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ABSTRACT 

This report covers in detail the solid state research work of the Solid 
State Division at Lincoln Laboratory for the period 1 May through 
31 July 1987. The topics covered are Solid State Device Research, 
Quantum Electronics, Materials Research, Microelectronics, and 
Analog Device Technology. Funding is provided primarily by the Air 
Force, with additional support provided by the Army, DARPA, Navy, 
SDIO, NASA, and DOE. 
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INTRODUCTION 

1.    SOLID STATE DEVICE RESEARCH 

Enhancement-mode junction field-effect transistors have been fabricated in semi-insulating In P using an 
ion-implanted conduction channel which is modulated by a p+-AllnAs gate grown by selective 
molecular-beam epitaxy. Initial devices exhibited transconductances of 26 mS/mm. 

The photorefractive effect in titanium-indiffused lithium niobate waveguides has been measured by 
means of an integrated-optical Mach-Zehnder interferometer. The measurements were for optical 
wavelengths of 0.85, 1.06, and 1.3 pm, using y- and z-propagation; both photovoltaic and photocon- 
ductive effects were evaluated. 

Lenslets have been formed in In P substrates by means of mass transport to smooth out chemically etched 
multilevel mesa structures. A 67-/nm-diam. lenslet with a focal length of 80 yum has been used to collimate 
the output of a buried-heterostructure diode laser of U-^m wavelength and has yielded a nearly 
diffraction-limited beam divergence of 1.4°. 

A simple furnace system has been designed and successfully implemented which allows for mass 
transport experiments at temperatures up to 910°C without excess phosphorus accumulation and 
associated hazards. Large InP lenslets (120-^m diam.) have been fabricated by means of the system. 

2.    QUANTUM ELECTRONICS 

Optically induced birefringence has been observed at 632.8 and 790.7 nm in a Ti: AI2O3 amplifier pumped 
with 10-ns-long pulses at 532 nm. The induced birefringence decays with a time constant approximating 
the fluorescence lifetime of the Ti3+ ions and is, therefore, attributed to the Ti3+ excited state (2Eg) 
responsible for the fluorescence and gain. 

Single-frequency power of 300 mW has been obtained from a Ti:Al203 ring laser pumped by 7 W (all 
lines) from an argon-ion laser. The laser maintains single-frequency operation while tuned from 740 to 
880 nm, and its free-running frequency stability is 1.6 MHz rms with a frequency drift of ~200 kHz/s. 

A 10-mm-long KTP crystal has been used to frequency-double the output of a mode-locked Nd:YAG 
laser with greater than 50-percent efficiency, but surface damage to the crystal occurred at an unaccept- 
ably low value of 20 MW/cm2 input intensity. The alternative of using the laser in a Q-switched mode has 
been found worse since mode beating led to crystal damage at lower input intensity levels than the 
mode-locked case. 

Sodium resonance radiation has been generated with 30-percent efficiency by sum-frequency mixing the 
output radiation of two simultaneously Q-switched Nd:YAG lasers, one operating at 1.064 ^m and the 
other operating at 1.319 /nm. The 1.064-/xm laser has also been operated as a continuous, frequency- 
modulated laser. 

A process has been developed for growing GaAs/AlGaAs quantum wells (QWs) with controllable 
spatially varying thicknesses on (lOO)-oriented GaAs substrates. The process uses the temperature 

xni 



dependence of the sticking coefficient of gallium in a molecular-beam-epitaxy system and has yielded 
QWs with thickness variations of over 2.5:1 at points on a wafer 1 mm apart. 

3.    MATERIALS RESEARCH 

Superconducting thin films consisting predominantly of YBa2Cu30x have been prepared by oxygen 
annealing of metal films formed by using electron-beam evaporation to deposit a three-layer sequence of 
Cu, Ba, and Y in nominally stoichiometric proportions, then repeating the sequence five times. For the 
best superconducting films, which were prepared on yttria-stabilized cubic zirconia substrates, the onset 
of superconductivity occurred at 94 K and zero resistivity was observed at 72 K. 

Double-heterostructure ridge-waveguide lasers with pulsed threshold currents as low as 50 mA have 
been fabricated in GaAs/AlGaAs layers grown on Si by organometallic vapor-phase epitaxy. Broad- 
area devices from the same wafer have average threshold current densities as low as 300 A/cm2, but their 
laser emission occurs predominantly in a single filament. 

A model that has been developed for the avalanche-induced drain-source breakdown of n-channel 
silicon-on-insulator MOSFETs gives calculated I-V characteristics in good agreement with experimen- 
tal results. According to the model, the drain-source breakdown voltage of SOI n-MOSFETs (a) in- 
creases with increasing channel length, increasing positive substrate voltage and decreasing silicon film 
thickness, and (b) is higher than that of similar bulk-silicon devices at large gate bias but lower at small 
gate bias. 

4.    MICROELECTRONICS 

Recent tests have shown that the previously reported 16-point discrete-cosine-transform CCD device 
has 60-dB dynamic range and -40-dB harmonic distortion. A new 16-point complex discrete-Fourier- 
transform CCD device capable of performing 10'° multiplications per second has been designed and is 
being fabricated. 

The unique current-voltage relation of resonant-tunneling diodes has been used to generate high 
harmonics of a microwave pump frequency. Fifth-harmonic output has been obtained near 20 and 
200 GHz with efficiencies of 0.5 and 0.1 percent, respectively. 

Excimer laser projection has been used to pattern 130-nm lines and spaces in PMMA resist on silicon. 
These linewidths are significantly smaller than the 193-nm wavelength of the laser and approach the 
absolute diffraction-limited cutoff of the optics. 

Intersubband transitions between confined states in the conduction bands of coupled quantum wells 
have been observed. The transition energies agree with calculated theoretical values. 

xiv 



5.    ANALOG DEVICE TECHNOLOGY 

A superconductive Josephson digital circuit has been recently designed, fabricated, and tested which 
provides a binary representation of the address of any of seven inputs. Circuit functionality has been 
demonstrated, and computer simulations predict an intrinsic processing speed of 150 ps. 

Improved SAW/FET transversal filters with 100 MHz of programmable bandwidth have been fabri- 
cated. The new design, which utilizes FET conductances for tap weights, is easier to fabricate, has better 
uniformity, and exhibits 15 dB less insertion loss. 

xv 
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1.    SOLID STATE DEVICE RESEARCH 

1.1.    A p+-AHnAs/InP JFET FABRICATED BY MEANS OF ION IMPLANTATION 
AND MOLECULAR-BEAM EPITAXY 

Enhancement-mode JFETs have been fabricated in semi-insulating InP substrates by means 
of Si+ ion implantation to form the n-type channel region and selective molecular-beam epitaxy 
(MBE) of lattice-matched Be-doped AlInAs to form the p+ gate. A cross-sectional schematic of 
the device is illustrated in Figure 1-1 and the detailed fabrication sequence proceeds as follows. 
Bare Fe-doped semi-insulating InP samples were implanted with 400-keV 5 X 10l2-cm"2 Si+ and 
annealed at 750°C for 10 min with phosphosilicate glass (PSG) used for encapsulation. Following 
a channel-region mesa-isolation etch and deposition of 1000 A of plasma-enhanced Si02, 
1.0 X 100-/nm gates were defined and opened in the oxide by means of conventional photolithog- 
raphy and wet-chemical etching techniques. Prior to selective MBE growth of a l-/zm-thick layer 
of Be-doped AlInAs (NA *• 2 X  1018 cm"3) in the exposed gate region, the samples were sub- 
jected to an in-situ 20-min 400°C thermal cleaning etch with HC1 gas. The growth material out- 
side of the gate region consists of high-resistivity polycrystalline AlInAs. The InP substrates were 
held at a temperature of 530°C for about 1 h during the MBE growth process. Source and drain 
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Figure l-l.    Schematic diagram of a p*-AUnAs/InP JFET showing the St-implanted n-lnP and the 
MBE-grown AlInAs crystalline and polycrystalline regions. 



contact windows were etched through the polycrystalline layers with 1:1:10 Ir^SO^r^O^F^O and 
through the oxide layers with buffered HF. Electron-beam-evaporated Ni/Ge/Au and Au/Zn/Au 
microalloyed metals were used to contact the n and p+ regions, respectively. Because of the pres- 
ence of the high-resistivity polycrystalline layer, an oversized gate metal contact was used to ease 
the alignment constraints. 

The zero-gate-bias channel conduction current was very low (<100 fiA) on all devices, indi- 
cating that the zero-bias depletion layer very nearly extends through the 0.5-Mm-thick channel 
region. This situation is most likely due to Be diffusion during MBE growth1 which moves the 
actual p-n junction into the InP channel. Although the channel can be completely pinched off by 
operating these devices in the depletion mode, useful conduction current can only be obtained 
through reducing the depletion-layer thickness by forward biasing the gate/channel junction. Fig- 
ure 1-2 shows typical enhancement-mode current-voltage characteristics of a 1.0-Aim-gate-length 
device with a source-to-drain spacing of 5.0 pm. The gate/channel junction exhibits a reverse 
breakdown voltage exceeding 10 V and has a forward turn-on voltage of about 0.5 V. The trans- 
conductance gm is 26 mS/mm at 2.5 V of gate bias (at which point the gate is drawing a current 
of about 750 ßA). The value of gm is lower than that obtained on previously fabricated fully 
implanted p-column2 and conventional3 InP JFETs. This is partly attributed to the high series 
gate resistance of the thick p+-AHnAs layer and interfacial defects. 

ifli 

f/M 
Figure 1-2.    Typical enhancement-mode l-V characteristics of a 1.0-fim-gate-length 
p+-AIInAs/InP JFET. 



Based on these initial results, it should be possible to fabricate depletion-mode devices by 
growing a thin undoped AlInAs buffer layer as a diffusion barrier prior to growth of the p+ layer 
to reduce the depth of the p-n junction. A reduction of the p+-AHnAs thickness should also 
reduce the amount of Be indiffusion by decreasing the growth time, and at the same time should 
reduce the gate series resistance. 

J.D. Woodhouse     M.J. Manfra 
J.P. Donnelly R.J. Bailey 

1.2.    EXPERIMENTAL EVALUATION OF THE PHOTOREFRACTIVE EFFECT 
IN Ti-INDIFFUSED LiNb03 WAVEGUIDES 

The photorefractive effect refers to a mechanism whereby refractive index changes are caused 
by light. This effect has some applications, but it is a problem in most integrated optical devices 
when it occurs. The photorefractive effect in LiNb03 (References 4 and 5) is caused by ionization 
of impurities, primarily Fe2+. Photogenerated electrons move in the crystal and change the inter- 
nal electric fields, thus inducing index changes through the electrooptic effect. There are two 
basic aspects of the photorefractive effect, the photovoltaic and photoconductive effects. In the 
photovoltaic effect, photogenerated electrons drift in the +z direction because of a mechanism 
related to crystal anisotropy. This effect can occur in the absence of any applied electrical field. 
The charge builds up where the intensity changes, e.g., at the edge of a uniformly illuminated 
region.6 The charge continues to build up until the space-charge field is large enough to balance 
the anisotropy-induced drift. Index changes arising from the photovoltaic effect can cause other 
effects, such as increased insertion loss,7 polarization mode conversion,8 and increased scattering.9 

In the photoconductive effect, charge moves in the direction of an externally applied field. This 
charge can build up and partially cancel an applied dc field. 

The purpose of these experiments was to measure the two basic photorefractive effects (pho- 
tovoltaic and photoconductive) in single-mode titanium-indiffused waveguides in the wavelength 
range 0.85 to 1.3 /um, which corresponds to the range used for most devices. We used an 
integrated-optical Mach-Zehnder interferometer to make sensitive measurements of the index 
changes caused by the photorefractive effect10 (see Figure 1-3). The optical power in the two 
arms was made unequal by putting a chrome absorber on one arm (transmission was typically 
5 percent). This produced much greater photovoltaic index changes in the brighter arm, thereby 
generating a phase difference between the light traveling through the two different arms. Elec- 
trodes on one arm were used to evaluate the photoconductive effect by applying a dc voltage. No 
voltage was applied in the photovoltaic measurements. The phase difference between arms was 
sensed by applying an ac signal and measuring the harmonics on a spectrum analyzer. The phase 
could be measured accurately by means of the ratio of the 1st and 2nd harmonics; this ratio is 
independent of the input optical power level. Because of the long arm length (50 mm) and accu- 
rate phase measurement (typically 1°), this experiment could sense small index changes (on the 
order of 10"7). 
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Figure 1-3.    Method for measuring photorefractive effect. 

The waveguides were all formed by titanium-indiffusion at 1000° or 1050°C with oxygen 
flowing through a bubbler filled to a depth of 15 cm with 25°C water. The electrodes were gold 
with a silicon dioxide buffer layer underneath; the Si02 layer was etched away everywhere except 
directly underneath the gold to avoid any effects due to conductivity through the oxide. All crys- 
tals were x-cut and the TE mode was always used, so light was polarized along the z-axis in the 
y-propagating case, and along the y-axis in the z-propagating case. The photovoltaic effect was 
measured by illuminating the devices with a constant optical intensity for up to 70 h, and 
observing the phase difference (which indicates the index difference) between interferometer arms 
during this time. 

The index change was seen to have approximately an exponential dependence on time: 
An - An sat (An sat Aninitial) exp [-t/r]. At all power levels that produced a detectable 
index change, all the devices showed this time dependence, but with time constants r and satura- 
tion index changes Ansat that depended on wavelength, propagation direction, and power level. A 
typical result is shown in Figure 1-4. Table 1-1 shows the saturation index changes and time con- 
stants seen at the highest optical power levels we were able to use. The index changes were 
smaller and the time constants longer at lower power levels. (These are all single-mode wave- 
guides; typical cross-sectional area is about 6 urn2 at 0.85 urn.) As expected, y-propagating wave- 
guides had substantial index changes at 0.85 yum and much reduced (if any) changes at 1.3 urn. 
There is measurable index change in z-propagating waveguides, even at the 1.06-/zm wavelength. 
This change is not predicted by the simplest explanation of charge separation along only the 
z-axis.7 The index change is much smaller than that seen in y-propagating waveguides, and the 
relative size of the index change is much less than the ratio of electrooptic coefficients ^2/^3. 
This implies that much smaller fields are induced in the y direction. This indicates that the pri- 
mary photovoltaic effect is indeed charge separation along the z-axis. The cause of the small 
effect seen in z-propagating waveguides is unclear. It might be caused by the waveguides being 
slightly out of parallel with the z-axis. 
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Figure 1-4.    Photovoltaic effect. K = 0.85 pm, y-propagating. 11 nW in waveguide. 

TABLE 1-1 

Photovoltaic Index Changes 
(at Highest Power Levels Used) 

Wavelength 
(Mm) 

Propagation 
Direction 

Optical 
Power 
(MW) 

Index 
Change 

Time 
Constant 

(s) 

0.85 
1.3 

0.85 
1.06 

y 
y 

z 
z 

11 
400 

35 
8200 

1.04 X 10"4 

s$1.2   X 10"6 

1.6   X10'6 

1.9   X 10"6 

4,500 

18,000 
850 



On test devices, the photoconductive effect was measured after the photovoltaic measurement 
so that the photovoltaic effect had already saturated. The dc voltage was applied without chang- 
ing the optical intensity, and the index change was monitored over several hours as in the photo- 
voltaic measurement. In the photoconductive effect, there is an initial index change due to the 
applied field; this index change then decays (a typical result is shown in Figure 1-5). When the 
delay is fitted with a single exponential, the index change predicted for infinite time is not zero. 
Table 1-2 shows the percentage of index canceled and the time constants measured for the pho- 
toconductive effect at the highest optical powers used. The photoconductive effect is significant in 
both y- and z-propagating devices. The photoconductivities are somewhat lower in z-propagating 
material than in y-propagating at the same intensity and wavelength, but the difference is much 
smaller than the difference in the photovoltaic effect. This is expected since the electrons pro- 
duced by photoionization tend to drift in any direction in response to an externally applied field. 
The amount of field and index cancellation depends upon the amount of Fe2+ present relative to 
the charge needed to cancel the field, and upon the leakage current through the external bias cir- 
cuit. These factors, and hence the percentage of index canceled, are much more subject to varia- 
tion from device to device than the magnitude of the photoconductivity; we have included these 
percentages here primarily to show how serious a problem the photoconductive effect can be. 

We can draw several conclusions from this work. (1) In the cases examined, the photore- 
fractive effect is fairly simple, basically a monotonic index change that eventually saturates. 
(2) z-propagating waveguides are much less sensitive to the photovoltaic effect than 
y-propagating waveguides, but photovoltaic effects do occur. (3) The photoconductive effect can 
be significant in both y- and z-propagating waveguides. (4) Photorefractive effects are smaller at 
long wavelengths (>1 /xm), but they can occur when the power is large enough (see also Refer- 
ence 11). Finally, it should be noted that we have only evaluated a few different crystals and one 
waveguide fabrication technique, and that the magnitude of photorefractive effects may be differ- 
ent for crystals from different suppliers or for different waveguide fabrication techniques. 

G.E. Betts 

1.3.    LARGE-NUMERICAL-APERTURE InP LENSLETS BY MASS TRANSPORT 

There has been considerable interest in large-numerical-aperture lenslets12"18 (approximately 
100 jum in diameter) which can be used to greatly reduce the semiconductor-laser beam diver- 
gence and to help couple the laser light into an optical fiber or external cavity.16-19'20 Lenslet 
arrays can also be employed to improve the poor fill factors of semiconductor laser arrays.16 

Further applications in optical interconnections for VLSI systems21 or in "stacked planar 
optics"22 have also been considered. In the present work, we explore the use of a mass-transport 
technique23-24 in the fabrication of refractive lenslets in InP. Since the mass transport works 
toward a minimization of the surface energy, transport can smooth out an etched mesa structure 
to the shape of a lens, as shown in Figure 1-6. 
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Figure 1-5.    Photoconductive effect. X - 0.85 pm, z-propagaiing, 29 ßW in waveguide. 22-V dc bias. 

TABLE 1-2 

Photoconductive Effect 
(at Highest Power Levels Used) 

Wavelength 
(Mm) 

Propagation 
Direction 

Optical 
Power 
(MW) 

Percent of Bias 
Field Canceled 

Time 
Constant 

(s) 

Conductivity 
(from Time Constant)* 

(n-m)"1 

0.85 
1.3 

0.85 
1.06 

y 
y 

z 
z 

14 
300 

29 
4400 

56 
<5 

92 
52 

8,600 

27.000 
4,200 

3    X 10"14 

1.4 X 10"14 

9    X 10"14 

«o€ 

•o=  —      I 
T 

dark conductivi ty was~1.5X lO15 (H-m)"1] 



(a) 

(b) 

(c) 

Figure 1-6. SEM photographs showing the fabrication of a lenslet in InP: (a) multilayer mesa structure 
formed by chemical etching; (b) smooth lens surface obtained after mass transport. This lenslet has a diameter 
of 45 pm, a thickness of 4.0 pm, and a focal length of approximately 20 jxm (in air and for l.3-\xm wavelength). 
The cleaved facet in (c) shows a lens cross section. 



The fabrication procedure is illustrated in Figure 1-6. First, multilevel mesa structures which 
are nearly cylindrically symmetric are formed in a (100) InP substrate by repeated applications of 
photolithography and chemical etching. The etching step heights are designed on the assumption 
that mass is conserved during mass transport. The step heights are chosen to yield a desired lens 
profile, as illustrated in Figure l-7(a). Then, the mass transport is carried out in H2 and PH3 

flow at temperatures between 800° and 850°C for 2 to 10 h. 

A very smooth lens surface has been obtained after mass transport, as shown in the SEM 
photograph in Figure l-6(b). The cleaved facet in Figure l-6(c) shows that a smooth lens profile 
has been obtained. 

To accurately control the lens profiles, care has been exercised to achieve precise lithographic 
mask realignments and consistent chemical etching rate. The misalignment observed in earlier 
wafers [see Figure l-6(a)] has been greatly reduced. The solid curve in Figure l-7(b) shows a sty- 
lus surface profiling of an experimentally obtained lens profile after mass transport. After correct- 
ing for the broadening due to the size of the stylus (a spherical tip of 12.5-/um radius), the profile 
indeed closely approximates that of an ideal lens, shown as the dashed curve in Figure l-7(b). 

To optically test the lenslets, another wafer has been fabricated with lenslets similar to that 
in Figure l-7(b) but with a longer focal length f of approximately 80 ßtn. [The lens thickness is 
approximately 3.4 /urn and is smaller than that in Figure l-7(b).] The back side of the wafer is 
polished and coated with a pyrolytically deposited SiC>2 layer of approximately 0.22-/um thickness 
(an approximate antireflection coating). A similar SiC>2 coating is also applied to the lenslets on 
the front side. The rest of the front surface is then coated with sputtered Au of an estimated 100- 
to 300-Ä thickness. As shown in the inset in Figure 1-8, a GalnAsP/InP buried-heterostructure 
(BH) laser24 of 1.3-/um wavelength is then positioned at the focal point in front of a lenslet for a 
minimum divergence of the laser light emerging from the back side of the wafer. The experimen- 
tal result in Figure 1-8 shows a central lobe of 1.4° angular width and a series of fringes similar 
to a Fraunhofer diffraction pattern25 but with somewhat irregular and higher intensities. The 
angular positions of the minima are nevertheless in good agreement with those of the Fraunhofer 
diffraction pattern of a 60-/um-diam. aperture, which is somewhat smaller than the measured lens- 
let diameter of approximately 67 yum. A better agreement is obtained if the peripheral region 
with curvatures deviating from the ideal lens profile is discounted [cf. Figure l-7(b)]. Deviations 
from the ideal diffraction pattern can also be caused by lens imperfections (see below) and the 
fact that the lenslet is not fully uniformly illuminated by the BH laser. 

One major imperfection of the present lenslets is a deviation from a complete cylindrical 
symmetry resulting from the anisotropic (crystallographic dependent) undercutting of the wet 
chemical etching.26 In the wafer of Figure 1-8, the mesa diameter in the directions of the maxi- 
mum undercutting (which are at 45° angles with the cleaved facets) is reduced by approximately 
5 percent, and a corresponding variation in focal length is expected. This problem can be cor- 
rected either by more sophisticated lithographic techniques or by using ion-beam etching.26 
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Figure 1-8. A far-field pattern obtained by placing a GalnAsP/ InP BH laser at the focal point 
of a mass-transported lenslet. Note that the narrow central lobe of 1.4° angular width is nearly 
diffraction limited. 

In conclusion, an initial demonstration has been made of mass transport as a promising 
technique in forming refractive lenslets. A very smooth lens surface has been achieved. Accurate 
control of the lens profile has been demonstrated and has resulted in a nearly diffraction-limited 
beam collimation. More work is needed to minimize the imperfections and to fabricate larger 
diameter lenslets. 

Z.L. Liau 
V. Diadiuk 
J.N. Walpole 

1.4.    A SIMPLE FURNACE SYSTEM FOR HIGH-TEMPERATURE 
MASS-TRANSPORT EXPERIMENTS 

Recent development of the mass-transport technique has resulted in novel device structures 
for GalnAsP/InP integrated optoelectronics.23«24-27"31 Extension of the technique to the pre- 
viously unexplored high-temperature regimes (>750°C) may yield yet newer device fabrication 
capabilities and provide deeper insights into the mass-transport phenomenon. 

The high-temperature experiments, however, require higher phosphorus vapor pressure in 
order to totally suppress the InP decomposition. This results in excess phosphorus accumulation 
in the system which can lead to smoke, fire, and contamination during the sample unloading. To 
avoid the problem, we describe in this work a simple furnace-system design which has been suc- 
cessfully implemented and used for mass-transport experiments up to 910°C. 

11 
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The basic concept of the present design is to minimize the amount of phosphorus and to 
avoid its contact with room air during sample unloading. These goals are achieved in a simple 
way by using a reactor tube with a minimum diameter (just large enough for the present wafer 
size) but with an extra length between the furnace and the front end (where sample loading takes 
place), as illustrated in Figure 1-9. The thermocouple tube and the rod/holder further reduce the 
volume, increase the gas flux in the front part of the reactor tube, and therefore decrease the 
phosphorus accumulation there. This design has indeed resulted in a total elimination of the 
phosphorus deposition in the front end, in sharp contrast with our earlier, unoptimized design. 
Only a small section (less than 5 cm in length, depending on the gas flow and the temperature) 
adjacent to the furnace showed some phosphorus deposition. Even this is totally re-evaporated 
and purged to the rear end (after the mass transport is completed) by sliding the furnace forward 
(after it has been cooled to a lower temperature) and by greatly increasing the H2 flow. Thus, all 
the phosphorus is deposited deep in the rear end of the long, narrow tube and its contact with 
room air during sample unloading is therefore minimized. To further prevent the room air from 
entering the tube, N2 is flushed at a high rate when the system is open for sample loading and 
unloading. 

Mass-transport experiments up to 910°C have been successfully carried out in this system 
without the phosphorus hazard. Figure l-lO(a-d) shows top views of an etched multilevel mesa 
structure on an InP substrate before and after mass transport at approximately 880°C for 18 h. 
Note that the mass transport has smoothed the 120-/um-diam. mesa structure (with a maximum 
height of approximately 6.0 /xm) to form a lens. Indeed, good-quality InP lenslet arrays have 
been fabricated this way and will be reported elsewhere.31 This is made possible by the high- 
temperature mass transport which is capable of smoothing large mesa structures. The present 
high temperature was limited by the phosphine concentration used (approximately 5 percent), 
because severe InP decomposition was observed above 900°C. Further improvement of the sys- 
tem should also include a phosphorus filter or absorber in the rear end. 

In conclusion, a simple furnace system has been proposed and successfully implemented to 
avoid the phosphorus problem in high-temperature mass-transport experiments. 

Z.L. Liau 
D.E. Mull 
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(a) 

(c) 

(b) 

(d) 

I 
Figure I-10. Optical micrographs of the top views of chemically etched multilevel mesa structures 
(a) before, and (b), (c), and (d) after mass transport at 880°C. Note that (a) and (b) are ordinary 
micrographs taken under nearly identical conditions, while interference contrast has been used in 
(c). The maximum diameter in (a) is 120 pm. Part (d) is an image formed by the reflected light, i.e.. 
by using the lens surface as a spherical mirror. 
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2.    QUANTUM ELECTRONICS 

2.1.    OPTICALLY INDUCED BIREFRINGENCE IN Ti:Al203 

We have observed optically induced birefringence in Ti:Al203 at signal wavelengths of 632.8 
and 790.7 nm during the course of small-signal gain measurements on a ThA^C^ amplifier 
pumped with 532-nm radiation from a frequency-doubled Q-switched (10-ns pulses) Nd:YAG 
laser. The changes in intensity of the signal beam due to induced birefringence were found to 
decay with a time constant approximating the fluorescence lifetime of Ti3+ ions. We therefore 
attribute the induced birefringence to the Ti3+ excited state (2Eg) population. 

Figure 2-1 shows a schematic of the experimental setup used for the measurement of induced 
birefringence. The 532-nm pump beam propagates perpendicular to the c-axis of a TiiA^G^ crys- 
tal with its polarization vector parallel to the c-axis. The signal beam from a He-Ne (632.8 nm) 
or Ti:Al2C»3 (790.7 nm) laser propagates almost collinearly (««l0 angle) with the pump beam and 
is polarized at 45° with respect to the polarization of the pump beam, as shown in Figure 2-2. A 
sheet polarizer placed between the Ti:Al2C»3 crystal and tne silicon photodiode is used as an ana- 
lyzer to observe the polarization-dependent changes in the intensity of the signal beam. 

ENERGY  METER 

O) 
O) 
00 
<0 
00 

DIGITAL 
OSCILLOSCOPEl 

DIGITAL 
PLOTTER 

Figure 2-1.    Schematic of the experimental setup for the measurement of small-signal 
gain and optically induced birefringence. 
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E 

Figure 2-2.    Orientation of the pump- and signal-beam polarizations relative 
to the c-axis of the Ti.'A^Oj crystal. 

With the analyzer in the crossed orientation, which blocks the signal beam in the absence of 
the pump beam, the intensity of the signal beam at 632.8 nm exhibits gain following the pump 
pulse, as shown in Figure 2-3(a). In contrast, the intensity of the 632.8-nm beam with the ana- 
lyzer in the parallel polarization exhibits a loss, as shown in Figure 2-3(b). These pump-induced 
changes AIj^ and Alii in the crossed and parallel orientations, respectively, may be written as 

AI± = I0 e8L sin if) 
and 

with 

AI,, = -AI | + I0 (egL - 1) 

A4> •m Ldv 

(2-1) 

(2-2) 

(2-3) 

where IQ is the intensity of the signal beam for the parallel polarization in the absence of the 
pump beam, g is the time-dependent small-signal gain coefficient, L is the length of the crystal, 
A<f> is the time-dependent induced phase difference between the signal-beam polarization compo- 
nents parallel and perpendicular to the c-axis, A.s is the vacuum wavelength of the signal beam, 
and 8rj is the time-dependent induced birefringence. 
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Figure 2-3. Temporal behavior of the birefringence-induced change in the signal-beam intensity at 
632.8 nm in (a) the perpendicular polarization and (b) parallel polarization, showing gain and loss, 
respectively. The incident pump energy density was 3.5 J/cm2. 
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Figure 2-4.    The peak value of the birefringence-induced phase difference A</> (between the signal polarization 
components parallel and perpendicular to the c-axis) as a function of the incident pump energy density. 

The observed variation of the peak value of A<£ with the pump energy density is shown in 
Figure 2-4 for the signal at 632.8 nm. Similar results have been obtained for the signal at 
790.7 nm. It should be noted that the induced birefringence is not observed when the signal-beam 
polarization is exactly parallel or perpendicular to the c-axis. Therefore, the polarization of the 
input signal beam can be preserved by careful alignment with respect to the c-axis. This is neces- 
sary for achieving good isolation between different stages of an amplifier chain. 

K.F. Wall 
R.L. Aggarwal 

R.E. Fahey 
A.J. Strauss 

2.2.    SINGLE-FREQUENCY Ti:Al203 RING LASER 

The ring cavity for the single-frequency TiA^C^ laser is similar to one described in previous 
reports.1 An argon-ion laser pumps a four-mirror ring containing the laser crystal, a Lyot filter, a 
thin etalon, and a Faraday rotator/compensator. The laser output is monitored by a power 
meter, wavemeter, and Fabry-Perot spectrum analyzer. 
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The Ti:Al203 crystal is pumped by all lines from a small argon-ion laser. The argon-ion 
laser beam is reflected twice for ease of alignment and to convert the vertical polarization to 
horizontal polarization. A 12.5-cm-focal-length lens focuses the beam into the laser cavity. The 
pump beam passes into the cavity through a 10-cm-radius dichroic mirror that is 90-percent 
transmitting in the blue-green and over 99.5-percent reflecting between 700 and 900 nm. The laser 
crystal is placed at the focus of the argon-ion laser beam, a position 5 cm from the input mirror. 

A 0.5-mm-thick, uncoated etalon is sufficient to maintain single-frequency operation even at 
the highest power levels and allows access to every longitudinal mode of the cavity. By contrast, 
single-frequency dye lasers use two etalons with higher (20-percent) reflectivity coatings.2 When 
the cavity is operated without an etalon, single-frequency operation can be obtained, but not 
every longitudinal mode can be accessed and the single-frequency operation is not maintained at 
higher powers. 

The peak power output of the ring laser is 300 mW at 800 nm when it is pumped with 
6.8 W from an argon-ion laser and a commercially available 3- to 5-percent output coupler is 
used. At this output wavelength, the ring laser threshold is 3.6 W of blue-green, giving a slope 
efficiency of 9 percent. The single-frequency laser tunes between 740 and 860 nm. When a differ- 
ent output coupler with 1- to 3-percent coupling is used, lasing occurs between 750 and 880 nm. 

Figure 2-5 shows the frequency stability of the ring laser over a 10-s time period. The fre- 
quencies range over approximately 4 MHz in a few seconds. The rms frequency jitter obtained 
from these data is 1.6 MHz. This frequency jitter is probably a result of motion of a mirror of 

in 

R 
CO 

Figure 2-5.    Laser frequency vs lime for a period of 10 s. The rms deviation from the mean 
frequency is 1.6 MHz. 
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about 6 nm rms. Mirror motion can be decreased below this value, but not typically on optical 
breadboards such as in the present case. By comparison, a free-running dye laser has no better 
than approximately 10-MHz frequency jitter, with much of the jitter at high frequency caused by 
dye jet fluctuations. The linewidth for the dye laser can be reduced by frequency locking to an 
external cavity. No attempt was made to frequency lock the Ti:Al203 laser. 

In addition to the jitter, the laser frequency shows a drift of 200 kHz/s. The drift of the 
laser frequency over 100 s amounts to a lengthening of the laser cavity by approximately 80 nm. 
The laser is mounted on a stainless-steel breadboard whose thermal expansion coefficient is 
10_5°C"'. The expansion of 80 nm corresponds to a temperature change of 0.006°C. Mounting 
the laser on Superlnvar should reduce the laser frequency drift, because the thermal expansion 
coefficient is ten times smaller. 

P.A. Schulz 
S.K. McClung 

2.3.    SECOND-HARMONIC GENERATION FOR Ti:Al203 LASER PUMPING 

Further frequency-doubling experiments with KTP crystals using the long-train Nd:YAG 
laser pulses were carried out. The laser macropulse consisted of a 100-/xs-long train of 100-ps 
mode-locked pulses (micropulses) with 10-ns spacing, as previously described.3-4 The KTP crystals 
used in these experiments were flux-grown, in contrast with previously investigated crystals 
which were grown by a hydrothermal technique. Two flux-grown crystals were studied, one 
3X3X3 mm in size and the other 3 X 3 X 10 mm; they were antireflection coated at each end 
for both 1.06 and 0.53 Aim. 

The results obtained with the 10-mm-long crystal are shown in Figure 2-6. An average 
second-harmonic-generation (SHG) efficiency greater than 52 percent was obtained at an input 
power density below 20 MW/cm2. Most of the departure from the initial slope is seen to be due 
to depletion of the fundamental frequency photons. The initial slope is 5.6-percent MW_1 cm2; 
this is approximately 22 percent of the value calculated for this length crystal and is higher than 
has been observed with hydrothermally grown crystals.4-5 

Damage in the form of a burn on the front surface of the crystal was obtained at an input 
power density of 20 MW/cm2. This is significantly lower than the 35- to 50-MW/cm2 damage 
thresholds which have been observed in hydrothermally grown crystals subjected to similar input 
pulses.4-6 It is unknown at this time whether the lower damage threshold is characteristic of the 
material or the antireflection coating. In any event, at these damage threshold levels unacceptably 
large crystal apertures would be required for efficient frequency doubling at high input pulse 
powers. 
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F/gure 2-6.    Percentage SHG efficiency of a 10-mm-long KTP crystal as a function 
of input power density. 

Similar measurements carried out with the 3-mm-long crystal yielded 9-percent SHG effi- 
ciency at 18.5 MW/cm2, and an experimental-to-calculated initial-slope ratio of approximately 
27 percent was found. In view of its ability to achieve high SHG efficiency at relatively low input 
power density, KTP remains a material of considerable interest. However, it will be of practical 
value for high-average-power, high-peak-power application only if it can reasonably be grown in 
larger sizes than are presently available, and if it can withstand the input levels required for con- 
tinuous operation at a high efficiency level (>50 percent) without sustaining optical damage. 

The mode-locked Nd:YAG laser system described above was converted to Q-switched opera- 
tion in order to study the relative merits of the latter for producing a high-average-power, high- 
peak-power fundamental frequency source for SHG. A Q-switched pulse energy output of ~1 J 
with a pulse length -125 ns was obtained, as shown in Figure 2-7(a). It can be seen that signifi- 
cant mode beating is present. Attempts were made to reduce the number of modes by introduc- 
ing a 1-mm aperture and by the addition of etalons in the laser oscillator cavity. While these 
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Figure 2-7. Mode beating of Q-switched laser output, obtained using 0.05-ns detector 
and 1-GHz-bandwidth oscilloscope: (a) multiple transverse and multiple longitudinal 
modes; (b) single transverse and multiple longitudinal modes. 
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reduced the output to a single transverse mode, the presence of longitudinal modes led to a 
broadened pulse length and increased amplitude modulation, as seen in Figure 2-7(b). 

The laser system was operated with the laser mode characteristics shown in Figure 2-7(a) to 
irradiate two LiI03 crystals, one 10 X 10 X 10 mm, the other 10 X 10 X 15 mm. These crystals 
had previously been irradiated at power densities up to 190 MW/cm2 at a 10-Hz PRF without 
sustaining damage using the 100-/xs mode-locked pulse train previously described.3'4 In the 
Q-switched mode, at a 1.25-Hz PRF, serious bulk damage occurred at 66 and 53 MW/cm2 in 
the 10- and 15-mm-long crystals, respectively. In view of these results, further attempts to use a 
Q-switched mode with this laser system were abandoned, and the laser was restored to mode- 
locked operation. 

N. Menyuk 
K.F. Wall 

2.4.   Nd:YAG SUM-FREQUENCY GENERATION OF SODIUM 
RESONANCE RADIATION 

We previously reported the generation of sodium resonance radiation by sum-frequency mix- 
ing the output radiation of two simultaneously Q-switched Nd:YAG lasers, one operating at 
1.064-/xm and the other operating at 1.319-/Ltm (see Reference 7). We have recently achieved a 
much higher mixing efficiency by adjusting the two Q-switched pulse lengths to be more nearly 
equal. The 1.064-/Lim pulse was lengthened from 80 to 140 ns, and the 1.319-|um pulse was short- 
ened from 250 to 200 ns. When the Nd:YAG lasers were operated at a 1-kHz repetition rate, the 
1.064-jLim laser had an average output power of 900 mW within a 1-GHz spectral range, the 
1.319-jnm laser had an average output power of 880 mW within a 1-GHz spectral range, and the 
0.589-jum radiation had an average power of 395 mW within a 2-GHz spectral range. The sum- 
frequency mixing was accomplished in a 5-cm-long lithium niobate crystal which was held at a 
temperature of 224° C. At this temperature the lithium niobate has an index of refraction of 2.23, 
which results in a 14-percent reflection of the Nd:YAG and sum radiation at the uncoated crystal 
surfaces. The average intra-crystal frequency-mixing efficiency was 30 percent. Figure 2-8 shows 
the temporal behavior of the pulsed radiation which has passed through the summing crystal. 
The 1.064-/um pulse has a peak power depletion of about 30 percent, while the dip in the 1.319-/im 
pulse corresponds to a power depletion of about 40 percent. 

The sodium D2 transition saturates at an intensity of about 10 mW/cm2 of single-frequency 
resonant radiation. Higher intensities of resonant radiation are increasingly less effective at excit- 
ing more sodium atoms. In order to optimize the efficiency of high-power resonant radiation, the 
frequency distribution of the radiation must be made to cover more of the Doppler-broadened 
absorption profile. By introducing an electrooptic phase modulator into the Nd:YAG laser cavity, 
the spectral output of the laser can be frequency modulated. When frequency modulated, the 
Nd:YAG laser will produce radiation on each longitudinal cavity mode over a wide frequency 
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Figure 2-8. Pulse shapes of the Nd: YA G and sum radiation after passing through the 
lithium niobate crystal. Upper trace: 1.064-fim pulse; middle trace: 1.319-txm pulse; 
lower trace: 0.589-pm pulse. 

range. Figure 2-9 shows the spectral output of a 1.064-jum CW Nd:YAG laser at various levels of 
phase modulation. The frequency difference between adjacent cavity modes is 90.856 MHz. It is 
important to note that these spectral profiles are very stable in time and that all laser cavity 
modes participating in the frequency modulation are oscillating simultaneously. We have obtained 
stable operation of a frequency-modulated laser with as much as a 6-GHz spectral range. Unfor- 
tunately, the AD*P crystal which was used for frequency modulation had a high laser cavity 
insertion loss and reduced the operating power of the Nd:YAG laser from 10 W to 160 mW. We 
are planning to use a lithium niobate phase modulator which is much more transparent to the 
Nd:YAG radiation. 

T.H. Jeys A.A. Brailove 
D.K. Killinger        W.E. DeFeo 

2.5.    QUANTUM WELLS WITH CONTROLLABLE SPATIALLY 
DEPENDENT THICKNESSES 

The ability to grow quantum well (QW) materials with controllable spatially dependent 
thicknesses adds design flexibility and increased utility to monolithic devices. Such devices could 
now include monolithically integrated lasers of different frequencies, tapered quantum well 
HEMTs, new waveguide devices, and improvements in spatial light modulators which use the 
QW excitonic Stark effect. 
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Figure 2-9. Spectral content of a frequency-modulated 1.064-y.m Nd.YAG laser as measured by a Fabry- Perot 
spectrum analyzer. The spectra of the unmodulated laser is shown on the left and consists of two adjacent longitudinal 
cavity modes. The spectra of the modulated laser at various modulation levels 5 are shown on the right. The laser 
cavity mode separation is 90.856 MHz. 

27 



Figure 2-10.    Sketch of the molybdenum substrate mounting block 
with milled slots used in this work. 
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Figure 2-11. Photoluminescence data at 77 Kfrom a typical growth run. The curves were taken at 
positions 125 urn apart. The excitonic features of the wells are easily seen in the colder region (top 
left) and the transition region. For this sample, they merge with the luminescence from the AlGaAs 
buffer layer in the hotter region (bottom right). 

28 



Several groups have achieved tapered8"" quantum wells by overgrowing etched grooves in 
substrates,1"4 relying on the different growth rates of the different crystallographic planes. This 
technique achieves significant tapering at the expense of planarity, and is not capable of produc- 
ing thickness variations on the horizontal wafer surfaces. By utilizing the temperature dependence 
of the Ga sticking coefficient12-^ in a molecular-beam-epitaxy (MBE) system, QWs with esti- 
mated thickness variations of greater than 250 percent have been grown at points on a wafer 
1 mm apart. This estimate was determined from photoluminescence data using a square well 
model, without including the influence of Al diffusion into the wells. With this growth technique, 
the surface remains relatively flat after the growth of the wells so that standard wafer processing 
can be employed. 

The GaAs/AlGaAs QW structures studied consist of an AlGaAs buffer layer, 5 to 40 GaAs 
QWs separated by AlGaAs barrier layers, a 1-/urn-thick AlGaAs cladding layer, and a 30-nm 
GaAs cap layer, all grown by MBE on a GaAs substrate. To locally control the substrate 
temperature, the substrates were mounted with indium on a slotted MBE mounting block (Fig- 
ure 2-10). The surface temperature of the portions of the substrate over the gaps in the mounting 
block were found with a two-color infrared pyrometer to be 30° to 50° C colder than the por- 
tions over the indium-bonded regions when the block temperature was set at 710° to 720° C. The 
substrates were overgrown in the MBE system at block temperature of 715°C using an ion gauge 
arsenic flux of 1.5 X 105 Torr, an arsenic-to-gallium flux ratio of 24 to 1, and a gallium-to- 
aluminum flux ratio of 5 to 1. The shutters were timed to give a nominal 12-nm GaAs well 
width. 

Photoluminescence data at 77 K from a typical growth run are shown in Figure 2-11. The 
excitonic features are easily seen in the colder region, the transition region, and, in most cases, 
the hotter region. The intensity and linewidth of the heavy-hole peaks indicate that the range of 
substrate temperatures used accommodated the material growth reasonably well, although we feel 
that more can be done to optimize the growth conditions. Figures 2-12 and 2-13 plot the peak 
energy of the heavy-hole exciton as a function of position on the wafer surface for two different 
growth runs. The data in Figure 2-12, taken for the same sample as the data in Figure 2-11, indi- 
cate uncoupled QWs with a well width of about 13 nm in the colder regions, getting narrower in 
the transition region until they form a superlattice. Finally, as shown in Figure 2-11 but not in 
Figure 2-12, the excitonic features of this sample merge with the luminescence from the AlGaAs 
buffer layer in the hotter region. The individual well dimensions in the hot region are estimated 
from the model to be less than 5 nm. Figure 2-13 corresponds to a sample with a much less dra- 
matic change from region to region. In both of these samples, the transition region is about 
1 mm wide. The trade-offs between transition-region length and well-thickness differences have 
not yet been examined. 

W.D. Goodhue 
J.J. Zayhowski 
K.B. Nichols 
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Figure 2-12.    The peak energy of the heavy-hole exciton as a function of position on the wafer surface, taken 
for the same sample as Figure 2-11. 
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Figure 2-13.    The peak energy of the heavy-hole exciton as a function of position on the wafer surface 
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3.    MATERIALS RESEARCH 

3.1.    PREPARATION OF SUPERCONDUCTING YBa2Cu3Ox THIN FILMS 
BY OXYGEN ANNEALING OF MULTILAYER METAL FILMS 

The preparation of bulk ceramic samples in the La-Ba-Cu-0 (Reference 1) and Y-Ba-Cu-0 
(Reference 2) systems with superconducting transition temperatures Tc exceeding 30 and 90 K, 
respectively, has been followed by numerous efforts to prepare high-Tc thin films, which could 
have important applications in microelectronics. Such films have recently been obtained in the 
La-Sr-Cu-0 and Y-Ba-Cu-0 systems by sputtering3"6 and electron-beam coevaporation7-8 meth- 
ods. In this report, we describe the preparation of superconducting YBa2Cu3Ox thin films by a 
different method. As shown schematically in Figure 3-1, a multilayer metal film formed by 
sequential electron-beam evaporation of Cu, Ba, and Y is homogenized and oxidized by anneal- 
ing in oxygen to form YBa2Cu3Ox. Since the thicknesses of the individual evaporated layers can 
be controlled very accurately, this method permits the metal concentrations in the superconduct- 
ing films to be adjusted precisely and reproducibly. The method also has the advantage of utiliz- 
ing standard commercial electron-beam evaporation equipment. Thus far, the best films we have 
prepared show the onset of superconductivity at 94 K and zero resistivity at 72 K. 

A single-electron-gun, three-hearth vacuum system was used to deposit the metal layers on 
sapphire (A1203) and yttria-stabilized cubic zirconia (YSZ) single-crystal substrates, which were 
kept at ambient temperature during deposition. The deposition rate was 3 to 5 A/s. Because Cu 
has a lower oxygen affinity than the other metals, in order to minimize interaction with the sub- 
strate a layer of Cu was deposited first, followed by layers of Ba and Y. This three-layer se- 
quence was then repeated five times, for a total of 18 layers. The layer thickness was monitored 
with a quartz-crystal oscillator. (The oscillator was calibrated for Y and Cu by using a Dektak to 
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r» 
CD 

I 7//////////////////////////Z7 I 

AS DEPOSITED AFTER  02 ANNEAL 

Figure 3-1.    Schematic diagram showing preparation of YBa2Cu3Ox films by deposition of multilayer 
Cu-Ba-Y films followed by annealing in oxygen. 
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Figure 3-2.    X-ray diffraction patterns taken with a Read camera for YBa2Cu3Ox samples: (a) thin film 
on Al203 (spots are due to the substrate); (b) bulk ceramic. 
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measure the thickness of films of each metal. For Ba, the oscillator sensitivity was calculated 
from the bulk properties of the metal, because Ba films are too unstable in air to permit Dektak 
measurements.) The nominal thicknesses of the layers were either 10, 38, and 11 nm or 20, 76, 
and 22 nm for Y, Ba, and Cu, respectively, to obtain atomic ratios of 1:2:3. Thus, the total film 
thickness was either about 350 or 710 nm. The as-deposited films are mirror-smooth and have a 
silvery metallic appearance. X-ray diffraction measurements show that they consist of polycrystal- 
line phases of Y, Ba, and Cu. 

To form the superconducting phase, the metal films were annealed in flowing C»2 gas at 800° 
to 850°C for 0.5 to 4 h and then cooled to room temperature at a rate of ~2°C/min. The 
annealed films are black and noticeably roughened. Dektak measurements indicate a surface 
roughness of 20 to 30 nm for the films 350 nm thick and 100 to 150 nm for the films 710 nm 
thick. 

Glancing-angle x-ray diffraction patterns obtained with a Read camera for a 710-nm-thick 
annealed film on AI2O3 and for a bulk ceramic single-phase specimen of YBa2Cu30x are shown 
in Figures 3-2(a) and (b), respectively. The thin-film pattern contains all the major lines of the 
bulk pattern, but it also contains a few weak unidentified lines indicating the presence of a small 
percentage of another phase or phases. The film pattern gives no evidence of preferred orienta- 
tion or texture. 

The temperature dependence of resistivity for representative 710-nm-thick films processed 
side by side on AI2O3 and YSZ substrates is shown in Figures 3-3(a) and (b), respectively. For 
the film on AI2O3, the resistivity is about 5 X 103 /ufl-cm at 300 K and initially increases with 
decreasing temperature. There is a broad superconducting transition with onset at 95 K and zero 
resistivity at 40 K. For the film on YSZ, the resistivity is only about 0.9 X I03 jud-cm at 300 K 
and initially decreases linearly with decreasing temperature, reaching about 0.7 X I03 yufl-cm at 
100 K. This temperature dependence is qualitatively similar to that observed for bulk supercon- 
ducting samples of YBa2Cu30x, although the slope in the normal regime is considerably greater 
for good bulk samples. The superconducting transition for the film on YSZ is considerably 
sharper than for the film on A1203, with onset at 93 K and zero resistivity at 66 K. Our best film 
prepared on YSZ has an onset at 94 K and reaches zero resistivity at 72 K. At 4.2 K, the critical 
current density of this film is approximately 1 X 104 A/cm2. 

To assess the stability of the YBa2Cu30x films, a series of resistivity-vs-temperature mea- 
surements was made on the film of Figure 3-3(b) over a period of 10 days. Between measure- 
ments the sample was stored under nitrogen gas, and after each measurement it was warmed 
up under nitrogen to prevent condensation of water vapor. The results are shown in Figure 3-4. 
The resistivity in the normal state gradually increased over the entire period, but the slope 
of the normal-state resistivity-vs-temperature curve did not change significantly. Both the 
superconductivity-onset temperature and the shape of the transition curve remained about the 
same, while the temperature for zero resistivity became progressively lower, reaching 60 K after 
10 days. 
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Figure 3-3.    Temperature dependence of resistivity for YBa2Cu}Ox thin films 
on (a) Al203 and (b) YSZ substrates. 

36 



in 
CM 

m 

K 
70 90 

TEMPERATURE  (K) 

110 130 

Figure 3-4.    Initial resislivity-vs-temperature curve for film of Figure 3-3(b) compared with curves measured 
after film was stored in nitrogen gas for 3, 7, and 10 days. 

The present experimental results show that the substrate can have an appreciable effect on 
the superconducting properties of the film, as well as on the electrical properties in the normal 
state. In particular, both sets of properties are significantly worse for films on AI2O3 than for 
films on YSZ. This difference apparently results from chemical interaction with the AI2O3, since 
elemental depth profiles obtained by Auger analysis of our films on AI2O3 and YSZ show that 
the film-substrate interface is much more diffuse for the former than for the latter. Other workers 
have also reported6'7 that YBa2Cu3Ox films interact more strongly with AI2O3 than with YSZ. 
The Auger data also indicate that the overall Ba concentration in our films is less than the stoi- 
chiometric concentration in YBa2Cu30x. It is likely that this deficiency, which resulted because 
the calculation for the quartz-crystal oscillator overestimated the thickness of the deposited Ba 
layers, is partially responsible for the multiphase character of the films and therefore contributes 
to the broadening of the superconducting transitions. 

B-Y. Tsaur 
M.S. Dilorio 
A.J. Strauss 
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3.2.    LOW-THRESHOLD GaAs/AlGaAs RIDGE-WAVEGUIDE LASERS ON Si 

Since Windhorn et al.9 first demonstrated GaAs/AlGaAs lasers on Si in 1984, considerable 
reduction in threshold current has resulted from improvement in the quality of heteroepitaxial 
GaAs/AlGaAs layers on Si and the employment of quantum-well laser structures. The lowest 
threshold current so far reported in the literature,10 however, is more than 100 mA. We have 
now fabricated GaAs/AlGaAs double-heterostructure ridge-waveguide lasers on Si with pulsed 
threshold currents as low as 50 mA. 

The laser structure was grown by organometallic vapor phase epitaxy (OMVPE) on an n+ Si 
substrate oriented 2° off (100) toward (110). An n+ GaAs buffer layer about 2 yum thick was 
deposited at Kopin Corporation (Taunton, MA) by the following procedure. The substrate was 
cleaned in situ at high temperature, a GaAs film 10 nm thick was deposited at 450° to 470°C, 
and the temperature was raised to 670°C to deposit the remainder of the layer. The following 
layers were then grown by OMVPE at Lincoln Laboratory: 0.2-/um n+ GaAs, 1.0-/xm n 
Al06Ga0.4As, 0.03-jum nominally undoped GaAs active, 0.7-/xm p Al0.6Ga04As, and 0.1 -jum p+ 

GaAs cap. The growth temperature was 780°C. 

The double-crystal x-ray rocking curve for an OMVPE GaAs/AlGaAs layer (Figure 3-5) 
shows overlapping GaAs and AlGaAs lines with peaks separated by about 200 arc sec. Although 
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Figure 3-5.    X-ray rocking curve for GaAs/AlGaAs layer grown on Si by OMVPE. 
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the half-widths of the two lines cannot be measured accurately because of the overlap, they are 
estimated to be less than 200 arc sec. Half-widths as low as 130 arc sec have been measured for 
3-)um-thick GaAs layers on Si grown by OMVPE at Kopin Corporation. 

Figure 3-6 is a scanning electron micrograph of a cross section through one of the ridge- 
waveguide lasers. The width of the ridge is 4 /urn. The ridge was formed by reactive ion etching 
of the GaAs/AlGaAs layer using a BC^/Ar mixture, which has equal etch rates for GaAs and 
AlGaAs and therefore permits easy control of the etch depth. Lateral current confinement was 
accomplished by using SiÜ2 to prevent electrical contact outside the ridge. The laser facets were 
formed by cleaving through the GaAs/ AlGaAs layer and the Si substrate after the Si had been 
thinned to about 70 /urn. 

Figure 3-7 shows the light output vs current characteristic obtained with 200-ns current 
pulses for a ridge-waveguide laser with a cavity length of 380 /xm. The threshold current is 
50 mA, and the differential quantum efficiency is about 10 percent per facet. No abnormal delay 
was observed in the pulse response of this device. The emission spectrum at 60 mA shows a pre- 
dominant single longitudinal mode. The mode separation of about 10 Ä corresponds to the posi- 
tion of a crack located 110 um from one facet. 

Figure 3-8 shows the light output vs current characteristic obtained with 200-ns current 
pulses for a 200-;um-wide by 380-/xm-long GaAs/AlGaAs broad-area laser on Si. The threshold 
current is 220 mA, corresponding to an average threshold current density of about 300 A/cm2. 
The pulse response at 2 mW output shows a long delay in laser emission, indicating the presence 
of saturable absorbers, while a fast rise time is observed at 8 mW. The near-field pattern of the 
broad-area lasers shows severe nonuniformities. Lasing occurs predominantly in a single filament. 
Since the mirror facets appear uniform, the filamentation is probably due to nonuniformity in the 
GaAs/AlGaAs material. 

H.K. Choi 
M.K. Connors 
B-Y. Tsaur 

3.3.    AVALANCHE-INDUCED DRAIN-SOURCE BREAKDOWN 
IN SILICON-ON-INSULATOR n-MOSFETS 

As the dimensions of n-channel MOSFETs are reduced, avalanche-induced drain-source 
breakdown becomes a limiting factor in their operation. The breakdown of n-MOSFETs fabri- 
cated on bulk silicon substrates involves two positive-feedback processes: electron impact ioniza- 
tion near the drain junction, and electron emission from the bulk-source junction. The same basic 
mechanisms apply to n-MOSFETs fabricated in silicon-on-insulator (SOI) films, but the break- 
down characteristics of the SOI devices are different because the substrate is floating and the sil- 
icon thickness is limited. In this report, we outline a drain-source breakdown model that takes 
these effects into account, and we compare the predictions of this model with the breakdown 
characteristics observed for SOI n-MOSFETs. 
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Figure 3-6.    Cross-sectional scanning electron micrograph of GaAs/AlGaAs ridge-waveguide laser on Si. 
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The current flow in bulk-silicon and SOI n-channel MOSFETs operated in the saturation 
regime is shown schematically in Figures 3-9(a) and (b), respectively. Near the drain-channel junc- 
tion, the hole current Ih is generated by field-enhanced electron impact ionization. Ih is related to 
the multiplication factor M and the channel current Ich by the expression 

Ih = (M - 1) Ich        . (3-1) 

Because of losses due to the hole flow into the channel region, only a fraction klh of the gener- 
ated hole current flows through the bulk region of n-channel MOSFETs. For a bulk-silicon 
device, as illustrated in Figure 3-9(a), this fraction is equal to the sum of the substrate current 
Isub and the hole current Ib flowing through the bulk region toward the source junction: 

kIh ~ !sub + !h (3-2) 

The ohmic drop induced by Isub raises the bulk-to-source potential Vbs and forward biases the 
bulk-source junction, increasing Ib. 

Figure 3-10 plots the calculated kIh-Vbs relationship for a bulk-silicon n-MOSFET with 
k = 0.8, Rsub = 10 kfl, and aTy = 0.85, where Rsub is the substrate spreading resistance, aT is the 
base transport factor for a lateral npn transistor, and y is the injection efficiency of the source 
junction. At low Ih, most of the generated holes flow into the substrate contact and Ih is negligi- 
ble. When Ih increases sufficiently for Vbs to reach the turn-on value Vbson, If, becomes domi- 
nant over Isub and most of the hole current will flow into the source region. 
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Figure 3-10.    Calculated values ofkl^ I'h, and Isub vs Vbs for bulk-silicon n-MOSFET. 
For SOI devices, Imb -0 andklh- l'h 

For an SOI device, because the silicon film is insulated from the substrate, most of the 
generated holes are forced to flow into the source region, as illustrated in Figure 3-9(b). In this 
case, 
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klh « Ih (3-3) 

where the I(,-Vbs relationship is the same as shown in Figure 3-10 for a bulk-silicon device. For 
typical device parameters, therefore, the bulk-source junction of the SOI n-MOSFET is turned on 
(i.e., Vbs = Vbs on) at a much lower value of klh than its bulk-silicon counterpart. 

When the bulk-source junction is turned on, electrons will be injected from the source into 
the bulk region. A fraction k' of the injected electrons is collected near the high-field drain re- 
gion, further increasing the hole current generation. If Ie is the electron current flowing into the 
high-field region, the total drain current Ids is given by 

Ids=M(Ich + Ie)+ ^p-h       • (3-4) 

For SOI n-MOSFETs, 

Ih = (M - 1) (Ich + Ie) 

(M - 1) I«* 

oT7 
l-(M-l)k'     k 

1 -aT7 

(3-5) 

Avalanche breakdown occurs when the denominator of Equation (3-5) approaches zero. There- 
fore, the multiplication factor at breakdown, which we designate as Mavai, is given by 

1 -aT7 i 
Mpval - 1 =     =   (3-6) aval k'aTyk      k'/3k v    ' 

where ß is the effective current gain of a lateral npn transistor. For bulk-silicon n-MOSFETs, the 
expression for (Maval - 1) is approximately the same as Equation (3-6). 

According to the above analysis, drain-source breakdown occurs only when both the source 
turn-on and avalanche multiplication conditions are satisfied. For bulk-silicon devices, the source 
turn-on condition is the limiting breakdown mechanism at small gate bias, while the avalanche 
multiplication condition dominates at large gate bias. For SOI n-MOSFETs, the source junction 
generally turns on before the multiplication factor becomes large enough for avalanche break- 
down. Therefore, avalanche multiplication is the limiting breakdown mechanism for SOI 
n-MOSFETs under all gate-bias conditions, and the breakdown voltage BVds is the value of the 
drain-source voltage Vds at which (M - 1) becomes equal to (Maval - 1). 

To test the breakdown model, the saturation drain-source I-V characteristics for representa- 
tive SOI n-MOSFETs have been calculated from the equation obtained by replacing the quanti- 
ties M, Ich, and Ie on the right side of Equation (3-4) with the appropriate expressions in terms 
of Vds. We find that good agreement with our experimental results can be obtained by adopting 
reasonable values for the parameters k, k', and ß. This agreement is illustrated in Figures 3-11(a) 
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and (b) where the calculated Ids-Vds curves (dashed lines) for n-MOSFETs with gate lengths of 2 
and 5 /zm are compared with experimental curves (solid lines) measured at Vg = 2 and 4 V for 
such devices fabricated on SOI wafers prepared by zone-melting recrystallization (ZMR). 

In a series of experiments to determine the qualitative dependence of BVds on key structural 
and operating parameters of SOI n-MOSFETs, we found that BVds increases with increasing 
channel length Le(y and increasing positive substrate bias voltage but decreases with increasing sil- 
icon film thickness. These observations can be explained by using the breakdown model to pre- 
dict the qualitative dependence of k, /?, and k' on the device parameters. For example, an 
increase in Leff reduces both k and k' because it permits larger fractions of the holes generated 
by impact ionization at the drain-channel junction and the electrons injected from the source into 
the bulk region to be removed by recombination. From the base-width dependence of current 
gain in a lateral bipolar transistor, it follows that an increase in Leff also reduces ß. Conse- 
quently, increasing Leff increases (Mavai - 1) = l/k/?k' and therefore BVds. 

The breakdown characteristics of SOI and bulk-silicon n-MOSFETs are compared in Fig- 
ure 3-12, where the measured values of BVds are plotted against Vgs for two representative de- 
vices. For Vgs up to 5 V, BVds is higher for the bulk device than for the SOI device, but above 
this value the SOI device has the higher breakdown voltage. This behavior is readily explained by 
the proposed breakdown model. 

For the higher values of Vgs, avalanche multiplication is the limiting breakdown mechanism 
for both bulk-silicon and SOI n-MOSFETs. For devices with the same geometry, the values of k, 
ß, and k' are lower for the SOI device because the recombination lifetime is shorter than in bulk 
silicon. Therefore (Mava]    1) and BVds are higher for the SOI device. As Vgs is decreased, how- 
ever, source turn-on eventually becomes the limiting breakdown mechanism for bulk-Si devices. 
At sufficiently low values of Vgs, the value of Vds required for source turn-on in a bulk-silicon 
device becomes even higher than the value sufficient to produce avalanche multiplication in a 
similar SOI device. Thus, in this regime BVds is higher for the bulk device than for the SOI 
device. 

K.K. Young 
J.A. Burns 
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4.   MICROELECTRONICS 

4.1.    CCD VECTOR-MATRIX PRODUCT DEVICE 

Charge-coupled devices (CCD) are well suited for real-time signal processing applications, 
particularly those requiring a large number of computations with processors of a limited size and 
power. A CCD vector-matrix product (VMP) device designed to perform a 16-point discrete 
cosine transform (DCT) has been fabricated and reported previously.' Recent test results indicate 
that the DCT device has 60-dB dynamic range and -40-dB harmonic distortion. Clocked at 
5 MHz, the device performs 5 billion computations per second. A new CCD VMP device which 
is capable of performing a 16-point complex discrete Fourier transform (DFT) has been designed, 
and wafer fabrication has started. In this report, we describe the recent DCT test results and 
some of the design features of the DFT device and its expected performance. 

A block diagram of the DCT device can be seen in Figure 4-1 of Reference I. For a given 
input vector gn, the device computes a vector-matrix product hk, where 

16 
hk=   Jgn c°s (27rnk/16) 

n=l 

for k = 1,2,..., 16. The dynamic range of the DCT device has been measured for   the case when 
the 16 elements of the input vector are identical and equal to Vin, i.e., when a common input 
voltage Vin is applied to all the 16 input gates. The output vector then consists of all zero ele- 
ments except at k = 16 (i.e., Vout = h]6). The range over which Vout is linear with respect to Vin 

was determined, and the result is plotted in Figure 4-1. It demonstrates that the device has more 
than 60-dB dynamic range. The accuracy of the device has also been measured. The difference of 
the measured hk and the calculated hk is computed and defined as herror for all k's. For the 
limited set of input vectors that we used (there are potentially 2256 different input vectors), all the 
terror va'ues are less than ±15 mV. Since the maximum Vout is 1.35 V, the worst error generated 
by the device is   39 dB. All the experiments were performed at a 5-MHz clock rate. 

A block diagram of a CCD DFT device is shown in Figure 4-2. The input vector consists of 
a real component grn and an imaginary component gin: 

8n ~~ §r,n     J8i,n 

where n = 1,2,...,16. The device is designed to compute a 16-point Fourier transform hk of the 
input vector gn: 

16 
hk=   £gn exp[j27rnk/16] 

n=l 

49 

I 



103 

T•-        1        1 —| 1 1—i—i—| 1 1 r I   1 

> 
E _ 

in 

§   102 
1- 
_l 
a. 
2 
< 

- 

- 

i- 

a. 
t- 

- 

°    10 f - 

9T SYSTEM NOISE 

1 
- 

1                   1          1       1      1                   L                  1           i       1 __1                  1                J 1       1     1  

Figure 4-1.    Dynamic range of the 
DCT device. 

10 102 

INPUT AMPLITUDE (mV) 

103 
n 

i 
R 

Figure 4-2.    CCD DFT device block diagram. 

K= X 9n exp [j27Tnk/16] 

1   9r 1   9i 

g:   INPUT TIME SAMPLES 

h:    OUTPUT SPECTRUM 

-• hr 

•N 
m 

s 
S 

50 



The real and imaginary components of the output vector can be written as 

16 
nr,k =   X [gr.n cos V•k/16) - g; n sin (27rnk/16)] 

n=l 

16 
hi,k =    X tgr.n sin (27rnk/16) + gi,n cos (2imk/16)] 

n=l 

One can see that the DFT chip in Figure 4-2 is a direct implementation of the above vector- 
matrix product equation. The DFT device has been designed and its layout is shown in Fig- 
ure 4-3. The chip size is 7 X 9 mm with a 5-/im design rule and is designed based on a double- 
polysilicon and double-metal process. Wafer fabrication has started during this reporting period. 
The chip is designed to perform 10 billion multiplications per second and dissipate less than 2 W. 

A.M. Chiang G.A. Lincoln 
P.C. Bennett J.H. Reinold 
B.B. Kosicki K..F. Johnson 
R.W. Mountain 

4.2.    HARMONIC MULTIPLICATION USING RESONANT TUNNELING 

A typical current-voltage (I-V) curve for a double-barrier resonant-tunneling diode is shown 
in Figure 4-4. The presence of a peak and valley in the I-V curve, combined with the overall 
antisymmetry about the origin [i.e., I(V) = -I(-V)], offers the potential for efficient odd-harmonic 
generation when biased near V = 0. The key lies in pumping the diode so that the peak amplitude 
of the voltage across the diode occurs above the resonant current peak. This causes at least three 
local maxima to occur in the diode current waveform over one cycle, corresponding to third or 
higher odd-harmonic generation. 

To demonstrate this effect, we fit the I-V curve of Figure 4-4 with a seventh-order polyno- 
mial. The diode is assumed to be driven by a source having internal impedance less than the 
minimum negative resistance of the double-barrier diode, so that the current across the diode is a 
single-valued function of the drive voltage. Figure 4-5 shows the numerically determined voltage 
and current waveforms for a 50-fl source impedance and 0.5-V amplitude. The local maxima in 
the current waveform, if equally spaced in phase, should lead to a strong fifth-harmonic compo- 
nent in the current power spectrum. 

Figure 4-6 shows the experimental power spectrum for a resonant-tunneling diode when 
mounted in a 50-fl coaxial circuit and pumped at 4.25 GHz. The calculated power spectrum for 
this device is shown in Figure 4-7. As expected, there is a complete absence of even harmonics 
and a predominance of the fifth among the odd harmonics. The measured fifth-harmonic effi- 
ciency is about 0.5 percent, which agrees well with that calculated. Although this efficiency is 
comparable with that of current state-of-the-art Schottky-diode quintuplers, it is significantly less 

51 



000330005*"!" ~ 

I  ' H'ilrryi'li 'JPa'i 

.'SQOOODB0 9'&09QSB 3 
ID 
CM 

Figure 4-3.    Layout of DFT device. 

52 



0.2 

0.1 

Figure 4-4. Typical current-voltage 
(I- V) curve of a double-barrier resonant- 
tunneling diode. 

< 
E 

DC 
CC 
z> 
Ü 

-0.1 

in 
ID 
eg 
N 
00 

-0.2 _L 

1 1 

-0.4 -0.2 0 0.2 

VOLTAGE  (V) 

04 

in 
is 
IN 

00 

< 
E 
I- z 
LU 
CC 
X 
D 
o 

 0.2 

-   -04 

-TT -77/2 0 

PHASE (rad) 

7T/2 

Figure 4-5. Calculated voltage and 
current waveforms for the I-V curve 
of Figure 4-4 when driven by a pump 
with a 50-fl source impedance and 
0.5-V amplitude. 

53 



ZV 1 

4.25 

I 

0 GHz ~~ 

J -20 
3 

12.75 
GHz 

21.25 
GHz 

— 

ec 
ui M 

*»»IV* 

O -40 
«***•* 

• ••rarrfiiili   • ••i^^i a • t - 

-60 - - 

-80 1 I 

Figure 4-6. Outpul power of a 
resonant-tunneling multiplier in a 
coaxial mount when pumped at 
4.25 GHz. 

10 
FREQUENCY (GHz) 

20 s 
?! 

Figure 4-7.    Power spectrum calculated for 
the device used to obtain Figure 4-6. 

1 1 1 1  1                    1 

io-i - 

c 
III 

i 
CL 

R
E

L
A

T
IV

E
 

o
 

i 

• ' 

10-3 - - 

< 

10-4 1 
3 5 7 

HARMONIC NUMBER 

in 
<o 
CM 
tv 
CD 

54 



than could be obtained with an optimized I-V curve and load. We calculate that an efficiency of 
several percent could be achieved in that case. 

The resonant-tunneling multiplier has several distinct advantages over existing resistive mul- 
tipliers, which are usually based on Schottky-barrier diodes. First, the absence of even harmonics 
greatly simplifies the circuit design, particularly in the millimeter-wave region. Also, with the 
proper pump amplitude the desired harmonic (fifth in this case) has greater available power than 
other odd harmonics, easing the usual constraint of reactively terminating the lower harmonics to 
add power to the desired one. Finally, since negative differential resistance is available, the max- 
imum theoretical generation efficiency of a double-barrier diode could possibly be higher than the 
n*2 (n is the harmonic number) value that applies to ideal diodes.2 

Preliminary quintupling experiments have also been performed in the millimeter-wave region. 
For example, a conversion efficiency of 0.1 percent was obtained with a pump frequency at 
40 GHz and fifth harmonic at 200 GHz. This lower value of conversion efficiency compared with 
the microwave result reflects the fact that 200 GHz is close to the frequency fmax above which 
the negative resistance of this particular diode vanishes.3 We believe that fmax can be raised to 
1 THz with proper material optimization.4 

T.C.L.G. Sollner     W.D. Goodhue 
E.R. Brown C.A. Correa 

4.3.    EXCIMER-LASER PROJECTION LITHOGRAPHY 

Photolithographic techniques, based on image projection with visible/near-UV radiation, play 
a dominant role in integrated-circuit manufacturing because they provide a unique combination 
of high precision and low cost. Their extension to shorter wavelengths and higher resolution will 
be the key to an improving manufacturing technology for smaller devices and greater VLSI com- 
plexity. Excimer lasers, operating at 308, 248, and 193 nm, are attractive for use in advanced 
projection systems. 

In the spectral range of greatest interest (A < 300 nm), very few properly designed and tradi- 
tional photoresists have been tested and reported. Extensive testing has been performed elsewhere 
on Novolak-resin-based, visible/near-UV lamp resists at short wavelengths. Most of these were 
found to be much too strongly absorbing for good profile control. Furthermore, the absorption 
does not exhibit photobleaching, often leading to a more sloped profile. We have investigated 
projection patterning of wet-developed polymethyl methacrylate (PMMA) with ArF-excimer la- 
sers at 193-nm wavelength. We obtained excellent results, as shown in Figure 4-8. Lines and 
spaces, nominally 130-nm wide, were etched in 150-nm-thick PMMA on silicon. Exposure was 
with a single, 15-ns-long pulse at ~l-J/cm2 fluence, followed by 5-min development in a methyl- 
isobutylketone/isopropanol solution. 

55 



1 jiim in 

s 
Figure 4-8.    SEM of 130-nm lines and spaces patterned in 150-nm-thick 
PMMA on silicon. 

We note the high optimization of this system. The 130-nm-wide lines are significantly smaller 
than the wavelength of the laser and, in fact, approach the absolute diffraction-limited cutoff 
width, A/4NA = 97 nm, for the 0.5-NA optics. This result demonstrates the great potential in 
resolution and throughput of properly configured excimer-laser-based photolithographic projec- 
tion systems. .,  _    , 3 M. Rothschild 

4.4.    OBSERVATION OF INTERSUBBAND TRANSITIONS 
IN COUPLED QUANTUM WELLS 

There is growing interest in new devices based on confined states in quantum wells. Absorp- 
tion between subbands in isolated quantum wells was first observed by West and Eglash.5 Com- 
pared with single quantum wells, coupled quantum wells offer a much richer spectrum of energy 
levels. In a symmetric coupled-well system, each state of the uncoupled well is split into a lower- 
energy state with a symmetric wavefunction and a higher-energy state with an antisymmetric 
wavefunction. We report here the first observation of intersubband transitions between such 
states in coupled quantum wells. 

A diagram of our GaAs/AlGaAs coupled-well structure is shown in Figure 4-9. The inter- 
subband transitions in the conduction band of this coupled-well sample have been studied by 
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Figure 4-9.    (a) Coupled-well structure estimated from growth conditions, 
(b) Expanded view showing allowed transitions and band-bending. 

transmission spectroscopy in the wavelength region of 2 to 25 jum using a Fourier-transform spec- 
trometer. Transmission spectra were taken as the sample was cooled to about 20 K in the dark. 
When cold, the sample was illuminated with white light for a few seconds and then further spec- 
tra were taken. Illumination ionizes DX centers (electron traps) present in the AlGaAs barriers. 
These electrons are captured in the well, and the additional population in the lower-energy states 
results in an increase in absorption at the intersubband transition energies. This effect persists 
after the illumination is turned off. 

Transmission spectra from a typical run are shown in Figure 4-10. The top three curves trace 
variations in absorption as the sample was cooled to 20 K, and the lowest curve shows the in- 
crease in absorption after the sample had been illuminated. 

We have previously found in single-quantum-well samples that intersubband transition ener- 
gies increase as the sample is cooled; this results primarily from the slight difference between the 
temperature coefficients of the bandgaps in the well and barrier layers. In the transmission curves 
for the coupled wells, three absorption features (labeled A, B, and C) are seen to shift to higher 
energies as the sample is cooled. These three features also show increased absorption after the 
sample is illuminated, as seen in the bottom curve in Figure 4-10. This is seen more clearly in 
Figure 4-11, in which the ratio of the 20-K spectrum after illumination to the 20-K spectrum 
before illumination has been plotted in order to yield the absorption due to the additional elec- 
trons captured from the ionized DX centers. An increase in absorption is also apparent at the 
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energy labeled D, although this feature is not obvious before illumination. The shifts with 
temperature and increased absorption after illumination that are seen at A, B, and C identify 
these features as resulting from direct intersubband transitions in the coupled quantum wells. 

We have calculated energy levels, wavefunctions, and transition probabilities for quantum 
wells coupled through a barrier. The largest pair of observed absorptions, A and B, are identified 
with the allowed transitions, E2 to E3 and Ej to E4, respectively, as defined in Figure 4-9. A 
structure with the center barrier seven lattice constants thick and the wells fifteen lattice constants 
thick predicts the observed absorption positions as shown by the large solid arrows in Figure 4-10. 
(One lattice constant equals 0.56 nm.) The best fit is obtained with a mole-fraction of 29% Al in 
the barriers. Transition B is expected to be stronger than A since it involves the ground state. 

In some spectra taken at other positions on the wafer, transitions A and B were observed at 
lower energies. These observed energies are consistent with well widths larger by one lattice con- 
stant in these regions of the wafer.   Transition C corresponds to the higher-energy transition that 
would be found in a structure with well widths smaller by one lattice constant. The other allowed 
transition in such a structure would be found at approximately 875 cm-1, perhaps contributing to 
the small absorption feature there. These calculated positions are marked with small solid arrows 
on Figure 4-10. The weak absorption labeled D may correspond to the higher-energy transition 
in a system with both wells and center barrier smaller by one lattice constant. The positions of 
the two calculated absorptions for this last case are marked with dashed arrows on Figure 4-10. 

The structure parameters that best fit the observed absorptions are, in most cases, in agree- 
ment with those expected from the growth conditions and those shown in Figure 4-9. The one 
large discrepancy is the coupling-barrier thickness. It was expected to be three lattice constants 
thick rather than the fitted value of seven lattice constants. One other feature that needs more 
analysis is the shift in absorption after illumination. All absorptions move to lower energy ex- 
cept B, which moves to slightly higher energy. We will investigate these issues in the near future. 

K.A. Mclntosh        W.D. Goodhue 
J.W. Bales T.C.L.G. Sollner 
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5.1. 

5.    ANALOG DEVICE TECHNOLOGY 

HIGH-SPEED JOSEPHSON BINARY ADDRESS ENCODER 
FOR A SUPERCONDUCTIVE CORRELATOR 

We recently completed the design, fabrication, and testing of a high-speed Josephson- 
junction-based digital circuit designed for use in a multichannel, multigigahertz-bandwidth time- 
integrating correlator.1 The circuit functions as an address encoder: when the nth input of the N 
data inputs goes high, the encoder reports the binary representation of n. Thus, the output of the 
proposed multichannel correlator is reduced from N output lines to log2 (N + 1) lines. 

The address encoder was designed using 4JL circuitry,2 configured as an interconnected set 
of OR gates. The current design, shown in Figure 5-1, provides a binary encoding of up to seven 
inputs. Using two such encoders, we anticipate constructing a 14-channel time-integrating- 
correlator device. 

The test results from the address encoder are shown in Figure 5-2. It is observed that after 
the input D5 goes high, the appropriate address outputs AO and A2 also go high. Note that the 
power supply is clocked in order to reset the latching OR gates. 
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Figure 5-1.    Schematic of 7-input address encoder using cross-coupled OR gates constructed 
with Josephson-junction logic elements. 
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Figure 5-2.    Operation of superconductive digital address encoder. When input line D5 
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Simulations were done which showed that the intrinsic switching time of the address encoder 
is about 150 ps. This switching time was limited by the 5-jum design rules and the high specific 
capacitance of the Nb/Nb205/Pb tunnel junctions used for circuit fabrication. If needed, faster 
circuit operation could be obtained by decreasing the size of the Josephson tunnel junctions. The 
switching time, measured at the top of the dewar (at the end of a 3-ft probe), was 1.4 ns. This 
address encoder operation does not push the state of the art of Josephson technology but is ade- 
quate for the correlator application. 

J.B. Green 
A.C. Anderson 

5.2.    HIGH-PERFORMANCE MOSFET-WEIGHTED SAW/FET 
PROGRAMMABLE TRANSVERSAL FILTER 

The SAW/FET is a wideband programmable transversal filter that uses a surface-acoustic- 
wave (SAW) delay line for the wideband delay element and a silicon metal-oxide-semiconductor 
(MOS) integrated circuit for the programmable tap weighting. Substantial design improvements 
have simplified the processing and have yielded better uniformity, lower insertion loss, and a 
higher programmable on/off ratio. 

The SAW/FET was described in detail previously.3'4 Briefly, Figure 5-3 shows a LiNb03 

SAW delay line coupled to a Si integrated circuit which contains the programmable analog taps 
that sample the signal propagating along the SAW delay line. The taps are metal fingers on the 
silicon substrate capacitively coupled to the piezoelectric field of the SAW across a narrow air 
gap maintained by Si02 rails deposited on the silicon chip. Previous SAW/FETs used MOS var- 
actors (voltage-controlled capacitors) associated with each finger as tap-weighting elements. In the 
present design, the taps are coupled to a summing bus by a programmable resistive summing net- 
work consisting of MOSFETs used as varistors (electrically variable resistors). The varistor 
weights are programmed by bias voltages introduced through a programming network that is 
controlled by an on-chip digital shift register. The tap-programming circuit shown in Figure 5-3 
uses one less transistor per tap-pair per track than the previous circuit, yet allows a true sequen- 
tial loading of the analog tap weights. The dual-track structure increases the programmable 
on/off ratio and provides bipolar programming weights. 

The use of varistors rather than varactors to program the tap weights has other advantages 
as well. The varistors do not require the p-well required by the varactors, yielding a simpler pro- 
cess; also, the varistors have much smaller active area than the varactors and are therefore less 
sensitive to random defects. Furthermore, the electrical characteristics of the varistors are less 
affected by traps and surface states. Finally, the varistor conductance varies linearly over a wide 
range of programming voltage, while the varactor capacitance varies nonlinearly over a narrower 
voltage range. This simplification and reduction in sensitivity have also increased the fabrication 
yield of good SAW/FET chips. 
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Figure 5-3.    Schematic of 350-tap, 100-MHz-bandwidth SAW/FET, including the varistors 
and improved programming circuitry. 
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Figure 5-4 shows the SAW/FET impulse response when programmed with a square wave 
such that groups of ten adjacent taps are turned fully on and the next ten adjacent taps are 
turned off. The top trace shows the programming waveform, the middle trace shows the input 
RF impulse, and the bottom trace shows the RF output. The on/off ratio is greater than 30 dB, 
and the tap-to-tap uniformity of ±1 dB is excellent. 

Figure 5-5 shows the frequency response of the SAW/ FET when programmed as a narrow- 
band filter. The sequence of four pictures shows the four different output passbands between 130 
and 212 MHz produced by four different programming inputs. The device clearly shows the 
100 MHz of programmable bandwidth. The out-of-band rejection is seen to be about 40 dB 
except for a few isolated frequencies, at which higher spatial harmonics generated by the slightly 
nonlinear relationship between programming voltage and tap weight are aliased about the 
232-MHz effective sampling frequency and appear in band. The insertion loss is less than 40 dB, 
and the dynamic range over thermal noise is greater than 75 dB with a 27-dBm input signal. 

These results show that the new varistor tap-weighting circuitry provides improved on/off 
ratio, uniformity, linearity, and insertion loss over the previously reported varactor-weighted 
device. This improvement in performance is achieved with a fabrication procedure for the silicon 
FET wafers that is simpler and has a higher yield than the procedure required to fabricate the 
varactor-weighted SAW/FET. 

D.L. Smythe J.B. Green 
D.E. Oates V.S. Dolat 
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