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TASK 3 Investigate and improve heterojunction structures for transistor applications.

TASK 4 Produce semiconductor light emitters capable of high speed amplitude modulation.

TASK 5 Femtosecond optical investigation. of hot carrier dynamics in III-V compounds
and quantum wells.

TASK 6 Develoo high speed receivers for optical cormunication using optical field effect
transistors and large area epitaxial photoconductive detectors.

TASK 7 Use optical excitation to study carrier dynamics in compound semiconductors.

TASK 8 Develop advanced design techniques for microwave GaAs FET amplifiers.

TASK 9 Improve direct method of broad band circuit design.

TASK10 Explore transient carrier transport in small III-V devices in boundary limited
domain.
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WORK STATEMENT

TASK 1 Develop, an improved understanding of the role of the substrate and the
growth parameters on the quality of device structures on GaAs and
related materials grown by OMVPE.

TASK 2 Investigate the frequency and power limits of power FET devices
employing a two-dimensional electron gas in the channel.

TASK 3 Investigate and improve heterojunction structures for transistor
applications.

TASK 4 Produce semiconductor light emitters capable of high speed amplitude
modulation.

TASK 5 Model and construct components and subsystems which can be useful as
transr ;tters in optical communication systems.

TASK 6 Femtosecond optical investigation of hot carrier dynamics in III-V
compounds and quantum wells.

TASK 7 Use optical eycitation to study carrier dynamics in compound
semiconductn-

TASK 8 Develop ,, - j-, cesign techniques for microwave GaAs FET amplifiers.

TASK 9 Improve direct method of broad band circuit design.

5 TASK 10 Explore transient carrier transport in small III-V devices in boundary
limited domain.
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TASK I THE OMVPE GROWTH AND CHARACTERIZATION OF GaAs AND RELATED

MATERIALS FOR HIGH PERFORMANCE ELECTRON DEVICES

L.F. Eastman and J.R. Shealy

OBJECTIVE

The overall program objective is to develop an improved understanding of the
role of the substrate and the growth parameters on the quality of device structures
on GaAs and related materials grown by Organometallic Vapor Phase Epitaxy
(OMVPE).

DISCUSSION OF STATE-OF-TH E-ART

The OMVPE technique has evolved into a technology capable of producing
high purity epitaxial films and related structures with interfaces which are
atomically abrupt in many cases. There is evidence from Raman spectroscopy of
GaAs/AlAs superlattice structures that at the same growth rate and substrate
temperature the OMVPE technique actually produces sharper interfaces than the
older MBE technology. The problem remains to be carbon contamination from the
organometallic source which limits the purity of films, especially those containing
aluminum. Since the OMVPE technique readily address the growth of phosphides,
antiminides, and other new III-V alloys and structures, there remains to be a large
volume of research which has yet to be addressed.

PROGRESS
The OMVPE research effort at Cornell has centered around the growth and

characterization of GaAs, AIGaAs, GalnP and their heterostructures. Experiments
related to heterojunction interface abruptness have shown interface widths < 10 A
in GaAs/AIGaAs quantum wells. In modulation doped structures, a 2DEG mobility of
7000 cm2/v-sec at 300 K (sheet density 1.0 x 101 2cm- 2) and 70,000 cm 2/v-sec at 77 K
(sheet density 8.0 x 101 'cm- 2) have been recorded. These structures were grown at
6250C using trimethyl metals, with V/Ill = 20 for GaAs and 250 for AIGaAs (to reduce
carbon incorporation). Spacer thickness is 150 A, and Te was used as the n-type
dopant. Temperature variable Hall measurements show a leveling off of mobility
and sheet concentration below 50 K, indicative of good 2DEG confinement and
showing that performance is limited by AIGaAs purity.

Progress has beers made on the growth by Organometallic Vapor Phase
Epitaxy (QMIVPE) and characterization of GalnP, AIInP and GalnP/GaAs
heterostruclures. GalnP will be useful in the following devices: as an active layer
material in a visible 'aser, as an emitter in a GalnP/GaAs bipolar transistor, and as a
doped region in tr. . ,. GaAs MODFET. Its useful properties include a large,
direct bandgap (1.9 -tice match), higher purity than OMVPE AIGaAs is
possible, and absence o -or problems associated with AIGaAs. In our early
lattice match and calibrati.- jrcvths of GalnP, we observed a lattice matched
bardgap of 1.83 eV (lattice match determined by photoluminescence linewidths
ana morphology). This is far lower than the expected value of 1.91 eV which has
beer -eported in the literature. This was blamed on compositional fluctuations
dur . growth due to the trimethylgallium flow controller being operated in the
noisy -egion below 5% full scale. The flow controller has since been replaced with
one of a more suitable full scale flow and the compositional fluctuation problems
have been alleviated.
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The narrowest observed 300 K PIL half-width is 49 meV (18 meV at 4 K). This is
rather broad, and could be attributed to low purity. Our trimethylindium (TMIn)
source is known to be contaminated, giving a background doping for InP and GalnP
epilayers of low 1016cm- 3. Mobilities of the GalnP are about 2000 cm 2/v-sec at 300 K
and about 5000 cm 2/v-sec at 77 K, comparable to values reported by other workers.
Replacing the TMIn source with one of higher purity should produce higher purity
epitaxial material with narrower PL peaks. This is one of our plans for future work,
especially for microwave device work where high purity is necessary.

GalnP epilayers have been characterized by photoluminescence, Nomarski
phase contrast microscopy, Raman scattering spectroscopy, Hall measurements, and
capacitance-voltage measurements. Photoluminescence and morphology studies
have been most useful in determining lattice match. If thick (1 micron) epilayers are
slightly gallium rich (lattice mismatch Aa/a < -0.001), the epilayer is under tensile
strain. As a result, cracks along (110) are formed to relieve the strain. The
formation of these cracks is very sensitive to mismatch on the tension (Ga-rich) side,
and the appearance of these cracks is a clear indication of lattice mismatch with the
epilayer under tension.

Raman studies of GalnP epilayers have also been useful and interesting. In the
Raman spectrum, the GaP-like LO phonon peak, as well as the InP-like LO phonon
peak has been observed and its energy measured as a function of composition. A
TO peak has also been measured, but has not been associated with an InP-like mode
or a GaP-like mode. Raman shifts have also been measured as a function of
temperature, measuring the decomposition temperature of GalnP. The Raman
signal disappears as the surface decomposes from the excess desorption of
phosphor. The temperature at which this occurs in Ga0 .5 In0 .5P is about 5000C.

AIInP will be useful as a dadding layer for the visible laser. Also, we hope to
simulate the intermediate lattice matched alloy (AIxGa.x)0.slno 5P with a short-

period-superlattice of AI0 slno.sP/Ga 0 .sn0.sP; this to be used as a separate
confinement region in a quantum well laser, with the advantage of simpler lattice
matching of ternary compounds compared to the uniform quaternary alloy.
Knowledge of AIInP will also be helpful in growing the quaternary alloy for use in
microwave devices. Trading off aluminum for gallium in GalnP will increase the
band discontinuity at a heterojunction with GaAs, thus making the alloy (AIxGai.
)0.slno.sP an improvement over Gao.sln0.sP when used in the transistor devices

mentioned earlier.

Formation of the GaInP/GaAs heterostructure will be important in the
MODFET and HBT structures. To study the interface, a series of Ga0.51nosP (75
A/GaAs (75 A) superlattices were grown. In one set of samples, different growth
stop procedures were used at the interfaces: 1) continuous growth, 2) 9 second
growth stop under group V gas, and 3) 9 second growth stop under group V gas
ollowed by 5 second purge of all reactants. Transmission electron micrographs of

each sample show good contrast between the layers, and 'ompositional uniformity
within the layers. However, TEM cannot give accurate information about the
superlattice compositional profile, as can Raman spectroscopy and
photoluminescence. Both Raman and PL studies show very little difference between

-superlattices grown continuously and those grown with a 9 second growth stop
under group V gas at the interfaces This means either 1) any alloying taking place
involves only the group V element (for example, As in the GalnP or P in the GaAs), or
2) a 9 second growth stop is insufficient in completely stopping growth, thus
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leading to a group III element carry over. Possibility (1) would give an increase in
the superlattice energy gap, while possibility (2) would lead to a decrease in the
superlattice energy gap. We have observed a lower PL energy than expected, so we
believe that longer growth stops are required to completely stop growth.

The superlattice grown with a growth stop and purge at the interfaces showed
a PL energy close to the expected value (calculated using a Kronig-Penney model %
with assumptions made concerning effective masses within each material), so it
seems that the growth stop together with comple-e purge is successful in stopping
the group III carry over. However, the Raman spectrum contained forbidden TO
peaks, and also the PL linewidth was larger than that of the other two samples. This
suggests a poor interface, possibly due to decomposition of GalnP during the purge,
since the growth temperature (6250 C) is well above the decomposition temperature
of Gain -

Aoher series of three lattice mismatched superlattices were also studied to IV
investigate the distribution of strain. One superlattice was unstrained (lattice
matched), and one each with GalnP under compression and strain. For each sample,
the GaAs LO peak was shifted bv about 4 cm- 1, due to compositional intermixing.
The shift of GaP-like LO phor -- -epended on the state of strain in the sample.
These measurements show t" most of the strain occurs in the GalnP with little
strain in the GaAs.

To determire :ne effective interfacial thickness over which alloying occurs, a
set of GaAs/Gao. 5 n0.SP quantum wells was grown. In one sample, 4 wells were
grown with 2000 A of GalnP barrier between them. The well thicknesses were 150
A, 75 A, 40 A and 15 A, with the thicker wells near the substrate, and all interfaces
grown with a second growth stop under group V gas. PL was observed from the
150 A and 75 A wells, with each peak shifted significantly due to alloy intermixingand the 75 A well peak being very broad. No PL was observed from the 40 or 15
well, thus leading to a conclusion that the interfacial alloying thickness is
approximately 40 A.

Several GaInP/GaAs MODFET structures were grown. In a first attempt, a
MODFET with 150 A undoped spacer was grown. Hall mobilities at 300 K and 77 K
indicated conduction in the doped GalnP (Ij = 1000 cm 2/v-sec at 300 K and M = 2500
cm 2/v-sec at 77 K). To increase charge transfer into the interfacial 2-D electron gas
(2DEG), two techniques were tried: 1) decreasing the spacer thickness to 50 A and 0
A, and 2) growing the GalnP slightly Ga-rich (deliberately off lattice match), thus
increasing the conduction band discontinuity to aid charge transfer. Neither of
these mettodsimoroved the result, and we now believe this is due to excessive
interfacial alloing,. In the future we would like to take steps to reduce this alloying,
namely 1) $Jowttn of GaAs buffer at :ower growth rate, and 2) a longer growth
stop at the trirface. If this is successful in giving good 2DEG confinement, then
this, along withusing a- higher purity TMIn source should give a better MODFET
result than the AIGaAsGaAs MAODFE- by OMVPE (due to higher purity GalnP as
compared to OMVPE AIGaAs v-*h 'he added benefit of there being no deep donor
problems associated with 'a,* ,e -'ached GalnP.

Growth of Alxln ., "'% a ,o been studied. Lattice matching to GaAs
substrates is achieved us-,"; j s-.) e morphology study of a series of 1 micron
layers near lattice match - -;- q7.owh temperature (700-7200 C) and high V/Ill
ratio produces lattice matc"eq : e yes with featureless surfaces. The optical
properties of AlxIni.,P wee %',(d ed using electroreflectance and Raman
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spectroscopy. Using electroreflectance to measure the direct (EO) bandgap of the
epiltaxial layers, the compositional dependence of the direct bandgap energy was
determined. A concave upward bowing was found, in contrast to the exactly linear
dependence measured in early work on AIxlni.xP, but similar to the bowing in most
other compound semiconductor ternaries. In the Raman scattering spectrum, a ,1.
two-mode behavior is observed, similar to that observed in AIxGa.xAs and Gaxlnj.
xP. The composition dependence of the AlP-like LO mode in Alxlnl.XP extrapolates
to the LO phonon frequency of bulk AlP. Resonant Raman scattering is also
performed on the Alxlnl-xP epilayers. Raman measurements performed with the
various lines from an argon laser demonstrate that the Raman signal intensity is
greatly increased when the laser excitation energy closely matches the direct
bandgap of the material under examination. In this case, the laser line energy
which results in the greatest Raman intensity agrees very well (_t 20 meV) with the
direct bandgap energy measured by electroreflectance.

Dopant behavior in AI 51n.5 P has been investigated. It was determined that
tellurium n-type dopant is activated at room temperature, but significant freeze-
out of the donors occurs at 77 K, indicative of a donor binding energy of about 60
meV. p-type doping using zinc was attempted, but no activation was observed at
room temperature. By alloying the Al sln SP, with Ga 5lnsP, however, the zinc (
became an active acceptor at 300 K due to the decreased acceptor binding energy in .4
the alloy compared to AI.51n. 5P.

Strained Gaxlnl.xP/AlyGal.yP quantum wells were grown in an attempt to
study high energy luminescence structures. First, growth of AIXGa1.xP was
optimized. Growth of this material required very high growth temperatures
(greater than 8250C) for smooth surfaces. Strained Gaxlni.xP (0.4 < x < 0.5)/GaP
quantum well structures grown at 7500C, however, produced no detectable
emission, even at 4 K. Sputter Auger electron spectroscopy composition profiles of
these structures revealed that the GalnP quantu -i wells had completely
interdiffused with the Ca3P cladding layers, resulting in a uniform GalnP alloy. To N
alleviate this problem, growth of the strained quantum well structure was
performed at 7000C, which tends to produce GaP layers with rough surfaces. The
intermixing problem still appeared, however, even at this growth temperature. It is %
believed that lowering the growth temperature further could produce well defined
quantum wells, but would also lead to very rough GaP surfaces. A possible solution
is atomic layer epitaxy, which reportedly permits growth of smooth epilayers at
drastically reduced growth temperatures. 1.

SCIENTIFIC IWPACT OF RESEARCH

With many III-V compounds and structures yet to be explored, this materials
and related device effort provides an experimental basis for the evaluation and
understanding of electron transport and confinement of new high velocity
semiconductor materials and structures. In characterizing new materials, the
structural properties will be detailed such that the feasibility for the growth of
many proposed structures will be determined.

DEGREES

Ph.D., C.F. Schaus, January 1986
"Optoelectronic Devices and Materials Grown by Organometallic Vapor Phase
Epitaxy"

7



PUBUCATIOt4S

1. "Graded Band-Gao AIGaAs Solar Cells Grown by Organometaltic Vapor Phase
Epitay ', D.K. W.agner and J.R. Shealy, Proc. Photovoltaics Specialists Conf.,
Orlando, FL (Ma 1-4, 1984).

2. "Graded Bana-Gao p/n AIGaAs Solar Cells Grown by Orga nometaltic Vapor
Phase Epitaxy" < Aaerand J.R. Shealy, App . Phys. Lett., 45 (2) 162-164

(July 1984).
3. "High External. Efficiency (36%) 5-Micron Mesa Isolated GaAs Quantum Well

Laser by Organometallic Vapor Phase Epitaxy", D.F. Welch, C.F. Schaus and J.R.
Shealy, ADDI. Phys. Lett., 46 (2) 121-123 (Jan. 1985).

4. "Investigation of the Properties of OMVPE Grown AIGaAs/GaAs
* Heterostructures Using Raman Scatteringm, J.R. Shealy, C.F. Schaus and G.W.

Wicks, AppI. Phys. Lett., 47 (2) 125-127 (ul y 1985).

S . soTEM Observations of Compositional Variations in AlxGai..xAs Grown by
OMVPE.", K-H. Kuesters, B.C. DeCooman, J.R. Shealy and C.B. Carter, J. Crystal
G rowth, 71, 514-5S18 (198 5).

6. '"OMVPE Growth of GaAs/(AlGa)As Integrated Optical Devices", C.F. Schaus,
J.R. Shealy, F.E. Najjar and L.F. Eastman, 12th tnt. Symp. on GaAs and Related
Cpds, Karuizawa, Japan (Sept. 23-26, 1985).-

*7. "Improved GaAs/AlGaAs Quantum Well Heterostructures by Organometallic
Vapor Phase Epitaxy", C.F. Schaus, .l.R. Shealy, L.F. Eastman, B.C. DeCooman
and C.B. Carter, J. Appl. Phys., 59 (2) 678-680 (Jan. 1986).

*8. "Organometatlic Vapor Phase Epitaxiat Growth of GaInP/GaAs (AIGaAs)
Heterostructures", J.R. Shealy, C.F. Schaus and L.F. Eastman, AppI. Phys. Lett.,
48 (3) 242-244 (Jan. 1986).

9. "Integrated Laser/Phototransistor Optoetectronic Switching Device by
Organometallic Vapor Phase Epitaxy", C.F. Schaus, i.R. Shealy, F.E. Najjar and
L.F. Eastman, Elec. Lett., 22 (9) 454-456 (April 1986).

10. "Characterization by Raman Spectroscopy of GalnP, AIlnP and GaAs Single
Layers and Superlattices", presented at tnt. Symp. GaAs and Related Cods, Las
Vegas, NV (1986); Inst. Phys. Conf. Series, 83 (4) 257 (1987).

11. "Graded-Index Separate-Confinement lnGaAs/GaAs Strained-Layer Quantum
Well Laser Grown by Metalorganic Chemical Vapor Deposition", D. Fekete,
K.T. Chan, J.M. Batlantyne and L.F. Eastman, Appl. Phys. Lett., 49 (24) 1659-
1660 (Dec. 1986).

*12. "GaAs/GaA)As Quantum Well Laser with a Lateral Spatial Variation in :
Thickness Grown by Metalorganic Chemical Vapor Deposition", D. Fekete, D.
Bour, J.M. Baltantyne and L F. Eastman, AppI.- Phys. Lett., 50 (11) 635-637
(March 1987).

8,



13. "Ridge Waveguide Injection Laser with a GalnAs Strained-Layer Quantum Well
(X = 1 um)", S.E. Fischer, D. Fekete, G.B. Feak and J.M. Ballantyne, Appl. Phys.

Lett. .0 (12) 714-716 (March 1987).
14. "Optical Properties of Alxlnl.xP Grown by Organometallic Vapor Phase

Epitaxy", D.P. Bour, J.R. Shealy, G.W. Wicks and W.J. Schaff, Appl. Phys. Lett.,
50(10) 615-617 (March 1987).

15. "Investigation by Raman Scattering of the Properties of III-V Compound
Semiconductors at High Temperature", J.R. Shealy and G.W. Wicks, AppI. Phys.
Lett., 50 (17) 1173-1175 (April 1987).

16. "Ga.sln.5 P/GaAs Interfaces by OMVPE", D.P. Bour, J.R. Shealy and S. McKernan, '

submitted to Appl. Phys. Lett. (June 1987). I

17. "High Power (1.4 watt) AIGaInP Graded Index Separate Confinement
Heterostructure Visible (X - 658 nm) Laser", D.P. Bour and J.R. Shealy, .,
submitted to Appl. Phys. Lett. (July 1987).

4%

4%

4%4,

U k

9-'".'-



TASK 2 FUNDAMENTAL STUDY OF THE PERFORMANCE LIMITS OF HIGH
FREQUENCY GaAs FET's

L.F. Eastman, D.W. Woodard and S.D. Mukherjee

OBJECTIVE

Determine the fundamental physical electronics limits on performance of
short gate high frequency modulation doped AIGaAs/GaAs power FET's with 0.5
micron and shorter gates.

DISCUSSION OF STATE-OF-THE-ART

In conventional MODFET structures both the 2-D electron-gas density and the -
breakdown voltage are limited. If doping in the AIGaAs is increased to raise the
sheet density, parallel conduction in the AlGaAs and reduced depletion depth and
consequently reduced breakdown voltage become limiting factors. To understandthese effects, quantitatively modeling of charge control and modulation efficiencyin MODFETs has been done and double heterostructures with pulsed doping have

been made to extend the limits.

PROGRESS

In order to model MODFET structures, a figure of merit, the modulation
efficiency, was introduced. The modulation efficiency gives an indication of the
charge control limited fT as a function of 2DEG density. The effect of epilayer
design parameters on the modulation efficiency was studied via a classical charge
control model which incorporates Fermi-Dirac statistics and Al composition
dependent donor energies, and gives excellent agreement with quantum
mechanical calculations. The modulation efficiency, ME, is related to fT by the
following:

fT = ME Veff/2r Lg

where Veff is the effective velocity of the 2DEG. Figure 1 shows the modulation
efficiency as a function of 2DEG sheet density for various aluminum fractions. The
decrease in fT predicted by this model is in qualitative agreement with experimental
data. Note that there is no increase in ME above 30% Al while lower Al fractions
degrade the ME. Figure 2 shows the effect of spacer layer thickness which is to
decrease the ME.

To circumvent the problems of conventional MODFET designs, planar-doped
double heterojunction MODFET's were fabricated with 0.5 micron by 200 micron
gate geometry. An fT of 24 GHz with corresponding fmax of 50 GHz was achieved.
The room temperature DC characteristics show a very broad gm peak of 135 mS/mm
with a maximum channel current of 350 mA/mm. Power measurements on these
devices showed a maximum efficiency of 47% with 5.5 dB associated gain and 0.5
W/mm. At 77 K there was very little light sensitivity and no I-V collapse.

SCIENTIFIC IMPACT OF RESEARCH

The impact of this work has been improved understanding of factors limiting
the performance of conventional MODFET structures and achievement of device
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performance exceeding these limitations through use of double heterojunction
structures.

5-
DEGREES

1. C.M. Lowe, Ph.D., August 1984
"A Study of Breakdown Voltage for Gallium Arsenide Power Transistors with
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TASK 3 MBE GROWN-LA7TICE-MATCHED HETEROJUNCTION FOR IMPROVED
TRANSISTORS

L.F. Eastman and G.W. Wicks

OBJECTIVE

The objective of this task is the continued investigation and improvement of
heterojunction structures for transistor applications. Two particular structures, the
modulation doped field effect transistor (MODFET) and the heterojunction bipolar
transistor (HBT) were studied.

DISCUSSION OF STATE-OF-THE-ART

There were two general types of investigations made in this task. The first
type is a materials study of effects during MBE growth which cause the resulting
structure to be different from that which was intended. Examples of this type of
study are dopant diffusion in HBT's which degrade emitter injection efficiency and
roughening of interfaces in quantum well MODFET's which cause degraded and
anisotropic electron mobilities. The second type of study made in this task is an
engineering of the heterostructure to optimize the desired characteristics of
electrons or holes. Examples of this type of study are insertion of a tunnel barrier at
the emitter-base junction of an HBT to improve injection efficiency, and use of an
AlxGai.xAs spacer layer w'- = 45% to obtain the maximum conduction band
discontinuity.

PROGRESS

Bipolar Transistors

1. An optical technique was developed to directly measure the injection
efficiency, y, of an HBT. Measured y's on original device structures were 30-
40% instead of the theoretical 98-99%. This degradation in y was found to be
caused by diffusion of Be from the GaAs base into the AIGaAs emitter.
Insertion of a 200 A undoped GaAs setback layer at the emitter-base junction
was found to restore y to theoretical values. Be diffusion in GaAs was
thoroughly studied and found to occur by substitutional-interstitial diffusion
for lower doping concentration (NBE > 10 9cm- 3, D = 10-9cm2/s).

2. The concept was developed that an appropriately designed tunnel barrier
placedat the emitter-base junction of a bipolar transistor could have a near
unity tiansmission coefficient for electrons but a very small transmission
coeffic0ent for holes, thereby enhancing the electron injection efficiency, y,
and current gain, B. The concept was tested on a GaAs homojunction npn
transistor, but the concept is equally applicable to HBT's. In this experiment
the reference homogunction transistor had a low B of - 8, as expected.
Insertion of a low tunnel barrier (consisting of Al 45Ga.55As) or a narrow (b =
20 A) barrier had very little effect. However when a higher (AlAs) and wider
(b = 50 A) tunnel barrier was inserted at the emitter base junction, B rose to -
250. This value was comparable to a reference HBT.
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MODFET's

Conventional AIGaAs/GaAs MODFET structures utilize AIxGal-xAs with x =
30% for both the electron supplying layer and the undoped spacer. In some
respects, it would be desirable to have lower x AlxGal.xAs in the electron supplying
layer (to decrease DX centers) and higher x AIxGal.xAs in the spacer layer (to
increase the barrier height which confines electrons to the two dimensional
electron gas). For these reasons, MODFET structures with AI.2Ga. 8As electron
supplying layers and AI.45Ga.55As spacer layers were grown. They produced record
conductivities for single two dimensional electron gases since high electron
concentrations were maintained (ns77K.- 1.0-1.2 x 1012cm- 2)without degrading the
mobility (p77K - 100,000-1 20,000cm2/v-sec).

A variety of interesting effects relating to the inverted GaAs/AIGaAs interface
were discovered in modulation doped quantum wells. Anisotropic conductivity was
detected, with the maximum conductivity along the (110] direction and the
minimum along the (110] direction. These anisotropic effects are relaxed by a
growth stop at the inverted interface, higher growth temperatures, use of
superlattice buffer layers, increasing the thickness of the quantum well andincreasing the sheet concentration of the two dimensional electron gas. Also,
higher and more isotropic mobilities result when substrates are misoriented
approximately 40 off (001] toward [111]A.

SCIENTIFIC IMPACT OF RESEARCH

The scientific impact of this research was improved understanding of the
effects of the quality of the epitaxial material on device performance. Also, insight
into the physics of the electron injection mechanisms in HBT's was gained.
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TASK 4 HIGH SPEED AMPLITUDE MODULATION OF SEMICONDUCTOR LASERS
AND LIGHT EMITTING DIODES

L.F. Eastman and G.W. Wicks

OBJECTIVE

The objective of this task is to investigate mechanisms which could be utilized
in opto-electronic devices to produce optical signals which can be modulated at
high frequencies.

DISCUSSION OF STATEOF-THE-ART -,

There are two main areas of investigation in this task: effects of electric fields
on the optical properties of quantum wells and disordering of superlattices via
impurity implantation or diffusion. In both cases, applications of these effects to
high speed light emitters or optical modulators was emphasized-.

PROGRESS

1. A gated quantum well LED was fabricated. A gate voltage creates an electric
field perpendicular to the quantum well interfaces which separates the holes
and electrons, thereby quenching the optical output. Modulation speed in
this device should be limited by the transit time of electrons and holes to
opposite sides of the quantum wells and by RC time constants, both of which
are much faster than the carrier lifetime which limits conventional LED's. This
particular gated LED requires 3-5 volts of gate bias to cause a 75% reduction in
output intensity.

2. Modulation of (room temperature) exciton-related absorptive and refractive
properties of GaAs/AIGaAs MQW waveguide structures has direct application
to a number of novel structures for high speed photonic switching. Ionization
of excitons via an electric field applied in the plane of the OW's is particularly
attractive for very high speed optical waveguide modulators because coplanar
stripline electrodes can be utilized to apply the necessary high frequency bias
signals.

After depositing interdigitated Ti:Au contacts (20 micron fingers, 20
micron spaces, total area = 3 mm2), photocurrent measurements have been
made with a broadband optical source to study the change in optical
absorption as a function of applied electric field in a GaAs/AIGaAs MQW
waveguide structure. In the structure studied, an applied lateral electric field
of - 1.5 x 104V/cm was sufficient to essentially annihitate the excitonic peaks in
the band edge absorption profile (as measured by photocurrent). In a
coplanar stripline modulation structure with 5 micron electrode spacing, the
above field corresponds to a bias of 7.5 V. Research is continuing to apply the
above effect to a reactive modulator consisting of a MQW waveguide with a
2nd order distributed feedback (DFB) grating corrugated in the surface.

3. We have demonstrated substantial increases in the energies of room
temperature exciton transitions in GaAs/AIGaAs superlattices which have been
partially intermixed via the impurity-free vacancy diffusion process. In the
samples studied, the above process allows continuously variable energy shifts
of at least 60 meV while still maintaining clearly resolved exciton resonances.

17
p.,' * '.i a'~~Si ? .4 a ~ ./a~'% %.*~..*** * a- a- s|



J- J% -J. - V40. W67% %~''~

The superlattice samples consisted of 25 periods of 80 A GaAs layers
alter ating with 80 A AI 0 3 Ga0.7As layers (total thickness 4000 A) grown by
molecular beam epitaxy. Localized intermixing of the layered structure was
accomplished by selective deposition of a SiO 2 capping layer followed by rapid
thermal annealing (RTA) at temperatures between 8500 and 9500 C for 15 sec.
As previously reported [1], intermixing is attributed to a large diffusion rate of
Ga into the Si0 2, accompanied by Ga vacancy diffusion into the superlattice.

The degree of intermixing was characterized using Raman spectroscopy
and room temperature photoluminescence. Shifting and broadening of the
exciton transitions were studied using photocurrent (PC) spectroscopy and
electroreflectance.

Regions not capped with SiO2 demonstrated negligible thermal
intermixing due to RTA alone over the entire temperature range studied,
while also exhibil ;g well-resolved heavy hole (hh) and light hole (1h)
transitions.

In contrast, for the SiO 2 capped regions the degree of intermixing varied
from slight (8501C) to extensive, but not complete (9500 C). After RTA the
exciton transitions were broadened and shifted to higher energies in all cases,
which can be attributed to compositional grading at the quantum well barrier
interface. Measured shifts in exciton peak energies varied from 3.5 meV
(8500 C) to 60 meV (9500C). Both heavy hole and light hole exciton peaks
remained resolved in PC spectra for shifts as large as 30 meV. A single broad
exciton peak is observed following the 9500 anneal. The above shifted and
broadened excitons transitions have also been observed in electroreflectance
spectra.

This is the first reported study of excitonic behavior during the selective
intermixing of semiconductor superlattices. The ability to continuously
change the effective bandgap while maintaining the exciton absorption and
refractive properties of the superlattice may have a variety of optical device
applications, several of which we are currently exploring.
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SCIENTIFIC IMPACT OF RESEARCH

The scientific impact of this task is an improved understanding of the behavior
of excitons in quantum wells under applied electric fields. It was demonstrated that
field ionization of excitons can be utilized to modulate the output of light emitting
devices. Additional characteristics of excitons in multi quantum well structures
were measured which will provide useful information for the construction of ultra
high speed optical modulators
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TASK 5 HIGH SPEED RECEIVERS FOR OPT :AL COMMUNICATIONS

J.M. Ballantyne

OBJECTIVE

To develop large area detectors suitable for use in monolithically integrated
photoreceivers, and to develop MOCVD growth techniques of materials suitable for
monolithic optoelectronic subsystems.

DISCUSSION OF STATE-OF-TH E-ART

PHOTORECEIVERS

Several easily integrable photoreceivers (e.g. [1-4]) have been reported on
recently. Some typical performance figures are 112 V/W responsivity at 1.5 GHz [3]
and 400 V/W responsivity at 2 GHz [4].

MOCVD GROWTH

MOCVD growth has developed greatly over the past five years, and techniques
have been developed in many laboratories for growing layers in a variety of
compositions, of higher purity, and with thin layers and abrupt interfaces to rival
MBE. Our work has been leading in the production of high purity, high quality
layers in GalnAsP compounds suitable for optoelectronics. The performance of
lasers and detectors is a severe test of material quality, and has been a continuing
method used in our work to evaluate materials. Transverse-junction-stripe CTJS)
lasers are a particularly demanding device, since they are very sensitive to current
leakage at interfaces. We have completed a major study of such lasers using In in
the active layer.

Many TJS lasers, fabricated in the GaAs/AIGaAs material system, have been
reported [8,9,101. The GaAs/AIGaAs TJS lasers have threshold currents as low as 12
mA, and demonstrate good lateral mode stability [10]. Furthermore, many high
quality lasers of other geometries have been reported which have GalnAs or
GalnAsP active regions (11,12,131. No high-quality TJS lasers, however, have been
demonstrated in any material system other than GaAs/AIGaAs. The two reported
attempts at long-wavelength TJS devices were done in the InP/GalnAsP material
system, resulting in emission wavelengths near 1.15 micron. TJS lasing was only
achieved with pulsed operation at cryogenic temperatures (100 mA threshold
current at 100 0K) [14), or with extremely high threshold currents (250 mA at 2870 K)
[151. This poor performance was attributed to current leakage through the n +su bstrate.

PROGRESS

PHOTORECEIVERS

A monolithic photoreceiver was designed and realized [5]. It has a 3200 V1W
responsivity at 1 GHz. The photocurrent gain is 200, which when coupled with the 1
GHz 3 db frequency gives a 200 GHz gain-bandwidth product. The receiver
performs as above while driving a 50 ohm load to 1 volt peaks. The receiver utilizes
an integrated photodiode, one of three types of detectors studied that are trivial to
integrate in GaAs E/D ion-implanted MESFET processes. The relative merits of an
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easily integrated photoconductor and two types of easily integrable photodiodes
were studied. These detectors require absolutely no process changes or additions to
the MESFET process (6]. The photoconductor has a high gain (27) and moderate
speed (3 db at 250 MHz), while the photodiodes are faster, with the one utilized in
the photoreceiver having a FWHM < 50 ps, a 3 db point over 5 GHz and a gain of 0.2
(quantum efficiency 20%). The impedance properties of the photoconductor were
examined to successfully explain the photoconductor output signal, which deviated
from the simple theory by showing larger than expected signals. An interesting
operating point of the detector was observed where the device reactance was
eliminated over a wide frequency range, so that RC and L'R time delays are not
observed [7].

MOCVD GROWTH

Epitaxial layers intended for use in semiconductor lasers were grown by low-
pressure metalorganic chemical vapor deposition. Three types of layers were I'

grown, and the quality of the material was evaluated by fabricating lasers from
each layer. The first type was grown on semi-insulating InP substrates, and
consisted of a double heterostructure with a 0.2 micron GalnAs active re ion
surrounded by 1.5 micron InP cladding regions. Transverse junction stripe JS)
lasers were fabricated from this material. Both the second and third types of layers
were grown on n + doped GaAs substrates. The second type of layer was a graded-
index separate confinement heterostructure (GRIN SCH) with 0.4 micron thick
AIGaAs graded regions surrounding a 150 A thick GaAs quantum well. For this
structure the Al content ranged from 20 to 60%. The third type was also a GRIN
SCH, but it had a strained GalnAs, rather than an unstrained GaAs, quantum well.
For the strained structure the Al content ranged from 0 to 40%. Broad area and
ridge waveguide lasers were fabricated from both types of GRIN SCH layers.

The TJS devices reported here used semi-insulating substrates, and had both
contacts deposited on the top, in an attempt to avoid the previously-reported
current leakage problem. Despite this precaution, the TJS devices, which were
fabricated from the double-heterostructure material, did not lase at room
temperature. Through careful evaluation of the devices' electroluminescence
emission, it was determined that this was at least partially due to the particular
doping densities used in the epitaxial layer, which resulted in significant amounts of
leakage current flowing through one of the IP cladding layers. The devices did,
however, lase at temperatures below 1601K, andt had threshold currents of 15 to 45
mA at 770K, with emission wavelengths near 1.6 micron.

We have thus demonstrated the first TJS lasers to operate at a wavelength
greater than 1.2 micron. The use of a semi-insulating substrate was intended to
eliminate previously-reported current leakage problems; leakage through one of
the cladding layers, howeve,. lessened the advantage of this design. The use of low
doping levels in the claddir'g ,egons should eliminate this problem.

The use of strained ec, ,s j a ersintasersisinteresting because itisthe only
means of tailoring the er- ,e ength of lasers fabricated in ternary material
systems other than GaAs. A -c" the devices reported here, the use of a single
strained GalnAs quanturm , ,* "*"e, than an unstrained GaAs well, results in an
emission wavelength oO ... a'ner than 840 nm. Previous attempts at
strained-layer lasers, ho ,..* ,... esulted in quite short-lived devices [16,17,18].
Thus material quality and sJ: , .: t:-e related issue of device lifetime,a re key
with respect to the use of s:-., j, es n practical devices.
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The broad-area strained-layer lasers associated with the present work
exhibited one of the lowest threshold current densities ever reported for any
injection laser: 152 A/cm2 (19]. This is a very strong indication that these epitaxial
layers are of unusually high quality.

The strained-layer ridge waveguide lasers emitted near 1 micron; the ridge
waveguide was fabricated by chemically-assisted ion beam etching. The lasers had
threshold currents near 17 mA with fundamental lateral mode operation to fivetimes this value. The first reported strained-layer current-injection lasers to run cw
at room temperature, they operated, without bonding, to greater than 24
mW/facet (100 mADC), and had 18 mW/facet (80 mADC) lifetimes in excess of 144
hours [201. Although differing test conditions make the results difficult to compare
accurately, this seems to be at least a factor of 100 better lifetime performance than
has been previously reported for any strained-layer laser (181.

SCIENTIFIC IMPACT OF RESEARCH

PHOTORECEIVERS p

The photoreceiver and detectors studied in this work are interesting since the
detectors use only those processing steps already available for the MESFETs in the
receiver circuitry. The photodetectors can be included in a computer aided design
(CAD) library as "cells" in exactly the same manner as the MESFETs, resistors,
capacitors, etc. already available in the process. The circuit designer can then be a
step closer to designing photoreceiver circuitry by using standard photodector"cells" without having to worry excessively about acquiring great expertise in
photodetector technology. He or she can look at the device as a characterized
"black box" with only the most rudimentary knowledge of its operation, in much
the same way as many silicon VLSI designers use MOSFETs with only some feel for
the first order approximations of the device physics, while many second order
effects can be ignored in most designs.

The interesting zero-reactance point observed in the photoconductor is
potentially useful in speeding up other photodetectors if the speed limitation is due
to circuit effects (e.g. RC delay times) and the detector is not already transit time
limited. If the detector is designed such that its intrinsic inductance and capacitance
satisfy a certain condition explained in [7], then the circuit effects are negligible and
the detector will only be limited by carrier transit times.

MOCVD GROWTH

A vari.@y of MOCVD layers were grown in the 3-year period, including
heterostructOe4 adrquantum wells in three systems: AIGaAs/GaAs; GalnAs/InP;
and AlGaAsi alnAstdAs in the first year we set the MOCVD state-of-the-art in the
first two systems, and have now applied this technology to produce detectors and
lasers. We have completed groundbreaking work in GaInAs/GaAs homomorphic
layers for lasers which yielded threshold current density of 150 A/cm 2. We have
made lasers from the AIGaAs/GaAs material with thresholds of 9 mA which are
suitable for monolithic integration. We have also made high quality, high power
single mode AIGaAs/GaAs laser diode arrays from this material. The most significant
aspects of the laser work are:
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1) The demonstration of an entirely new homomorphic materials structure
which produces reliable lasers at 1 micron on GaAs. This materials
structure is very significant for integrated optics (the substrate is -

transparent and the absorbing structure may be eraseable), for high
power semiconductor lasers, and perhaps as a replacement for YAG
lasers in communications systems.

2) The demonstration of MOCVD growth and device fabrication techniques
using reactive ion beam etching to produce reliable, manufacturable,
low loss optical devices with extreme repeatability. f

Overall, the materials and device results show that the MOCVD approach is
exceeding versatile and successful for producing materials for integrated
optoelectronics.
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TASK 6 SPECTRAL AND DYNAMIC CHARACTERISTICS OF SEMICONDUCTOR
MATERIALS AND STRUCTURES
C.L. Tang

OBJECTIVE .

The main objective of this program is to ivsgaethe dynamics of hot
carriers in IllI-V compounds and quantum wells. The results are important to the
development of high speed electronic and opto-electronic devices which make use
of hot electrons in semiconductors.
DISCUSSION OF STATE- OF-TH E-ART-

Of particular current interest in the development of ultra-fast electronic and

opto-electronic devices are ballistic transport and quantum interference effects in,
semiconductors and quantum well and superlattice structures. There are two basic T'
approaches to the study of these problems. in the first approach, the emphasis is on _
the transport properties of the carriers. In structures such as the so called tunneling
hot electron transfer amplifier (THETA devices), electrons are injected into a drift
region on the order of the mean-free path or shorter and then collected. The '
relaxation or transport properties of the injected carriers in the drift region are
usually inferred from the measured properties of the overall structure including the
injection, drift, and collection regions. This requires a detailed knowledge of the
injection and collection processes which can complicate the interpretation of the r
data. in the second approach, nonequilibriumn carriers are created in a volume with
linear dimensions much larger than the mean-free path. Carrier dynamics are
determined through time-dependent measurements using ferntosecond lasers. The
spatial and time-domain measurements complement each other. At the present .
time, the accuracy in time-domain measurements of carrier dynamics is much the
better of the two.

The ultimate speed of transit time electronic dlevices is limited by the -
intraband relaxation time of nonequilibrium carriers in the drift region of the
device. Thus, a clear understanding of the relaxation dynamics of such carriers is
vital to our overall goal of pushing the limiting speed of transit time devices into the
subpicosecond time domain. =

There are two basic approaches in time-domain studies of the relaxation-.
processes in semiconductors using femtosecond lasers. One is to use high-repetition .
rate (10$Hz) systems which typically have the pulse width of 40 fs. The other "
approach is to use pulse-compression systems external to the laser and achieve "
shorter pulftwidth (approx Imately 10 fs) at the expense of repetiti on rate (down..,
typically by 4 to. 5 orders of magnitude). The high-repetition rate is crucial to I
achieving the signal-to-no se ratio needed to giwe reliable quantitative results. ..
Since the relaxation dynamics in III-V compounds are more or less understood..-
quali'tatively based upon earlier extensive indirect results obtained in transport "'
studies in connection with electronic device resarch, if anything is to be gained by
optical studies, it is important that the optical studies give accurate quantitative -
results. Thus, we have opted for the high-repetition system at the expense of I
ultimate time resolution. Since the carrier concentration range of interest the .-
fastest process is approximately 40 fs and our high-repetition system can resolve any .
process down to 25 fs, there is nothing to be gained for our experiments by using "=.
pulse-compression schemes to shorten the laser pulse width at a drastically reduced "'

'S
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pulse repetition rate. The optical correlation-spectroscopic technique based upon
high-repetition femtosecond lasers has been extensively developed at Cornell and
we plan to continue to use this approach.

There have recently been a number of studies reported on the use of
femtosecond lasers to study the relaxation dynamics of hot carrier in
semiconductors. Except for our recent work, all the results reported are qualitative.
Our recent work gives specific numerical results on the rates of various scattering
processes. These are discussed briefly in the following section and in detail in our
publications listed at the end of this progress report.

PROGRESS

Our efforts during the past three years have been devoted to developing and
imoroving the optical-correlation technique for measuring ultrafast processes in
various optical materials and in applying the technique to the study of relaxation

* dynamics of hot carriers in compound semiconductors and related structures.

The process that our high repetition-rate system can resolve has been steadily
faster, from approximately 80 fs to 25 fs. The time resolution for slower processes is
now doen to a few femtoseconds. This is due in part to the improvements made in
our laser system and signal-processing technique and in part due to the signal
analysis procedure developed in our laboratory. The problem of extracting accurate
relaxation rates from the data in our experiments is complicated by the fact that the
carrier decay is usually governed by several relaxation processes. The rates of these
processes range from less than 40 fs to several picoseconds, and several processes of
comparable rates contribute simultaneously to the 40 fs decay component, for
example. To sort out the various exponential components from a single measured
decay curve and to determine the rates for the individual processes require very
accurate experimental data and a reliable data analysis procedure.

A powerful procedure based upon the principle of linear-prediction has been
developed for the quantitative analysis of optical-correlation and pump-probe
types of experiments. It is capable of extracting multiple exponential or
exponentially damped sinusoidal components from noisy data. Furthermore, it can
be used to analyze data which is not simply the response of the system bein
studied, but rather the convolution of a non-negligible instrument function witf
the desired response. It can be used to deduce time constants which are
considerably shorter than the laser pulse itself. This procedure is used extensively in
the analysis ofour data, ,

Experimentally, the relaxation dynamics of nonequlibrium carriers in GaAs and
related compunds immediately following femtosecond photo-excitation have
been studied extensively in recent years. While the experimental results at room
temperatureare fairly well established, much work remains to determine the
physical origins of various observed femtosecend decay processes. We have recently
carried out an extensve study of the relaxation dynamics of such carriers at
cryogenic temperatures - -wn to 1OK. By scanning the temperature, the position
of the initially photo-exc'.ed state can be scanned continuously from above the
satellite valley minima (L and X valleys) to less than one LO-phonon above the r-
valley minimum. By eliminating selectively the possibility of different scattering
processes as the temperature is scanned, it is possible to identify unambiguously the
physical origins of the exponential components observed in the initial relaxation
decay from the photo-excited states
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In our earlier room temperature experiments on GaAs and AI.32Ga0.68 As, the
initial relaxation of the photoexcited carriers was found to contain two sub-
picosecond.exponential components with time constants of approximately 40 fs and
160 fs. The 40 fs component was attributed to I-L valley scattering with possible
contributions from carrier-carrier scattering. However, the relative contribution of
the two was uncertain. The 160 fs component was attributed to polar-optical-
phonon scattering within the central valley based on comparisons with calculated
resu Its.

Our new results obtained by scanning the temperature of AI013 sGao 65As
samples at carrier densities in the range from 1016 to 101 8cm- 3 confirm and clarify
these conclusions. More specifically, it is found that as the initial photo-excited
state falls below the X- and r-valley minima, the relative amplitude of the 40 fs
component drops by a factor of approximately 2.5 to 3 depending on the carrier
density and the sample temperature, but the time constant does not change 0

significantly. This implies that at room temperature, the 40 fs component is mainly
due to r-valley scattering with an approximately 20-15% contribution from carrier-
carrier scattering, taking into account the fact that at low temperatures a
significantly smaller fraction of the excited electrons can relax by emission of LO-
phonons. The r-valley scattering rate is consistent with a deformation potential of 17"

109eV/cm. The rate due to carrier-carrier scattering also happens to be around (40
fs)-' at a carrier density of approximately 1018 cm- 3. As the position of the initially
excited state is scanned to less than one LO-phonon energy above the r-valley
minimum, there is clear indication that the 160 fs component we observed was due
to polar-optical-phonon scattering. Bailey, Stanton, and Hess have recently carried
out an extensive ensemble Monte Carlo simulation of the femtosecond energy
relaxation dynamics of nonequilibrium carriers in GaAs and related compounds.
Their results show remarkable agreement with our conclusions based upon the
femtosecond laser studies.

SCIENTIFIC IMPACT OF RESEARCH

The impact of our research is two-fold:

(1) the information obtained on the relaxation dynamics of hot carriers in 4

semiconductors is important to the understanding of the ultrafast
processes in semiconductors and the development and improvement of
ultrafast electronic and optoelectronic devices, and

(2) the femtosecond laser technique developed for the experiments carried
out should have a wide range of applications in the study of ultrafast
processes in general and can be extended to other applications such as
evfuating mm and sub-mm wave integrated circuit chips.

DEGREES

1. D.J. Erskine, Ph.D., Physics, June 1984
"Ultrafast Relaxation Phenomenon of Photoexcited Carriers in GaAs and I
Related Compounds" .-,

2. M.J. Rosker, Ph.D., Applied Physics, January 1987
"Femtosecond Relaxation After Photoexcitation of Semiconductors and Large _

Dye Molecules"
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TASK 7 CARRIER DYNAMICS IN COMPOC . SEMICONDUCTORS STUDIED WITH
PICOSECOND OPTICAL EXCITATION
G.J. Wolga

OBJECTIVE

The objective of this research is to experimentally observe ballistic motion of
hot carriers in GaAs using light scattering techniaues.

%'

APPROACH

Hot electrons will be injected into GaAs from an GaAs-AIGaAs heterostructure
interface in a specially designed device. Sub-bandgap laser radiation will be
directed into the device along the direction of motion of the electrons. The back-
scattered laser radiation will be spectroscopically examined for a Doppler shifted
component indicating a coherent velocity component in the electron flow. The
magnitude of the Doppler shift will be a direct measure of the coherent velocity
component while the spread in the scattered light spectrum can be correlated with
elastic and inelastic collisions that degrade the coherent velocity component.

DISCUSSION OF STATE-OF-THE-ART

Mooradian first observed light scattering from single particle excitations in
GaAs using large bulk samples. The transition from single particle to the collective
regime was also reported for increasing electron concentrations. Later, Mooradian
reported the observation of non-equilibrium velocity distributions in GaAs. Single
particle inter-subba"- scattering in GaAs:AIGaAs heterojunctions has been
reported by Abramsohn in 1979. He did not determine electron distribution
functions. Prior to our work only Mooradian reported scattering from electrically
excited carriers but not for hot electrons.

PROGRESS

In 1984 while working under JSEP support we proposed to study hot electron
transport in GaAs by quasi-elastic light scattering from hot electrons in GaAs that
were injected into a drift region from a biased AIGaAs:GaAs heterojunction. At
that time we predicted that hot electrons drifting through a 0.5 micron thick, lightly
doped GaAs slab, could be detected by scattering monochromatic, sub-bandgap
light which would reflect a coherent component of electron velocity by a
proportional shift in the scattered light frequency. We believed the effect to be
observable and that it would provide new and independent evidence of ballistic
electron transport over sub-micron dimensions. Our work was not funded by JSEP
beyond the first but, nevertheless, has continued. It is our purpose here to
report that substa .ience has been obtained that we are observing a peak in
the electron velocj, .:.ition of the hot, drifting electrons that correlated well
with the injection erergy. These experiments directly indicate that suitably
launched hot electrons in GaAs exhibit drift velocities in the (5-10)10 7cm/sec range
over 0.15 micron distances.

Figure 1 schematically indicates the appratus we are using. The
monochromator, not shown, is a Jobin-Yvon double monochromator, with excellent
stray light rejection. It is fitted with a C31034 high quantum efficiency, low noise
photomultiplier followed by photon counting electronics. The entire apparatus is
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controlled by a computer. Figure 2 is a schematic drawing of the heterojunction I
electron launching structure which has yielded the best results so far. The upper ,
portion of the figure shows the overall device including the observation window,
while the lower portion gives detail on the structure of an individual launcher stack.
The electron launcher was grown by MBE in Prof. Lester Eastman's laboratory and
processed at Cornell. Scattered light is collected at right angles to the laserbeam
which propagates perpendicular to the drifting electrons and the scattered light.
This geometry helps reduce unwanted stray laser light. Figure 3 shows three
superimposed traces of the scattered light spectrum. Trace 1 shows the spectrum
with no forward bias applied. It is substantially symmetric on the Stokes and Anti-
Stokes sides. Traces 2 and 3 were taken with forward bias applied and each show a
peak on the Anti-Stokes side which has shifted farther for larger applied bias (Trace
3 corresponds to greater bias than does Trace 2). These peaks correspond to a
coherent component of electron drift velocity imparted by the bias. Scattered light
is collected throughout the 1500 A drift region thus indicating that the electrons
remain hot throughout the drift region. The scale on the upper border of Figure 3
gives an indication of the coherent drift velocity we are measuring which
approaches 108cm/sec. The shape of the electron velocity distribution observed
corresponds very well with Monte-Carlo simulations performed in Professor Krusius'
group at Cornell (Task 10) on launch structures similar to ours.

New devices have been grown with AIGaAs layers on both sides of a single "
GaAs drift region to better contain the pump light and with two values of drift
region width, 1000 A and 3000 A. These have been fabricated for further study.
This work demonstrates that quasi-electric light scattering can be an effective, non-
invasive probe of hot electron transport in compound semiconductors. We are
seeking more detailed knowledge of the dynamics of hot electron transport.
Extension of these studies with other launch structures and to transport in real
devices and in other materials are other objectives.

SCIENTIFIC IMPACT OF RESEARCH

Using single particle scattering in device size structures to determine the
distribution function of the carriers will allow the optimization of devices for high
speed operation.

DEGREES

S.E. Ralph, Ph.D., Sept. 1987

JSEP PUBLICATIONS

NONE
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TASKS ADVANCED DESIGN TECHNIQUES FOR MICROWAVE GaAs FET

AMPLIFIERS

W.H. Ku

OBJECTIVE

The primary objectives of this research program are to study fundamental
device performance and device-circuit interaction for GaAs metal-semiconductor
FETs (MES-FETs) and for the higher electron mobility transistor (HEMT), and to
develop advanced and integrated analytical and computer-aided design (CAD)
techniques for the synthesis and design of GaAs MESFET/HEMT amplifiers, mixers
and VCOs leading to monolithic microwave integrated circuits (MMICs) and
subsystems. A secondary objective of this research program is to fabricate
prototype GaAs MESFET/HEMT amplifiers and circuits in microstrip and monolithic
realizations using state-of-the-art submicron gate-length MESFET/HEMTs to verify
the integrated design approach developed in the main portion of this 6.1 JSEP
program.

It is anticipated that, because of the fundamental nature of this proposed
research, the results obtained should have a direct and significant impact on various
DOD programs involving ultra-wideband GaAs MESFET/HEMT amplifiers especially
in distributed form and MMICs which are directed to ECM and EW system
applications and monolithic transceiver modules for phased array applications.

DISCUSSION OF STATE-OF-THE-ART
Tremendous progress has been made over the past several years in low-noise

and power GaAs MESFET/HEMT devices and integrated circuits. Low-noise
AIGaAs/GaAs HEMTs with submicron gate lengths using optical and e-beam
lithography have been reported which can operate at frequencies up to 100 GHz.
Power GaAs MESFETs and MISFETs are capable of output powers of hundreds of
milliwatts at Ku- and Ka-bands. More significantly, recent advances in monolithic
integration of GaAs integrated circuits (ICs) have stimulated great interest in the
applications of GaAs ICs for both analog and digital systems.

It is expected that with the advent of monolithic realizations, the complexity
of the device and circuit design for GaAs ICs will increase significantly. Techniques
common to the design of silicon ICs must be developed for GaAs ICs. We have
developed an integrated approach involving both analytical and computer-aided
design and synthesis techniques for the design of monolithic GaAs ICs. New and
innovative circuit designs including feedback and distributed amplifiers with gain-
bandwidth control nave been studied. Device physical models for aAs
MESFET/HEMT for both small and large signal, DC and microwave applications have
been developed. Nonlinear circuit analysis programs are being developed for the
analysis and design of monolithic GaAs MESFET/HEMT device and circuits. An
integral part of our technical approach is to verify our designs by the design and
actual fabrication of prototype monolithic GaAs MESFET/HEMT circuits.

PROGRESS

Systematic CAD method and general design theory for the GaAs MESFET and
HEMT distributed amplifier has been developed. A CAD program to facilitate the
design procedure was completed and tested. In keeping with the advances in HEMT
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re !arch, a complete I-V model has been developed and subsequently extended in
tr period to cover the entire range of operation(l), which includes the
tr- 'sconductance compression and subthreshhold region. Dual-gate HEMT model
has been studied by cascading two single-gate models with a nonlinear algorithm to
find the voltage right between the two gates. Excellent agreements are obtained
between the measured and modeled I-V characteristics. The nonlinear HEMT model
developed in the previous period has been modified to include the breakdown
mechanisms and incorporated into the nonlinear program, CADNON. We also
employed CADNON to design and simulate a HEMT mixer, which is under
fabrication. Progress on the low-noise amplifiers using state-of-the-art quarter-
micron HEMT's has been made. Excellent results were obtained for the design of
low-noise HEMT amplifiers for millimeter-wave application. Progress of our
research is summarized in the following subsections.

(a) Design of Ultra-Wideband Distributed Amplifier Using GaAs MESFETs and
HEMTs

The primary objective of this continuing research program is to develop the
advanced and integrated analytical theory and computer aided design technique
for distributed amplifiers using GaAs MESFETs and HEMTs. The ultimate circuit
performance for both small-signal and large-signal applications as well as p
comparison with other types of amplifiers are to be studied. The distributed GaAs
MESFET and HEMT amplifiers are directed toward system applications requiring
multi-octave bandwidths.

We have developed the general design theory with gain-bandwidth control
for monolithic GaAs MESFET and HEMT distributed amplifiers. The gate line and
drain line of the distributed amplifier are desig ied as a constant-K filter or a
Chebyshev filter. At the same time the terminations of gate line and drain line have
been redesigned as m-derived sections. In addition, the program of computer aided
design for distributed amplifier (DFETA) has been revised with improved
convergence speed and extended design options so that the program becomes very
user-friendly.

The revised DFETA can predict the gain performance of distributed amplifier
exactly and at the same time give optimai gate and drain line structures.

With state-of-the-art quarter micron HEMTs, a 6-stage distributed amplifier
covering DC - 60 GHz with 8.5 dB gain and + 0.S dB gain variation has been
designed. Quarter micron MESFETs distributed amplifiers covering 2-30 GHz with
9.5dB gain and + 0.4dB gain variation have been designed. It is believed that this
is the widestpredicted bandwidth for amplifiers using either GaAs MESFETs or
GaAIAs/GaAis HEMTs and any kind of amplifier structures.

(b) NonlinearKEMT Modeling

An analytical and CAD model for HEMT I-V characteristics has been developed
and under constant modification. This model was derived based upon the
approximate solution of the electron transport equations in a GaAIAs/GaAs
heterojunction and it includes velocity saturation effects, drain feedback effects,
channel modulation effects, and a parasitic MESFET in the AIGaAs layer. Using this
compact and flexible I-V model, we were able to simulate I-V characteristics of some
state-of-the-art quarter-micrometer gate HEMTs with excellent results, including
devices from GE, TRW, Rockwell and Cornell. We also studied the dual-gate model

38



by cascadin 9 two single-gate model. The floating voltage between the two gates
was determined by a nonlinear algorithm. To verify the accuracy of the nonlinear
HEMT model based on the I-V model, bias-dependent S-parameters were used to
characterize the model and the S-parameters at different bias generated from the
nonlinear model was then compared to the original S-parameters. The agreement
between the measurement and model was excellent.

a.
,.

The model was incorporated into the nonlinear time domain program,
CADNON, and will be used to simulate HEMT nonlinear circuits such as HEMT mixers, "
HEMT distributed amplifiers, and double heterojunction HEMT power amplifiers. L
These HEMT nonlinear circuit simulations will investigate the ultimate performance
of HEMT under large-signal operation.

Since all these models were developed based on device physical model instead
of phenomenological nature, the device performance are closely related to the
physical parameters used in the models. Hence, we can predict the behavior of the 0
device before fabrication and the optimal device structures such as doping
concentrations and heterojunction and super-lattice layer structures to be grown by
MBE can be determined.

(c) Design and Simulation of Nonlinear Circuits

A complete simulation on HEMT mixer to study the capability of the HEMT as a
mixer. With the systematic design method based on the nonlinear program
CADNON, we have designed mixers using state-of-the-art GE devices with higher
conversion gains than reported for GaAs MESFET mixers. Typical results are
conversion gains 10 dB at 40 GHz, 4 dB at 20 GHz, and -2 dB at 40 GHz, where the
intermediate frequency is set at 2 GHz. Since our HEMT I-V model is capable of
modeling the transconductance compression, whose effects on the performance of
a HEMT mixer has been investigated, including the anomalous bias dependency of -
the conversion gain (Figure 1) and reduction of the maximum conversion gain.
Detailed study concerning the way device parameters influence the mixer
performance has been made. The results provide a guideline to optimize the HEMT
for mixer application.

Design methods for MESFET power amplifiers and VCOs based on the new %:
version of CADNON were also studied. The optimum load condition for a power
amplifier can be determined from the perturbation analysis provided by CADNON.
Based upon this information, the matching network for power amplifiers and
embedding networks for oscillators can be designed using a linear circuit synthesis
program such as CADSYN TM. it is expected that the systematic design methods for
specified nonlinear circuits will soon be completed.

(d) Noise Theory and Design of Low-Noise Broadband Amplifier Using
AIGaAs/GaAs HEMTs.

Analytical and comouter aided design methods for broadband Low-Noise
Amplifiers (LNA) have been extended to sub-half-micron gate AIGaAs/GaAs HEMT
devices. An accurate noise model( 2) is indispensible in all the low noise amplifier
design. Owing to the complicated physical random process involved in the HEMT
structure especially when the gate length is short, we can only obtain a simplified
but reliable noise model suitable for low noise amplifier design (Figure 2). The
development of a more complete model including the hot electron effect and the
spatial correlation of the random noise source is currently underway. To investigate
the superior noise property of HEMT at Ka band (26.5 GHz-40 GHz), a two-state low-
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noise amplifier (Figure 3) using GE 0.25 micron x 150 micron HEMT with minimum
noise figure 1.8 GHz at 30 GHz has been designed with a predicted gain of 18 + 0.4
dB for 20 to 40 GHz band and a maximum noise figure of 2.8 dB at the high
frequency end. In comparison with the monolithic GaAs MESFET LNA for Ka band
recently fabricated by Hughes, with an average noise figure of 7 dB and an
associated gain of 14 dB(2) -s is believed to have the best performance for any
solid-state device cover -:nis frequency range. The 20-40 GHz low-noise HEMT ,
amplifier is planed - _e 'abricated in the near future.

DEGREES

Guan-wu Wang, M.S., January 1986
"An Analytical and Computer Aided Model for the High Electron Mobility
Transistor"

Dean Barker, M.Eng., August 1985
"Design of Low Noise HEMT Amplifiers"

PUBLICATIONS

1. G-W. Wang and W.H. Ku, "Analytical and Computer Aided Model of the
AIGaAs/GaAs High E'ectron Mobility Transistor", IEEE Trans. Elec. Dev., ED-33
(5) 657-663 (May 1986).
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TASK 9 WIDEBAND CIRCUITS AND SYSTEMS

H.J. Carlin

OBJECTIVE

Fundamental research on the application of gain bandwidth theory to design
of wideband systems.

APPROACH

Basic network theory is used to obtain fundamental limitations, design
methods, and practical models for microwave circuits and optical waveguide.

PROGRESS

A new and far-reaching fundamental result governing the optimum behavior
of wideband amplifiers has been obtained. A compreshensive paper, "On Flat Gain
with Frequency Depende -  '-ninations", by H.J. Carlin and Pier Civalleri, was
published in IEEE Trans. CAS, August 1985. r

A new approach to modeling graded index optical guide with particular
emphasis on dispersion analysis has been completed. A full paper was presented at
the IEEE MTT Symposium in St. Louis June 1985, "A New Approach to Dispersion
Analysis in Graded Index Optical Fiber", by H.J. Carlin and Henry Zmuda.

DEGREES

1. Henry Zmuda, Ph.D., July 1984
"A New Approach to Dispersion Analysis in Graded Index Optical Fibers"

2. Christopher Near, M.S., January 1985
"Flat Gain Limitations in Complex Generator-Load Systems"

JSEP PUBLICATIONS

1. "On Flat Gain With Frequency Dependant Terminations", H. Carlin and P.
Civalleri, lEE Trans.-CAS (Aug. 1985).

2. "A New Approach to Dispersion Analysis in Graded Index Optical Fibers", H.
Carlin and H. Zmuda, Proc. IEEE MTT Symp., St. Louis, MO (June 1985).

3. "Double BrQadband Matching and the Problem of Reciprocal Reactance 2-um
Port Cascade Decomposition", D.C. Youla, H.J. Carlin and B.S. Yarman, Int. J.,
Circuit Theory and Applications, 12 (3) 269-281 (July 1984).
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TASK 10 ,, DEVICE SIMULATION AND CIRCUIT MODELING FOR III-V DEVICES IN THE
BOUNDARY LIMITED HIGH FIELD TRANSPORT REGIME

J.P. Krusius

JOBJECTIVE

The objective of this project, over the period from May 1984 to April 1987, was
to explore theoretically the characteristics of small high speed Ill-V compound
semiconductor devices in a regime, where carrier transport is determined by
transient phenomena and boundaries. Since in this domain the carrier distribution
function is a priori unknown, particle methods have been used exclusively.
Microscopic and macroscopic transport issues have been explored in small
inhomogeneous binary and graded ternary compound semiconductors. The Al.Gal.
xAs/GaAs materials system has been selected as the primary demonstration case.

DISCUSSION OF STATE-OF-THE-ART

Control of energy bands and interfaces in compound semiconductor
heterostructures and superlattices combined with submicron lithographies has
facilitated a host of new high speed device structures. The physics these device
structures is characerized by a mixture of microscopic classical scale phenomena and
semi-classical atomic scale phenomena with the relative importance of each class
varying from case to case. Since the dimensions of most future electronic and
optoelectronic devices are in the submicron size scale, the understanding of the
complex device physics phenomena is crucial for the evolution of new concepts and
applications in the field of compound semiconductor devices. Significant efforts to
advance the understanding of high speed device physics phenomena have been
timely for a number of years because of the recently achieved control of the
characteristics of compound semiconductor heterostructures and the emerging
wealth of measured electrical and complementary optical data.

A number of important problems in the physics of submicron compound
semiconductor heterostructures were identified in 1984, when this study was
started: (1) carrier transport in small structures subject to boundaries, (2) carrier
transport in structures with a g. sition dependent composition, and (3) high energy
carrier injection from thermionic and tunnel emitters.

(1) Carrier transport in small structures cannot be decoupled from conining
quantum mechanical boundaries and thermodynamically open boundaries,
when the mean free path is comparable to, or larger than, the minimum
dimensions. In such cases quantum mechanical conining boundaries will alter

r the available carrier states. For other types of boundaries the carrier
distribution function is established on one hand by internal carrier-lattice and
carrier-carrier interactions, and the other hand by carrier-boundary or external
reservoir interactions. The postulated characteristics for these reservoirs will
then serve to establish "boundary conditions" for the distribution function.

5, Carrier transport subject to quantum mechanical confining boundaries at
compound semiconductor heterointerfaces in single wells has been studied
1986 by K. Yokoyama and K. Hess [1]. The significance of thermodynamically
open boundaries on carrier transport in small structures was recognized by A.

* AI-Omar and J.P. Krusius (JSEP Publication 4) and W. Frensley [2] in 1986. The
former explored carrier exchange phenomena at the interface between a
compound semiconductor and a Maxwellian outside reservoir with a slightly
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drifted distribution function, and established proper Poisson injection statistics
for particle exchange with the reservoir. This allows fluctuations ar d transient
phenomena to be inciuded (JSEP Pubication 1). Distribution func-ions were
shown to be significantly influenced by the collecting and injecting
boundaries. W. Frensley postulatd the existence of open thermodynamic
boundaries as a necessity for obtaining meaningful results in his Wigner
function solution for the resonant tunneling effect12].

(2) Band parameter tailoring in modern compound semiconductor
heterostructures leads to position dependent compositions. Carrier transport
has to be described in a medium, in which electron states, phonon spectra, and
trap characteristics have become functions of position in addition to the
existence of atomically sharp heterojunctions. Compositional grading by
necessity also leads to compositional disorder of cations or anions in ternary
and quarternary compound semiconductors. Since compositional grading
changes, for example, effective masses and scattering rates, its inclusion is
important for the proper description of carrier dynamics. Transport in ternary
structures with sharD ;tep-type heterojunctions has been explored previously
using macroscopic drift-and-diffusion methods in 1984 131 and microscopic
Monte Carlo particle methods by a Japanese group in 1985 [41 parallel to tour
effort. The Japanese group extended a traditional ensemble Monte Carlo
formulation to stepped heterostructures without detailed considerations for
the underlying physics. Hot electron transport in graded structures involving
gradually changing cation compositions in addition to sharp heterojunctions
has been studied only by AI-Omar and J.P. Krusius (JSEP Publications 5-8). They
have formulated a new transport description based on k.p interpolated
electron states and properly symmetrized overlap integrals for graded ternary
heterostructures with imbedded sharp heterostructures. These authors also
derived the minimum critical length scale for the validity of the k.p based
electron dynamics using perturbation theory.

(3) High energy electron injection from heterojunctions has been one of the key
concepts for enhancing electron velocities and generating near ballistic
electrons. This concept has been applied, e.g. to the heterojunction bipolar
transistor already in 1982 [5] and to the tunneling hot electron transfer
amplifier in 1985 [61. The injection process for thermionic step junctions was
originally, prior to our effort, explored by Tang and Hess using a single particle
Monte Carlo formulation !n 1982 [7). Tomizawa and Awano in 1985 included
carrier ensemble effects with step junctions but did not explore the details of
the inlicton process [4) AI-Omar and Krusius reconsidered the injection
process by including ca.,on grading, ensemble phenomena, and all space
charge effects using the.r tew transport formulation (JSEP Publications 5,8) in
1986. Space charge ef'ects on the injection turned out to be crucial.
Conditions for flat barid a! !he injecting heterojunction as a function of cation
grading, transport, te'oe!a..,e, and applied voltage were derived both form
the self-consistent e-se-'n e caicjiations and a simple intuitive equation based
on injection and dr r -" ,atio. Average velocities and ballistic electron
fractions were sho.', . ,, , a 'actor of four depending on the state of the
heterojunction. T . • .e ' ot electron emitters have not been described
until 1986 with the ', .. A,," *n formulation but neglecting all scattering
and space charge o"t. , , 3,
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PROGRESS

The present effort focused primarily on the physics of carrier launching and
collection mechanisms under high field conditions in simple, small size,
inhomogeneous, high speed compound semiconductor structures with a position
dependent composition. The approach taken was to simultaneously include as
much ofthe essential microscopic and macrocopic physics as possible, in order to be
able to perform correlations with measured data, and not to refine the treatment
of one particular issue as far as possible Device physics issues beyond carrier
dynamics and scattering that have been included here are full time-dependence,
large signal transient phenomena, self-consistent fields, carrier ensemble
phenomena, graded heterojunctions, and device-boundary interactions. The
following results have been obtained.

(1) Transport Formulation

A new time-dependent hot electron transport formulation for the self-
consistent semi-classical ensemble Monte Carlo method suitable for graded
compound semiconductor devices has been developed. This formulation
includes a number of significant new physical phenomena. Energy bands,
phonon spectra, and scattering processes are treated position dependent. The
d.p interpolation method is used to model the position dependent energy
bands. Scattering rates are calculated using overlap integrals with proper
symmetry characteristics. Ionized impurity scattering, based on Ridley's
reformulation of the Brooks-Herring scattering matrix with collective effects
and overlap integrals, has been employed. Compositional cation disorder
enters via alloy scattering. Degenerate statistics and freeze out for impurities,
quantum mechanical reflection at interfaces, and contact resistances have also
been included. Perturbation theory has been used to derive a new expression
for the critical minimum length scale, which establishes the validity range of
this formulation. Device boundaries are open in the thermodynamic sense and
allow the device to interact with outside reservoirs postulated to be in
thermodynamic equilibrium. Consequently we can describe full carrier
exchange processes at device contacts including, for example, transient states
of the device violating charge neutrality and noise phenomena. The details of
this transport formulation have been documented in JSEP publications 4 and 5.

(2) Algorithms and Software

New momentum and energy conserving algorithms have been developed
in order to integrate the equations of motion of electrons with position
dependent dynamics and over abrupt heterojunctions. The above transport
formulation has been implemented in our time-dependent large signal self-
consistent Monte Carlo computer code for one-dimensional ternary
compound semiconductor devices (TCMC). The first and second generation
versions of this code are running on the HARRIS 800 and DEC Microvaxll
minicomputers respectively. The code has been calibrated against measured
drift velocity-electric field distributions with and without overlap integrals. A
port to the Cornell production supercomputer (IBM 3090-600, FPS 264/164's) is
in progress (version 3 0) A two-dimensional implementation of our self-
consistent Monte-Carlo formulation is in progress as well.
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(3) Device Applications

Cmvice-rservoir interactions have been studied in short one-dimensional %
GaAs resistors and ballistic AIxGal.xAs/GaAs diodes in order to study the
coupling between transport and device interfaces for open systems. The
calculated distribution functions show strong non-Maxwellian boundary
effects. Results have been published (JSEP publication 4).

Injection of ballistic electrons from the AIxGal.xAs/GaAs heterointerface
into GaAs drift regions has been explored in order to establish the decay
length and the ballistic electron fraction. The distribution function as a
function of position has been calculated. Ballistic electron decay lengths of
250 and 150 nm have been found for 77 and 300 K respectively. The width of
the ballistic electron distributions is on the order of two optical phonon
energies and carries up to 80 per cent of the electrons passing the ballistic
injector. These results are documented in JSEP publications (3-5).

Real time oscillations in Gunn diodes with heterojunction cathodes have
been explored with our new formulation using time dependent large signal
boundary conditions in collaboration with an experimental device fabrication
effort in Prof. L. Eastman's group. Our tentative simulations explain the
measured power conversion enhancement by a factor of 3 for AIGaAs/GaAs
heterojunction cathode Gunn diodes. Results indicate that earlier predictions
for the frequency limitations of Gunn diodes are too conservative.
Heterojunction cathode Gunn diodes show a considerable shortening of the
dead zone via electron transfer across the heterojunction and thus exhibit gain
at higher frequencies than earlier believed. Detailed results will be presented
at the 1987 Cornell Conference (JSEP publication 7).

A detailed study of one-dimensional thermionic ternary/binary
heterojunction electron injectors of the generic AxBi.C/DE type is under way.
Space charge, cation grading, temperature and applied voltage effects on the
injection process and the resulting self-consistent electron distribution
function are being explored. Preliminary results will be presented at the 5th
International Conference on Hot Carriers in Semiconductors, July 1987 (JSEP
publication 6) and more extensive publication will be submitted as well (JSEP
publication 8). These results show the crucial need to incorporate space
charges into the theory of small compound semiconductor structures. The
existence of flat band conditions at such a heterojunction depends on a
complicated injection/drift current ratio, and average velocities downstream
from the heterojunction may vary by a factor of four depending on the charge
state of the heterojunction.

SCIENTIFIC IMEACT OF RESEARCH

Our new transport %;-mulation allows to analyze time-dependent hot carrier
transport in graded ternary heterostructures with imbedded heterojunctions. All
significant semiclassical microscopic processes have been included. The present
transport formulation and its Monte Carlo implementation thus provides an ideal
tool for realistically analyzing complex interactions of device physics phenomena in
a large number of small inhornogeneous high speed devices and then correlate
results with measured data AoQPcations studied to date show that new insight and
new device designs have a;ready emerged and more will follow. We also plan to
release our time-depenoent se'-consistent ternary compound semiconductor
ensemble Monte Carlo code for :ne benefit of other researchers in the field.
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'S DEGREES

Two graduate students, A. AI-Omar and S. Weinzierl, have been involved in
this research in addition to the principal investigator. A. AI-Omar is expected to
complete his Ph.D. thesis

A. AI-Omar, Transient Transport in Small Graded Compound Semiconductor Devices,
Ph.D. Thesis in preparation under direction of J.P. Krusius

in January 1988. S. Weinzierl started his combined Master of Science/Doctor of
Philosophy program in September 1986 and still hasseveral years until completion.
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