Xn(^)> (10) 
J | r - ri | 

The solution of nonlinear one-dimensional equation (9) was found to have a form: 

En = EW-\a2hu0\n2(ßnn^\ (11) 

where 

r' I\L - rj.1 
In A« = J d2rLd2r±1i>2n(rM(rL1)\n (12) 

The logarithmic dependence of energy (11) on parameter (1) accounts for the 
necessity of cutting off the one-dimensional Coulomb potential in both small and 
large distances. 

The dependence of the energy on the size-quantisation level number and the cross 
section shape of a quantum wire is determined by the coefficients ßnn from the equa- 
tion (12). 

3. Quantum dot. 
We suggest that in a quantum dot the condition (1) is satisfied for all directions. 

The medium polarization which exists within the dot due to electron-phonon inter- 
action depends on the electronic state. 

Correspondingly, the polaron energy within the quantum dot takes the form 

J | r - n | 

where ißn(r) is the wave function of an electron within the quantum dot. For the dot 
with characteristic size L this energy is: 

En = EP - a2hu0^nn, (14) 

where the numerical coefficients 7„„ is determined by specific form of the wave func- 
tions V'n(r). 

4. Optical transitions. 
The expressions (6), (11) and (13) show that the polarization state of a medium 

depends on the electron level number. It means that atoms vibrate about different 
equilibrium positions for various electronic states [1]. 

Lattice relaxation is a very slow process in comparison with optical transitions. 
Therefore instantaneous electronic transition in absorption of light takes place in a 
fixed value of the potential which is optimal for the lower level. 
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Correspondingly, the emission transition occurs when the optimal potential of 
upper level is fixed. 

Therefore the frequency of a vertical absorption transition differ from that of an 
emission transition [4]. This difference of two energies (Stocs shift) is equal to: 

AE = Jd3rUn(r)[i;n(r) ~ tfm(r)] + J d3rUm(r)[i>m(r) - tfn(r)], (15) 

In the structures being considered the Stocs shift is found to be: 

M^ = Cla*g)(a„„ + a„m-2anm); (16) 

AE(QWW) = _0j ic? A ^ + h ^ _ 2 ln ^ j ln -. (17) 

%UJr\ 

AE(QD) 2 

hwo = -<*      T       7nn+7mm-27nm    ; (18) 

From the expressions (16) - (18) one can see that a value of Stocs shift is deter- 
mined by the Fröhlich constant a which is close to unity in II — VI semiconductors 
and by the factor depending on the type of nanostructures. 

In a quantum well the Stocs shift is small in the II — VI semiconductors because 
it involves a small factor L/üQ. In a quantum wire the Stocs shift is larger since it 
involves a factor \n(a0/L) > 1. In a quantum dot the Stocs shift has a maximum 
value due to large factor ao/L > 1. 

In optical spectra the intensive phonon replicas should appear when values of the 
dimensionless Stocs shift is close to unity [4]. 

In experimental paper [5] up to five phonon replicas was observed in a set of CdSe 
quantum dots in a glass matrix. 

The constant a for this material is equal to 0.5 and the Stocs shift calculated in 
the spherical potential well with infinite walls takes the value AE/KUQ = 0.35 — 0.70 
for the quantum dots of sizes L = 1.4 — 2.8 nm. 

According to eq. (18) the intensities of phonon replicas should increase with 
decreasing of dots size. The same behavior was observed experimentally [5]. 

This work was supported by Russian Foundation of Fundamental research (grant 
N 94-02-05047-a). 
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Nonlinear Electrothennomechanical Equations of Defonnable Ferroelectric 
Semiconductors 

N. Daher 
LPNO-CNRS, France 

Introduction: 
Since the discovery of the ferroelectric properties of crystals of Rochelle Salt, ferroelectricity 
has been traditionally considered one of the divisions of the physics of dielectrics. In this 
context, wave propagation in rigid and defonnable bodies has been the subject of many works 
[1] where the basic equations used are either postulated or based on intuitive guidance. More 
recently, two phenomenological theories of piezoelectric ferroelectric dielectrics has been 
performed in a consistent manner through deductive schemes starting from the basic 
principles of continuum physics. One of them [2] is based ont he fruitful notion of internal 
coordinates and starts from a Lagrangian variational approach. The other [3] is based on the 
notion of polarization sublattices introduced by Neel in Ferrimagnets and uses the principle 
of virtual power (d'Alembert's principle) and the first and second principles of 
thermodynamics. A fundamentally new stage in the investigation of ferroelectrics is 
associated with the discovery of the ferroelectric properties of Barium Titanate. The latter is 
a ferroelectric semiconductor with a not too wide forbidden band so it appeared possible to 
use it to investigate electron conductivity, diffusivity and other transport phenomena. 
Sometime further the semiconductor properties of ferroelectrics with the perovskite 
structure began to be investigated. The class of ferroelectric semiconductors now includes a 
large number of compounds so that the study of ferroelectric semiconductors has evolved into 
an independent research direction. From a phenomenological point of view, consistent 
theories have been recently devoted to the study of elastic piezosemiconductors [4, 5, 6]. 
However, none of them accounts for electromagnetic ordering and polarization inertia or 
inertia associated with internal coordinates, which are characteristic features of the 
ferroelectric behavior [1,2]. 
In the present paper we shall construct a nonlinear rotationally invariant and 
thermodynamically admissible theory of defonnable ferroelectric semiconductors. On the 
one hand, since semiconduction is, by essence, a dissipative irreversible process, the use of 
the Lagrangian variational approach is discarded, the latter being restricted to 
thermodynamically reversible phenomena. On the other hand, since the vectorial approach 
(conservation of momentum, moment of momentum etc) does not provide a guiding principle 
in the construction of the different interacting continua, we use the energy approach known 
as d'Alembert principle in so far as the mechanical and electromechanical fields are 
concerned. The latter uses weaker assumptions than those on which the Lagrangian 
formulation is based so that nonintegrable systems needed for the study of irreversible 
processes are included. This extended mechanical and electromechanical energy formulation 
accomodates invariance principles and uses the concept of duality [3-6]. The principle of 
objectivity (invariance under a rigid body motion also called rotational invariance) is 
essential to the derivation of the interacting fields for which constitutive relations are 
needed. Recently, this approach was extended by the author in view of obtaining a unified 
mode of expression including pure electromagnetism (invariance under gauge 
transformation) and interfacial properties (invariance under a scale-change transformation) 

In section 1, the notations are specified and the distinction between the reference (material) 
and actual (spatial) configurations, essential to account for nonlinearity, is exposed. Section 
2 is devoted to mass and charge conservation equations where the different charge carriers 
that will play a major role when introduced in the second principle of thermodynamics to 
account for diffusion processes, are given in both configurations and in terms of 
concentration of carriers. The electromechanical, ferroelectric and thermodynamical 
equations including heat and electronic conduction and diffusion processes are derived in 
section 3. Comments and comparisons with previous works are performed. 

1. Notation and distinction between material and spatial descriptions 
We use the classical notation of nonlinear continuum physics [2], either in rectangular 
tensor components or in intrinsic notation. An absolute Newtonian chronology is used. The 



general nonlinear deformation of a body, between its reference configuration KR at time 
t=t0 and its current configuration Kt at time t is described, at fixed t, by the transformation 

*i =Xi X K>* (l) 

which carries the position of a material particle at t0 XK, K=l, 2, 3 from the undeformed 
region into the position xi, i = 1,2,3 at t in the deformed region. Equation (1) is assumed to be 
continuous and differentiable as many times as needed. The material body occupies the open 
set Dt of physical Euclidean space E3 at t. The velocity v, the motion gradient F and its 
inverse F~1 are classically defined by 

(2) 

with 

dt X fixed M 
x      — — .     F-*=. x   -"'l 

1 ''*  *XK\ 
K>1     dx. 

i,K Xv. = 8.. • XK,i xi,L = 5KL 

(3) 

(4) 

where 8y and 8KL are Kronecker symbols. The Einstein summation convention on dummy 
indices is understood. For all times, the Jacobian determinant satisfies 

_ 1_ 
J = det I x- 'i,&~ 3T *ijk CKLM *i,K *j,L ^k,M (5) 

where e.jk and eKLM are permutation symbols in x and X systems. The change in a function, 
referred to the reference configuration (material description), with time as seen by an 
observer riding with the moving mass point X is called a material time derivative and is 
denoted by 

its counterpart in the current configuration (spatial description) reads 

(6) 

d dF 
F(x,t) =—F(x,t) = — + 

K       '       dt    v       ;       dt      dx. 

dF dxi 

dt (7) 

2. Mass and charge conservation equations 
Let po and p denote the matter density in KR and Kt, respectively. Then the continuity or 
mass conservation equation takes either one of the following two forms: 

P0=pJ        >       p+pT.v = 0 (g) 

Semi-conductors include various species of carriers (electrons, holes, impurities, etc) and 
present generation and recombination phenomena. In order to describe these effects, we shall 
decompose the total charge density and the total current as follows: 

qf=^  qCf J=   ^   ^ Ja = <iafVa (9) 

where each upperscript a denotes one of the various species of carriers. Similarly to the mass 
conservation (d/dt /D p dv=0) that leads to equation (8)2 but accounting for possible 
recombination and generation processes, one may postulate the following equation for 
charge carriers: 

-äJD
qfdV = JDPy   d" 
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with 

<f 
(11) 

where ya and c\ are source terms and the concentration defined per unit mass. The local 
expressions referred to Kt and KR take on the following forms: 

a ecZ+v.sra=pya , P0 cl +vETa =P0r <m 
where V and VR denote gradients with respect to Kt and KR and where we have set 

ca
x(x,t) = Ca

x(X,t) (13) 

and 

Ta
K (x,t)= JX   ?*. (,.o. #° = <fi-q

a
ri (14) 

The latter current & is an objective or observer independent field since only a relative 
velocity is included in its expression. This is precisely the current to which one ultimately 
needs to construct a constitutive relation through thermodynamical arguments. 

3. Thermoelectromechanical equations 
The thermoelectromechanical balance laws of an electromagnetic continuum may be 
deduced in an elegant manner form three general principles written in global form for the 
material volume Dt. These are the principle of virtual power and the first and second 
principles of thermodynamics. This procedure has proven to be efficient in the construction of 
involved models of electromagnetic continua such as simple dielectrics, conductors and 
semiconductors [4, 5, 6] or ferroelectric and ferromagnetic dielectrics [3] etc. Following this 
now well established method that we do not reproduce here for lack of space, we deduce the 
coupled electromechanical balance laws and the thermodynamical equations which 
complement Maxwell equations (not explicited here) and apply to deformable ferroelectric 
semiconductors as follows: 

a) Generalized mechanical continuum equations 

x-  = 
i 

t.. . + f.  + f. 
iJJ      'i       'i 

m 
TiKJC + *fi + /f"> 

b) Ferroelectric continuum equations 

dfi.= & .  + LE. +- LE 1      . * *      p        VJ 

c) Clausius-Duhem inequality inKt andK-R 

. = £. 

-piv + ne- E a -a 

a 
+ Ptn -*.ve 

"E iK,K 

'(i) 

+ £ (>a. Z>aeff-P»a/ >o 
a 

with 

and 

-P. 

+ LE 

a 
V H 

+    TKL EKL JEKnK 

v 

KL nKL + jf Id    -C       ~ P0 V   7  j - 4> G > 0 

329 

(15) 

(16) 

(17) 

(18) 

(19) 



The elaboration of a set of thermodynamically admissible constitutive equations is entirely 
based on the exploitation of this last inequality. The nonsymmetric Cauchy stress tensor ty 
which couples the two continua is defined by 

t.. = a-. + tlnt (20) 
ij       y       LyJ 

where the OH is the symmetric tensor of elasticity and tint[y] is the skew symmetric part of the 
"interaction stress tensor given by 

Af =p LE- n- - LE.   n.       , n ■ = J>, lp (21) 
y i   J ip  J,P       i       ll 

The parameters n\, d, fj and fiem account for polarization per unit mass, polarization inertia, 
mechanical body forces and the electromagnetic one that generalizes the well-know Lorentz 
force. As to the parameters ip, q, 8 and <£, they denote respectively the free energy density, 
the entropy, the temperature, and the heat flux. The scalar PQ in equ. (17) indicates the 
power of internal generalized electromechanical forces. Although its expression is not given 
in Kt, it appears in KR through the expression (19). Finally, let us give the relations that link 
the fields defined in KR and Kt, where the distinction is essential in a nonlinear continuum 
framework while it vanishes in a linear frame. 

EKL = \ ( XUK >u. ~SKL)= ELK     nK = JXK. P. <22> 

nZL = XKj«ij*jJ.     GK = e,i*i,K=e,K <23) 

and also the fields 

*TKL = JXK,i % XLJ = ETiK XL,i       LEK = LEi *i,K ™ 

LEKL=J*i,KLEijXLJ=   LEiKRi,L       *K=JXK,i*i ™ 

(T aeff -   € aeff r <26> 
^ K     ~  & i      xi,K 

The field ^aeff given through eq. (18) is an effective electromotive intensity. It includes, in 
addition to the Maxwellian (by opposition to the local field LEj due to the interaction between 
the deformable and ferroelectric continua) electric field £t- defined in Kt,the spatial non 
uniformities in the chemical potential of a species pa. This feature characterizes the state of 
semiconduction as opposed to simply conductive or dielectric media where diffusion processes 
are not taken into account. The fact that the concentration of carriers ca\ appears only in the 
Clausius-Duhem inequality and it satisfies, simultaneously, an equation eq. (12) - which 
may be considered as a particular form of a time evolution equation, shows that ca\ may be 
called "internal" or "hidden" variable insofar as the mechanical description of the medium is 
concerned. Indeed, by its very nature, such a notion is introduced to account for an internal 
structure hidden to external observers, so that it does not modify, neither the conservation 
laws of continuum physics, nor the general form of the principles of thermodynamics. 

Comments and comparison with previous works 

Equation (15) is a generalization of the usual Euler-Cauchy equation of motion. Equation 
(16) is the bulk relation governing the polarization density in a ferroelectric material. The 
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parameter LE^ accounts for spatial nonuniformities in the polarization field, and therefore 
for the local orientational deviation from the ordering prevalent in ferroelectrics which are 
in an ordered phase below the curie ferroelectric phase-transition temperature 9C. The above 
obtained local thermoelectromechanical equations reduce to those of simpler theories when 
some effects are not taken into account. Thus (i) in the case of a dielectric medium ( V ° = 0, 
qaf = pcaA = 0) the present equations reduce to those obtained in Ref. [3], dealing with 
ferroelectric dielectrics ; (ii) in the case of a nonlinear elastic semiconductor where both 
polarization inertia and gradients are neglected, the above mentioned equations are 
comparable to Ref. [4, 5] (iii) in the absence of electromagnetic ordering and chemical 
potentials, the theory describes then simple electromagnetic media given by the theory of 
nonlinear elastic dielectrics derived by Toupin in the early sixties. Finally, let us note that if 
one neglects deformation but keeps polarization and electronic diffusion properties, then the 
present approach coincides with the one given in Ref. [1] concerning rigid ferroelectric 
semiconductors. 

Conclusion 
To sum up, let us recall that the basic laws that govern deformable ferroelectric 
semiconductors have been derived in a coupled nonlinear framework. In order to obtain the 
differential equations needed for the study of practical and experimental aspects such as 
wave propagation problems (wave modes of acoustical or optical types known as polaritons, 
couplings between polaritons and acoustic modes, induction waves as well as electrical 
instability, etc.) one needs to add Maxwell equations and develop nonlinear constitutive 
relations. Both features, that we do not reproduce here, follow a now well established 
procedure. Here, the attention has been focussed on the elements that cannot be easily 
derived by the classical methods such as the vectorial newtonian or saclar lagrangian 
approaches. More details on the subject matter may be found in Ref. [1] for rigid ferroelectric 
semiconductors, in Ref. [3] for deformable ferroelectric dielectrics and in Ref. [4, 5, 6] for 
deformable semiconductors in the absence of ferroelectric properties. 
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Ultra Electronics : Overview of ARPA's Nanoelectronics Program 

Gemot S. Pomrenke 
ARPA/ETO, Arlington, VA 

The goals of the Ultra Dense, Ultra Fast Computing Components or Nanoelectronics 
Program are to explore and develop material, processing technologies, quantum and 
conventional devices and device architectures for a next generation of information 
processing systems. The Ultra program seeks improved speed, density, and functionality 
beyond that achieved by scaling transistors. These improvements should manifest 
themselves in systems operating 10 to 100 times faster than current systems, and denser by a 
factor of five to 100. 

Phase I of the Ultra Electronics program explores, assesses, and benchmarks alternative 
electronic approaches to embedded and stand alone computing architectures. The program 
has demonstrated methods for applying novel quantum well electronic devices to improve 
densities of integrated electronic devices, developed methods of improving the control of 
epitaxial deposition to realize these devices. Other achievements include developing 
nanoprobes to study nanometer material structures and devices with picosecond time 
resolution. 

Phase II of the program develops further the most promising approaches that were 
identified in Phase I. Efforts in nanoelectronics includes the design, fabrication, and testing 
of electronic devices with critical feature sizes below 0.1 microns. Combining conventional 
transistors with nanoelectronic devices will greatly reduce the complexity and size of 
sophisticated DoD circuits. This approach, when applied to silicon-based nanoelectronics, 
will allow nanoelectronics to leverage all the continuing improvements of conventional 
electronic devices, while providing the density improvements of nanoelectronics. 

Main thrusts include developing silicon based nanoelectronics, chemical self-assembly 
techniques for nanoelectronics and improved semiconductor processing, and molecular beam 
epitaxy (MBE) in situ process control and other fabrication techniques for nanoelectronics. 
Silicon-germanium-carbon (SiGeC) -based devices are being developed to enable scaled 
silicon nanoelectronic. Another program focus is to develop high speed supercomputer 
visualization. This effort involves innovative approaches to software and hardware for 
coupling experimental data or methods of nanostructure analysis to graphic representations 
of physical or electronic properties. The program focuses also on nanolithography that 
targets patterning with critical dimensions below 50 nanometers. 
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Device and Circuit Applications 
of Tunneling Phenomena 

G.LHaddad 
Center for High-Frequency Microelectronics 

Electrical Engineering and Computer Science Department 
University of Michigan 
Ann Arbor, Michigan 

As device dimensions approach the submicron regime quantum 
tunneling mechanisms become extremely important.  In some instances they 
limit conventional device performance.  However, in many other instances 
they can be utilized to enhance the frequency/speed performance, decrease 
power requirements and result in novel devices. The basic properties of 
tunneling mechanisms and potential applications in devices and circuits will 
be discussed and recent results will be presented. 
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High-frequency (f ~ 1 THz) Studies of Quantum-effect Devices 

Qing HuO), S. VergheseW, R. A. WyssW, Th. Schäpets«^), J. del AlamoW, S. Feng<2>, 
K. YakuboO, M. J. Rooks<3>, M. R. MellochW and A. Förster^) 

(^Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics, 

Massachusetts Institute of Technology, Cambridge, MA 02139 
(^Department of Physics, University of California, Los Angeles, California 90024 
(^National Nanofabrication Facility, Cornell University, Ithaca, NY 14853-5403 

WPurdue University, West Lafayette, Indiana 47907-1285 
(^Institutfur Schicht- und Ionentechnik (ISI), Forschungszentrum Jülich 

We have performed extensive studies on antenna-coupled semiconductor quantum- 
effect devices under irradiation at far-infrared (or THz) frequencies. The motivation of this 
investigation is two fold. First, studying the response of quantum-effect devices (or 
artificial atoms) to radiation at frequencies comparable to the intersubband spacings (the 
subbands are formed by lateral confinements) is analogous to optical spectroscopy in 
atomic physics. Therefore, new information can be revealed that dc transport measurement 
alone may not Second, the intrinsically lower capacitance (and therefore the time constant 
RC) of laterally confined quantum-effect devices should make them competitive candidates 
for applications at and above one THz, where currently no photonic devices are available. 

We first investigated the simplest quantum-effect device, quantum point contact 
(QPC).1'2 The electron transport from the source to drain can be modeled by an one- 
dimensional quantum mechanical system with a barrier at the narrowest constriction. 
Under a far-infrared irradiation whose photon energy is sufficient to raise the electron 
energy over the barrier, a radiation-induced drain/source current could be produced. This 
process is called photon-assisted quantum transport (PAQT),3 and it is directly analogous 
to the photoemission phenomenon in metals. Following the spirit of Tien-Gordon's theory 
of photon-assisted tunneling, we have developed a theory to quantify the PAQT process.4 

In essence, photon absorption (or emission) can be characterized by a new electron density 
of states, which is a superposition of the original density of states with the energy shifted 
by nfico and weighted by a probability factor Jn

2(ot), where a is a dimensionless number 
that is proportional to the radiation field strength. Consequently, the curve of the 
drain/source conductance GDS VS. the gate voltage VQS will be a superposition of the 
original GDS-VGS weighted by Jn

2(oc) and shifted by nfico/eT|, where r\ is a dimensionless 
geometric factor that relates the gate voltage to the energy of the subbands. Thus, photon- 
induced substeps should appear on top of well-quantized conductance steps if the photon 
energy is much greater than thermal broadening kT. 

Motivated by this idea, we have investigated response of antenna-coupled QPCs to 
coherent radiation in the frequency range from 100 GHz to 2.5 THz.5 The purpose of the 
integrated planar antennas is to couple far-infrared radiation (with wavelengths on the order 
of one millimeter) to individual QPCs of submicron dimensions. Figure 1 (a) and (b) show 
SEM pictures of a QPC coupled to a log-periodic antenna. Dc transport measurement on 
this device yielded fifteen visible conductance steps at 1.6 K, as shown by the staircase 
curve in Fig. 1(c). These sharply defined step structures indicate that the drain/source 
transport is mostly ballistic. Under coherent irradiation at 285 GHz, a pronounced photon- 
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induced current was observed which is shown as the oscillatory curve in Fig. 1(c). The 
radiation-induced current is positive below the threshold of a conductance step, and 
negative above the threshold. This feature qualitatively agrees with the theoretical prediction 
of PAQT. However, no photon-induced substeps were observed. At 285 GHz, fio) = 1.2 
meV, which is approximately 1/3-1/2 of the spacing between adjacent subbands. Thus, 
photon-induced substeps, if exist, should be quite visible. 

(c) 

Figure 1. (a) SEM (with a magnification of 400) of a QPC with a log-periodic antenna, (b) Central 
region of the QPC. (c) Radiation-induced current in a gate voltage region where the conductance steps 
(measured without radiation) are well defined. 

The most likely cause of the observed radiation-induced current is heating of the 
electron gas by the far-infrared radiation. Due to the gapless nature of excitations in two- 
dimensional electron gas (2DEG), radiation heating will always be present This is in great 
contrast to superconducting tunnel junctions, in which the energy gap prevents energy 
absorption everywhere except across the junctions. Our further investigation of thermal 
current (which is the difference of drain/source currents measured at 3.7 K and 1.6 K) 
yielded very similar features as those of the radiation-induced currents.5 The assumption of 
the heating effect is further supported by our recently observed radiation-induced 
photovoltaic effect in the QPC devices.6 Figure 2 shows a set of drain/source current of an 
irradiated QPC with zero external bias voltage. This radiation-induced current tracks the 
subband structures in a regular manner that it resembles the transconductance diDs/dVcs °^ 
the device. We have identified this photovoltaic effect as a result of thermopower generated 
by asymmetric heating of the drain and source. By shifting the focal spot of the far-infrared 
beam, we can reverse the asymmetry of this radiation heating, and thus reverse the polarity 
of the radiation-induced current, as shown in Figure 2. 

Although our investigation on QPCs has yielded interesting bolometric response 
which may lead to device applications, a fundamental question remains why the photon- 
assisted quantum transport (which is analogous to so many well-established phenomena, 
such as photoemission in metals) has not been observed in QPC devices. In order to 
understand the conditions necessary for photon-excited processes to be achieved, we have 
carried out a simulation study by numerically solving time-dependent Schrödinger 
equation.7 Our main finding is that the selection rule, which is the mathematical statement 
of the momentum conservation of the electron/photon systems, determines whether the 
electron transport (under irradiation) is adiabatic or photon-excited. Mathematically, in 
order to achieve an appreciable photon-excited transition probability, the dipole-moment 
integration must be truncated to a region that is not much greater than the coherence 
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0.1    0.2   0.3   0.4   0.5 

Figure 2. Far-infrared radiation-induced currents with zero externally applied drain/source bias 
voltage taken at different power levels. Positive currents correspond to beaming towards the source region 
while negative currents correspond to beaming towards the drain region. 

length 1/Ak, where Ak is equal to the momentum difference between the electrons before 
and after photon absorption/emission. This truncation can be achieved experimentally by 
either a localized electron state or a localized photon-field profile. Physically, this spatial 
localization of the electron or photon field provides the momentum spread that is 
necessary for the momentum conservation in the photon excitation process. Figure 3(a) 
shows a wave function (in k-space) in the presence of an ac field. The main peak at k = 
0 corresponds to the wave function in a free space without radiation. The satellite peaks 
on the right correspond to photon absorptions, and the ones on the left correspond to 
photon emissions. Fig. 3(b) shows the amplitudes of these peaks as functions of the ac- 
field spatial width. Clearly, photon-excitation process decreases exponentially as the ac- 
field spatial confinement loosens. 

10u 

-0.4 -0.2 0.0 0.2 

Wavenumber (tf/Ax) 
0.4 1.0 1.0 2.0 3.( 

Width of ac Field (1000 A) 

Figure 3. (a) Square of a wave function of free electrons (in k-space) under the irradiation of an ac 
field. The satellite peaks correspond to photon absorption (on the right of the main peak) and emission (on 
the left), (b) Amplitudes of photon-excited states as functions of the width of the ac field. 
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Our simulation study indicates that the selection rule requires a spatially confined 
ac field if the photon-excited transition is between two extended electronic states, such as 
the case for quantum-point-contact devices. This can be achieved by bringing the antenna 
terminals very close to the central region. Photon excitation can also be achieved by using 
double- or multiple-barrier structures to create quasibound electronic states. The spatially 
localized nature of these quasibound states provide the momentum transfer for the photon- 
assisted process. Following this understanding, we have designed and fabricated antenna- 
coupled dual-gate devices.8 An SEM picture of one of these devices is shown in Fig. 4, 
along with a side view of the device, a self-consistently calculated dc potential profile in the 
drain/source direction, and the transmission coefficient T(e) through such a structure. The 
peaks in the transmission coefficient correspond to the energy levels of the quasibound 
states, while the peak width correspond to their lifetimes. In the presence of an ac field, 
photon-assisted transport can be modeled by an effective transmission coefficient Tco(£), 
whose main peaks correspond to the original T(e) and the sidebands correspond to photon 
absorption or emission, as shown in Fig. 5(a). Photon-induced current can be calculated in 
this model by taking the difference between the current calculated using T(a(£) and T(e). 

a) -o vds q- 
Vwg O Vng O 

,T(e) 0 

2 DEG    135nm 250nm 50nm 

_15 

0 200        400        600 

position (nm) 

Figure 4. (a) Side view of a dual-gate device, (b) SEM picture of the device, (c) Self-consistently 
calculated dc potential profile for the device, (d) Transmission coefficient as a function of the energy. 

Fig. 5(b) and (c) show the measured radiation-induced current as functions of the 
drain/source bias voltage V^ (curves labeled by (i)). The two sets of curves are taken with 
radiation frequencies at 90 GHz (in (b)) and 270 GHz (in (c)). The radiation power level at 
both frequencies is approximately the same. It is clear that the two sets of curves exhibit 
distinctively different features at the two radiation frequencies. The ones at 90 GHz show 
much sharper modulations of the radiation-induced current, while the ones at 270 GHz 
have much smoother features, which is due to the overlap of photon subbands at this high 
frequency, as illustrated in Fig. 5(a). This frequency-dependent feature is the strongest 
evidence that the radiation-induced current is a photonic effect that depends on the energy 
of an individual photon. The curves labeled (ii) in Fig. 5(b) and (c) are calculated 
photocurrent based on the model of photon-assisted transport They agree with the 
experimental results quite well. In comparison, the calculated radiation-induced current 
based on a bolometric model (labeled (iv) is frequency independent and cannot explain the 
experimental results taken at 270 GHz. 

In conclusion, our work indicates that heating will always accompany any possible 
photonic effects in semiconductor quantum-effect devices. In order to enhance the coherent 
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photon-excited process relative to the incoherent heating process, careful design must be 
taken to assure that the selection rule to be satisfied. Our measurement on dual-gate devices 

T„(e) 

-8-4     0      4 -4048 
Vds(niV) 

Figure 5. (a) Effective transmission coefficient that includes the effect of photon absorptions and 
emissions, (b) and (c) Curves (i): measured radiation-induced current at 90 GHz (b) and 270 GHz (c). Curves 
(ii): calculated radiation-induced current based on the model of photon-assisted transport. Curve (iv): 
calculated radiation-induced current based on heating model. 

has yielded strong evidence of photonic effect that depends on the energy of individual 
photons. Further investigations by using broadband spectroscopies and tighter photon-field 
confinements should provide further evidence to test the theory. This work was supported 
in part by the MRSEC program of the National Science Foundation under award number 
DMR-9400334, and by MIT Lincoln Laboratory under grant number BX-5464. 
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Abstract 

Low frequency noise in a novel 2-Dimensional Metal-Semiconductor 
Field Effect Transistor (2D-MESFET) has been investigated for the first time. 
It has been shown that the noise level S is rather small. At room temperature 
the value of Hooge constant a was about 2-10~5 for frequency f = 20 Hz. The 
frequency dependence of the relative spectral density of current fluctuations 
Sj/I2 at 300K was close to S ~ 1/f °-6 in the frequency range 20 Hz - 20 kHz. 
Two local maxima have been observed on the temperature dependence of S in 
the temperature ranges 100 - 180 K and 200 - 300 K. 

I. Introduction 

Recently a novel 2-Dimensional Metal-Semiconductor Field Effect 
Transistor (2-D MESFET) on the base of modulation-doped AlGaAs/InGaAs 
heterostructure has been described [1]. It has been shown that the narrow 
channel effect, which is a serious limitation to the minimum power 
consumption in conventional FETs, is practically eliminated in this device. 
Therefore this device may become a promising base element of low power high 
frequency electronics. The level of low frequency noise is one of the important 
parameters for microwave devices. This frequently determines the usefulness of 
such devices in communication systems. The investigation of the low frequency 
noise also allows one to judge the degree of structural perfection of a material, 
quality of ohmic contacts, density of surface states etc. [2] 

II. Results and Discussion 

AlGaAs/InGaAs 2D-MESFETs studied here were similar to those 
described in [1]. For samples under investigation saturation current value Iso 
was about 150 - 160 juA at Vgs=0, and the threshold voltage Vr; was - 0.8 V. 
The value of ns in the InGaAs channel was 2-1012 cm~2 and the Hall electron 
mobility was 6000 cm^/V-s at 300 K. The gate length L was nominally lum. 
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The resistance in the linear (ohmic) region was equal to Ro   » 3.5 kD. at 
Vg; = 0 and R_o.6 * 14.5 kQ at V^ = -0.6 V. 

In Fig.l the frequency dependence of relative spectral density of current 
fluctuations Sj/I2 at 300 K is shown for two different drain-to-source voltages 
Vds = 0.23 V and Vds = 0.8 V at Vgs = 0 V (curves 1 and 3) and for two 
different gate-to-source voltages V^ = 0 V and V^ = -0.6 V at V^s = 0.23 V 
(curves 1 and 2). It is seen that for all three curves the dependence is very close 
to S ~ 1/f °-°. This type of dependence is not necessarily unique among 
semiconductor devices (S ~ 1/f °-5 and even S ~ 1/f °-3 have been observed), 
but as far as we know, it has never been reported from modulation doped 
structures or highly-doped GaAs or GaAlAs structures. For such kind of 
structures the S ~ 1/f (flicker noise) or even S ~ 1/f I-5 type dependences are 
typical [3, 4]. It is also seen from Fig.l that the level of the low frequency noise 
is quite small. Estimating the total number of electrons in the channel to be 
N-1000 at Vgc = 0 V it is easy to show that Hooge constant a = f-NSi/T2 is 
equal to 2-10^ for f = 20 Hz. According to the criteria established for Si and 
GaAs such a low value of a indicates a high degree of structural perfection of 
the channel material comparable to the best epitaxial GaAs channels in FETs 
[5]. When the negative value of Vgg increases, the noise value increases as well 
(compare curves 1 and 2). Estimates show that the noise level increases at 
somewhat faster rate than can be explained by the decrease of the total number 
of electrons in the channel alone. This is due to the contribution of the gate 
leakage current [6]. 

In Fig. 2 dashed line shows 1^ - Vds characteristic of the 2-D MESFET 
(at Vgs = 0 V) below the current saturation. Solid lines show Sj/l2 vs Vjg for 
different frequencies of analysis. It is seen that for frequencies in the range 
20 Hz - 20 kHz the characteristics are similar in form. The increase of the 
noise level with the increase of V^s results from the decrease of the number of 
carriers in the channel and the change of channel shape as the saturation is 
approached.. The form of Sj/I2 vs V^s characteristics agrees quite well with 
theory [7] which is based on the gradual channel model for FETs. 

Measurements in low temperature region show clearly two local 
temperature maxima (Fig. 3). It is seen that the room temperature (T=300K) 
corresponds to the high temperature edge of the second maximum, especially 
for the frequencies f > 160 Hz. This fact provides a natural explanation for 
small value of y=0.6 (S ~ 1/f0-6 at 300 K - see Fig.l). 

The mechanism for the localization of local levels which is responsible 
for the observed maxima in the Sj/I2 vs temperature characteristics, is very 
complicated for conventional FETs. It is even more complicated for 
modulation doped structures due to the additional interfaces. It is worthwhile 
to note that analyzing the observed low temperature maximum according to the 
technique proposed in paper [8] shows two temperature exponents (Fig.4). In 
the scope of standard theory for nondegenerate semiconductors [8] this level 
should be characterized by the position in the forbidden gap Ec-Eo = 0.04 eV 
and the exponential dependence of the capture cross section 
on=G()-exp(-Ei/kT) where Ei=0.08 eV. It is necessary to perform further 
analysis to establish definite local levels for this device. 
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Ill Conclusion 

The low frequency noise in a novel 2D-MESFET has been investigated 
experimentally for the first time in the temperature range 100 - 300 K and 
frequency range 20 Hz - 20 kHz. The low frequency noise in this device was 
small. Two local maxima observed in the temperature range 100 - 180 K and 
200 - 300 K are the main contributors to this noise. 
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TRANSPORT OF MANY ELECTRONS IN NANOSTRUCTURED GaAs 
SCHOTTKY DIODES AT 300 K GOVERNED BY h/e2 

H. P. RÖSER, E. BRÜNDERMANN, H.-W. HÜBERS 

DLR, INSTITUTE FOR SPACE SENSOR TECHNOLOGY 
RUDOWER CHAUSSEE 5, D-12489 BERLIN, GERMANY 

In recent years there has been great interest in transport phenomenon of 
electrons travelling through samples with mesoscopic structure. This has been 
strongly influenced by advances in nanostructure fabrication technology for 
semiconductors with the capability of engineering 1-, 2- and 3-dimensional 
mesoscopic systems. One of the simplest electronic elements with mesoscopic 
structure are GaAs Schottky barrier diodes which have anode diameters down 
to 0.25 urn with capacitances as low as C > 0.25 fF. 
To investigate the electron transport we used different Schottky diodes (table 1) 
as rectifier and mixer in a heterodyne receiver with a laser as local oscillator 
(LO). Heterodyne detection is a coherent process, so that the sensitivity is 
extremely dependent on the electron transport behavior in the Schottky 
contact, where the phase sensitive mixing process takes place. 
It has been shown in several experiments, if a Schottky diode is driven by an 
external bias current source, it will be especially sensitive and shows lowest 
noise for heterodyne detection when the optimum mixing current lopt is 
proportional to the operating frequency according to lopt = (Ne-e)v and the 
coherent LO radiation generates an optimum amplitude across the diode of 
VLO = (Ne-e)/2C which is independent of the operating frequency. As an 
example see figure 1. The number of electrons, Ne, passing through the 
Schottky contact (figure 2) each LO cycle is constant, can be as low as 1, 300, 
and has a characteristic value for a particular type of diode (table 1). The 
constant charge transfered each LO cycle can be considered as a result of an 
"active detection or depletion volume" of thickness Ddepl which can be 
determined by two independent methods ranging from ~200 A to ~300 A. 
The effect on diode performance of cryogenic cooling from 300 K down to -20 
K was also investigated resulting in no significant improvement. This is a 
surprising effect because the current density through the Schottky contact is as 
high as ~106 A/cm2 and at the same time the sensitivity at 300 K is only a factor 
30 - 50x above the quantum noise limit. 
Further experiments show that the resistance of one single electron moving 
across the active thickness is 25,750 ± 600 Q by plotting the voltage across 
Ddepi versus the normalized optimum current lopt/Ne for all diodes (figures 3). 
This result is very close to the inverse quantized conductance h/e2. 
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Another interesting relation can be found by plotting the square of Ddep, 
versus the mobility of different diodes resulting in a proportionality factor 
of (2.07 ± 0.13)-10"15 Vs which is very close to h/2e (figure 4). 

A possible theoretical explanation for these experimental results achieved at 
room temperature and with no external magnet field will be given in the paper 
by Hübers et al. at this conference. 

Table 1: Parameters of the investigated Schottky diodes. 

Diork JUS        117 1112        1T1Ö 

Anode Diameter [/»"] 1.0 O.S 0.45 0.25 

Capacitance at Zero Bias Cjo [fF] l.S 0.9 0.45 0.25 

Scries Resistance Rs- [fi] 30 13 33 20 

Epitaxial Layer Doping Nß [10,7cm-3l 1.0 3.0 4.5 10 

Electrons per Laser Cycle Nt 2800 4500 •2200 1300 

Rectified LO Signal \rio (mV] 70 1G0 260 3S0 

Mobility /< [cmn-'s-1] 5000 3600 3100 2100 

WAVELENGTH ||i!Bl 
600 31-0 200 150 120 

1500        2003        2500 
FKauESCr [GK>| 

FIG. 1: Optimum current lop, and rectified LO 

signal V'io as a function of frequency. 

DIODE 1112 
WHISKER 

Pl-GaAs 
SCHOTTKY CONTACT 

ACTIVE 
DEPLETION 
REGION 0d5 

FIG. 2. The Schottky contact of the diode 1112 
with the active depletion region including 
edge effects. The dimensions are to scale. 
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A Fully Implanted Heavy Ion 0.10 jj,m gate length NMOS 
transistor with Gallium channel implantation 

and Indium pocket doping 

F. BENISTANT (Ph.D. Student), G.GUEGAN, M. LERME 
S.TEDESCO, F.MARTIN, M.HEITZMANN 

LETI (CEÄ) 17, rue des Martyrs 38054 Grenoble Cedex 9 France 
Phone : (33) 76 88 97 95 - Fax : (33) 76 88 94 57 - email: benistan@dmel.ceng.cea fr 

Introduction : 
This paper demonstrates, for the first time, the feasibility of fabricating 0.10 (im 

NMOSFET using heavy ion implantations to suppress short channel effect (SCE). In this 
work, Gallium and Indium ions are used respectively for channel and pocket implantation. 

As the MOS device gate length is reduced, the supply voltage Vdd, is decreased and 
the channel doping is increased to suppress SCE. At the same time, the threshold voltage, Vt, 
should be approximatively maintained at Vdd/4 [1]. Therefore, the scaling laws [2] lead'to a 
contradiction. The use of pocket implantation is an efficient way to reduce channel doping 
without increasing SCE. However, as Boron is a light impurity the containment of the pockets 
is difficult under the extensions without increasing both junction capacitances and channel 
doping. Therefore heavy ions are good candidates for this purpose [3]. Moreover, the strong 
need to obtain symmetrical NMOS and PMOS devices in terms of Vt leads to the use of heavy 
ions to obtain a retrograde profile in the channel. Figures 1 and 2 show the acceptor and donor 
pairs necessary to obtain identical channel profiles in NMOS and PMOS devices respectively. 
Arsenic and Antimony for PMOS and Indium for NMOS have already been published [4,5], 
however no work on Gallium is known to the authors. 

Device fabrication: 
In this paper, 0.10 um NMOS devices have been fabricated, for the first time, with 

Gallium implanted channel, and either Indium or Gallium pocket doping. As already 
mentioned, the use of Gallium in the NMOSFET channel gives the same retrograde profile as 
Arsenic in the PMOSFET channel, for the same implant conditions. Moreover, Gallium has an 
higher solubility limit than Indium. On an other hand, Gallium is known to have high 
diffusivity in silicon. However, as the gate length is reduced, the thermal budget of the process 
is dramatically decreased, and the diffusivity becomes less important. Therefore, no major 
drawback exists to use Gallium in deep submicron MOS technology. In addition, heavy ion 
architectures are compatible with conventional processing (Fig.3) without increasing design 
complexity. For this process, the gate stack consists of 4.5 nm gate oxide and 150 nm aPoly- 
Si (Fig.4). Figure 5 shows the measured breakdown field (Ebd) for MOS capacitors with 
Indium (150keV), Gallium (140keV) or Boron (25keV) implanted substrate. Sample with 
uniform Boron doping (lxl016cnr3) is given as standard. High values of Ebd show that the 
growth on a heavy ion implanted substrate does not affect the gate oxide integrity for doses 
lower than lxl013cm-2 j^e gate level is patterned by a hybrid e-beam and DUV process 
which fully integrates e-beam lithography with optical process and equipment. After gate etch, 
instead of gate reoxidation, a thin 4.5 nm oxide has been deposited to suppress the Bird's 
Beak in the gate oxide corner (Fig.6). The extension and pocket implantations were made 
through this thin oxide layer. After formation of the 0.10 urn spacer, the deep S/D implantation 
was performed (Table 1). The doping profiles were obtained by SIMS measurements 
(Fig.7, 8). The extension junction depth is 0.05 um and the deep S/D one is 0.10 um. 
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Results and Discussion: 
While the device without pocket operates in punchthrough mode, the SCE is 

suppressed for Indium pocket device (Fig.9), due to both retrograde channel profile and 
localised pockets. In addition, the roll-up is dramatically reduced with this device, due to both 
no Indium diffusion and reduced thermal budget. Moreover, because of the electric field in the 
S/D depletion regions, all the Indium impurities are activated and no frozen carrier effect 
occurs in these regions. For Gallium pocket devices, the SCE is observed because the 
implanted pocket dose is five times lower than that Indium pocket devices. However, the Vt 
shift, for 0.10 |im Gallium pocket device is less than 150mV. The Indium pocket implantation 
clearly reduces the leakage current (Fig. 10), and leads to a 440 mA/mm saturation current at 
1.5V (Fig. 11) for 0.10 |im device. Saturation transductance and subthreshold slope have also 
been evaluated for the three architectures (Fig.12,13). The low Vt value explains the leakage 
current increase for short channel devices. Because the devices without pocket work in DIBL 
and punch-through mode, the saturation current is higher for these devices. The drain current 
versus drain voltage plots show good saturation characteristics for pocket devices 
(Fig. 15, 16). 

Conclusion  : 
For the first time the feasibility of 0.10 urn gate length NMOS device with heavy ion 

channel and pocket implantation have been demonstrated. The SCE have been suppressed for 
0.10 |im device with Gallium doping in the channel and Indium doping in the pockets. In 
addition, the Gmsat reaches 325 mS/mm and the saturation current is 440 mA/mm at 1.5V. 
Therefore, the use of heavy ion implantation is a promising solution for optimization of deep 
submicron CMOS 

[1]: RM.Klaassen, Solid-State Elec, 1978, vol.21, p.565 
[2]: G.Baccarani et al.IEEE Trans.on Elec.devices, 1984, vol.ED31,n°4, p.452 
[3]: Benistant et al., ESSDERC95 
[4]: G.G.Shahidi Symposium on VLSI Techn. Dig., 1994, p.93 
[5]: A.Hori et al. IEDM Techn.Dig., 1994, p.485 
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Fig.6: XTEM view of Bird's Beak in Gate Oxide 
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Gallium Pockets Ga:80keV-lxl013cm"2 

Indium Pockets In: 100keV-5xl013cnr2 

S/D Extension As : 12.5 keV - lxlO14 cm"2 

DeepS/D As : 40 keV - lxlO15 cm'2 

Table 1: Implantation conditions of Pockets and source/drain 
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Ultradense Hybrid SET/FET Dynamic RAM: Feasibility of Background- 
Charge-Independent Room-Temperature Single-Electron Digital Circuits 

K.K. Likharev and A.N. Korotkov 
Department of Physics, State University of New York at Stony Brook, NY 11794-3800 

1. Introduction 
To our knowledge, correlated single-electron tunneling [1, 2] remains the only 

known realistic physics basis for future nanoelectronic digital circuits [3-4]. In contrast to 
the semiconductor transistors, operation of single-electron devices is based on the 
ubiquitous Coulomb interaction of electrons, and as a result these devices can be in 
principle scaled down to single-atomic size [5]. Nevertheless, until recently digital 
single-electronics faced several serious problems. 

Firstly, attempts to directly imitate CMOS digital circuits by replacing FETs by 
SETs (Single-Electron Transistors [1-4]) would lead to an unacceptable power 
dissipation, ~3 kW/cm2 for room-temperature devices with -1011 transistors per cm2 [4, 
6]. This problem may be circumvented by using one of the Single-Electron Logics [4, 7] 
where digital bits are presented by single electrons and static power dissipation is 
negligible. Secondly, in order to avoid thermally-induced digital errors, the structures 
with extremely small capacitance, C~0.01kBT/e2, and hence of extremely small size 
should be employed [6]. For room temperature operation, this results in the need of ~1- 
nm patterning of circuits with the terabit integration scale - a technological level which is 
hardly in sight Finally, the switching thresholds of digital single-electronic devices are 
very sensitive to charged impurities trapped in their non-conducting environment [1, 4]. 
For example, a single charged impurity located near a conducting island of the device, 
may shift its background charge Q0 by 5ß0-e, while the switching thresholds are e- 
periodic functions of ß0- Moreover, for nanometer-scale devices, a considerable 
contribution into the threshold position may be provided by energy quantization of 
electrons in conducting islands. In this case, even small random variations of the island 
size or shape may lead to unpredictable variations of the switching thresholds, making 
operation of LSI circuits impossible. 

The objective of the present work is to suggest the first ß0-insensitive single- 
electronic devices which may not only allow the last problem to be avoided completely, 
but also facilitate fabrication of the single-electron circuits by softening size requirements 
by a factor of ~5 (i.e. allowing ~5-nm minimum feature size for room-temperature 
operation). 

2. The Basic Concept 
The basic idea of the ßo-independent operation of the capacitively-coupled 

single-electron transistor is demonstrated in Fig. 1. The "source-drain" current / through 
the transistor is a e-periodic function of Qf=Qo+cgUin> witn amplitude AI~eG/C, where 
G and C are the tunnel junction conductance and capacitance, respectively, while Cg is 
the gate capacitance. The randomness of the background charge QQ makes the response 
of the device to small signals AJ7g unpredictable. Let us consider, however, a ramp-up of 
Ug by A£/g>e/Cg. The transistor response will be an oscillation of the current / with the 
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full swing equal to AI, regardless of QQ. After amplification (say, by a FET sense 
amplifier) this response may be rectified and serve as the output signal. In order to 
prevent its contamination by the ß0-dependent de background, a high-pass filter (say, 
just a blocking capacitor Cb) may be used between the SET and FET stages (Fig. la). 

^> 

tunnel junction' N small conducting island 

(b) 

A/ 

-> 
C U- g in 

Figure 1. (a) SET-FET transistor system and (b) transfer function of the single-electron 
transistor (schematically) 

3. Memory Cell 

As an example of the application of this general concept, consider a non-volatile 
dynamic RAM combining SET-based cells and FET sense amplifiers (Fig. 2). As in 
traditional non-volatile semiconductor memories [8, 9], digital bits are stored in the form 
of electric charge Q of a floating gate, in our case the gate is extremely small (of the 
order of 10 nm; see Sec. 4 below) and the charge is just a few electrons. The charge may 
be changed by its injection/extraction via an element with a sharp conduction threshold 
Vt. We have considered two possible implementations of this element. The simplest 
option is to use just a relatively thick dielectric layer with Fowler-Nordheim tunneling 
above Vt, similar to that used in the usual semiconductor non-volatile memories [8, 9]. 
An alternative is to use an Ohmic resistor ^»h/e^lO4 Q. in series with a small tunnel 
junction (similar to those used in the SET) [1, 10, 11]. 

The system dynamics is presented by the phase diagram shown in Fig. 2c; in this 
diagram, each thin horizontal line corresponds to a certain number n of electrons trapped 
in the floating gate. The writing threshold Vt for the effective voltage Vey=Cg(yw-V'f,)/C2: 

may be reached by the application of positive voltage VD to the word line and similar 
negative voltage to both bit lines (Cz is the total capacitance of the floating gate). Before 
reading, the cell is preconditioned by the application of a voltage VD to the corresponding 
bit lines (this operation increased parameter margins substantially). Finally, write 0/read 
1 operation is achieved by the application of positive Vb=VD and negative VW=-VD. The 
charge of the floating gate changes by AQ=eAn=-CIVD, the effective charge Qt of the 
SET island changes by AQj=eAnC^Cj>e. Because the drain-source voltage 2Vr~e/C is 
applied to the transistor simultaneously, its current performs several oscillations (Fig. lb) 
during the last process. These oscillations are picked up by a FET sense amplifier (Fig. 
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2a), which may serve simultaneously a block of N»l SET cells connected in parallel. 
After rectification, this waveform is sent to the output, signaling that the selected cell had 
the state 1 before the write/read operation; if the state was 0, than An=0, and no output 
signal is formed. 

An elementary analysis shows that for this bit-addressable operation the charge 
difference AQ=Qj-Q0 should be below 2CjVß\ random spread of the switching 
thresholds would force a further reduction of the upper bound for Aß, which vanishes if 

w 

bit 
line + 

Vb+Vr 
word line 

floatingi     • - 
gate  \Q | ui 

SET 

Wr 
(a) 

bit 
line- 

rectifler i Precondition 

4V 
load 

FET sense amplifier 
(one per N-100 cells) 

Write 0/ 
Readl     ■^—V 

load 

(b) 

Figure 2. Hybrid SET/FET memory: (a) structure, (b) possible threshold elements, and 
(c) memory cell dynamics shown schematically on its phase diagram. 

4. Parameter Estimate 
In order to estimate the possible density" of the hybrid DRAM, we have carried 

out a detailed analysis of a particular example, where the middle electrode of SET and 
the floating gate are islands of highly n-doped (n=3xl020 cm"3) Si islands of size 5x5x3 
nm3 and 7x7x5 nm3, respectively. Such a high doping ensures that fluctuations of the 
number of background electrons in the islands (-25 and -75, respectively) are relatively 
small. The threshold element with Vf=3 V is a 2-nm-thick layer of an insulator providing 
the low-field energy barrier of height U=3 eV, while the SET-gate insulation is a 10-nm- 
thick Si02 layer. SET has lateral Si02 tunnel junctions of area 5x3 nm2 and barrier 
thickness of 2 nm. The word and bit lines and gaps between them are 10 nm wide; it is 
this width which determines the area £=20x40 nm2 of the whole cell. With due allowance 
for FET sense amplifiers (one per N=100 SETs), this size corresponds to the cell density 
of 1011bits/cm2. 
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In this case we get C£=0.8 aF, AQ~10e, C^O.l aF, AQt=1.5e. Capacitance C and 
conductance G of each junction of the SET is about 0.2 aF and 20 p.S, respectively, so 
that the total capacitance Cm of the middle island is close to 0.6 aF, and the single- 
electron charging energy e2/Cm~250 meV~10ü:5r is sufficiently high for operation at 
room temperature (electron energy quantization in the middle island increases the total 
electron addition energy to -400 meV). In particular, the r.m.s. noise of the transistor 
[12] within the 300 MHz bandwidth, reduced to its input charge, is close to 5xl0*3e. This 
is why even if N=100 SETs are connected in parallel, the signal-to-noise ratio (-10) is 
still acceptable for a reliable read-out. The cycle time is restricted to -10 ns mostly by 
charge injection to/extraction from the floating gate; processes of charging the SET-FET 
interconnects (-0.1 ns) and of FET output lines (-1 ns) are considerably faster. The total 
power dissipation (-3 W/cm2) is mostly due to that in FET sense amplifiers; power 
consumption of SETs (-30 mW/cm2) and energy loss due to recharging of interconnects 
and floating gates (-3 mW/cm2) are considerably lower. 

To summarize, we do not see any insurmountable problem with implementation 
of such DRAMs, provided that 5-nm patterning technology is on hand.   . 

5. Conclusion 
The ultradense DRAM considered above is not the only possible application of 

this basis concept Recently we have suggested use of the same concept for 
implementation of electrostatic mass data storage with density in excess of 1012 bits/cm2 

[13]. Other suggestions are certainly forthcoming. Generally we believe that using 
single-electron devices to complement silicon technology, rather than compete with it, 
may lead to the demonstration of room-temperature digital circuits of unprecedented 
density in the near future. 
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In numerous publications of the last several years 
[1,8], acoustic phonons have been guantized for a variety of 
nanoscale and mesoscopic structures in order to assess to 
role of electron—acoustic-phonon scattering in limiting the 
performance of nanoscale and mesoscopic electronic devices. 
These structures include guantum wells, guantum wires with 
cylindrical and rectangular cross sections, and guantum dots 
with spherical, cylindrical and rectangular boundaries. 
These guantized phonons have been studies for the two 
cardinal boundary conditions of classical acoustics: free 
boundaries (open boundaries) where the phonon displacements 
are unrestricted and allowed to balance all normal traction 
forces to zero; and clamped boundaries (rigid boundaries) 
where phonon displacements are reguired to vanish at the 
boundaries.  For guantum wells, scattering rates have been 
calculated for free-standing structures [4,8].  For the case 
of guantum wires, scattering rates have been calculated only 
for the case of infinitely long guantum wires and, as 
appropriate for this case, the acoustic phonons have been 
guantized in only the lateral dimensions.  However, for 
realistic mesoscopic device designs, the guantum wire input 
and output "leads" as well as the active regions of the 
devices with guantum-wire geometries have finite lengths. 
Accordingly, deformation "and piezoelectric scattering rates 
must be based on acoustic phonons that are guantized in all 
three spatial dimensions.  The international community does 
not appear to have considered the role of three dimensional 
confinement of acoustic phonons in mesoscopic devices but it 
is clear from the solutions of classical acoustics that 
boundary conditions imposed at the ends of wire-like regions 
can have a profound effect on the properties of acoustic 
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modes.  The results presented here are based, in part, on a 
consideration of the role of acoustic phonon confinement in 
mesoscopic devices containing finite wire-like regions. 
Based on our current understanding of such finite wire-like 
structures, we believe that it is possible to "engineer" 
mesoscopic structures so that electron—acoustic-phonon 
scattering is reduced.  This reduction is likely to be most 
important in mesoscopic device which operate in the basis of 
"coherent" electron-wave interference effects. 

In the domain of classical acoustics, especially 
revealing examples of the role of wire-like regions in 
modifying and tailoring selected acoustic mode patterns are 
those of the organ pipe and of the muffler.  In the first 
example, the open boundary conditions at the ends of the 
organ pipe result in wave reflections with the reflected and 
transmitted waves having amplitudes with the same sign at 
the ends of the organ pipe.  Subject to these boundary 
conditions, the acoustic modes in an organ pipe evolve so 
that standing wave amplitudes are maximized and anti-nodes 
are formed at the ends of the pipe; that is, the dominant 
modes are those having wavelengths such that the length of a 
half-integral number of wavelengths is equal to the length 
of the pipe.  Thus, an organ pipe produces sounds at well 
defined and reproducible wavelengths.  In the second 
example, a muffler suppresses sounds at exit ports through 
the use interfaces which produce modes with the required 
node and anti-node structures. 

In the case of mesoscopic devices the situation is, 
perhaps, more complex than in the case of classical acoustic 
waveguides with open boundaries since, in general, the 
boundary conditions at the ends of the quantum wires require 
that both the mode displacements and the normal components 
of the stress be continuous.  However, for the case of a 
quantum wire which couples to an "end" region composed of 
the same material as that in the interior of the quantum 
wire, the open boundary condition such be appropriate. 
Thus, for, example, in the case of a quantum wire with two 
"open" ends the ambient acoustic phonons in the wire will 
evolve so that the dominant modes are those having 
wavelengths such that the length of a half-integral number 
of wavelengths equals the length of the quantum wire.  Just 
as in the organ pipe these modes will have their maximum 
amplitudes at the ends of the wires; that is, anti-nodes 
will be present at the ends of the quantum wire. Similar 
behavior may be expected~for the case of free-standing 
quantum well structures.  For the case of a quantum wire 
which couples to (or terminates on) a region composed of a 
material with acoustic properties different from those of 
the material in the interior of the wire, the exact boundary 
condition must, in general, be applied.  From classical 
acoustics it is known that few analytical solutions are 
available for the cases where the complete boundary 
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conditions must be used.  A useful simplification arises in 
the case where the material in the interior of the quantum 
wire and the material at the end of the quantum wire have 
such different properties that the phonon modes are damped 
abruptly at he interface between the two materials; in this 
case, the so-called "clamped" boundary condition is adequate 
and the modes amplitudes may be assumed to vanish at such 
interfaces.  Such a case applies at some metal-semiconductor 
interfaces.  In particular, for a mesoscopic device having 
wire-like regions which terminate on a variety of metal 
regions (regions used as contacts, gates, barriers, etc.) it 
is satisfactory to apply clamped boundary conditions.  At 
these boundaries, the acoustic modes will have nodes instead 
of the anti-nodes that are established in the case of an 
open boundary. 

With this set of simplified boundary conditions it is 
possible to design mesoscopic structures with the phonons 
"engineered" to produce desired standing wave patterns.  As 
an example, consider a four-terminal generalization of the 
three-terminal "tee"-shaped de Broglie wave interference 
device [9].  More specifically, consider a mesoscopic 
structure with quantum wires intersecting each other at 
right angles such that the two wire "centers" are at the 
same point.  For this structure the ends of one wire are 
taken to be open and the ends of the other wire are taken to 
be clamped.  Hence, it is possible to select some acoustic 
modes such that nodes will occur in "center" of one wire and 
anti-nodes will occur at the "center" of the other wire.  By 
selecting various wire lengths it is possible to define a 
standing wave pattern that either maximizes or minimizes the 
amplitudes of specific acoustic phonon modes in regions 
where the electronic wavefunctions are dominant. 
Furthermore, by "engineering" interfaces within a quantum 
wire which are perpendicular to the quantum-wire axis, it 
should be possible to control the acoustic modes in wire- 
like regions of mesoscopic devices just as the classical 
acoustic modes are controlled in a muffler.  Thus, the 
deformation and piezoelectric scattering rates may be 
partially tuned by tailoring the ambient phonon standing 
wave patterns in such mesoscopic structures. 

In this effort to "engineer" the ambient phonon modes, 
the quantum-wire phonon modes obtained previously [1,8] 
should correctly describe the lateral quantization of the 
phonon modes.  Elementary examples of such effects are 
implicit in the results öf Ref. [8].  The quantization along 
the lengths of the quantum wires will be treated approx- 
imately under the simplifying "open" and "clamped" boundary 
conditions to assess the extent to which mesoscopic device 
properties may be controlled through the "engineering" of 
the phonon modes in mesoscopic devices.  It is emphasized 
once again that the major payoff from the "quantum 
engineering" of acoustic phonons in quantum wires is the 
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reduction of electron—acoustic-phonon scattering'and the 
consequent preservation of "coherent" electron waves in 
mesoscopic devices.  Achieving nearly-coherent electron 
waves may ultimately depend sensitively on reducing 
electron—acoustic-phonon scattering even though such 
processes may be considered to be weak by normal standards. 
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ABSTRACT 
We describe highly functional logic 

elements utilizing a two-dimensional (2-D) 
MESFET as a driving device with a resonant 
tunneling diode load. The 2-D MESFET uses 
lateral Schottky contacts' to modulate the 2-D 
electron gas width. The novel contact geometry 
results in reduced capacitance, low parasitic 
resistance, ultra low power performance, and the 
elimination of the narrow channel effect (NCE)2 

compared to conventional HFETs or MESFETs. 
The advantage of using a RTD as the load 
device is the reduction of the static power 
consumption at the logical high input level. We 
demonstrate low power 2-D MESFET/RTD 
inverter operation and use our ATM-Spice 
models to prescribe device optimizations to 
further reduce power consumption. Finally, 
using the multiple-gate feature of the 2-D 
MESFET, we demonstrate compact NAND and 
NOR gates using a single 2-D MESFET/RTD 
pair. 

1. INTRODUCTION 
High speed, low-power IC operation has 

become an increasingly important area of 
research, with applications to battery-powered 
portable electronic devices such as notebook 
computers and wireless communications. This 
consideration dictates the ideal inverter load 
element as one that exhibits low current at 
digital logic levels for low static power but high 
current otherwise for high speed switching, as 
shown in Fig. 1. Lehovec first demonstrated the 
use of a p-n tunnel diode featuring a negative 
differential resistance (NDR) region to meet 
these requirements.3 These were later replaced 
with resonant tunneling diodes (RTDs) featuring 
higher speed, lower capacitance, and compati- 
bility with present materials technology.4,5 

4/ 

V -—  h*- 

Fig.  1.  I-V characteristics of an 2-D MESFET with a) 
ideal load line and b) RTD load line. 

Further improvements have come from 
increasing the performance of the driving 
device, in particular using materials with higher 
carrier mobilities and smaller dimensions. 
However, parasitic effects such as NCE ulti- 
mately limit the performance of these devices. 
In this paper we present measurements and 
simulations of the RTD-load inverter using the 
2-D MESFET for driving. Since the NCE is 
practically eliminated in the 2-D MESFET, very 
low power operation and compact NAND and 
NOR gates are achieved. Furthermore, due to 
higher mobility, smaller parasitics, absense of 
short-channel effects and suppression of hot- 
electron effects, we expect smaller power-delay 
products compared to Si-based technologies. 

2. DEVICE STRUCTURES 
The 2-D MESFETs were fabricated from a 

pseudomorphic Alo.25Gao.75As/Ino.2Gao.8As het- 
erostructure grown on a semi-insulating GaAs 
substrate by molecular beam epitaxy (MBE). 
Typically, the 2-D MESFET structure consists 
of an undoped GaAs buffer layer, an 
AlGaAs/GaAs superlattice buffer, an 
Alo.24Gao.76As layer imbedded with a Si 5-doped 
plane, an InGaAs channel, an Alo.24Gao.76As 
layer imbedded with a Si 5-doped plane, and an 
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n+ GaAs cap layer doped to 4xl018 cm"3. This 
structure gives a sheet density of 2-3xl012 cm'2 

and a carrier mobility of 6000 cm2/Vs at room 
temperature. Fabrication details and schematics 
for the dual-gate device are discussed in 
Peatman et. al.2 Fig. 2 shows a schematic of a 
3-gate structure, as well as a cross-section of the 
device. Both two-gate (one on either side of the 
2-deg channel) and three-gate devices (as shown 
in Fig. 2) were fabricated. 

Gate 1 

Gate 2 

GaAs 

c 

AlGaAs 
InGaAs 

r J? 5-doped 

AlGaAs 
GaAs u 

I-V model for the RTD representing a voltage- 
shifted diode in parallel with a current source: 

1 + Av(v-Vpef 
■V-^exp^V-Sj)] 

where A/ and Av determine the resonant peak 
current, Vpe is the peak voltage, B\ and B2 

determine the diode current and Bj, represents 
the diode voltage shift. The RTD capacitance is 
modeled as C = CoA, where C0 is a constant 
determined by the material structure and A is the 
cross-sectional area. The 2-D MESFET had 
nominal dimensions of W0~Lg = 0.5 pm. 

50u- 

— 40u- 
< •• 

£ auu- 

"20u- 

10u- i *v 
'a.t •••!■•«••• 
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1.0  i 

Voltage [V] 

Fig. 2. Schematic of the 3-gate AlGaAs/InGaAs/GaAs 2- 
D MESFET device structure. Top view (above) and 
cross-section (below) showing a typical layer structure 
(not drawn to scale). 

The RTDs were fabricated from an epitaxial 
layer structure grown on a semi-insulating GaAs 
substrate by MBE. The resonant tunneling oc- 
curs through two 3 nm thick Alo.69Gao.31As 
barriers surrounding a 5 nm thick Ino.21Gao.79As 
well. There is a 10 nm undoped GaAs spacer 
layer on the collector side of the double barrier 
and the ohmic contacts are made to n+ GaAs 
layers doped to 3xl018 cm'3. This material 
structure gives a room temperature peak current 
density of around 500 A/cm2 and peak and 
valley voltages of 0.9 V and 1.6 V, respectively. 

3. 2-D MESFET7RTD INVERTER 
CHARACTERISTICS 

Fig. 3 shows the measured (symbols) and 
simulated (lines) current-voltage characteristics 
of a dual-gate 2-D MESFET and the load-line 
characteristics of an RTD. All measurements 
were made at room temperature using a HP4145 
parameter analyzer and a Micromanipulator 
probe station. The simulations were performed 
on AIM-Spice6 using accurate I-V and C-V 
models for the 2-D MESFET2 and an empirical 

Fig. 3. 2-D MESFET I-V characteristics and RTD load 
line. Solid lines are simulated data and symbols are 
measured data. For the 2-D MESFET characteristics the 
topmost curve represents Vgs = 0.5 V, and the stepsize is 
-0.25 V. 

Here, the gates were electrically connected. The 
pinch-off voltage was -0.55 V, the peak drain 
current was 75 pA at Vgs = 0.7 V (150 mA/mm). 
The RTD diode area was approximately 8 pm2 

and exhibited a peak current of 39 pA at 0.9 V 
and a valley current of 25 pA at 1.6 V, giving a 
peak-to-valley current ratio (PVCR) of 1.6. 

Fig. 4 demonstrates the measured and 
simulated inverter performance using these 
devices. When connecting inverters in a chain 
with the output of one inverter driving the input 
of the next, the output voltage level does not 
exceed around 0.8 V due to leakage through the 
Schottky barrier of the next stage. This results 
in a minimum voltage drop across the RTD of 
around 0.8 V, causing a current through the 
device of approximately 32 pA. At low output 
voltages the current is limited by the valley 
current of the RTD of 25 pA. The resulting 
average static power dissipation is about 46 pW. 
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Fig. 4. Measured and simulated inverter transfer 
characteristics. Solid lines are simulated results and 
dashed line is measured data. The curve labeled Vu = 
0.9 V represents the transfer curve for an optimized 
inverter discussed in Section 5. 

This relatively high value is due to the high 
RTD valley current and the negative pinch-off 
voltage of the driving FET. Furthermore, by 
assuming C0 = 1.25 fF/u\m2 (1000 Ä depletion 
width), we simulated the power-delay product of 
the inverter to be 10 fJ. 

4. COMPACT NAND AND NOR GATES 
The 2-D MESFET geometry, having gates 

on either side of the channel, lends itself 
naturally to multiple input logic gates. To 
illustrate this, the operation of two-input NAND 
and NOR gates utilizing a single 2-D 
MESFET/RTD pair are demonstrated in Fig. 5 
and 6. 

The NOR gate of Fig. 5 uses a two-gate 
driving device. The channel is pinched-off when 
both gates are biased at the logic low level, 
giving a high output. Applying a logic high 
level to either gate allows the channel to 
conduct, giving a low output. The NAND op- 
eration of Fig. 6 uses a three-gate driving 
device, with the inputs applied to the two same- 
side gates and a reference voltage (Vref) applied 
to the opposite gate. Biasing either input gate at 
the logic low level results in pinch-off, giving a 
high output. Biasing both gates at the logic 
high level allows the channel to conduct, giving 
a low output. 

The input signals of Figs. 5 and 6 were 0.8 
V for the high logic level and -2.2 V for the low 
logic level, while the supply voltage was at 1.6 
V. These values were used to demonstrate the 
gates' principle of operation, and the device 
characteristics may be optimized to obtain con- 
sistent DCFL logic levels as discussed in the 
next section. 

VK 

Fig. 5. Demonstration of NOR operation using 2-D 
MESFET driving device. Top trace is output and lower 2 
traces are inputs. 

VM 

VtaI 

Fig. 6. Demonstration of NAND operation using 3-gate 
2-D MESFET driving device. Top trace is output and 
lower 2 traces are inputs. Vref = 0 V. 

5. DEVICE OPTIMIZATION AND 
FUTURE DIRECTIONS 

The static power dissipation of the inverter 
presented in Section 3 can be substantially 
improved by optimizing the device characteris- 
tics. First, to obtain consistent DCFL logic 
levels and to reduce the power dissipation in the 
low-input-high-output logic state an enhance- 
ment mode 2-D MESFET driving device should 
be used. Next, the PVCR should be increased to 
obtain lower static power dissipation. 
Furthermore, the peak and the valley voltages of 
the RTD should be shifted to lower levels to 
accommodate lower power supply levels. 
Finally, the current level of the RTD can be 
scaled to maximize the noise margin. Figures 4 
and 7 show the resulting transfer characteristics 
and I-V characteristics, respectively, after 
optimizing the inverter from Section 3. 
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Fig. 7. Optimized 2-D MESFETI-V characteristics and 
RTD load line. For the 2-D MESFET characteristics the 
topmost curve represents V!S = 0.5 V, and the stepsize is 
-0.25 V. 

The driving device's I-V characteristics of 
Fig. 7 are typical of enhancement-mode 2-D 
MESFETs,7 while the peak and valley voltages 
and PVCR of the RTD are obtainable using 
standard material growth and fabrication tech- 
niques. The simulated static power dissipation 
through one stage of an inverter chain based on 
optimized inverters is calculated to be 1 |J.W. 
For comparison, the simulated power dissipation 
using the same driving device and a 2-D 
MESFET load is calculated to be 3 U.W. 
Assuming a diode area of 2 |im2, the power- 
delay product of the optimized inverter was 
estimated to be approximately 0.5 fJ. 
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Fig. 8. Dependence of driving voltage on second gate 
bias in a dual gate 2-D MESFET/RTD inverter. Solid 
lines and dashed lines correspond to sweeping the input 
voltage up and down, respectively. The second gate bias 
voltages were a) 0.5 V, b) -0.5 V, and c) -1.5 V. 

Since one of the three gates in the 2-D 
MESFET shown in Fig. 2 can be used to control 
the threshold voltage, this device allows us to 
realize. programmable gate arrays containing 
both NAND and NOR gates. It can be also used 
for many other programmable logic applica- 
tions.     For example, Fig. 8 suggests a possible 

application of a dual-gate inverter, as a sample- 
and-hold element, utilizing both the hysteresis 
inherent with RTD loads and the 
"programmable" switching point. 

6. SUMMARY 
We have demonstrated the operation of an 

inverter using a 2-D MESFET as the driving 
device and a RTD load. Low power operation 
arising from the MESFET's 2D-3D geometry 
and the RTD's NDR was presented. The unique 
multiple-gate capacity of the 2-D MESFET was 
used to demonstrate the compact NAND and 
NOR gates by using only one driving device and 
one load device. Finally, optimized device 
simulations showing significantly lower power 
performance were presented and potential appli- 
cations were discussed. 
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Introduction 

There are several ways to form a dynamically one-dimensional electron system 
(quantum wire) in a semiconductor structure. Etched ridge, step, and V-groove structures 
have been proposed and successfully demonstrated[l-3]. In their simplest form, however, 
these structures do not allow for easy control of the electron density or its distribution. In 
recent years, a split gate on top of a semiconductor heterostructure such as AlGaAs/GaAs 
has been widely used to realize tunable one-dimensional electron systems[4-7]. In this 
structure, the formation of the quantum wire (channel) can be readily controlled by the split 
gate voltage which determines both the total electron density and its spatial distribution. 
More recently, a novel wire gate quantum wire structure has been proposed and 
demonstrated[8]. This device, which incorporates an additional narrow wire gate in the 
gap of a split gate, achieves excellent control and confinement of the one-dimensional 
electron system. Comparing it to the conventional split gate quantum wire, the additional 
wire gate voltage offers a new degree of freedom in adjusting the confinement potential 
profile and hence the energy level spacing, the electron density, and the effective width of 
the quantum wire. In this paper, we present results of self-consistent calculations of the 
electronic structure and of the electron density and its distribution for a wire gate quantum 
wire as functions of the two control voltages. We show that the split gate voltage and the 
wire gate voltage control in different ways the confinement potential profile of the induced 
electrons and therefore the energy level spacing, the effective wire width, and the total 
density of electrons in the wire. A schematic plot of our simulated structure, which 
corresponds to the device demonstrated in reference^], is shown in Figure 1. It consists 
of an Alo.3Gao.7As / GaAs heterostructure with an AlGaAs layer thickness of 35 nm.   A 
6-doped layer with doping concentration of 
3.2x1012 cm*2 is incorporated into the 
AlGaAs and is located 20 nm from the 
AlGaAs / GaAs interface. The gap width of / 1 
the split gate is 300 nm and the width of wire f 1 
gate is 30 nm. Fabrication details pertinent to    ——— -*-r"U-30nm— 1 
this wire gate quantum wire can be found in      u——J^TmrT'L »_ _nm 

reference^]. 

Theory 

AlGaAs \ 20 nm 

GaAs 

The self-consistent calculation of the / s-DopedLaye- 
electronic   structure   in   the   Hartree IDEG ,—*-x       32xl° /cm 

approximation requires the simultaneous 1 
solution of the coupled two-dimensional - 
Schroedinger and Poisson equations. A finite 
element method with a nonuniform triangular       Figure l: Schematic diagram of a wire gate quantum 
mesh was employed in our calculations.  A      wire structure. 
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self-consistent semiclassical calculation in the Thomas-Fermi approximation is first carried 
out to determine the classical potential. Then the Schroedinger and Poisson equations are 
solved self-consistently using the semiclassical potential as a starting point. For a detailed 
description of the method, see reference[9]. 

A difficulty in executing this kind of calculation is that the boundary condition on 
the exposed III-V semiconductor surface between metal gates is not well understood. 
There are two simple limits for the surface potential. One is the assumption of a fixed 
uniform charge density at the exposed surface in narrow gate openings[10,l 1]. The other 
is the assumption of a constant surface potential dertermined by a pinned surface Fermi 
level[9]. The constant potential model overestimates the effective surface potential width in 
the gap while the fixed charge density model underestimates the effective surface potential 
width in the gap. Under conditions of low temperature operation, it is physically 
reasonable to expect the surface charge density to remain constant when the gate voltage is 
varied. We therefore adopted this as the appropriate model for the surface potential. 
However, for computational reasons we chose to model the surface potential by three 
constant segments with widths determined as follows. 

Assuming a fixed surface charge density, the potential at the exposed surface of a 
single wire gate and of a single split gate were found by using the conformal mapping 
method[12]. The effective split gate separation and the effective wire gate width based on 
constant surface potential segments were then obtained by numerical integration of the 
surface potential requiring equal averages for the step-like and the continuous surface 
potentials. For the structure we discuss here, the effective split gate separation and the 
effective wire gate width were found to be 200 nm and 70 nm, respectively. These 
parameters were used in defining the surface potential boundary condition for all applied 
voltages. 

Results and discussions 
The self-consistently calculated energies for the first four subband minima are 

shown in Figure 2a as a function of the split gate voltage for a fixed wire gate voltage (VWG 
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Figure 2: The four lowest subband energies, the 
Fermi energy, and the corresponding ballistic 
conductance as functions of the split gate voltage for 
a fixed wire gate voltage. Experimental data points 
(T = 5K) are shown as open circles. 

Figure 3: The four lowest subband energies, the 
Fermi energy, and the corresponding ballistic 
conductance as functions of the wire gate voltage for 
a fixed split gate voltage. Experimental data points 
( T = 0.5K) are shown as open circles. 
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=+0.45V). The split gate threshold voltage is found to be about -0.7V. The level spacings 
range from about 10 meV near threshold to about 2meV in the split gate voltage range 
considered here. The decrease of the level spacings with the split gate voltage can be well 
explained by the fact that the increase of the electron density in the channel due to the less 
negative voltage applied to the split gate widens the confinement potential and hence the 
effective channel width. It therefore reduces the energy level spacing. Figure 2b shows 
the ballistic quantum conductance of the quantum wire which is derived from the 
corresponding electronic structure calculation (Figure 2a). Experimental results[8] 
measured at temperature T = 5K are also plotted in Figure 2b. The discrepancy between 
the experiment and the calculated results can be attributed to the fact that the experiment was 
carried out at a relatively high temperature with significant thermal excitation of electrons 
while the calculation assumes zero temperature statistics. Therefore the conductance steps 
observed in the experiment are smoothed and the conductance value associated with each 
subband is slightly less than 2e2/h. 

The calculated first four energy levels as a function of the wire gate voltage for a 
fixed split gate voltage (VSG = -0.1V) are shown in Figure 3a. The variation of the level 
spacing with the wire gate voltage shows the control effect of the wire gate on the electronic 
structure of the channel. Figure 3b shows the corresponding ballistic conductance of the 
quantum wire. Experimental results[8] measured at a temperature of 0.5K are also plotted 
in the figure. One can clearly see the satisfactory agreement both for the threshold voltage 
and for the conductance plateau widths between our calculated results and the experimental 
data, which has more abrupt steps than the data shown in Fig 2b, due to the lower ambient 
temperature. In particular, we find good qualitative agreement in the non-uniformity of the 
step widths, which contrast markedly to those obtained with varying VSG- 

Due to the abrupt potential offset at the AlGaAs/GaAs interface, the electron density 
at the interface is not at its maximum value and the electrons have a distribution that extends 
to some depth into the GaAs layer. Figure 4 shows the calculated channel electron density 
along the x- (lateral) direction at several planes which are parallel to but have different 
distances from the AlGaAs/ GaAs interface for a fixed split gate voltage (VSG = - 0.1V) and 
a fixed wire gate voltage (VWG =+0.3V). As expected, the channel electron density at first 
increases with increasing distance from the interface, reaches its maximum near 4 nm and 
then decreases asymptotically to zero. 
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Figure 4: The channel electron density distribution 
at several planes parallel to the AlGaAs/GaAs 
interface on the GaAs side for a fixed split gate 
voltage and fixed wire gate voltage, d is the distance 
from the interface. 

Figure 5: Average lateral channel half width of the 
electron   distribution   as   function   of  the   one- 
dimensional electron density in the channel. 
Solid line (VSG=-0.1V, VWG=+0-lV ... +0.55V). 
Dashed line (VWG=+0-45V,VSG=-0.7V...-0.05V). 

371 



The calculated average channel half width, XAVE. defined as the mean absolute 
distance of all quantum wire electrons from the center of the channel in the lateral direction, 
is plotted in Figure 5 as a function of the effective one-dimensional electron density nW. 
The solid line is the result for a fixed split gate voltage and varied wire gate voltage. The 
dashed line corresponds to a fixed wire gate voltage and varied split gate voltage. The 
difference between the solid line and the dashed line reflects the different control effects on 
the channel electron distribution excercised by the wire gate and the split gate. In the range 
of effective one-dimensional channel electron density from 105 to 106 cm-1, the average 
channel half width varies from about 7 nm to 18 nm for split gate control and from about 
10 nm to 17 nm for wire gate control. 

By judicious simultaneous adjustment 
of both split gate voltage and wire gate 
voltage, it is possible to vary the channel 
electron density without changing the effctive 
channel width or to vary the effective channel 
width without changing the channel electron 
density as is shown in Figure 6. The 
differences between the constant XAVE line 
and the constant n(!> line indicates the 
different control effects of wire gate and split 
gate voltages on the effective channel width 
and on the channel electron density. The split 
gate voltage has a noticably stronger control 
effect than the wire gate voltage on the 
effective channel width while the wire gate 
voltage has a slightly stronger control effect 
than the split gate voltage on the electron 
density in the channel. 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

T T1 

-1 
I I I I 1 I I I I I I I 1 I I I ] I I 1 I I I 

*AVp-.J-B .»«"-TXIO'Q 
AVE / (X.„.- 16.0-12.2 nm) 

(„«'-2.6 - 

7.7 x lo'co 

7.8 nm) 

0     0.1   0.2   0.3   0.4   0.5   0.6   0.7   0.8 

-V    (V) 
SG V    ' 

Figure 6: Vy/Q vs V$G plots of constant channel 
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Abstract 

Advances in nanostructure technology have enabled the fabrication of semi- 
conductor devices with submicrometer feature sizes. At this small scale, elec- 
tronic properties become relatively sensitive to Coulombic fluctuations arising 
from random doping and residual impurities present in the active region. In par- 
ticular, in quantum dots with a small number of electrons, this effect is expected 
to affect significantly the quantized energy spectrum and charge localization. 

In this paper, we present a model for calculation of the electronic properties 
of vertical quantum dots structures (figl) in the presence of residual coulombic 
impurities[l]. We use a full 3D self-consistent Poisson-Schrödinger simulation 
to compute the quantized energy spectrum of the entire nanostructure encom- 
passing the modulation doped region and the electron emitter (substrate). The 
structure is discretized using finite difference method with non uniform mesh, 
and Poisson & Schrödinger equations are iteratively solved, respectively by the 
conjugated gradient method and by a new iterative extraction orthogonalization 
method developed by our group[2]. The charge in the quantum dot is computed 
quantum mechanically with zero-dimension density of states while semi-classical 
Thomas-Fermi approximation is used in the bulk region. Exchange and corre- 
lation between electrons are treated by using the Kohn-Sham density functional 
method. The effect of residual impurities in the dot was simulated by adding 
self-consistently a Coulombic potential to the model. 

A comparison of the potential distribution, electron density, wave functions 
and eigenenergies with and without a residual positive coulombic center, is shown 
on figs 2 for a given gate polarisation. For remote impurity, the major effect is 
a lowering of the electrostatic potential in the dot which induces a shift in the 
energy spectrum and a displacement of the total electron charge toward the 
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positive impurity ion. At closer range, the influence of the coulombic potential 
is more dramatic, involving a mixing between coulombic and dot eigenstates (fig 
2(f)) with a net electron charge on the impurity center (fig 2(e)). We have also 
simulated the effect of negative impurity and observed an opposite effect with a 
raising of the potential and a displacement of the charge away from the negative 
ion, as expected. 

Finally, we have simulated single electron charging effect, related to the dis- 
crete nature of the electron charge, and discussed the influence of residual coulom- 
bic centers on the quantum dot capacitance. 
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Figure 1: (a) Quantum dot structure with its different semiconductor layers. The 
dimensions are 4000A X 2500A X 5000A, the exposed surface is 800A X 1000A. 
(b)conduction band profile at z=2500A and (c)electron concentration profile for a 
gate bias of-0.56V (Fermi level = OV). The origine of xyz axis is in the upper front 
right corner of (a). 
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Figure 2: Conducton band, electron concentration, eigenenergies at y=820A for a gate 
bias of-0.56V without (figs a,b,c) and with (figs d,e,f) the presence of a Coulombic 
center, situated in the quantum well at x=240A and z=300A from the center of the 
dot. 
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Etching Method and Bump Bonding Technique 
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Recently, many kinds of silicon accelerometers using silicon miCTomachining techniques 
with both piezoresistive and capacitive sensing elements have been reported [1-2]. However, 
most of the development concerning silicon accelerometers has been performed on bulk 
micromachined elements. Conventional chemical etching methods have several drawbacks, 
such as the etch-stop control problem limitations of microstructure directions and substrate 
orientations, and relatively long etch time (several hours). Silicon microstructures fabricated 
by anodization in aqueous HF solution have been reported [3-4]. However, it is found 
difficult to control the thickness of the air-gap and to define the exact shapes of the 
microstructures, because of undesirable side etching due to the isotropic anodic reaction. 

In this research, a convenient technique, which overcome these difficulties, was suggested 
for the fabrication of well-defined microstructure. We first prepared a structure of 
n-epitaxial layer/patterned n^-diffused layer/n-substrate and then rendered the only nMayer 
to become porous, which resulted in excellent control on defining the air-gap and the beam 
thickness, as well as the shape of the microstructure. The solder bump flip-chip mounting 
process [5] was adopted as the electrical connections of the accelerometer fabricated in this 
research. The main advantage of the bump bonding lies in cost reduction, increased 
reliability, high joint strength, ruggedness, and ability to make large numbers of bonds 
simultaneously. 

A configuration of 4-beam bridge type piezoresistive accelerometer is shown Fig. 1. It 
consists of a loaded mass at the center of the structure, four beams supporting a mass, and 
four bump pads for electrical contact at the corner of the structure. The structural 
parameters are determined as R=500/an, L=350/an, W=120^m, and T=5pa, where R is the radius 
of the mass paddle (the region suspended by the four beams), L is the length of the beams, 
W and T are the width and thickness of the beams, respectively. The diameter of the bump 
paddle is 1.2mm and the overall size of the chip is 3.9mm x 3.9mm. 

The fabrication of the accelerometer started with 5-10 .S-cm, phosphorus-doped (111) 
silicon wafer of 625±25/an thickness. The n* region, which serves as the sacrificial layer 
yielding the air-gap, was selectively formed by ion implantation with phosphorus (60 keV, 1 
x 101 cm" ) and subsequent diffusion. The resultant n*-region should have a doping density 
higher than 5xl017 cm"3 to be anodizable in the HF solution. A low-doped n-type epitaxial 
layer was then grown on the substrate. The thicknesses of the n'-diffused layer and the 
n-epitaxial layer were about 10#m and 5/an, respectively. The piezoresistors were formed by 
boron ion implantation with a dose of 2.7 xlO14 cm"2 at 40 keV and followed by an annealing 
at 1070*0 for 70 minutes in N2 atmosphere. The measured sheet resistance of the 
piezoresistor was approximately 240 ß/D. 1000Ä thick passivation oxide was thermally 
grown and 1500 A thick LPCVD silicon nitride was deposited for stress-relief. To provide a 
masking layer for anodization, a 1000Ä thick Ni-Cr adhesion and 6000A  thick Au were 
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sequentially deposited by e-beam evaporation. After Au/Ni-Cr masking layer was patterned 
by wet etching, the nitride layer was removed by plasma etching and the oxide was etched 
in BHF solution. N-epitaxial silicon layer was etched with Reactive Ion Etching to provide a 
pass for anodization. The Etch depth of the silicon was about 8/an. Porous silicon was 
formed in selectively diffused n+ region of n/nVn silicon structure by anodic reaction in 12 
wt% aqueous HF solution using voltage source (1.85V) at room temperature, and etched 
away in 5 wt% NaOH solution. After that, the Au/Ni-Cr masking layers were fully etched 
off. Surface and cross-sectional SEM views of the fabricated 4-beam microstructure of the 
accelerometer are shown in Fig. 2. Since anodic reaction does not occur with the low-doped 
n silicon substrate, the reaction stops automatically after complete conversion of the n* 
region to porous layer [6]. The side etching phenomenon of the microstructure thus does not 
occur, as shown in Fig. 2(b). The respective beam thickness and air-gap height exactly 
match the thicknesses of the 5/mi thick epitaxial n-si layer and the 10/an diffused nMayer, 
showing precise controllability on determining the the microstructures of the devices. 

For the formation of bump pads and mass paddle, 1000Ä thick Ni-Cr and 6000Ä thick 
Au were sequentially deposited by e-beam evaporation. Lead-tin solder was then loaded 
simultaneously on the bump pads and mass paddle by dispensing Pb/Sn (Pb:Sn=37:63) solder 
paste. The die was heated. Hemispherical solder balls were formed on top of the Au/Ni-Cr 
pads as shown in Fig. 3. The loaded mass on the mass paddle weighed about 2.5mg. 

Finally, the dies were placed face-down on a ceramic substrate. Temperature was 
increased, causing the solder to reflow, and the die was bonded directly to the 
interconnections on the substrate. Solder balls provide functions of both electrical 
interconnection and die attachment. This bump bonding can be adopted to a surface 
mounting on circuit boards for signal processing if necessary. 

The characteristics of the fabricated devices were measured by an accelerometer 
calibration system with a high-precision reference accelerometer. The output response of the 
devices have measured from the full-bridge detection circuits and the voltage difference was 
amplified by a differential amplifier with gain of 120. The measured result in Fig. 4 shows 
the output response of the sensor in the acceleration range from 0 to l.lg. The measured 
sensitivity is 0.04mV/g/V and the nonlinearity of the sensor is less than 0.8% of the full 
scale output. The result shows good linearity, although the measured range is limited to l.lg 
due to our measurement set up. The measured frequency response in the range of 0Hz~ 
3.2kHz is shown in Fig. 5. The first resonant frequency was 1.4kHz, 1% higher value than 
the designed frequency. It was found that loaded mass error becomes the major source of 
the discrepancy between the estimated and the measured resonant frequency. 

A piezoresistive silicon accelerometer using porous silicon etching method and bump 
bonding technique was fabricated and characterized. It was demonstrated that porous silicon 
etching method has made it possible to precisely define dimensions of the beam and the 
air-gap of the microstructure by controlling the thicknesses of the n-epitaxial and 
n^-diffusion layers of the n/nVn structure, and also bump bonding technique is very 
attractive for the electrical connections of accelerometer in view of cost, density, and 
reliability, compared to wire bonding. 
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Fig. 1. Top and cross-sectional views of the accelerometer. 
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Fig. 2. Surface and cross-sectional SEM views of the microstructure. 
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Fig. 3. SEM photograph of the loaded mass and bumps. 
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Fig. 5. The frequency response of the accelerometer. 
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Abstract- Actuated polysilicon surface-micromachined micromirrors for micro-optical 
systems on silicon have been designed and fabricated . Microhinge technology has been used to 
achieve the required vertical dimensions and functionality for these beam-steering mirrors. Both 
electrostatic comb-drives and impact-actuated linear vibromotors have been used to move the 
mirrors. The fabrication of these devices involves the surface-micromachining of up to four 
polysilicon layers. The mirrors are relatively insensitive to shock, vibration and temperature 
fluctuations and have been used in laser-to-fiber coupling and laser scanning applications. 

L INTRODUCTION 
Advances in surface-micromachining technology offer a new approach to the 

development of micro-optical systems on silicon. We describe actuated polysilicon mirrors for 
optical-beam steering, a basic optical device used in many applications. For example, the mirror 
can be used for precise beam positioning in laser-to-fiber coupling, for low-loss optical switching, 
for external cavity lasers, or for laser scanning like that found in supermarket check-out counters, 
laser-light shows and displays. 

The compatibility of the surface micromachined structures with VLSI fabrication 
techniques allow for the integration of control electronics on the same chip [1]. The combination 
of optical elements, actuators, and electronics on one chip will result in compact, high- 
performance, low-cost, "smart" optoelectronic modules. 

For this "optical bench on a chip," movable high-aspect-ratio optical elements, such as 
mirrors and lenses [2,3,6] will be needed to interact with optical beams propagating parallel to the 
substrate surface. Because the diameters of collimated laser beams are greater than tens of 
microns (i.e. large compared to film thicknesses which are on the order of a micron or less in 
traditional surface-micromachining technology) an optical-beam steering mirror cannot be 
implemented without three-dimensional structures. 

H. MOVABLE MICROMIRRORS 
We describe polysilicon surface-micromachined mirror systems that can swing out from 

the surface and be linearly translated. To create these structures, while retaining the advantages 
of VLSI fabrication technology, we use polysilicon hinges [4] to connect the mirror to a movable 
platform. A mirror system with two degrees of freedom is shown in Fig. 1. 

Fig. 1. A scanning-electron-microscope image of a folded-up micromirror. 

^Now with the Department of Electrical and Computer Engineering, University of California, Davis, CA. 
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It is comprised of a 300 urn high by 200 urn wide mirror and a support plate between two sliders. 
Microhinges connect the slider to the bottom of the mirror, the top of the mirror at the top of the 
support plate, and the bottom of the support at the second slider. Linearly translating the sliders, 
which are guided by flanged polysilicon guides, toward each other, causes the mirror and support 
to fold-up and rise off the substrate. If the sliders are moved together in the same direction, the 
mirror is also translated without changing its tilt. If one slider is moved with respect to the other, 
the mirror angle is changed. An optical beam propagating parallel to the substrate and incident on 
the mirror at a 45 degree angle can be positioned horizontally by translating the mirror and 
simultaneously vertically by tilting the mirror. 

A. Fabrication 
The fabrication of the micromirrors is based on conventional polysilicon surface 

micromachining and uses three layers of structural polysilicon above a polysilicon ground plane. 
After deposition of sequential passivation layers of thermal silicon oxide and nitride, a 0.5 um n+ 
polysilicon ground plane is deposited and patterned. The first sacrificial layer of LPCVD 
phosphosilicate glass (PSG) is then deposited and patterned. Depressions are wet etched into the 
PSG using 5:1 hydrofluoric acid to create dimples under the mirror, sliders and back support (for 
reduced surface-to-surface contact). The dimples lessen stiction between these structures and the 
substrate. Next, the first structural polysilicon layer is deposited by LPCVD and patterned using 
a chlorine-based (CI2) plasma etch. This layer forms the mirror, sliders, back supports and comb 
drives. A second sacrificial layer is then deposited and patterned to allow the second polysilicon 
layer to be anchored to the substrate. The openings for the anchors were etched in fluorine-based 
(CF4) plasma. After deposition, the second structural polysilicon layer is etched to form the 
guides for the sliders and the pins of the hinges. The third sacrificial layer and the third structural 
layer are then deposited and patterned to complete the hinge structures. The polysilicon structural 
layers are 2-um thick, and the sacrificial oxide layers range from 1 to 2 urn in thickness. The 
sacrificial layers are removed through wet etching in hydrofluoric acid to release the movable 
structures. The last step is the evaporation of 50 nm of gold to increase mirror reflectivity. We 
measured a reflectivity of 85% at 1.3 um. The reduction from the theoretical 96% reflectivity of 
a perfect gold mirror, is due to scattering caused by polysilicon surface roughness and by etch 
holes and dimples in the mirror. 

B. Mechanical Properties 
The mechanical characteristics of the mirror system such as its flatness, the precision of 

the motion and its integrity under environmental stresses are important factors in evaluating the 
mirror's performance. Curvature of the mirror due to stresses in the deposited polysilicon film is 
essentially eliminated by a 1050°C stress relief anneal [5]. The position accuracy of the mirror 
was measured by following a laser-beam that was bounced off the mirror as it was being tilted. A 
small deviation of less than 0.2 um by the mirror from the expected straight line was found [2]. 

The mechanical integrity of the mirror under some environmental stresses was tested. To 
test the ability of the mirrors to withstand shocks caused by normal handling and operation, an 
unpackaged mirror was subjected to 500 g and 1000 g shock tests (three drops for each of the six 
axes) with only a slight movement (up to 2 um) of the slider observed after the 1000 g test [2]. 
This was not unexpected as the extremely light masses of the mirrors (on the order of a few Ugm) 
cause inertial forces to be extremely small. The friction is dominated by the adhesive forces 
between surfaces that are on the order of uN/um2. 

Interferometric measurements were made to characterize the vibration and temperature 
sensitivity of the mirror [6]. An optical fiber was mounted onto the substrate in front of a raised 
micromirror so that the fiber face and the mirror formed a Fabry-Perot interferometer. Mirror 
movement could be measured with a resolution of at least 10 nm. The mirror appears to be fairly 
insensitive to vibrations up to 60 kHz. Temperature measurements between 25 and 200°C were 
made by placing the interferometer in a convection oven. The observed movement of the mirror 
is accounted for by the thermal expansion of the silicon substrate. 

m. ACTUATION 
Electrostatic actuators can be fabricated from common VLSI materials such as 

polysilicon and generally consume less power and are faster than thermal actuators. Surface- 
micromachined polysilicon resonators which are driven by interdigitated capacitors or 
electrostatic combs [7] can be used to move the mirrors. Though the range of motion is limited to 
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a few 10's of microns, the actuator can precisely position a mirror to within 0.2 um [12] for a 
given dc bias or harmonically scan a mirror when an ac bias is applied. 

Impact-actuated linear vibromotors have been developed [8-10] to move sliders along the 
chip surface over large distances (up to several hundred microns) with submicron resolution. The 
actuator consists of a electrostatic resonator with a rigid arm extending from it, which impacts a 
linear-motion slider and has been shown to be capable of moving the micromirrors [9]. As is 
shown in Fig. 2, the bottom of a 400 urn long mirror is hinged to the substrate while the top is 
hinged to a support arm which, in turn, is hinged to the slider of the actuator. The vibromotor 
moved the slider nearly 50 um, tilting the mirror 8 degrees. One feature of the linear vibromotor 
is that the actuator is only engaged with the slider during movement. Once disengaged, the 
adhesion forces between the süder and the substrate (stiction) tend to prevent movement. 

Fig. 2. A scanning-electron-microscope image of the linear vibromotor-driven mirror. 

IV. APPLICATIONS 
A. Laser-to-fiber coupling module 

A micromirror of the type shown in Fig. 1 was incorporated into a laser-to-fiber coupling 
module, an example of which is shown in Fig. 3, and used to improve the optical alignment so 
that a coupling efficiency of 40% has been repeatedly achieved [11]. A semiconductor laser, 
aspheric lens and an optical fiber were positioned on a chip using standard silicon-optical-bench 
(SOB) techniques. The mirror is used to compensate for the inaccuracies inherent in the SOB 
technology which limit the coupling efficiencies to 5-10%. 
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Fig. 3. Integrated laser-to-fiber coupling chip       Fig. 4. Scanner for off-chip beam positioning, 
with a movable micromirror. 

B. Scanners and External Cavity Lasers 
The structure shown in Fig. 4 was designed to be the external mirror of an external cavity 
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laser. In this structure, the bottom of both the mirror and the support are attached to electrostatic 
comb-drive actuators [12]. The mirror measures 500 by 500 um, and the comb drives have 
maximum displacements of 15 urn, corresponding to a maximum angle variation of 3 degrees. 
The mirror angle can be controlled in a dc fashion for laser-beam positioning or the mirror can be 
driven harmonically for laser scanning. The measured precision of the mirror movement is better 
than 0.2 |im resulting in an angular accuracy of 0.02 degree. We have made mirrors with up to 20 
degrees of angular range of motion. 

V. CONCLUSION 
We have designed and fabricated movable micromirrors based on polysilicon microhinge 

technology. The micromirrors have the mechanical functionality, vertical height and area required 
for optical beam-steering. These mirrors can be used in on-chip beam positioning as part of a 
micro-optical system or for off-chip laser-beam scanning. The stability of the micromirrors is 
sufficient under stresses imposed by temperature changes, vibration, and shock. Successful 
production of these hinged mirrors will lead to low-cost, batch-assembled, high-performance 
optoelectronic systems for a wide variety of applications. 
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INTRODUCTION 
Single crystal silicon is very thermally conductive. At 
1.57 W/cm-K its thermal conductivity is close to that of 
aluminum (2.36 W/cm-K). This high conductivity is 
beneficial for integrated circuitry, since it allows for 
efficient heat dissipation away from circuits through the 
substrate into the package. There are applications, 
however, where it is necessary to create and/or detect small, 
very localized changes in temperature at the surface of an 
integrated circuit, using as little power as possible. In 
these cases, the selective removal of portions of silicon 
substrate allows for the fabrication of microstructures with 
high thermal isolation. 

Several specialized processes have been developed 
for the fabrication of thermally isolated structures [1,2, 3]. 
The many departures from standard circuit processing steps, 
however, limit the versatility of these techniques. A 
different approach is to perform post-process 
micromachining steps on otherwise unmodified circuit 
processes, preferably without the need for additional 
masking steps. With this technique, any appropriate 
foundry or in-house IC process can yield a variety of 
electro-thermal devices. Since the process is optimized for 
circuitry, signal amplification, filtering, buffering, and a 
variety of other electronic processing can be done on chip, 
yielding a fully integrated system. 

One of these post-processing methods allows for 
etching away silicon underneath dielectrics in standard 
CMOS processes [4]. Using this technique, it is possible 
to fabricate thermally isolated polysilicon heaters and thin 
film thermopiles, using the interconnect layers available in 
the IC process. These can be combined to make micro 
hot-plates [5], IR detectors [6], flow sensors [7], power 
sensors [8], and a variety of other devices. 

The limitation of undercutting dielectrics is that 
all the silicon underneath the cantilever or hot-plate is 
removed. The only devices that can be thermally isolated 
are those built with interconnect layers, which are typically 
limited to aluminum and polysilicon. In order to extend 
the capabilities of CMOS post-process micromachining, a 
technique was developed to provide thermally isolated 
regions of silicon, supported by dielectric beams over 
cavities etched in the substrate [9]. The method requires no 
modifications to the circuits process, and no extra masks 
are necessary. 

FABRICATION 
Figure 1 shows a cross section of the undercutting process. 
Fig. 1(a) shows a cross section of atypical thermo-element 
at the end of a CMOS process. Regions of silicon 
substrate are exposed by superimposing the device active, 
diffusion contact, intermetal via, and overglass via layers 
in the chip layout. The field oxide and other interlevel 
dielectrics then form a masking layer for the subsequent 

silicon etch. Since the bondpads are exposed during the 
silicon etch, it is necessary to use a silicon etchant that is 
selective to aluminum, as well as the oxide masking layer. 
We use tetramethyl ammonium hydroxide (TMAH), which 
has very good selectivity to oxide, and does not attack 
aluminum when doped with the appropriate amount of 
dissolved silicon [10]. 

^exposed silicon 

(c) (d) 
Figure 1: Cross section of silicon undercutting process, 
(a) After completion of standard CMOS process, (b) and 
(c) The p-type silicon is etched while the n-well is 
passivated by an electrochemical etch stop, (d) 
Thermally isolated circuitry suspended over an etched 
cavity. 

The silicon n-well is passivated by an 
electrochemical etch stop. A potentiostat is used to 
maintain the potential of the n-wells at -0.8 V and the p- 
substrate at -1.5V, relative to an Ag / AgCl electrode in 
solution, by driving a platinum counter electrode. The final 
structure is a region of single crystal silicon suspended by 
dielectric beams. Electrical connection to devices in the n- 
well is provided by aluminum interconnect traces inside the 
beams. This technique allows for the thermal isolation of 
a wide range of devices. In the Mosis 2.0 Jim analog 
CMOS process used for building our systems, these 
devices include not only the polysilicon resistors and 
thermocouples that are possible with dielectric 
undercutting, but also PMOS transistors, NPN bipolar 
transistors, PN diodes, and diffused resistors. The oxide 
support beams provide high thermal isolation, since the 
oxide has a low thermal conductivity (0.014 W/cm-K for 
thermal oxide) and the aluminum traces are minimum 
width (3 jam). 

THERMALLY BASED SYSTEMS 
A wide range of thermally based measurement systems are 
made possible by using thermally isolated structures. 
These include flow sensors, power or root-mean-square 
(RMS) sensors, vacuum sensors, and infrared detectors. 
We are exploring the applications of thermal vacuum and 
RMS measurement. The latter will be described below. 

The high thermal isolation of these devices 
(routinely 30,000 K/W to 60,000 K/W in air) also makes 
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it possible to regulate the temperature of the silicon at the 
tip of the support beams with very little power. An 
application based on this is a low-power temperature- 
regulated bandgap reference, which will also be described 
below. All these systems take advantage of the fact that 
the process used is optimized for analog circuits; circuits 
are integrated with the undercut microstructures. 

THERMAL AC TO RMS CONVERTER 
The expression for RMS voltage is 

V
RMS 

- (1) 

Measuring this value for an AC waveform is important for 
applications such as oscillator leveling, automatic gain 
control, and AC signal measurement. The most common 
method for measuring the magnitude of AC signals is 
precision rectification and filtering, which yields the 
average value of a waveform. This yields only a relative 
measure of RMS, and only for a sinusoidal signal. 

Measuring true RMS is very desirable for general- 
purpose measurements. One common method for 
obtaining true RMS is through analog computational 
techniques. While these methods are widely employed in 
hand-held measurement equipment, bandwidths are limited 
to several megahertz, and depend strongly on the magnitude 
of the input signal. 

Due to the wide bandwidths attainable, the 
thermal domain has long been used for the determination of 
the RMS value of AC signals [11,12, 13]. Our integrated 
thermal converter uses polysilicon resistors as heaters and 
diodes as temperature sensors [14]. The heater and sensor 
are located at the tip of two dielectric support beams. The 
fabricated thermoelements were designed with several 
different beam lengths, ranging from 85 \im to 225 urn, 
and have a measured thermal resistance (in air) of up to 
37,000 K/W. The suspended diodes have a measured 
temperature sensitivity of -2mV / K. 

The feedback topology used to obtain the RMS 
value of the input signal is shown in Fig. 2. The negative 
feedback constrains the forward voltages of the two diodes 
to be equal. One can therefore write, 

vdd-vlU + sr<y?) = vlU-vd2+s2-ive
2) (2) 

where Sj and S2 are the thermal sensitivities (a function of 
Vdd 
1 

Vout 

Figure 2: Feedback topology used in the RMS converter 

thermal efficiency of the elements and electrical resistance 
of the heater), and Vj] and Vfä are the forward diode drops 
with no signal applied to the polysilicon resistors. Since 
these forward drops are equal, or can be set equal by 
adjusting the bias currents, and the thermal efficiencies are 
equal due to the excellent matching of the diode 
temperature sensitivity and the geometry of the devices, the 
expression simplifies to the definition of RMS. The 
averaging operation in Eqn. 2 is due to the thermal pole of 
the input thermoelement. 

The amplifier shown in Fig. 2 is implemented as 
an integrated folded cascode CMOS operational amplifier, 
in combination with a source follower / emitter follower 
buffer. The output stage is capable of driving the load 
with currents in excess of 50 mA, which is more than 
sufficient to realize the upper end of the dynamic range of 
the thermoelements. The quiescent power consumption of 
the amplifier is 950 |iW. 

The -3 dB frequency of the RMS converter was 
measured to be 415 MHz. This is limited primarily by the 
20 nH parasitic inductance of the bondwires going to the 
heating resistor. Better packaging or the use of multiple 
parallel bondwires is expected to increase the bandwidth of 
the RMS converter even further, potentially up to the 
gigahertz range. 
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Figure 3: RMS converter measured transfer function. 

A plot of input RMS versus output voltage for a 
sinusoidal input signal of 1 kHz is shown in Fig. 3. The 
dynamic range of the RMS converter system covers 2.4 
mV to 1.1 V (53 dB). The measured nonlinearity of the 
converter is better than 1%, and settling times (2%) are on 
the order of 20 ms for maximum signal excursions. The 
entire converter, including both thermoelements and the 
buffered amplifier, occupies an area of 400 u\m by 400 
urn. The converter can be readily implemented with other 
CMOS circuitry, such as data converters or RF circuits. 
Since the input heating resistor is electrically floating, it 
can be referenced to an RF ground, which can be offset 
from the analog ground of the measurement system. 

Fig. 4 shows a scanning electron micrograph of 
the complete RMS converter system. The folded cascode 
amplifier and output buffer are visible at the right. The 
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oxide beam length of the thermoelements in this picture is 
85 urn. 

Figure 5 shows a closeup view of one of the 
thermoelements of an RMS converter. The polysilicon 
heater is visible at the tip of the element. 

*i*££i£ik~^:     ■ ■ ■ ^nüMtf?%% 

Figure 4: SEM of the Integrated RMS Converter System 

Figure 5: SEM showing a close-up view of an RMS 
converter thermoelement. 

MICROMACHINED BANDGAP REFERENCE 
One of the other applications of thermally isolated single 
crystal silicon is to build circuits that can be regulated at a 
constant temperature with very little power. A type of 
circuit that benefits from temperature regulation is the 
voltage reference. Voltage references provide a fixed output 
voltage that is designed to vary as little as possible with 
ambient temperature. Even the best voltage references still 
exhibit a certain amount of output voltage drift with 
temperature. To further improve the temperature stability, 
the reference can be maintained at a fixed temperature. 

This has been implemented in the past by heating the 
entire substrate of a reference chip. While this has 
provided references with very low drift (tenths of parts-per- 
million per degree) [15] the main drawbacks are high power 
dissipation (several hundreds of mW) due to low thermal 
resistance and the slow warm-up time (several seconds) 
due to large thermal capacitances. 

Both these drawbacks were eliminated by using 
the electrochemical etch technique described above to 
realize a thermally isolated bandgap voltage reference by 
creating a suspended reference core through underetching n- 
wells in a CMOS process [16]. A schematic of the 
bandgap circuit is shown in Fig. 6. The shaded areas 
indicate devices inside thermally isolated n-wells. The ratio 
of the transistor emitter areas is 2:1, which was chosen to 
limit the area of the devices. A servo amplifier adjusts the 
reference voltage such that the currents in the two branches 
of the Brokaw cell are equal, thus generating the bandgap 
voltage output given by 

R, Vref = Vbej + 2--!--VT- ln(2) 
R-, 

(3) 

+3V 

:f%fi|SiMfc 
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Vref 

Figure 6: Schematic of the bandgap reference. The 
shaded areas indicate thermally isolated devices. R, and 
R2 are implemented as polysilicon resistors on the 
suspended element 

The two resistors, R\ (5.9kß) and R2 (360 Q) are 
constructed in polysilicon, and laid out in unit cells for 
optimal matching. 

A PMOS transistor connected between the 
positive supply and ground functions as a voltage- 
controlled heater. A transistor was chosen over a diffused 
resistor to improve the overall power efficiency. With a 
heating transistor, all of the power is delivered to the 
element, while the transistor driving a heating resistor 
would dissipate a significant amount of wasted power. 
Since the total current in a Brokaw cell is proportional to 
absolute temperature (PTAT), the voltage across the lower 
resistor Rj is used as a temperature signal. This voltage is 
servoed to a nominally constant reference voltage, which is 
a the bandgap output, scaled by the voltage divider formed 
by R3 and R4. 
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Fig. 7 shows an SEM of an etched bandgap 
reference. The thermal resistance of the micromachined 
bandgap reference was measured to be 53,000 °C/W. A 
typical heated-substrate reference has a package resistance 
of 200 °C/W. The higher isolation is due to the excellent 
insulation properties of the thin support beams. The 
thermal time constant of the structure was measured to be 
2.5 ms which is two orders of magnitude faster than 
previous heated references. These characteristics lead to 
significant reductions in heater power and warm-up time. 

The output voltage drift was measured from 0°C 
to 80°C with the heater off and with the heater regulating 
the temperature at 90°C. The unregulated temperature 
coefficient was 400 ppm/°C With closed loop temperature 
control, the temperature coefficient dropped to 9 ppm/°C. 
The remaining temperature drift is most likely due to small 
thermal gradients across critical devices. Further study into 
reducing the effects of these gradients is currently under 
way. 

Figure 7: SEM of a micromachined bandgap reference. 

A concern with a suspended device such as the 
RMS converter and the bandgap reference is that they 
might break due to a mechanical shock. The silicon at the 
tip of the bandgap reference weighs only 0.15 micrograms, 
however, so the 3.1 |J.m thick oxide beams are strong 
enough to make the device quite robust. Several devices 
were tested on a shock tester and exposed to shocks of up 
to 1500 g (150 (is half-magnitude duration), which did not 
produce any electrically or visually observable adverse 
effects. This level of shock tolerance meets military 
specifications (MIL-STD-883, Method 2002), and is 
sufficient for normal handling. 

CONCLUSION AND OUTLOOK 
We have demonstrated a new method for the fabrication of 
thermally isolated single crystal silicon structures in a 
completely unmodified CMOS process. Different types of 
devices can be integrated on this thermally isolated silicon, 
making it possible to create circuitry that is separated from 
the silicon substrate by an etched cavity. 

Since the technique requires no extra masking 
steps, and the equipment necessary for the postprocessing 
step is inexpensive, these types of devices are within the 
capabilities of anyone with access to an industrial or 
foundry CMOS process. Since amplification and control 
circuitry is readily integrated with the microstructures, 
fully monolithic systems can be realized. 

Our future work will focus on improving the 
performance of the RMS converter and the bandgap 
reference, and the realization of a thermal conductivity 
vacuum sensor. 
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To produce miniaturized, low power sensors without loss of sensitivity, novel 
transducer technologies are often necessary. This is the case with the development of 
miniature, highly sensitive magnetometers. Although SQUID technology provides the 
most sensitive measurement, SQUIDs also require additional power for cooling. In this 
paper, the development of a ^-magnetometer based on electron tunneling is described. 
Electron tunneling provides mA sensitivity to displacement while requiring very small ac- 
tive areas. The purpose of this work is to develop a 3-axis magnetometer which can be in- 
tegrated into a micro-spacecraft to measure magnetic fields on the order of a nT. The 
magnetometer must be small and require very little power. For dual-use purposes, the 
magnetometer must also be inexpensive, reliable, insensitive to temperature variations, and 
provide a wide dynamic range. The tunneling ^-magnetometer offers a unique combination 
of advantages including high sensitivity (-lO-9 Tesla), vector sensitivity, wide bandwidth 
(> 10 kHz), low power (<100 mW), small size (4mm X 4mm X 0.6mm), robustness, 
wide dynamic range (>100 dB), and small temperature coefficients. 

Prototype devices have been designed, fabricated using bulk micromachining tech- 
niques, and characterized. A cross-section of the tunneling ^-magnetometer is shown 
schematically in Figure 1. The device consists of two silicon components: a silicon sub- 
strate which supports an electron tunneling tip and a deflection electrode, and 2) a mem- 
brane which supports a counter deflection electrode and a coil of wire on either side of the 
membrane. A scanning electron micrograph of a typical electron tunneling tip is shown in 
Figure 2. The electron tip is -30 |im high and is micromachined in the center of a 3.5 mm 
X 3.5 mm well. 

The principle of operation of the tunneling ju-magnetometer is based on a Lorentz 
force measurement. The wire coil supported by the membrane is positioned such that the 
wire segments supported by the membrane are straight line segments. A current through 
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the wire coil produces a Lorentz force F which is proportional to nLIBsinO, where n is the 
number of loops in the coil, L is the length of the wire segment supported by the mem- 
brane, I is the bias current through the wire coil, B is the magnetic field, and 0 is the angle 
between the magnetic field vector and the wire segments. This force is monitored by the 
electron tunneling transducer which is capable of detecting mÄ of deflection. The bias cur- 
rent frequency can be adjusted for operation at ~1 kHz where the 1/f noise, inherent in the 
tunneling transducer, is reduced. The electronics which drive the tunneling transducer are 
shown in Figure 3. A feedback loop is closed around the electron tunneling tip and deflec- 
tion electrodes to produce a force-rebalance mechanism. Therefore, once die membrane is 
brought to within the proper distance for electron tunneling to occur (~10A), the membrane 
does not move. The output of the comparator is the Lorentz force measurement. Wide 
bandwidth (>10 kHz) and wide dynamic range (>100 dB) are typical in this tunneling 
transducer design. 

A prototype tunneling ^-magnetometer has been fabricated and characterized. 
Linear response to both increasing magnetic field and to drive current have been demon- 
strated and are shown in Figures 4 and 5, respectively. In these figures, Vt is the electron 
tunneling voltage monitored at the output of the comparator as described above. Minimum 
detectable magnetic fields in these devices have been measured at ~ 8|iT/VHz for a single 
wire coil (n=l) and a bias of 10 mA at 200 Hz. This is within a factor of 2 of the theoreti- 
cal value for this structure. Development of optimized structures are underway to increase 
sensitivity to the nT/VHz range, to improve device packaging and to demonstrate flight 
readiness. 

The research described in this paper was performed by the Center for Space 
Microelectronics Technology, Jet Propulsion Laboratory, California Institute of 
Technology, and was jointly sponsored by Eaton Corporation and the National Aeronautics 
and Space Administration, Office of Space Access and Technology. 
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Abst, .:t 

A membrane micropump with integrated driving component based on bi-metal 
structure was first fabricated using advanced silicon micro-machining techniques. The 
processings and materials used were fully compatible to standard VLSI fabrication 
technology. The micropump consists of three silicon chips which form two passive 
check valves and a pump membrane. The outer dimensions of the micropump was 6 x 
6 x 1 mm3. The membrane itself has an area of 4 x 4 mm2 at a thickness of 20 (im. The 
orifice size of the valves is 400 x 400 u.m2. The movable flaps have a size of 1 mm xl 
mm x 10 u.m. The volume stroke of the membrane is in the range between 0.4 [i/ and 
0.7 |ii. A pumping yield of 40 ].<./ / min was measured with a pumping frequency of 1 
Hz and driving voltage of 10V. At present the performance of our micropump is 
similar to micrO| unv.-s develt d previou lv, bi operating at much lower driving 
voltage. 

I. INTRODUCTION : 

Among membrane micropumps developed so far, the driving component is the 
most important part to be addressed. Signal conversion from electrical to mechanical 
range in silicon devices is generally complicated due to the fact that silicon itself does 
not exhibit any piezoelectric effect. Up to now, various methods for signal conversion 
have been tried such as via electrostatic attraction, magnetic effect, thermopneumatic 
actuation, or by introducing piezodisc [1,2,3,4,5,6]. The above-mentioned techniques, 
however, are either too complicated to be integrated, requiring very high driving 
voltages with low driving force, large power consumption, or incompatible to VLSI 
fabrication technology. 

The driving component of the proposed micropump was designed based on the 
"bi-metal effect" which can provide strong driving force and distinct vertical 
displacement. Bi-metal effect was caused by differences of thermal expansion 
coefficients of materials in a sandwich structure. When heated, the structure will 
deflect, providing driving force and causing displacement. Bi-metal structure has two 
main features: 1) it can achieve large displacement in vertical movement 
symmetrically and , 2) the deflection is directly coupled with the dissipated electrical 
power and, therefore, the actuator can be operated at standard microelectronics 
voltage levels. Moreover, the fabrication of the driving component based on bimetal 
structure is fully compatible to standard CMOS processings which can be batch 
processed at low cost. 

393 



II. THE DESIGN AND FABRICATION OF THE PUMP : 

The bi-metal actuated membrane pump, as depicted in Figure 1, consists of 3 
micro-machined silicon chips : a membrane chip with the bi-metal driving component 
fabricated on top and two identical valve chips. Stacking of two valve chips 
symmetrically forms the inlet and outlet valves. The volume between the membrane 
and the passive check valves is the pump chamber. The orifice size of the valves is 
400 x 400 |im2. The movable flaps have a size of 1 mm x 1 mm x 10 (im. The SEM 
micrograph of the valve is shown in Figure 2. The driving component, fabricated in 
between the silicon nembrane and the aluminum film, consists of Poly-Si heating 
resistor encapsulated by Si02 film for isolation. Uror. Iyii: a driving signal, the 
poly-Si resistor will heat the Si-Al bi-met;-' membi'jj:.;. Lccaitae of the difference of 
the thermal expansion coefficients, the whole membrane will deflect distinctly. As a 
result, pressure difference inside and outside the micropump is created. Thus the fluid 
is pulled in and pushed out of the micropump under alternative driving signals. 

All chips used are n-type doped, 100-oriented with resistivities between 2 to 4 
ohm-cm. For processing the two valve chips, the most difficult part is the formation of 
the thin movable flap at a thickness of ~ 10 |im. Using Si3N4 (200 nm thick with 
refractive index -2.0) as the etching mask, anisotropic etching in aqueous KOH (35%, 
75°C) was conducted at a rate of 0.75 Jim / min for etching of the orifice and the 
movable flap. 

For processing the membrane chip with the bi-m2U.i driver, 500 nm thick LPCVD 
poly was deposited and etched to form the serpentde poly Si resistor. LPCVD Si3N4 

was then deposited as an insulating spacer and etched for metal contact holes. 
Aluminum was then sputtered and etched to wire the resistor as well as to form the top 
layer of the bi-metal structure. After the formation of the bi-metal driver on top, the 

back side of the wafer was then masked and etched to form the membrane. After 
processing of the valve chips and the membrane chip, assembling of the first prototype 
micro pump took place by sticking the three chips together with epoxy. 

III. RESULTS AND CONCLUSION : 

Figure 3 illustrates the measurement setup. The volume stroke of the membrane is 
in the range between 0.4 jiZ and 0.7 uJ. A pumping yield of 40 u,/ / min was measured 
with a pumping frequency of 1 Hz and driving voltage of 10V. At present the 
performance of our micropump is similar to micropumps developed previously, but 
operating at much lower driving voltage. Optimization of the processings are 
underway and dramatic improvement in the performance of the pumping speed is 
expected. 
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Introduction 

Micro electro mechanical systems or MEMS encompass two broad areas: sensors and actuators. Both areas 
are concerned with component dimensions under one millimeter with features as small as a few microns. 
Progress in the microactuator area, however, has lagged that of the microsensor field which is a result that 
stems from the differences in requirements of the two areas. Ideally, a sensor does not affect the 
environment which it is sensing - an attribute which micromachined sensors exploit due to their small size. 
Process technologies based on thin films are therefore appropriate. Useful microactuators, on the other 
hand, are required to do work on their environment and thus are volume dependent devices. In addition, 
maintaining a batch processing mode is desired in order to minimize production cost. Such a constraint 
implies photoresist processing on a planar substrate to produce prismatic components. To achieve large 
actuator volume changes per unit substrate area, therefore, requires correspondingly large structural heights 
normal to the substrate. This requirement is a major reason for the activity in high aspect ratio processing 
technology [1,2]. 

Achieving high aspect ratio micromechanical components is further complicated by tolerance requirements. 
Component and intercomponent dimensional accuracies of the order of 1 part in 10s which are achievable for 
serially produced precision machined components translate to tolerances well into the submicron range for 
microscale components. Alleviating friction at this scale also points to the availability of a large variety of 
materials which preferably also provides for magnetic materials. 

The above process requirements are accommodated by an extension of the German LIGA process which has 
been pursued at the University of Wisconsin - Madison under Prof. H. Guckel [3]. LIGA, a German 
acronym representing the processes of deep x-ray lithography, electroforming, and injection molding was 
first described in the early 1980's by Prof. W. Ehrfeld while at the Karlsruhe Research Center in Karlsruhe, 
Germany [4]. The x-ray source is synchrotron radiation generated by an electron storage ring which has the 
properties of high collimation, high intensity, and wavelengths with large absorption length into an x-ray 
sensitive photoresist, typically poly methyl methacrylate (PMMA). Such an exposure source has yielded 
prismatic structures with up to 10 cm thickness [5] and vertical flank run-out of less than 0.1 urn per 100 
Urn of structural height. The exposed photoresist is developed in order to provide a mold for 
electroforming. The resulting metal components may then be replicated via injection molding independent 
of the need for a storage ring x-ray source and is demanded by the requirement for cost-effectiveness. 

X-Ray    Assisted    Micro-Fabrication 

A primary technical difficulty in high aspect-ratio photolithography based processing lies with establishing 
sufficiently thick photoresist. The LIGA process requires this thick photoresist layer to be applied to a 
substrate covered with a suitable plating base. Standard photoresist spinning is not practical at millimeter 
thicknesses and direct polymerization leads to large built-in strain. An application method using room 
temperature solvent bonding of high-purity pre-cast PMMA sheet typically one millimeter thick was 
therefore adopted which allows for practically unlimited thickness strain-free photoresist application [6]. 
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Additional benefits of this photoresist application technique include the ability to use the photoresist as a 
mechanically stable material for multiple layer processing as well as for plastic mechanical parts. 

Patterning of the resulting photoresist layer is provided for with a suitable x-ray mask which is composed 
of a low x-ray absorbing carrier such as silicon that supports an absorbing pattern, typically gold. 
Exposure depth and time is dependent on the particular storage ring. The majority of components to date 
have used component thickness near the 200 urn range and are limited by low energy storage rings. In order 
to achieve exposure depths of the order of 1 cm, x-ray photon energies of 20 keV are required as are 
available from a source such as the 2.5 GeV National Synchrotron Light Source at Brookhaven National 
Laboratory. Estimates on exposure cost approach $0.10 per square centimeter for such high energy 
exposures and provide an alternative to injection molding for achieving cost effectiveness. 

Following exposure, a highly selective developer is used to remove the exposed photoresist areas and 
expose the plating base layer. A variety of metals including alloys may subsequently be electroplated. A 
release procedure results in free components such as shown in Fig. 1. 

Fig. 1 Released electroformed nickel gears patterned 
via deep x- ray lithography. The gear thickness is 
100 urn and the gear tooth width is nominally 5 
urn. 

Fig. 2 Assembled nickel rotor on shaft. The 
difference in shaft and rotor inner diameter is 0.5 
um.  Structure height is 100 um. 

The availability of fiee components makes possible the ability to use assembly to achieve more three- 
dimensional structures as are commonly encountered in actuators. Achieving sub-micron gaps directly in a 
journal bearing, for example, is not feasible with photoresist technology at these extreme aspect ratios. 
Assembly techniques, however, may be used to assemble separately fabricated components with submicron 
biased dimensions. Fig. 2 demonstrates this. The high degree of fabrication repeatability also lends itself 
to part interchangeability. 

398 



A further attribute of LIGA based processing is that it is a low-temperature process and is therefore 
amenable to post fabrication on a microelectronics processed substrate. Integrated position sensing and 
drive electronics are thus readily possible, thereby facilitating system integration. Such integration has 
been demonstrated by using integrated silicon photodiode shaft encoders to sense real time dynamics of 
magnetic micromotors rotating at 150,000 rpm. 

Magnetic    Microactuators 

Dominant application areas for microactuators and coupled micromechanisms such as microrelays and 
micropositioners require output forces in the 1 milliNewton range with travel of at least 300 microns at 
power dissipation levels in the milliWatt range. This guideline has been used to develop generic linear and 
rotary microactuators based on deep x-ray lithography processing. An actuation means with the greatest 
ultimate energy density is desired. Among the possible forms this means may take in a micro-scaled 
actuator, ultimate energy density increases from electric to magnetic to pneumatic drive. Fabrication 
complexity, unfortunately, also increases in a corresponding manner. Pneumatics requires tubes which are 
now just being realized. Electric drives suffer most notably from low energy densities and high voltages. 
Magnetic drives are directly suitable for system integration due to the low driving point impedance of a coil. 

Magnetic drives may be implemented if two fundamental components can be accommodated. A soft 
ferromagnetic material and suitable coil must be realized. Further possibilities arise if a permanent magnet 
material could be implemented. A soft magnetic material has been provided with electroplated 78/22 nickel- 
iron or 78 Permalloy. The as-electroplated magnetic properties of this material include an initial 
permeability of 2000 and saturation flux density of 1.0 Tesla which is sufficient for variable reluctance 
actuation. Micro-coil fabrication has evolved to a stage to utilize automatic coil winding technology. 
Magnetic core preforms are made via deep x-ray lithography which can accept several hundred tums of 50 
AWG magnet wire. The resulting coil is inserted with spring loaded tabs as shown in Fig. 3. 

Fig. 3 shows a magnetic linear actuator fabricated by deep x-ray lithography. The thickness of material is 
150 (im which yields a maximum output force of 1 milliNewton. Travel of 450|jm is possible and 
position is sensed through an inductance change of 1 microHenry per micron of motion. Resonant 
operation with 200 urn amplitude is sustained with 200 micro Watt power dissipation. 

Fig. 4 shows the result for a rotational device. A three-phase variable reluctance stepping motor is shown 
coupled to a planar gear train which operates into a single phase electromagnetic brake. Electrical control of 
a mechanical load is therefore provided which allows dynamometry measurements to be performed. Such 
measurements indicate output torque near 1 microNewton-meter with maximum output power of 20 
microWatts. 

Conclusions 

Deep x-ray lithography based fabrication provides a means to fabricate microactuators with useful output 
forces. High energy x-ray exposure provides a tool for fabrication of the next generation of precision 
engineered components. Device characterization, materials science, an metrology continue to pose 
challenges at this scale. 
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Fig. 3 Linear magnetic microactuator with 80um 
thick assembled Permalloy spring and plunger, 150 
urn thick Permalloy magnetic circuit and 400 turn 
coil. 

Fig.     4. Variable     reluctance     stepping 
microdynamometer system with driving rotor 
radius of 500 urn and 150 urn thickness. A 75 
urn radius idler gear couples the rotor to a 300 (im 
radius braking gear. 
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ABSTRACT 

This paper reviews the application of silicon micrornachining techniques in fabricating biomedical 
microdevices. The main emphasis will be on devices developed at the University of Michigan Center for 
Integrated Sensors and Circuits. These include: intracortical recording and stimulating electrode arrays, a 
nerve regeneration sieve electrode, and a telemetry based microstimulator for stimulating denervated muscle 
groups in paraplegic and quadriplegic patients. These examples demonstrate the ability to fabricate high 
performance miniature devices using silicon micrornachining and microfabrication techniques. 

INTRODUCTION 

Advances in biomedical sciences have mostly been due to our technological ability in obtaining 
meaningful information from biological systems. These systems are very complicated and are the result of 
millions of years of evolutionary forces and even our most advanced computing systems are dwarfed 
compared to the complexity of human brain. Of the most recent exciting technological developments that 
have found immediate applications in the biomedical area are: various imaging systems like computed 
tomography (CT) magnetic resonance and ultrasound, applied neural control systems for functional 
neuromuscular stimulation, and interventional and implantable systems like cardiac pacemakers, 
implantable defibrillators, infusion pumps, and implantable sensors [1]. In this paper we discuss the 
application of microelectronics technology and silicon micrornachining in fabricating implantable 
biomedical devices. These devices for the most part are used as sensors to obtain information regarding 
physical and chemical parameters within biological systems and in some applications in applied neural 
control systems as recording or stimulating electrode to interface with the nervous system. 

Biomedical sensors serve as an interface between living and electronic systems. The interaction 
between the sensor and' biological system is in both directions, i.e., in order to faithfully measure the 
desired physical or chemical parameter the sensor should not disturb the system in which it is located and 
simultaneously it must also be protected from the deleterious interactions with the biological system. 
Miniaturization can reduce the disturbing effect of the sensor on the measurement system since in biological 
environments one has often a limited anatomical space in which the device must reside and take the 
measurement. Biocompatible materials can be used in fabricating implantable sensors in order to reduce the 
unwanted attack of the living system on the sensor. 

Recent advances in microelectronics technology and silicon rnicromachining have provided a strong 
tool in fabricating miniature sensors for biological applications. Biomedical sensors have traditionally been 
fabricated using standard machining techniques and piece by piece individual assembly. These usually 
resulted in bulky devices that were expensive and could only be produced in small quantities. 
Microelectronics techniques and micrornachining, however, can produce miniature devices in large quantities 
at a low price. During the last fifteen years we have developed a number of biomedical microdevices at the 
University of Michigan. After a brief review of the silicon rnicromachining techniques several devices, 
including: recording and stimulating intracortical electrode arrays, a nerve regeneration sieve electrode and a 
microstimulator for muscular stimulation will be reviewed. 

SILICON MICROMACHINING 

Silicon rnicromachining is defined as the selective precision etching of the silicon substrate [2]. 
This technique is an offspring of the integrated circuit process technology which has been most successfully 
used in fabricating microsensors. Development of beam-lead process for the integrated circuits marks the 
beginning of the rnicromachining era [3].   Following this work anisotropic silicon etchants (e.g., 
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potassium hydroxide KOH [4], Hydrazine [5], and ethylene diamine pyrocatechol EDP [6]) were developed 
to supplement the existing isotropic etchants (normally HF in combination with HNO3). The anisotropic 
etchants have higher etch rates in specific crystallographic directions, for example KOH attacks <100> and 
<110> directions faster than <111>. This enables one to create V-shaped grooves in (100) silicon. EDP 
has another useful property and that is its dopant dependent etch rate. Heavily doped silicon areas (doping 
> 5 x 1019 cm"3) are not etched away in EDP. This enables the designer to control the vertical etch 
dimensions to better than 1 |im. A new technique for controlling the vertical etch dimensions without 
introducing high dopant concentrations in silicon ^this concentration is too high to allow for fabricating 
electronic devices in these regions) is the electrochemical etch stop [7]. This method uses applied bias to a 
p-n junction (usually n epitaxial layer grown on the p substrate) to etch the p region in KOH or EDP 
solution, the etch stops once the p substrate is etched. The recent developments in dry etching of silicon 
and other thin film materials (silicon dioxide, silicon nitride, polysilicon and polyimide) have added new 
tools to imCTomachining armament. 

The aforementioned nücromachining techniques use bulk silicon as a starting material (for this 
reason it is called bulk micromachining technique) and the final structure is produces by etching silicon to 
produce membranes (for pressure sensors), proof mass (for accelerometers), or various other structures. 
Another micromachining technique uses a sacrificial layer (this can be polysilicon, silicon oxide, or low 
temperature oxide LTO) which is subsequently covered by a layer of polysilicon or silicon nitride or other 
material of interest The initial sacrificial layer is then etched away leaving free standing structure like 
diaphragms or cantilever beams. This technique is called surface niicrornachining and can produce movable 
parts on silicon substrates with less than 1 |im gap. Although surface micromachining can yield smaller 
devices than bulk micromacliining, stress in deposited films should be annealed and can limit the scaling of 
the devices [8]. 

RECORDING AND STIMULATING ELECTRODE ARRAY 

Recording electrical activity of the neurons in the central nervous system is a powerful tool in 
understanding the brain function. In addition the ability to stimulate small population of neurons can be 
used to restore function in some disabled individuals (e.g., cochlear and visual prostheses). Over the past 
few years we have developed a high-yield batch fabricated technique based on silicon micromachining to 
fabricate thin-film recording and stimulating electrodes [9,10]. Figure 1 shows the structure of a 
multichannel silicon recording microprobe. The recording sites are located along the shank and are 
connected to the back end of the probe with polysilicon conductor lines which are passivated on top by 
dielectric layers. The back end contains the bonding pads and can also house the signal processing circuitry. 
The whole structure is defined by a deep boron diffusion step which produces 12-15 pm thick boron areas of 
the shank and back end. At the final step the devices are etched in EDP which as mentioned before etches 
the lighdy doped substrate and stops on the deep boron diffusion areas. Figure 2 shows the fabrication 
process of the microprobes. 

A NERVE REGENERATION SIEVE ELECTRODE 

In addition to the penetrating type electrodes described in the previous section, the silicon 
micromachining technique allows us to fabricate other types of electrodes as well. A nerve regeneration 
sieve electrode developed in our group during the past couple of years is an example of such devices [11]. 
This electrode is used to study nerve regeneration in peripheral nervous system by allowing the severed ends 
of a nerve to regrow through small holes micromachined in a silicon substrate. Figure 3 shows the 
structure of the sieve electrode. It consists of a thick silicon rim supporting a thin (-3 Jim) silicon 
diaphragm fabricated by a shallow boron diffusion step. Small holes (diameter = 5 |im) are produced in the 
thin diaphragm and the recording site is made of iridium and has an area of - 100 pm2. Silicon integrated 
ribbon cables arc also included in this device to connect the electrode end of the device to the back end. 
These ribbon cables are fabricated as part of the electrode using shallow boron diffusion step at the same 
time with the diaphragm. Figure 4 shows a photograph of a sieve electrode. 

A TELEMETRY BASED MICRO STIMULATOR 

Figure 5 shows the structure of a telemetry based microstimulator developed [12,13]. This 
microdevice is only 2x2x10 mm3 and can be injected into denervated muscles of paraplegic and quadriplegic 
patients using a gauge 10 hypodermic needle. It consists of five individual elements: a micromachined 
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silicon substrate; a silicon IC chip; a hybrid capacitor used for charge storage of the stimulation pulse; a 
hybrid receiver coil for power and data reception; and a custom machined glass capsule. The silicon 
substrate contains a reference electrode and a stimulating electrode. The IC chip is used for data reception 
and microstimulator control and is affixed atop the silicon substrate, while the hybrid capacitor and receiver 
coil are mounted on the IC chip. Lastly, a hermetic package is provided for the microstimulator circuitry 
and hybrid components by electrostatic bonding of the glass capsule to the silicon substrate. The 
stimulating electrodes are outside of the package and feedthroughs are used to connect the internal electronics 
to the electrodes. Power and data are transmitted to the microstimulator using wireless RF telemetry, and 
the device is capable of delivering a constant current pulse of 10 mA for durations of up to 200 usec into 
loads of <800 Q , and it is able to repeat this stimulation at a rate of up to 40 Hz. Figure 6 shows a 
photograph of the microstimulator. 

CONCLUSION 

We reviewed the application of silicon micromachining in fabricating biomedical microdevices. 
We used three devices that were developed in our laboratory during the past decade as a vehicle to 
demonstrate the attractive features of imcrornachining in biological applications. These devices were silicon 
intracortical microprobes, a nerve regeneration sieve electrode, and a telemetry based microstimulator. 
Using silicon micromachining technology one can batch fabricate high performance miniature devices at a 
low cost and high yield. 
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Figure 4: SEM photograph of a silicon sieve 
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Figure 5: Structure of a single channel microstimulator. Figure 6 : A photograph of an assembled 
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Abstract—An active matrix of amorphous silicon thin-film transistors and 
photodiodes on glass are used to make a large area (10x8 sq. in.) imaging array 
consisting of 1920x1536 picture elements.  This page-sized imager can be used for 
contact imaging of documents and medical imaging at a resolution of 200 spi. 
Design of hydrogenated amorphous and polysilicon thin-film transistors on glass is 
reviewed in this paper along with a discussion of the operation of the amorphous 
silicon array. 

I. INTRODUCTION 

Similar to the way DRAM technology has driven semiconductor processing, the 
active-matrix liquid crystal display has led the way for large-area, low-temperature 
electronics on glass. This paper will discuss the basic device design for incorporating 

amorphous silicon (a-Si:H) and polysilicon (p-Si:H) thin-film transistors (TFTs) on glass 
with a maximum processing temperature of 350°C using laser recrystallization. a-Si:H 
TFTs and photodiodes may be integrated into an imaging array. Work at Xerox PARC 
has progressed steadily to the point where six million electronic elements-three million 
TFTs and three million photodiodes-can be integrated onto a glass substrate 8x10 square 
inches. While not presently capable of performing advanced signal detection and 
processing, amorphous silicon transistors are ideal for switching applications. Laser- 
recrystallized p-Si:H has fifty times the mobility and might be used for higher current 
applications. 

The a-Si:H photodiode array is a full-page scanner that can address a complete 
1920x1536 pixels with 8 bits of gray scale at 10 frames per second. Following sections 
will deal cover the basics of amorphous and polysilicon TFT design, the imager system 
design, and a discussion of the imager's performance limits. 
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H. AMORPHOUS AND POLYSILICON TFTS. 

The basic strategy in building a-Si:H and p-Si:H transistors on the same substrate 
is to keep the process of the two as similar as possible. The process is demonstrated in 
Figure 1. Gate metal and gate dielectric are first deposited on the glass substrate. The 
gate dielectric may be silicon oxide, nitride, or a mixed oxynitride and is deposited at 
350°C. Intrinsic a-Si:H is then deposited at 250°C as the channel. Until this point both 
types of transistors have been treated identically. A mask is used and the wafer exposed 
to a 308 nm XeCl excimer laser. Three separate exposures are done with increasing pulse 
energy to avoid ablating the film or creating hydrogen voids [2]. After the amorphous 
silicon has crystallized, a hydrogen plasma is used to re-hydrogenate the polysilicon 
channels. A passivation oxide or nitride is then deposited and processing continues with 
source and drain deposition. Figure 2 shows curves for both types of TFTs on the same 
substrate. Laser recrystallized p-Si:H TFTs may have extensive application in replacing 
the driver circuitry for active matrix drivers. 

In addition to TFTs, amorphous silicon can be used to fabricate photodiodes. In 
the imagers that will be the subject of the remainder of this paper, a-Si:H TFTs and 
photodiodes are fabricated together as in Figure 3. 

DI. SYSTEM DESIGN AND PERFORMANCE 

Figure 4 shows the basic circuit used for imaging. The gates of the TFTs are 
connected to a shift register whose output swings from 0 to 20 V. When the gate is "on," 
charge from the 0.4 pF photodiode drains onto the 50-100 pF data line. This charge is 
detected by an amplifier and sampled onto a capacitor. a-Si:H is a very good switching 
element for matrix addressing because of its very high (Teraohm) "off' resistance. The 
leakage charge from 1935 "off' rows must be considerably less than the signal charge 
from the one "on" row [2]. 

Because the quantum efficiency of amorphous silicon photodiodes is around 80- 
90% [3], the two limits on the efficiency of the imager are fill factor and noise. The fill 
factor, or how much of the face of the circuit is photosensitive, reduces the number of 
photons that may be converted to photocharge.  The current imager has a fill factor of 
35%. A tightening of the design rules or a lower pitch of pixels is needed to improve the 
fill factor further [2]. 

Noise governs the minimum detectable photocharge. The KTC sampling noise, 
which is a consequence of the sampled photodiode capacitance is 290 electrons. This 
gives a theoretical detectable illumination of the order of 100 pW/cm2. However, the 
large capacitance of the data line lowers the value of the signal by 100 so that read-out 
amplifier noise dominates the system. Although the best dynamic range for a 5V bias is 
10,000:1 at the pixel, the amplifier limited dynamic range is only 256:1 in the present 
system. Improvements in the amplifier are possible by using a charge-sensitive 
configuration and a noise level of less than 1000 electrons appears to be possible with 
room-temperature CMOS. 

Document imaging and radiography have very different requirements. Document 
imaging frequently emphasizes spatial resolution and requires only limited dynamic range. 
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200 spi is sufficient for facsimile quality resolution, but 400 spi or greater is needed for 
small text or lines. Typically a dynamic range of 16:1 is sufficient to capture simple 
halftones. Radiography excluding dental x-rays and mammography has limited need for 
resolution. One system limit is geometric unsharpness from the finite x-ray source size. 
Another is the smearing of the x-ray image by light-piping in the scintillator. 200 spi 
appears to meet the requirements in this case. Because of pulse-to-pulse fluctuations in the 
x-ray source, the large differences in x-ray absorption in the body, and the need to 
minimize the number and doses of patient x-ray exposures, a large contrast ratio is needed 
for x-ray detection, typically greater than 256:1. New readout circuits could make 1024:1 
possible.  At this level the imager would be close to the x-ray shot noise limit and the 
patient would be exposed to the minimum possible x-ray dose. To achieve the shot noise 
limit, gain at the pixel is likely to be needed. p-Si:H pixel amplifiers may be able to 
achieve the shot noise limit 

SUMMARY 

This paper has present a review of some activities at the Xerox Palo Alto Research 
Center. Amorphous and polysilicon transistors have been fabricated on glass substrates at 
350 °C. Amorphous silicon transistors have been integrated with photodiodes onto 8x10 
inch arrays to make image sensors with three million pixels. The prospects for using this 
technology driven by the display business for medical and document imaging are excellent. 
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