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A. Description of scientifl5 , research goals

The research grant # N00014-86-K-0513 is funding the following projects - Metal-Insulator-

Semiconductor Field-Effect-Transistor (MISFET), Ge/GaAs Heterojunction Bipolar Transistor

(HBT), power HBT, and a theoretical investigation on Direct and Resonant Tunneling Diode

(RTD). Research goals for these projects are described separately below.

Research goals for the MISFET project

High speed transistors, e.g., Modulation-doped Field-Effect transistors and Heterojunction

Bipolar transistors, based on compound semiconductors are well-known. Inhis project we inves-

tigate the properties of MISFET type structures based on compound semiconductors. MISFET's

have advantages over the aforementioned transistors in areas where high speed, simplicity of fab-

rication, uniformity of threshold voltages, low standby power, and high gate operational voltages

are required. To obtain an operational MISFET, it is important that the insulator and semicon-

ductor interface be relatively defect free, the minimum requirement being that the surface Fermi

level must not be pinned. Therefore, the first part of this project involves the understanding

of the surface Fermi level pinning effect in compound semiconductors. The investigation will

also involve the use of Ge and Si cap layers to prevent the surface Fermi level from pinning in

compound semiconductors. With an unpinned surface, the next stage of the project is to obtain

a MISFET on compound semiconductors.

Apart from an unpinned surface, the performance of a MISFET is highly dependent on the

Lulk quality of the gate dielectirc. For example, low leakage current through the gate dielectric is

highly desirable for low standby power and high gate operational voltages applications. We have

set-up a remote plasma chemical vapor deposition chamber which allows us to deposit ex-situ

high quality SiO2 . One part of this project is the investigation of the quality of the deposited

SiO 2 using a rf plasma source. Both I-V and C-V measurements are used to characterize both

the bulk and interface qualities of the SiO 2 .
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Research goals for the Ge/GaAs HBT project

Our major research goal is to investigate Ge/GaAs heterojunctions towards incorporating

Ge in well established GaAs Heterojunction Bipolar Transistors (HBT's). This novel material

combination will result in enhanced device performance. For HBT's, critical parameters affecting

the device performance are base doping, base contact resistance, and band discontinuities at the

emitter base junction. The semiconductor Ge ha-9 excellent potential to improve the performance

of GaAs/AlGaAs HBT's. Ge has a higher hole mobility and can be doped higher than any

other device grade semiconductor. Heavily doped Ge can be used as low resistance base in n-p-n

HBT's. Higher injection efficiencies and lower contact resistance can be achieved since Ge has

a smaller band gap compared to GaAs. Due to the small recombination velocity of Ge, the

dependence of current gain on the device size can also be eliminated. Apart from the HBT as a

device, the growth of GaAs/Ge and Ge/GaAs heterojunctions is also investigated in detail.

.. Research goals for the Power HBT project

In this project the current handling capability of AlGaAs/GaAs HBT's is investigated. The

idea is to use the HBT as a high- power and high-speed device. Multi-finger emitter and emitter

ballasting resistor are used in the design of the HBT.

Research goals for the direct and resonant tunneling diode project.

There are a lot of interests on both the direct tunneling and resonant tunneling diodes in

recent years. Although there have been a lot of theoretical work done on the I-V characteristics

on these kind of diodes, there seem to be a lack of agreement between experimental and theoretical

results. One of the obvious shortcomings of those theoretical models is the non-inclusion of the

proper band structure of the barrier material. In this project we used a k p band model

to calculate the complex wave-vectors of the tunneling electrons in the calculation of the I-

V characteristics of these types of diodes. Another important point in the cab ulation is the

inclusion of semiconductor band-bending. Since thin insulating barriers make-up part of the

active device, band-bending in the semiconductor cannot be ignored. These ideas are tested in

the model calculation and I-V characteristics so obtained are compared with the experimentally

measured results.
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B. Significant results of the past year

Results of the MISFET project

We have shown that surface Fermi level pinning is not an intrinsic property of compound

semiconductor grown in ultra-high vacuum. A much reduced surface electric field was found in

the GaAs surface when capped with a 20 A Ge layer compared to an uncapped GaAs surface.

This shows that the surface Fermi level of GaAs can be moved within the band-gap of the

semiconductor by the use of an appropriate cap layer. This behavior indicates the presence of an

unpinned surface. Similar results was obtained with a Si capped GaAs surface. A metal-oxide-

semiconductor junction was fabricated wilh 30 2 as the dielectric. High frequency capacitance-

voltage curve shows that the surface electric field can be modulated by an externally applied

voltage. Consistent with the results for Ge capped GaAs surface, Si capped GaAs surface is also

shown to be unpinned.

The SiO 2 used in the MOS diode was deposited ex-situ in the remote-plasma chemical vapor

deposition chamber using silane, oxygen, and helium. High quality SiO 2 is routinely obtained.

For a 1000 A thick oxide, a break-down field of larger than 3 MV/cm and a leakage current at 30

V bias of 6 nA/ cm 2 is obtained. The interface state density of the GaAs sample capped with Si

is measured to be 6x10 11 /eV/cm 2 around mid-gap by high frequency C-V measurements. This

seemingly high interface state density is caused by the uncontrollable oxidation of the surface

when the sample is being transferred from the growth chamber to the deposition chamber.

The deposition of ex-situ oxide, as we were forced into doing in those preliminary experi-

ments, is not a good way of obtaining MOS diode with low interface state density. We believe that

in-situ oxide deposition is the proper method, the setup of which was under construction. The

in-situ oxide deposition system which includes an electron-cyclotron resonance (ECR) plasma

source in our laboratory is now complete. Research in this area will start around mid-October,

1990. A figure of the ECR and CVD chamber is included in this report.
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Results of the Ge/GaAs HBT project

Initially for our investigations into the GaAs-Ge heterojunction system we concentrated on

the individual junctions and tried to improve the quality of both the Ge/GaAs and GaAs/Ge

junctions. Our initial results for epitaxial Ge grown on GaAs were quite encouraging. However,

the polar on non-polar GaAs/Ge heterojunction presented more of a challenge. In this case, we

had to worry about antiphase domain formation as well as cross doping across the heterointerface

during the growth of GaAs which requires a relatively higher growth temperatures.

Following the lead of GaAs/Si researchers we investigated the role of vicinality of the (100)

surface on antiphase domain formation. GaAs grown on nominally (100) Ge surfaces exhib-

ited antiphase disorder which disappeared after roughly 500 A of growth. TEM investigations

confirmed that the antiphase domains propagated into the film along <111> planes and self-

annihilated upon Intersection leaving the final material single domain. When the experiments

were repeated on (100) surfaces in-tentionally misoriented 40 towards [011], no significant evidence

of antiphase disorder could be detected during growth or by TEM. Thus, the antiphase disorder

problem can be avoided by using a misoriented (100) substrate.

The elimination of antiphase disorder through the introduction of a stepped surface has

serious implications towards the role of steps in the growth of GaAs on Ge. To further investigate

this, we grew layers which were initiated with a Ga prelayer as opposed to the As prelayer. We

observed similar behavior in the antiphase domains except that in the nominally (100) case, the

GaAs domain which remained after self annihilation was the opposite of the substrate orientation.

This clue allowed us to propose a growth model of GaAs on Ge growth which is as follows.

Of the two types of single steps available on the initial Ge surface, each must energetically

favor either As or Ga. Thus when an unfavorable prelayer species is deposited at a step, the

unfavorable species is exchanged with the opposite adatom upon growth initiation. This exchange

propagates along the terrace length until the next monolayer is deposited or until the end of the

terrace is reached and the lattice is in registry. For nominally straight substrates, the terrace

lengths are too long to enable the lattice to correct itself before the next monolayer deposition
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so the antiphase domain is "frozen in." In the vicinal case, the roughly 40 A terrace lengths

are sufficiently short for the lattice to become in registry. The final orientation of the GaAs

domain in each of the four experiments undertaken allowed us to determine experimentally that

the Ga-Ga bond is energetically favorable to the As-As one and we can therefore predict that the

antiphase boundaries propagate along the <111>A Ga planes.

Following the successful growth of Ge/GaAs heterojunction, we have undertaken a system-

atic investigation of the electronic properties of Ge/(AI)Ga.As heterojunction. First, we have

studied the temperature dependent current-voltage characteristics of p- Ge/N-GaAs heterojunc-

tion diodes. At room temperature, unity ideality factor has been demonstrated over almost

six decades of current suggesting an almost unhindered injection of electrons from N-GaAs into

p-Ge. Later we have extended this study to current-voltage and capacitance-voltage characteriza-

tion of Ge/(Al)GaAs junctions. Both structures exhibited nealy ideal room temperature current

transport. From our capacitance-voltage and temperature dependent current-voltage measure-

ments we deduced band discontinuity values which are in good agreement with the available data

for Ge/GaAs and Ge/AlGa.s junctions. The nearly ideal reverse breakdown characteristics of

Ge/GaAs and forward characteristics of Ge/AlGaAs junctions suggest Ge as an alternative to

GaAs base in AlGaAs/GaAs HBT's to improve present device performances. We have demon-

strated such a HBT (AlGaAs/Ge/GaAs) for the first time. The device exhibited a common-

emitter current gain as high as 300. Measurements at low current levels and nearly ideal diode

characteristics indicate low surface recombination current.

To study the impact of using Ge as the base on the performance of HBT's we have investi-

gated low resistance contact formation on Ge and the influence of the contact resistance on the

high-frequency response. Extremely low-resistance nonalloyed ohmic contacts have been formed

on p-type Ge grown on GaAs. Using evaporated Ti/Al metalization specific contact resistances

well below I x 10- 3Qcm 2 were achieved for heavily doped Ge (p> 1019 cm- 3 .

One major obstacle towards the realization of Ge/GaAs HBT's is cross diffusion at the

Ge/GaAs heterojunction. We have demonstrated that such a cross diffusion can be eliminated
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by using an additional 10k of pseudomorphic Si at the interface. We compared electrical char-

actersitics, before and after annealing, of p-Ge/N-GaAs diodes with or without such Si diffusion

barriers. Both types of diodes exhibited nearly ideal charactersitics prior to annealing. Diodes

with no barriers showed significant degradation after aneealing at 640 *C. Diodes incorporating

the Si interlayer retained excellent electrical performance after a 20 min anneal at temperatures

as high as 720 °C.

Results of the power HBT project

Current handling capabilities of 400-800 mA/mm per emitter periphery at different case

temperatures have been successfully demonstrated using a low-doped GaAs layer as an emitter

ballasting resistor to obtain uniform current distribution over individual emitter fingers. A cur-

rent gain at a collector current of 500 mA was realized at room temperature for three elementary

devices bonded in parallel and each device is comprised of ten (5x25Jm 2) emitter fingers. Tem-

perature dependence of the current gain at high current levels has been investigated concluding

that high thermal resistance of GaAs limits the current handling capability of HBT's.

Results of the direct and resonant tunneling diode project

Both the direct and resonant tunneling diodes are investigated in this project. The hetero-

junction used is InGaAs/InAlAs lattice matched to InP. In order to explain the experimentally

observed I-V characteristics we found that it is important to include both the semiconductor

band-bending and the complex band structure of the barrier material. Since the current is so

sensitive to the barrier thickness, the latter is measured accurately by the transmission electron

microscope. The calculated I-V characteristics compared favorably with those measured for both

diodes. This demonstrates not only the importance of using an accurate band structure in cal-

culating the I-V characteristics of tunneling diodes but also the importance of band-bending in

devices with thin insulating layers. Since no non-elastic scattering event is included in the calcu-

lation, the closeness between the experimental and theoretical results also suggests that inelastic

scattering during tunneling is not an important factor in determining the tunneling current.
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C. Plans for next year's research

Future plans for the MISFET project

We have already demonstrated that GaAs surfaces can be prevented from pinning with the

use of an appropriate Ge or Si cap layers, and we have evidence to suggest that this is not

restricted to GaAs surface alone. With the possibility of an unpinned surface at hand, the

next goal is to obtain MISFET's on compound semiconductors. In our work on Si capped

GaAs MOS diode, the oxide was deposited ex- situ. This causes an uncontrollable oxidation on

the surface which gave rise to the observed high interface state density. To circumvent this we

have incorporated an electron-cyclotron resonance source in a chemical vapor deposition chamber

which is connected to the growth chamber through a vacuum transfer tube. This allows us to

do in-situ oxide deposition without breaking the vacuum. This we believe, will give us the

capability of growing MISFET structures with very low interface state density and excellent bulk

oxide properties. Our future plans on this project will be the study of the growth of MISFET

structures with in-situ oxide deposition.

Future plans for Ge/GaAs HBT project

As our future plans, we will further investigate the Ge/GaAs system. With our knowledge

on the growth mechanism, we are certain that we can improve the results we have already

demonstrated. High frequency characterization of the HBT's will be considered. We will also

study novel device structures combining the unique properties of Ge and (AI)GaAs material

system. The investigation of Si diffusion barrier will be extended to Lhe effect of such a thin

layer of Si to the band alignment in Ge/GaAs junctions.
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Si(100) surfaces by molecular beam epitaxy", App). Phys. Lett. 56, 469(1990).
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State Elect. , 32, 1025(1989).
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depletion in GaAs", App). Phys. Lett. 57, 572(1990).

2. Non-Refereed Publicati ns and Published Technical Reports

3. Presentations

a. Invited

1. "Strained layer FETs, Lasers, and phototransistors in the lnGaAs/GaAs/AlGaAs het-
erostructure systems", NATO Advanced Research Workshop on Condensed Systems of Low
Dimensionality, Turkey, 1990.
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2. "Strained la-.r FETs, Lasers, and phototransistors in the InGaAs/GaAs/AMGaAs het-
erostructure svytems", 1990 Seoul International Symposium on the Physics of Semiconductors
and Applica'.ons, Korea, 1990.
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1. S. Strite, K. Adomi, H. Morko , "Growth of antiphase domain free GaAs on epitaxia.l Ge
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4. Books

1. H. Morko , H. Unlii, G. Ji, "Principles and Technology of Modulation Doped FETs", John
Wiley and sons.

2. A book chapter to appear in "Processes in the Fabrication of GaAs Devices and Circuits",
Ed, B. L. Sharma, "MBE Growth of GaAs and other Compound Semiconductors with
Applications to Devices", by K. Adomi, J. I. Chyi, S. F. Fang, T. C. Shen, S. Strite. and H.
Morko .
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