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I. SUMMARY

Our accomplishments for the past funding period can be grouped into four
categories. These deal with the issues related to two dimensional
phenomenon, some of which are germane to heterostructure growth,
heterojunction bipolar transistors, MIS structures, and ohmic contacts and
quantum wells, the last is grouped under miscellaneous. The laboratory
facilities which were under installation during the last reporting period are all
complete and have been is use for the projects funded by the AFOSR.

In what follows, we address the progress in each one of the four categories
mentioned above. Following a brief introduction, abstracts of publications
resulting from research carried out under the AFOSR sponsorship are
enclosed for more details. In case elaboration beyond what is provided is
required, the publication list provided will guide the inquirer to the
appropriate journal citation.



II. PROGRESS MADE

II a. Hetrostructure Growth:

Safety has been a major concern for the custom Gas Source MBE system in the
Epicenter. Considerable care has been taken for the safe use of the toxic gases.
The integrated safety system consists of a network of interlocks and
continuous toxic gas monitoring to provide multiple levels of protection
against the toxic gases. A well designed air flow pattern has been incorporated
to assure good air quality in the laboratory and in the gas storage facility.

The growth conditions have been established for GaAs, InGaAs, InP and
InGaP, with recent emphasis on InGaP grown on (100) GaAs substrates. The
low temperature photoluminescence linewidth is as narrow as 6.7 meV. Hall
measurements show a room temperature electron mobility of 1500 cm 2 /Vs

and an unintentionally doped n-type carrier concentration of 1.7 x10 16 cm-3.

Ultra thin Si layers between GaAs layers have been grown by MBE and
characterized by cross sectional transmission electron microscopy. The lattice
relaxation and antiphase annihilation have been investigated via the
thickness of the Si layers. It has been found that a 9 A Si layer grown on GaAs
is pseudomorphic while an 18 A Si layer is relaxed. Annihilation occurred
within 100 A of the interface for the 9 A Si layer and about 1500 A for the 18 A
Si layer.

The first epitaxial growth of GaAs on Si without the need for a high
temperature (>850'C) oxide desorption step was demonstrated. This novel
low temperature Si surface treatment utilizes a final HF treatment whereby
the Si surface dangling bonds are terminated by hydrogen atoms. High quality
GaAs epitaxial layers were successfully grown on the Si substrates with the
pre-growth substrate preparation temperatures as low as 600'C.

II b. Field Effect Transistors:

Few years back we made the decision not to pursue research in conventional
MODFETs that is industrial by nature and began MIS structures. We feel that
the present MODFET structures su.fer to a large extent from the induced
parallel conduction in the barrier laver which essentially limit the sheet charge
that can be modulated by the O&ate Our group published two seminal papers on
the subject ( later a couple of ohc r groups dubbed the name -lack of gate
control- for the same phenonw,,t r We believe that this is the remaining
barrier which keeps the cornmw,.j:!v trom obtaining the ultimate performance
from FETs.



The structure that will alleviate the problem of charge accumulation in the
barrier that cause the upper limit in the charge that can be controlled by the
gate is the MIS structure. However, compound semiconductors have not yet
have an MIS structure with interface properties good enough for such a
device. We are attempting to break this by creating in situ deposited MIS
structures which we believe will have the necessary properties for high
performance FETs. Once accomplished the applications are not limited to the
microwave/millimeter area with limited focus. Commercial world which to a
large extent relies on the digital devices will also benefit from this technology
as the MIS device would only require the control of only a few parameters and
provide an interface which can handle large gate potentials.

MIS capacitor structures to be discussed below is in answer to the problem
presented above:

We demonstrated the deposition of single crystal homoepitaxial Si at
temperatures as low as 400'C using silane. It was observed that the plasma
assisted deposition process at low temperatures was inhibited by the presence
of hydrogen at the growing surface. An equilibrium between the rate of
hydrogen desorption and generation of reactive radical participating in the
deposition was reached at 460'C with 60 W of microwave power. For a 1000 A
thick epi-Si layer a background n-type doping concentration of less than
5 x 1016 cm-3 was measured. We have used this deposition technique to
obtain a Si3N4/epi-Si metal-insulator-semiconductor capacitor (both the Si
and Si3N 4 layers were deposited in the same chamber) with an interface trap
density of 2 x 1010 eV-1cm-2 . The dielectric breakdown field of Si3N 4 deposited
on Si substrates and epitaxial Si/GaAs samples was found to be greater than
10 MV/cm for both cases. The I-V characteristics of the Si3N4 films at high
fields are best represented by Fowler-Nordheim tunneling. Hole inversion of
the n-GaAs layer was clearly seen in the quasi-static C-V curve. From the
high-low C-V method we estimated the interface trap density to be of the
order 4 x 1011 eV-cm °2 and from the conductance measurements we found a
value of 1012 eV-1cm- 2.

We obtained an interface trap density of 3 x10 11 eV-Icm -2 in Si3N4/SixGel-x
metal-insulator-semiconductor capacitors. We observed no significant change
in the fast interface trap density for samples with 50 A of Si grown on top of
the SixGel- before the deposition of Si3N4 . This is in contrast to results
obtained with SiO 2 as the gate dielectric.

We demonstrated the use ot methane in an electron cyclotron resonance
(ECR) plasma source to obtain very high carbon, delta-doping in GaAs. By
changing the deposition conditions sheet carrir density as high as 7 X 1012
cm-2 with a hole mobility of 75 cm2/V-s were obtained. All the layers
obtained under different deposition conditions had good surface
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morphologies. It was also observed that the deposition was limited by mass
transport.

Ga outdiffusion into Ge layers grown epitaxially by MBE was observed by
secondary ion mass spectroscopy (SIMS), X-ray photoemission spectroscopy
(XPS), capacitance-voltage, and temperature dependent Hall-effect
measurements. The amount of Ga outdiffusion was greatest for films initially
grown at 3001C. No direct evidence of As outdiffusion at any temperature or
of Ga outdiffusion at initiation temperatures below 300'C was found. Hall-
effect measurements showed higher hole concentrations and greater levels of
compensation in films initiated at 300'C, consistent with outdiffusion of both
Ga and As at this temperature. No degradation in the electrical characteristics
of Ge-GaAs diodes was observed when the initial Ge growth temperature was
reduced from 300'C to 2000 C.

II c. Heterojunction Bipolar Transistor:

We applied the demonstrated carbon delta-doping by ECR activated methane
to Npn AlGaAs/GaAs heterojunction bipolar transistors. The delta-doped
base region had an average doping density of 5 x10 17 cm -3. The device
exhibited common emitter current gains of about 50, with the highest being
about 75, at a collector current density of 4 X 103 A/cm 2 and collector voltage
of 3 V. The devices were subjected to a 700'C anneal in H2 for 20 minutes. The
current gain and other characteristics obtained before and after anneal were
very similar. In addition, the emitter-base junction ideality factor did not
exhibit any change with the anneal.

We pursued a detailed investigation of the collector-emitter voltage
corresponding to zero collector current. Single and double heterojunction
bipolar transistors with graded and abrupt emitter-base heterojunctions were
studied. The cause of large offset voltage in abrupt GaAs/AlGaAs SHBT and
its reduction using a DHBT structure were clarified.

Also the effect of valence band offset on high frequency characteristics at high
current density was modeled. It was shown that near Kirk effect a barrier may
form at the collector. The variation of barrier height with collector current
density and the degradation of current gain and frequency performance was
studied. The results were particularly relevant to Si/SiGe HBT's.

Minority charge storage in single and double heterojunction bipolar
transistors was modeled. The effect of band offsets, base grading and
recombination lifetimes was described. The application of HBT's to 12L
circuits was considered. An improved Schottky coupled 12L circuit was
proposed for obtaining a small gate delay.



A unique device design incorporating 22 emitter fingers was used to give an
A1GaAs/GaAs on Si power HBT a junction temperature spread across the
entire device of less than 11C. The device exhibited a common emitter current
gain of 20, a maximum collector current of 0.6 A, and a collector base junction
breakdown voltage of 25 V.

A 2-D modeling including the effective barrier effect was presented for
describing the fT roll-off at high current density in SiGe DHBT's. The
calculated result is confirmed by experimental work. An analytical formula
for the base transit time for SiGe base HBT's was presented including the
doping grading, the compositional grading, and especially the retarding field
effect.

A double layer collector with appropriate profiles was proposed and shown to
increase the maximum collector current by 60% without compromising the
breakdown voltage.

We analyzed the effect of the conduction band offset in the collector
heterojunction in NpN GaAs!Ge/GaAs DHBT's. A modified collector design
was proposed to increase the collection efficiency.

II d. Miscellaneous:

Non-alloyed Al contacts were deposited by molecular beam epitaxy on both
n- and p-type In0.53Ga 0 .47As layers prior to air exposure. The contacts were
shown to be ohmic, with specific contact resistances in the range of mid
10-6 Q-cm 2 by the transmission line model method. The thermal stability was
tested by annealing at temperatures between 350 and 450'C for 30 minutes and
at 300'C for 500 hours, and both experiments showed stable specific contact
resistances. AuBe contacts to p-In0.53GaO 35A1o.12As (Be: 5 x10 18 cm-3 ) formed
by rapid thermal annealing (RTA) were studied and compared with those
formed by conventional alloying. Using thermally evaporated AuBe, specific
contact resistances in the range of low 10-6 j2-cm 2 were achieved by both
methods. However, contacts made by RTA demonstrated good thermal
stability while the contacts made by conventional alloying degraded more
than one order of magnitude at 250-C for 100 hours.

Considerable modulation ratio %as achieved for GaAs multiple quantum
well reflector modulators grou, n on Si by inserting an AIAs/AlGaAs dielectric
mirror into the device struct.-.rc \odulation ratios of up to 4:1 were attained
as the external bias voltage N,,, :'creised to 9 V. This was achieved by taking
advantage of the quantum co:'::,,d Stark effect and the cavity effects arising
from the front surface reflect,, , :.d that of the embedded mirror.
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GaAs Multiple Quantum Well Reflector Modulators Grown on Si.

by

A. Salvador, K. Adomi, K. Kishino*, M. S. Unlii

and H. Morko

Coordinated Science Laboratory

and Materials Research Laboratory

University of Illinois at Urbana-Champaign

1101 W. Springfield Avenue, Urbana, Illinois 61801

Abstract

Considerable modulation ratios are achieved for GaAs multiple quantum well reflector mod-

ulators grown on Si by inserting an AIAs/AIGaAs dielectric mirror into the device structure.

Modulation ratios of up to .51.41 percont is attained as the external bias voltage is increased to 8.5

Volts and the 1C-111H exciton absorption peak undergoes quantum confined Stark shift. Mea-

surements also indicate that cav ity *%',cts arising from the front surface reflection and that of the

imbedded dielectric mirror stronlrg n;(,difv the reflectivity spectra.

e e o , ,. . . f; Cai ( Co
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COLLECTOR - EMITTER OFFSET VOLTAGE IN

HETEROJUNCTION BIPOLAR TRANSISTORS

B. Mazhari, G. B. Gao* and H. Morkoq

Coordinated Science Laboratory and Materials Research Laboratory

University of Illinois at Urbana- Champaign

1101 W. Springfield Avenue

U:rbana, IL 61801, USA.

Abstract

Collector-emitter offset voltage in heterojunction bipolar transistors is studied in detail

Based on an in-depth analysis of junction cha~acteristics at zero collector current, a genera

model for offset voltage applicable to homojunction, single heterojunction and double heterojunc-

tion bipolar transistors is obtaintd. F'or an abrupt SIIBT, the conduction band discontinuity al

e-b heterojunction is found to be the main cause of large offset voltages. For DHBT's it is found

that even when emitter and collector base junctions are identical in all respects, they will havc

an offset voltage with a magnitude dependent on the current gain of the transistor. Appropriatc

grading of emitter-base junction is shown to reduce the offset voltage in HBT's to values obtained

in homo junction bipolar transistor>.

* On leave from the Beijing Polkf ,;, ,ry Roliability Physics Laboratory, Beijing, China
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MBE Grown Npn AlGaAs/GaAs Bipolar Transistors with C p-doping by

Electron Cyclotron Resonance Source Activated Methane

G. Liu, D. Mui, S. Fang, G. Gao and H. Morko

University of Illinois at Urbana-Champaign

Coordinated Science Laboratory and

Ma;erials Research Laboratory

1201 NV. Springfield Avenue

Urbana, IL 61801

Abstract

Using an electron cyclotron resonance source in an UHV system, vacuum connected to

adjacent molecular beam epitaxy, ca:bon doping in GaAs was obtained and applied to the b

-f a eterojunction Npn bipolar tranistor. The devices fabricated on the heterostructures grc

as described exhibited current gains of about 50. After subjecting the layers to a 7000C/20 I

anneal cycle, the newly fabricated -.'ices yielded current gains of about 50 demonstrating t)

s al)ilitV.
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UNIFORM JUNCTION TEMPERATURE AIGaAs/GaAs POWER

HETEROJUNCTION BIPOLAR TRANSISTORS ON SILICON SUBSTRATES

Guang-bo Gao, Zhi-fang Fan, D.L. Blackburnt, M.S.Uinhi

J. Chen, K. Adoini, H. Morkoq,

University of Illinois at Urbana-Champaign

Coordinated Science Laboratory and

Mfaterials Research Laboratory

110 1 kV. Springfield Avenue

Urbana, IL 61801

Abstract

AIGaAs/GaAs power htr 9 nct ion bipolar transistors on -l substrates exhibiting uniform

junction temperature distribution .-, reported. Owing to a un;ii, device design, the temperature

sipread across the entire device i-; abouit to(". The device exhibits a common emitter curre'

gain of 20. a ma-ximum collector clirront of 0.6 A and a collector b)ase junction breakdown voltagzo

o~f 25V.

tNational Institute of Statidi I ..iu-,iology. at Gaithersburg, NID 20899.



STRAINED LAYER LASERS IN THE lnGaAs/GaAs/AGaAs

HETERO-STRUCTURE SYSTEM

H. Morkoq

University of Illinois
Coordinated Science Laboratory and Materials Research Laboratory
1101 West Springfield Avenue
Urbana, Illinois 6!i 01

ABSTRACT

Recent developments in the technology and fundamentals of strained layer epitaxial
systems have generated overwhelming interest in the exploitation of such hetero-structures
for optical and electronic device, dpplih itions. This is in part due to the additional degrees
of freedom provided for device ,!ru,'ttires to be tailored for the particular application and
in many cases improved perforniantt over what is possible with the lattice matched systems
alone. For example. quantum weil It.,ers with strained InGaAs active layers have achieved
threshold currents comparable t(, those with GaAs channels but with much less edge losses
due to the smaller surface recombination velocity in InGaAs and very stable power out-
puts. Reduced threshold curren;v and increased differential gains are expected to lead to
modulation at higher frequencies.

I. INTRODUCTION

With the recently introduced ,pitaxiil growth schemes such as Molecular Beam Epitaxy
and Organometaflic Vapor Dposition, it has become possible to grow multi-component
epitaxial hetero-structures with excelln compositional and thickness control. This precise
control, along with UHV in Ih, a4 .. f MBE, paved the way for the investigation of
growth mechanisms in a previ,,,-t, ,tto ,ible amount of detail. Armed with an improved
understanding of crystal growith. ,,:t>ts were able to begin investigating strained layer
hetero-epitaxy in detail. For ' 1. , TIrt ires, the constraint of having a lattice matched
laver on a suitable substrate ', ,.. up to critical thickness. Material scientists and
the device designers were able,, , .e. a ,tack of various layers on a substrate without
worrying about the immediat,, , .ti ching problem. In a sense, an additional degree
of freedom is provided for the p' ' 1' of the experiment and/or the device structure.
The electronic and optical pr,,p,"'. - , . the band gap can be designed beyond what
ik already made available by . .:. imtin wells structures.

Following the early work , . n Blakeslee [1] who primarily concentrated
on the materials aspects of th, , ,-tatched systems, Osbourn [2] diligently was
able to revive the field by point:' ' i t,,resting optical and electrical properties of
these systems. The Matthews ;i It . irk had -,hown that dislocation free material
cohl be grown up to a critic;d 'iw which the strain is taken up coherently
by the crystal. Osbourn and vI ':lly with GaAsP and later on with InGaAs
"I I ln.sSb. were able to show i .. , , to be gained by the exploitation of these
. rat Yil , temn for both dvi . ,;, -. ', :itr



GROWTH OF GALLIUM ARSENIDE ON HYDROGEN PASSIVATED Si

WITH LOW-TEMPERATURE TREATMENT (- 600C)

S.F.Fang, A.Salvador, and H. Morkoq

University of Illinois at Urbana-Champaign

Coordinated Science Laboratory & Material Research Laboratory

1101 W. Springfield Avenue

Urbana, IL 61801

ABSTRACT

Epitaxial growth of GaAs on Si commonly employs a high temperature (> 8500C) oxide

desorption step. In this letter, we report the first epitaxial growth of GaAs on Si without the

need for this high temperature treatment. This method utilizes a final HF treatment whereby

the Si surface dangling bonds are terminated by hydrogen with a resultant (lxl) bulk-like surface

structure. Upon medium temperature heat treatment (-,500 C), hydrogen leaves the surface

leading to the common orthogonal 2x1 surface reconstruction. High quality GaAs epitaxial layers

were successfully grown on these 2xi reconstructed Si surfaces with the pre-growth substrate

preparation temperatures of as low as 6000C.
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Use of Methane in an Electron Cyclotron Resonance Plasma Source for

Carbon Delta-Doping in GaAs Molecular Beau Epitaxy

D. S. L. Mui, aK. R. Evans, S. F. Fang, D. Biswas, and H. Morkoc

University of lllinois at Urbana-Champaign

Coordinated Science Laboratory

1101 West Springfield Avenue

Urbana, Illinois 61801

aWright Research and Development Center

Electronic Technology Laboratory (WRDC/EL)

Wright Patterson Air Force Base, Ohio 45433

Abstract

An electron cyclotron resonance (ECR) plasma source has been

used with methane gas to perform carbon delta-doping in GaAs grown

by molecular beam epitaxy. The ECR plasma source is installed on

a chemical vapor deposition chamber which is vacuum connected to

a conventional MBE apparatus. Good surface morphologies, high

sheet carrier densities (1-7xO 12cm2), and reasonable hole

mobilities (75-110 cm2 /Vs) are obtained.



Analysis of cut-off frequency roll-off at high currents in SiGe
double-heterojunction bipolar transistors

Guang-bo Gao, Zhi-fang Fan, and H. Morkoq
University of Illinois at Urbana-Champaign, Coordinated Science Laboratory and Materials Research
Laboratory, 1101 West Springfield Avenue, Urbana, Illinois 61801

(Received 10 December 1990; accepted for publication 27 March 1991)

Roll-off of the current gain cut-off frequency in NpN double-heterojunction bipolar transistors
for large collector currents has been analyzed. The analysis includes such effects as the
electron barrier formed at the collector base junction due to electron accumulation. Included
in this investigation is also lateral electron diffusion before injection into the collector
space-charge region at the base-collector heterointerface once the barrier is formed. The
available data obtained in SiGe heterojunction bipolar transistors are in good
agreement with this model.

It is well known that double-heterojunction bipolar additional base delay term precipitated by the potential
transistors (DHBTs) have advantages such as (a) sup- barrier at the base collector junction in DHBTs structure'
pression of hole injection from base into collector in digital at high currents. Using this added base delay time and
switching integrated circuits under saturation conditions, lateral diffusion of carriers [dubbed the two-dimensional
(b) emitter/collector interchangeability that means that (2D) effect], we can elaborate on the mechanisms for the
the device can work as an emitter up or an emitter down, observed rapid roll-off of the cut-off frequency in DHBTs
(c) reduction of the emitter/collector offset voltage, and at high currents. This analysis has been applied to the

(d) separate optimization of the base and collector.' available experimental data for Si/Sil - Ge,/Si DHBTs
AIGaAs/GaAs/AIGaAs. AllnAs/lnGaAs/AllnAs, with good agreement.

and Si/SiGe/Si DHBTs have been investigated. In partic- In homojunction transistors and wide gap emitter sin-
ular, Si/Sil -_ Ge~,'Si DHBTs have received much atten- gle HBTs, when JC>JK the base-collector (b-c) junction
tion lately with SiGe as the base. In separate efforts, dc shifts into the collector space-charge region, while the orig-
current gains2 of 5000 and a maximum current gain cut-off inal base-collector (b-c) junction becomes forward biased

frequency 3 (fr) of 75 GHz have been obtained. However, As a result more holes are injected into the collector from
the current gain and cut-off frequency fall-off in SiGe het- the base to compensate the mobile electron charge, re,,ult-
erojunction bipolar transistors (HBTs) for large collector ing in the formation of a current induced base, Wc1"
currents is faster than that in AIGaAs/GaAs single HBTs The picture is quite different for DHBTs having a siz-
and Si BJTs (bipolar junction transistors), able valence-band discontinuity in the b-c junction as in the

High current gain cut-off frequency at high current case of SiGe/Si devices, see Fig. 1. This valence-band di'-
densities is very important for integrated circuits such as continuity suppresses the hole injection into the collector
emitter coupled logic gates with large fan-out, and micro- as electron injection is increased. These mobile electron%
wave applications. It is the values of current gain or cut-off together with localized holes form a dipole layer and in
frequency at high current densities, not some peak value turn a field opposite to that caused by the base-collector

for low injection levels, that determines the power output applied bias. This can be simply thought of as a barner at
level in microwave power transistors and the switching the heterojunction against electrons giving rise to increased
response in circuits with large fan-out. Therefore, a discus- minority-carrier storage in the base. The build up of excess
sion of high current behavior of Si/SiI ,Ge,/Si DHBTs is carriers under the active device area causes a lateral diffu-
imperative and timely. sion before injection into the collector which is the basis for

Tiwari4 and Yu et aL' have shown that a retarding the 2D effect. This essentially increases the effective area

potential barrier for the electrons forms at high current through which the current flows. This concept was initiall.
densities at the base-collector junction of .VpN AIGaAs/ introduced by Van der Ziel and Agouridisa to explain the
GaAs/AIGaAs, and Si/SiGe/Si DHBTs. respectively. Kirk effect. Obviously the barrier and 2D effects take place
This barrier leads to an increase in minority-carrier charge simultaneously and before the onset of the Kirk effect
storage time in the base and decreases the current gain as Taking into account the 2D effect, the cut-off fre-
well as the current gain cut-off frequenc quency fT at 1, > IK is9

Recently, Cottrell and Yu' deeloped in analytical
model for calculating the aforementioned harrier height. ( kT W8 Wc
Barrier height causes saturation of the trancon.dIctance, fr '=2r CTE + - + - + rCTC
early onset of high level injection in the h.i'e. and rapid
decrease offr for J, > J, wit], JA being the Kirk effect (I I- I) 2S( E
limited current density. 7 in both p.V and P',4' S(ie base + 4nD, / .
DHBTs.

In this letter, we present an analysts which includes an At high currents. Eq. (I) reduces to

2951 Apol Phys Lett 58 (25). 24 June 19q) -03502.00 c 1991 American institute of Physics .7Th'



MODFETs REACH NEW HEIGHTS WITH CUT-OFF

FREQUENCIES OVER 400 GHz

by
Hadis Morkoq

University of Illinois
Material Research Laboratory and
Coordinated Science Laboratory

1 101 W. Springfield Avenue
Urbana, Illinois 61801

ABSTRACT

Field Effect Transistors based on the heterojunction concept progressed over the
past decade to the point where their presence is making waves in high speed
digital (functional) circuits, and high performance millimeter wave low noise
and power amplifiers. Device performance has recorded tremendous progress
with switching delays under 5 ps, frequency division up to 26 GHz, current gain
cut-off frequencies of about 250 GHz, and maximum oscillation frequencies in
excess of 400 GHz. Although device performance alone does not automatically
lead to blazing speed circuit performance, the rapid development in devices
precipitated a flurry of activity to push back the fringes of high performance
circuits. This paper will discuss the most recent developments in Modulation
Doped FETs (MODFETs) based on compound semiconductor technology.



A Safety System for Gas Source Molecular Beam Epitaxy

by

Dhrubes Biswas and Hadis MorkoS

University of Illinois

Materials Research Laboratory and Coordinated Science Laboratory

104 S. Goodwin

Urbana, IL 61801

ABSTRACT

Gas Source Molecular [Beamn t pitaxy ( GSMBE ) is one of the newest development in epitaxial

growth technology wherein the group V sources such as arsine and phosphine are gaseous and

in the form of hydrides while the (;roup III sources such as indium, aluminum, gallium are all

solids. However, the gases involved are very hazardous, extremely toxic, highly inflammable

and explosive at elevated temperatures. Adequate care must be taken for the safe use of these

gases so that this attractive technique can be properly utilized. This paper discusses the salient

safety features of one such GS.%lIBE ( installed in the Epicenter at the University of Illinois )

consisting of a gas delivery syst in with its robust piping assembly, gas manifold and a scrubber.

The system is integrated with it .tultiple Point Toxic Gas Monitor ( MPTGM ) acting as the

central alarm command system i .,,t on the concept of fail safe total safety. This alarm system

is equipped with audio-visual ,larris for a variety of monitored conditions and interlocks for

automatic shutdown. A well d(,,',iw.,l air flow pattern has been incorporated to provide good air

quality in the laboratory and i:I i '. t., orage facility. Additionally a set of good laboratory

practices ensured by adminir .... ',,.rnal control are instituted to reduce the hazards to

an acceptable risk level.



Electron cyclotron resonance assisted low temperature ultrahigh vacuum
chemical vapor deposition of Si using silane

D. S. L. Mui, S. F. Fang, and H. Morko
University of Illinois, Materials Research Laboratory and Coordinated Science Laboratory,
1101 West Springfield Ave., Urbana Illinois 61801

(Received 21 December 1990; accepted for publication 22 July 1991)

Deposition of single-crystal homoepitaxial Si at low temperatures assisted by an electron
cyclotron resonance (ECR) generated plasma using a mixture of helium and silane gases in an
ultrahigh vacuum chemical vapor deposition (UHVCVD) chamber is reported. The
pure silane gas is introduced into the UHVCVD chamber through a showerhead located above
the substrate and is excited indirectly by the helium plasma brought downstream from
the ECR chamber. At a chamber pressure of 5 X 10 -4 Torr epitaxial single-crystal Si can be
obtained at a substrate temperature T, as low as 400 *C. Variation of the deposition
rate with respect to the microwave power, P, at different temperatures suggests a hydrogen
inhibited deposition process at low temperatures. At 460 °C the deposition rate increases
with P. below 60 W and saturates for P, beyond this value. On the other hand, at a T, of
610 "C, this saturation effect is not observed and the deposition rate increases linearly
with P ,. In this plasma-assisted deposition, a much reduced T, dependence of the deposition
rate is observed. We have used this deposition technique successfully in obtaining a
Si 3NV/(epi-Si) metal-insulator-semiconductor capacitor with an interface trap density of
2 X 1020 eV-' cm- 2 as determined by the conductance method.

Uniformity and abrupt doping profiles necessitated by height profiler. The deposition rate dependence on the mi-
large scale integration and ever decreasing device dimen- crowave power and substrate temperatures is reported We
sions have led to the exploration of deposition of Si at very have used this deposition technique successfully in obtain-
low temperatures and under ultrahigh vacuum ing a Si 3NV/(epi-Si) metal-insulator-semiconductor (MIS)
conditions. 2-3 At high pressures, especially in a hot-wall capacitor with very low interface trap density.
reactor, where deposition takes place through the homoge- The cross-sectional diagram of the UHVCVD chamber
neous decomposition of silane, it was found that depletion is shown in Fig. 1. Briefly, it is a stainless-steel cold-wall
of the source gas around the growing surface led to non- chamber consisting of an ECR source mounted on an , in
uniform deposition of the epitaxial layer In a cold-wall flange putting the aperture of the source about 12 in. abose
chamber and when low pressures are used, due to the steep the substrate. The chamber is pumped by an ion and tur-
temperature gradient of the vapor phase at the growing bomolecular pump combination achieving a base pressure
surface, the deposition becomes surface dependent and a of I x 10- 9 Torr. Helium is introduced at the top of the
much more uniform deposition is achieved. It was found ECR chamber where the plasma is generated. Helium
that 4 the deposition of Si under these conditions is driven metastables thus created have extremely long mean free
by silane surface diffusion limited by surface hydrogen de- paths (tens of cm) in the pressure range (mid-10-4 Torr)
sorption. Depending on the substrate temperature, which employed. This allows for the positioning of the substrate
determines the hydrogen desorption rate, two different ac- stage far away from the ECR chamber where the plasma is
tivation energies were obtained. Above 650 *C an activa- localized. Silane is introduced into the CVD chamber
tion energy of 33 kcal/mol is measured, while below this through a showerhead located halfway between the aper-
temperature it increases to 52 kcal/mol ' ture of the ECR chamber and the substrate. The helium

Although sharper interfaces result from low tempera- metastables impinging on the surface assist in the complex
ture epitaxy, 1-3 the incorporation of 0 and C is enhanced. process of surface heterogeneous pyrolysis of silane and the
As a result the deposition chamber must be free. to the hydrogen desorption from the surface.
extent possible, of these contaminants This necessitates The Si substrates used for the study of the epitaxial
the employment of ultrahigh vacuum techniques. In ad- growth were p-doped (100) misoriented 4 toward the
dition, the use of plasmai' 3 and ultraviolet hght' as excita- (001) plane. The substrates were etched in a 1:10 HF.H:O
tion sources during deposition can intrea'e the reduced solution followed by a 5:3:3 HCL:H 202 :H20 solution. This
deposition rates for low substrate temprr.ii,.rc', In this let- procedure was repeated three times to remove the contam-
ter an ultrahigh vacuum chemical .. ,;.r leposition inants on the Si surface. The substrates were then etched in
(UHVCVD) system where an electrr . :ron reso- the same HF solution for 1 min before rinsing in deionized
nance (ECR) source is employed for plari.i ,'s,,ted dep- water. The substrates were then blown dry in dry N, and
osition of single-crystal homoepitaxial Si ;, : I --hum and immediately loaded into the introchamber. After the %ub-
silane gases is described. The crystal quah, '. pitaxial strates had been loaded into the vacuum system, the,
layer is monitored by reflection high cit.>,, i r,,n de- showed a (IX I) RHEED reconstruction, indicating a h. -
flection (RHEED) and the thickness m..,,. , a step drogen passivated surface.7 The shutter in the UHVCVD

1887 AppI. Phys. Left. 59 (15), 7 October 1 -03502.00 (D 1991 American Institute of Physics 88"
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Effect of collector-base valence-band discontinuity

on Kirk effect in double heterojunction bipolar transistors.

B. Mazhari and H. Morkog

Coordinated Science Laboratory and Materials Research Laboratory

University of Illinois at Urbana-Champaign

1101 IV. Springfield Avenue

Urbana, IL 61801, USA.

Abstract

The effect of valence-band discontinuitv at the collector base heterojunction on the current

gain and base charge storage is modelled. It is shown that the onset of Kirk effect is accompanied

by a sharp drop in the current gain and f, due to the formation of a potential barrier. The

variation of barrier height with collector current density is determined and its effect on current

gain and base transit time described. The results discussed here are applicable to Si/SiGe double

neterojunction bipolar transistors.
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Base Transit Time for SiGe-Base Heterojunction Bipolar Transistors

Guang-bo Gao and Hadis. Morko

University of Illinois at Urbana-Champaign

Coordinated Science Laboratory and

Materials Research Laboratory

1101 W. Springfield Avenue

Urbana, IL 61801

Abstract

The base transit time expressions for SiGe base heterojunction bipolar transistors are pre-

sented including the accelerating field effects due to the base bandgap grading and the doping

grading as well as the retarding field (opposing drift field) effect from the graded boron profile

down towards the emitter. It is found that the retarding field exhibit 40 - 80% contribution to

the base transit time, depending on the boron concentration near the emitter. The results of

base transit time from these analytic expressions are unambiguously supported by the published

simulation data.
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PROPERTIES OF SI3N 4 /SIGEI-.

METAL INSULATOR SEMICONDUCTOR CAPACITORS

Abstract: The density of fast interface states was studied in Si3N4/Si0sGe0 2 Metal-Insulator-
Semiconductor (MIS) capacitors. The interface state density does not appear to be stronglyaffected by the presence of a thin Si interlayer between the nitride and SiGe alloy. This iscontrast to the results when SiO 2 is ised as the insulator material in sim.iiar structures.



Electrical characteristics of Si3N4 /Si/GaAs

metal-insulator-semiconductor capacitor

D. S. L. Mui, H. Liaw, A. L. Demirel, S. Strite, and H. Morko

University of Illinois at Urbana-Champaign

Coordinated Science Laboratory

and

Materials Research Laboratory

1101 W. Springfield Ave.

U'rbana, IL 61801

Abstract

We report on the electrical characteristics of as-grown Si 3N4 /Si/n-GaAs metal-insulator-

semiconductor capacitor (MIS). The GaAs layer is grown by molecular beam epitaxy and both

the Si 3 N 4 and the 10 A Si layers are deposited using silane in a vacuum connected ultrahigh

vacuum chemical vapor deposition chamber driven by an electron cyclotron resonance (ECR)

plasma source. Fowler-Nordheim tunneling through the barrier is observed at high fields for the

first time in the SiaN 4 films. Hole inversion of the n-GaAs layer is clearly seen in the quasi-static

capacitance-voltage curve. Despite past reports on the presence of a large amount of bulk traps

in Si3 N4 , a hysteresis of less than 100 meV is observed in the high-frequency capacitance-voltage

curves with a bias voltage swing of ± 4V. From the high-low capacitance method we estimated

the interface trap density to be ,,f the order of 4x10'' eV- 1 cm -2 and from the conductance

measurements we found a valu of e 0:: .-%*V- 4 r  .
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Molecular-Beam-Epitaxy-Deposited Nonalloyed Al Contacts to

n-type and p-type InGaAs

T.C. Shen, Z.F. Fan, G.B. Gao, H. Morko9 and A. Rockett

The Coordinated Science Laboratory and The Materials Research Laboratory

University of Illinois, 1101 W. Springfield Ave., Urbana, IL 61801

Nonalloyed Al contacts were deposited by molecular beam epitaxy on both n- and p-type

In0 .53Ga0 .47As layers prior to air exposure. These were shown to be ohmic, with specific contact

resistances in the range of 1.7 to 5.0 jQ cm 2 by the transmission line model method. The thermal

stability of these contacts was tested by annealing at temperatures between 350 and 450"C for 30

mm and at 300'C for 500 hrs. Both experiments showed stable specific contact resistances.
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SITE SYMMETRY APPROACH TO LATTICE DYNAMICS OF SEMICONDUCTOR SUPERLATTICES
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(Received 13 August 1990)

We present here the site symmetry approach to lattice
dynamics of superlattices which permits us to connect by
symmetry the local atomic displacements and normal vibrati-
onal modes over the entire Brillouin zone. The atomic
arrangements over the Wyckoff positions for (GaAs)m(AlAs)n
and (5i),(Ge), superlattice- oriented along (001] for dif-
ferent sets o m and n are determined. We obtained the
phonon symmetry for k # 0 using the developed theory of the
band representations of space groups and derived the selec-
tion rules for the first and second-order infrared and
Raman spectra. Raman spectra obtained for the
(GaAs) 7 (AlAs)1 8 and (Si) 3 (Ge)3 superlattices are inter-
preted in terms of the presented theory.

I. Introduction In SL's the new periodicity has con-
sequences both in a reduction of point

Success in growing (GaAs) (ALAs)n and group symmetry with respect to consti-
(Si) (Ge)n superlattices (?L's) with tuent bulk materials and in an increase
varyTng primitive cell, consisting of m of the number of atoms per primitive
and n monolayers of GaAs and AlAs (Si cell resulting in - new space group
and Ge), respectively,, by molecular beam symmetry. The (GaAs)W(AIAs) SL's grown
epitaxy have been recently demonstrated along (001] constitute two sngle cry -
by several groups (1-19]. Raman scatte- tel families with space groups D
ring techniques have proved to be an (m+n-2k) and D9A (m+n-2k+l) depending on
excellent tool for studinq electronic even or odd togal number of monolayers
properties and lattice dynamics of these (m+n) per primitive cell (20). The
SL's and for obtaining a detailed infor- (Si) (Ge)n  [001) SL's constitute five
mation on crystalline quality and strain snngTe crystal families with symmetries
field distribution. To analyze the expe- Dld (m+n-4k mn odd); Dd (m+n-4k+j6
rimental data on first and second-order mn odd); O2h (m+n=4k; m,g9 even); D
Raman scattering we have to study the (m+n-4k+2; m,n even) and D19 (m+n=2k+f
SL's phonon symmetry and the correspon- £10].

ding selection rules for Raman scatte- The atomic arrangement over the
ring. Wyckoff positions in the primitive cell

for the SL's is governed by the specific
vAlues of m and n for each Sb-family

Present address: Division of Physic,. being a series of single crystals with
National Research Council, Ottawa the same space group. Thus, in terms of

KlaOR6, Canada symmetry SL's belonging to the same
CSrfamily are distinct crystals differing
Coordinated Science Laboratory, UlUo by the arrangement of atoms in the pri-
Present address: Sandia National mitive cell. We have derived general

Laboratory. Albuquerque NM 87185-5800, formulae for the atomic arrangements for
USA the SL's in question [17-19]. To obtain

07,49 '6fJR f41 ()2,0'! .07S0200/0 1 0
0
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AuBe OHMIC CONTACTS TO p-InGaAjAs FORMED
BY RAPID THERMAL ANNEALING

Abstract

AuBe ohmic contacts to P-lno.53Gao.35AI 0 .1 2AS ( Be: 5xl0 18cm-3) formed by rapidthermal annealing (RTA) have been studied and compare.. with those formed byconvenior, alloying. Using thermally evaporated AuBe, specific contact resistances in thelow LQ'-cm 2 range have been achieved by both methods. However, contacts made by RTAdemonstrated good thermal stability while the contacts by conventional alloying degraded
more than one ordei of magnitude at 250'C for 100 hours.



DOUBLE LAYER COLLECTOR FOR

HETEROJUNCTION BIPOLAR TRANSISTORS

G.B. Gaot. M.S. Unfii, J. Chen, B. Mazhari

K. Adomi. G.X. Liu, Z.F. Fan and H. Morkoq,

Universitv of Illinois at Urbana-Champaign

Coordinated Science Laboratory and

Materials Research Laboratory

1101 W. Springfield Avenue

Urbana, IL 61801

Abstract

A double layer collector with appropriate profiles has been shown to increase the maximum

collector current without compromising the breakdown voltage. Power HBT's with emitter bal-

lasting resistors were grown on Si and ,GaAs substrates and fabricated to test the various collector

designs. A maximum collector current density of 3.5 x 104 A/cm 2 and a collector-emitter break-

down voltage of 28 V were realized for a double layer collector HBT with ten 5 x 25 /pm2

emitter fingers. This high current density obtained by the novel collector design represents a

60% improvement over the conventional HBT with slightly higher breakdown voltage which is in

agreement with predictions.

On leave from the Beijing Pk ' '..r1V, Reliability Physics Laboratory, Beijing, China.
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kliction of Outdiffusion at the Ge/GaAs (100) Interface by Low Temperature

Growth

A. L. Demirel, S. Strite, A. Agarwal, M. S. Unlii, H. Morkoq and A. Rockett

The Coordinated Science Laboratory and The Materials Research Laboratory

University of Illinois, 1101 W. Springfield Avenue, Urbana, IL 61801

ABSTRACT

Ga outdiffusion into Ge layers grown epitaxially by molecular beam epitaxy (MBE) was ob-

served by secondary ion mass spectroscopy (SIMS), X-ray photoemission spectroscopy (XPS),

capacitance-voltage, and temperature dependent Hall-effect measurements. Films were initially

grown at low rates (0.03-0.04 nim/s) ; nd low temperatures (150-300 0 C) on GaAs buffer layers on

GaAs (100) substrates. The temperature and rate were then increased to 500 0 C and 0.1 nm/s.

The amount of Ga outdiffusion was greatest for films initially grown at 3000C. No direct evidence

of As outdiffusion at any temperature or Ga outdiffusion for initiation temperatures below 3000 C

was found. Hall-effect measurements showed higher hole concentrations and greater levels of

compensation in films initiated at 3000( g , consistent with outdiffusion of both Ga and As at this

temperature. No degradation in th, electrical characteristics of Ge-GaAs diodes was observed

when the initial Ge growth temporal ... was reduced from 300'C to 200 0 C.
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A collector design study for GaAs/Ge/GaAs double heterojunction bipolar transistors

S. Strite, M. S. Unlii, A. L. Demirel, D. S. L. Mui, and H. Morko

Materials Research Laboratory and Coordinated Science Laboratory

1101 W. Springfield Avenue

University of Illinois at Urbana-Champaign, Urbana, IL 61801

Abstract

We analyze the effect of the conduction band offset in the collector heterojunction in NpN

GaAs/Ge/GaAs double heterojunction biipolar transistors (DHBT). Despite excellent diode char-

acteristics in both the emitter-baso and base-collector diodes, the GaAs/Ge/GaAs DHBTs exhibit

relatively low common-emitter dc current gains and a lack of collector current saturation with

increasing collector-emitter bias. Sinulations indicate that this is at least in part attributable to

a reduction in collection efficiency caused by the large collector-base conduction band offset (0.26

eV) between the Ge base and the GaAs collector. A modified collector design which incorpo-

rates higher doping in the region of the GaAs conduction band spike is proposed to decrease the

width of the barrier to electrons. Sij l'atioiis predict that the collection efficiency will be greatly

improved with the incorporation I , i"ied collector.
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Recent Developments in Ohmic Contacts
for IlI-V Compound Semiconductors

T.C. Shen, G.B. Gao, and H. Morkoq

University of Illinois

Materials Research Laboratory

and Coordinated Science Laboratory

1101 West Springfield Avenue

Urbana, IL 61801

Abstract

Recent advances in the technology and understanding of ohmic contacts for a variety of

I1-V compound semiconductor material systems are reviewed. Special attention is focused

on factors and critical issues involved in making low resistance and reliable ohmic contacts.

The solid-phase regrowth mechanisms of key metallization systems are described. In

addition, special techniques to improve the ohmic contacts are discussed. Finally, the

reliability issues of ohmic contacts are addressed.
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Minority charge storage characteristics of HBT in saturation

B. Mazhari and H. Morkoq

Coordinated Science Laboratory and Materials Research Laboratory

University of Illinois at Urbana-Champaign

1101 W. Springfield Avenue

Urbana, IL 61801, USA.

Abstract

An analytical model is developed to study the minority charge storage characteristics of

heterojunction bipolar transistors in saturation. The model is used to compare the performance

of single and double heterojunction bipolar transistors in a Schottky coupled I2L logic circuit. A

Dt[BT with a weak collector-base h,_ terojunction is proposed as an optimum structure.

30



IV. LIST OF PAPERS RESULTING FROM AFOSR FUNDING

IV a. BOOKS:

H. Morkoq, H. Unlti and G. Ji, TWO VOLUMES "Fundamentals and
Technology of MODFETs," Wiley and Sons. April 1991

IV b. BOOK CHAPTERS:

S. Fang and H. Morkoq, " Lattice Mlismatched Heteroepitaxy "In Integrated
Optoelectronics, Eds. M.Degenais. R.F.Leheney, and J.Crow, Academic Press,
1991

IV c. REVIEW ARTICLES:

K. Adomi, J-1. Chyi, S.F. Fang, T.C. Shen, S. Strite and H. Morkoq, "MBE
Growth of GaAs and Other Cornopund Semiconductors with Applications to
Devices," Thin Solid Films, Vol. 205, pp. 182-212, 1991.

H. Morkoq, "Strained Layer FETs, Lasers and Photo transistors in the
InGaAs /GaAs/ AlGaAs Heterostructure System," 1990 Seoul International
Symposium on the Phiwsics of Semiconductors and Applications, Seoul,
Korea, August 20-21, 1990. To be published by the Korean Physical Society

H. Morkoq, "Strained Layer, Lase~rs in lnGaAs /GaAs /AIGaAs Heterostructure
System," Presented at the NATO Advanced Research Workshop on
Condensed Systems of Lou, Dunensionality, Marmaris, Turkey, April 23-27,
1990, Ed. by J.L. Beeby, et. al., Plenum Press, New York, 1991.

IV d. JOURNAL ARTICLES:

K. Adomi, S. Strite, H. *Aorko , 'i Nakamura and N. Otsuka,
"Characterization of the Ga:\s on Si Interface Using a Si Interlayer Grown on
GaAs Substrates," 1. AppI. Plv, , V'ol 69(1), pp. 220-225, 1991.

A. Salvador, K. Adomi, K. Ki hino, M.S. Unhi and H. Morkoq, "GaAs
Multiple Quantum Well Reflector Mlodulators Grown on Si," 1. Appi. Phys.,
Vol. 69(1), pp. 534-536, 1991

G.B. Gao, M.S. Unlu, H. MorkoK i:,d 1)1L. Blackburn, "Emitter Ballasting
Resistor Design for and Curren! 1 if:ng Capability of AIGaAs/GaAs Power
Heterojunction Bipolar Traiior'- 11 FE Trans. on Electron Dev., Vol. 38(2),
pp. 196, 1991.



B. Mazhari, G.B. Gao and H. Morkoq, "Collector-Emitter Offset Voltage in
Heterojunction Bipolar Transistors," Solid State Electronics, Vol. 34(3), pp. 315-
321, 1991.

G. Liu, D. S.L. Mui, S. Fang, G. Gao and H. Morkoq, "MBE Grown Npn
AlGaAs/GaAs Bipolar Transistors with C p-doping by Electron Cyclotron
Resonance Source Activated Methane," Electronic Lett., Vol. 27(5), pp. 465-467,
1991.

G.B. Gao, Z.F. Fan, D.L. Blackburn, M.S. Onlii, J. Chen and H. Morkoq,
"Uniform Junction Temperature AlGaAs/GaAs Power Heterojunction
Bipolar Transistors on Silicon Substrates," Appl. Phys. Lett., Vol. 58(10), pp.
1068-1070, 1991.

S.F. Fang, A. Salvador and H. Morko , "Growth of Gallium Arsenide on
Hydrogen Passivated Si with Low Temperature Treatment (- 600'C)," Appl.
Phys. Lett., Vol. 58(17), pp. 1887-1889, 1991.

D.S.L. Mui, K.R. Evans, S.F. Fang and H. Morko , "Use of Methane in an
Electron Cyclotron Resonance Source for Carbon Doping in GaAs Molecular
Beam Epitaxy," Appl. Phys. Lett., Vol. 58(14), pp. 1494-1496, 1991.

H. Morkoq, "MODFETs Reach New Heights with Cut-Off Frequencies over 400
GHz," IEEE Circ. and Dev. A, qazine, Vol. 7(6), pp. 15-20, 1991.

G.B. Gao, Z.F. Fan and H. Morko , "Analysis of Cut-Off Frequency Roll-Off at
High Currents in SiGe Double Heterojunction Bipolar Transistors," Appl.
Phys. Lett., Vol. 58(25), pp. 2951-2953, 1991.

D. Biswas and H. Morko , "A Safety System for Gas Source Molecular Beam
Epitaxy," J. of Crystal Growth, Vol. 113, pp. 209-220, 1991.

D.S.L.Mui, S.F. Fang and H .1orko , "Electron Cyclotron Resonance Assisted
Low Temperature Ultrahigh Vacuum Chemical Vapor Deposition of Si Using
Silane," Appl. Phys. Lett., Vol 15), pp. 1887-1889, 1991.

B. Mazhari and H. Morkoy, 1 uctA of Collector-Base Valence-Band
Discontinuity on Kirk Effect in Double Heterojunction Bipolar Transistors,"
Appl. Phys. Lett., Vol. 59(17), p 21t,2-2164, 1991.

G.B. Gao and H. Morko , 13,i-c -rinsist Time for SiGe-Base Heterojunction
Bipolar Transistors," Electro, 1, . Vol. 27(16), pp. 1408-1409, 1991.



J. Reed, D.S.L. Mui, W. Jiang and H. Morkoq, "Properties of Si3N 4/Si/SixGel_×
Metal-Insulator-Semiconductor Capacitors," Electron. Letts., Vol. 27(20), pp.
1826-1827, 1991.

D.S. L. Mui, H. Liaw, A.L. Demirel and H. Morkoq, "Electrical Characteristics
of Si3N 4 /Si/GaAs Metal-Insulator-Semiconductor Capacitor," Appl. Phys.
Lett., Vol. 59(22), pp. 2847-2849, 1991.

T.C. Shen, Z.F. Fan, G.B. Gao, H. Morkoq and A. Rockett, "Molecular-Beam-
Epitaxy-Deposited Nonalloyed Al Contacts to n-type and p-type InGaAs,"
Appl. Phys. Lett., Vol. 59(18), pp. 2254-2256, 1991.

B.H. Bairamov, R.A. Evarestov, Y.E. Kitaev, E. Jahne, M. Delaney, T.A. Gant,
M.V. Klein, D. Levi, J. Kelm and H. Morkoq, "Site symmetry Approach to
Lattice Dynamics of Semiconductor Superlattices," Superlattices and
Microstructures, Vol. 9(2), pp. 211-217, 1991.

D.S.L. Mui, S.F. Fanf and H. Morko , "Electron Cyclotron Resonance Assisted
Low Temperature Ultrhigh Vacuum Chemical Vapor Deposition of Si Using
Silane," Appl. Phys. Lett., Vol. 5915), pp. 1887-1889, 1991.

T.C. Shen, J. Reed, Z.F. Fan, G.B Gao and H. Morko , "AuBe Ohmic Contacts
to p-InGaAlAs Formed by Rapid Thermal Annealing," Electron. Letts., Vol.
27(23), pp. 2187-2188, 1991.

G.B. Gao, M.S. Unlii, J. Chen, B. Mazhari, K. Adomi, G.X. Liu, Z.F. Fan and H.
Morkoq, "Double l.ayer Collector for Heterojunction Bipolar Transistors,"
Solid State Electronics, Vol 35(1), pp. 57-60, 1992.

A.L. Demirel, S. Strite, A. Agarwal, M.S. Onli, H. Morkoq and A. Rockett,
"Reduction of Outdiffusion at the Ge/GaAs (100) Interface by Low
Temperature Growth, " 1. Vac. Sci. Technol. B, in press.

S. Strite, M.S.Unli, A.L. Demirel. D.S.L. Mui and H.Morkoq, "A Collector
Design Study for GaAs/Ge/GaAs Double Heterojunction Bipolar Transistor,"
J. Vac. Sci. Technol. B, in press

T.C. Shen, G.B. Gao and 11. .Iorko,, "Recent Developments in Ohmic
Contacts for III-V Compound Sewiconductors," I. Vac. Sci. Technol. B,
pending.

B. Mazhari and H., Morko , \!,.',ritv Charge Characteristics of HBT in
Saturation," Solid State Ehccr, ," pending.

IV e. CONFERENCE PAPERS:

)3



D. Biswas, H. Lee, A. Salvador, M.V. Klein and H. Morkoq, "Characterization
of InxGal-xP/GaAs Grown by Gas Source MBE (0.40 < x < 0.65) by Spectroscopic
Ellipsometry," Presented at the Eleventh Annual MBE Workshop., Austin,
TX, Sept. 15-18, 1991.

A.L. Demirel, S. Strite, A. Agarwal, M.S. Unlil, D.S.L. Mui, A. Rockett and H.
Morkoq, "Reduction in the Outdiffusion Into Epitaxial Ge Grown on GaAs
Unsing a Thin AlAs Interlayer," Presented at thel8th International
Symposium on Gallium Arsenide and Related Compounds, Seattle, WA,
Sept. 9-12, 1991.

J. Chen, G.B. Gao and H. Morko , "Comparative Analysis of High Frequency
Performance of Si/Sil-Ge, Heterojunction Bipolar and Si Bipolar
Transistors," Presented at the International Device Research Conference,
Charlottesville, VA Dec. 4-6, 1991.

G.B. Gao, G.X. Liu, S.F. Fang, T.C. Shen, Z.F. Fan and H. Morkoq,
"AlGaAs/GaAs Power Double Heterojunction Bipolar Transistors Fabricated
on Silicon Substrates," Presented at the International Device Research
Conference, Charlottesville, VA Dec. 4-6, 1991.

G.B. Gao and H. Morkoq, "Heterojunction Bipolar Transistors: The Recent
Issues," Presented at the International Device Research Conference,
Charlottesville, VA Dec. 4-6, 1991. (invited)

D.S.L. Mui, D. Biswas, J. Reed, %1. Metha and H. Morkoq, "Circuit Model for
Tunneling Traps in Metal-Insulator-Semiconductor Interface," Presented at
the International Device Research Conference, Charlottesville, VA Dec. 4-6,
1991.

34



V. LIST OF TOTAL PUBLICATIONS

V a. BOOKS:

H. Morkoq, H. Onlili and G. Ji, TWO VOLUMES "Fundamentals and
Technology of MODFETs," in process, Wiley and Sons. April 1991

V b. BOOK CHAPTERS:

S. Fang ard H. Morkoq, " Lattice Mismatched Heteroepitaxy " In Integrated
Optoelectronics, Eds. M.Degenais, R.F.Leheney, and J.Crow, Academic Press,
1991

V c. REVIEW ARTICLES:

S. Fang, K. Adomi, S. Iver, H. Morko , H. Zabel, C. Choi and N. Otsuka,
"Gallium Arsenide on Silicon: Epitaxial Growth and Characterization," J.
Appl. Phys. Rev., Vol. 68, pp. T;31-R58, 1990.

K. Adomi, J.I. Chyi, S.F F :,g, T.C. Shen, S. Strite and H. Morkoq, "MBE
Growth of GaAs and C.aer Comopund Semiconductors with Applications to
Devices," Thin Soli: Films, Vol. 205, pp. 182-212, 1991.

H. Morkoq, "Strained Layer FETs, Lasers and Phototransistors in the
lnGaAs/GaAs/AlGaAs Heterostructure System," 1990 Seoul International
Symposium on the Physics of Semiconductors and Applications, Seoul,
Korea, August 20-21, 1990. Got published by the Korean Physical Society

H. Morkoq, "Strained Layer, Lasers in InGaAs/GaAs/AlGaAs Heterostructure
System," Presented at the NATO Advanced Research Workshop on
Condensed Systems of Low Dimensionality, Marmaris, Turkey, April 23-27,
1990, Ed. by J.L. Beeby, et. al., Plenum Press, New York, 1991.

V d. JOURNAL ARTICLES:

G.B. Gao, M.S. Unlii, H. Morko- and D.L. Blackburn, "Emitter Ballasting
Resistor Design for and Current I Handling Capability of AlGaAs/GaAs Power
Heterojunction Bipolar Tran -st.,rs," IEEE Trans. on Electron Dev., Vol. 38(2),
pp. 196, 1991.

K. Adomi, S. Strite, H. Morko , '. Nakamura and N. Otsuka,
"Characterization of the GaAs on Si Interface Using a Si Interlayer Grown on
GaAs Substrates," 1. Appl. Phys., Vol 9(1), pp. 220-225, 1991.



A. Salvador, K. Adomi, K. Kishino, M.S. Unlii and H. Morkoq, "GaAs
Multiple Quantum Well Reflector Modulators Grown on Si," J. Appl. Phys.,
Vol. 69(1), pp. 534-536, 1991.

B. Mazhari, G.B. Gao and H. Morko , "Collector-Emitter Offset Voltage in
Heterojunction Bipolar Transistors," Solid State Electronics, Vol. 34(3), pp. 315-
321, 1991.

J.C. Costa, F. Williamson, T.J. Miller, K. Beyzavi, M.I. Nathan, D.S.L Mui, S.
Strite and H. Morkoq, "Barrier Height Variation in Al/GaAs Schottky Diodes
with a Thin Silicon Interfacial Laver," Appl. Phys. Lett., Vol. 58(4), pp. 382-384,
1991.

G. Liu, D. S.L. Mui, S. Fang, G. Gao and H. Morkoq, "MBE Grown Npn
A1GaAs/GaAs Bipolar Transistors with C p-doping by Electron Cyclotron
Resonance Source Activated Methane," Electronic Lett., Vol. 27(5), pp. 465-467,
1991.

G.B. Gao, Z.F. Fan, D.L. Blackburn, M.S. L'nli, J. Chen and H. Morkoq,
"Uniform Junction Temperature AlGaAs/GaAs Power Heterojunction
Bipolar Transistors on Silicon Substrates," Appl. Phys. Lett., Vol. 58(10), pp.
1068-1070, 1991.

R.K. Ahrenkiel, B.M. Keyes, T C. Shen, J.I. Chyi and H. Morkoq, "Minority-
Carrier Lifetime in AlxGa I-\As Grown by Molecular Beam Epitaxy," I. Appl.
Phys., Vol. 69(5), pp. 3094-3096, 1991.

S.F. Fang, A. Salvador and H. %Iorko , "Growth of Gallium Arsenide on
Hydrogen Passivated Si with Low Temperature Treatment (- 600'C)," Appl.
Phys. Lett., Vol. 58(17), pp. 1887-1889, 1991.

D.S.L. Mui, K.R. Evans, S.F. Fang and 14. Morkoq, "Use of Methane in an
Electron Cyclotron Resonance Source for Carbon Doping in GaAs Molecular
Beam Epitaxy," Appl. Phys. .c.tt , Vol. 58(14), pp. 1494-1496, 1991.

G. Martin, S. Strite and H \1,rko , "'An Investigation of the Electrical
Properties of GaAs/GaN(,.\, -;c rniconductor-Insulator-Semiconductor
Structures," Appl. Phys. !.ctt , ,,I ;,{21), pp. 2375-2377, 1991.

H. Morko , "MODFETs Rc, , ... I Lights with Cut-Off Frequencies over 400
GHz," IEEE Circ. and Dcz, .'. ... \ l 7(6), pp. 15-20, 1991.

G.B. Gao, Z.F. Fan and H. *:i,A .., \r;lvsis of Cut-Off Frequency Roll-Off at
High Currents in SiGe Doub' I .. ,unction Bipolar Transistors," App!.
Phys. Lett., Vol. 58(25), pp. 2'4-- , :-)l

I1



B.H. Bairamov, R.A. Evarestov, Y.E. Kitaev, E. Jahne, M. Delaney, T.A. Gant,
M.V. Klein, D. Levi, J. Kelm and H. Morko , "Site symmetry Approach to
Lattice Dynamics of Semiconductor Superlattices," Superlattices and

Microstructures, Vol. 9(2), pp. 211-217, 1991.

J.I. Chyi, D. Mui, J. Chen and H. Morkoq, "Electrical Characteristics of
InSb/GaAs Heterojunctions," Solid State Electron., Vol. 34(7), pp. 747-750, 1991.

K.T. Tsen, D.j. Smith, S.C.Y. Tsen, N.S. Kumar and H. Morkoq, "Raman
Scattering by Interface Phonons in GaAs/AlAs Multiple Quantum Well
Structures: Correlation Between Raman and High Resolution Electron
Micropy Results," J. Appl. Phys., Vol. 70(1), pp. 418-421, 1991.

G.B. Gao and H. Morkoq, "Base Transist Time for SiGe-Base Heterojunction
Bipolar Transistors," Electron. Letts., Vol. 27(16), pp. 1408-1409, 1991.

S. Strite, J. Ruan, Z. Li, N. Manning, A. Salvador, H. Chen, D.J. Smith, W.J.
Choyke and H. Morko , "An Investigation of the Properties of g-GaN Grown
by Plasma-Assisted Molecular Beam Epitaxy," J. Vac. Sci & Technol. A, Vol.
9(4), pp. 1924-1929, 1991.

K. Kishino, M.S. Unli, J.l Chvi, I Reed, L. Arsenault and H. Morkoq,
"Resonant Cavity Enhance (RCE) Photodetectors," I. Quant. Electron., Vol.
27(8), pp. 2025-2034, 1991.

D. Biswas and H. Morko , "A Safety System for Gas Source Molecular Beam
Epitaxy," 1. of Crystal Growth, Vol. 113, pp. 209-220, 1991.

G.B. Gao and H. Morkoq, "Material-Based Comparison for Power
Heterojunction Bipolar Transistors," IEEE Trans. Electron. Dev., Vol. ED-
38(11), pp, 2410-2416, 1991.

J. Reed, D.S.L. Mui, W. Jiang and H Morkoq, "Properties of Si3N4 /Si/SixGel-x
Metal-Insulator-Semiconductor Capacitors," Electron. Letts., Vol. 27(20), pp.
1826-1827, 1991.

K. Shum, Y. Takiguchi, J.M. N ,aidat, R.R. Alfano, K. Adomi and H. Morkoq,
"Effect of Valence Subband Structure on the Energy Relaxation Dynamics of
Electrons in GaAs Quantum W ,CI Grown on Si," Phys. Rev. B, Vol. 44(8), pp.
4044-4047, 1991.

D.S.L.Mui, S.F. Fang and H. 'Electron Cyclotron Resonance Assisted
Low Temperature Ultrahigh Vb. Chemical Vapor Deposition of Si Using
Silane," Appl. Phys. Lett., Vol :,. pp 1887-1889, 1991.



B. Mazhari and H. Morkoq, "Effect of Collector-Base Valence-Band
Discontinuity on Kirk Effect in Double Heterojunction Bipolar Transistors,"
Appi. Phys. Lett., Vol. 59(17), pp. 2162-2164, 1991.

K.T. Tsen, K.R. Wald, T. Ruf, PY Yu and H. Morkoq, "Electron-Optical
Phonon Interactions in Ultrathin GaAs/AlAs Multiple Quantum Wells,
Phys. Rev. Letts., Vol. 67(08), pp, 2557-2560, 1991.

D.S.L. Mui, S. Strite and H. Morkoq, "On the Barrier Lowering and Ideality
Factor of Ideal Al/GaAs Schottkv Diodes," Solid State Electronics, Vol. 34(10),
pp. 1077-1081,1991.

J. Chen, G.B. Gao, M.S. CnlIO and H-. Mtorkoq, "High Frequency Large Signal
Output Characteristics of AI~aAs/GaAs Heterojunction Bipolar Transistors,"
Solid State Electronics, Vol. 34(11), pp. 1263-1273, 1991.

M.E. Delaney, T.C McGlinn, MA'. Klein and H. Morkoq, "Resonant Raman
Study of Disorder Effects in AI\Ga I -As Alloys," Phiys. Rev. B, Vol. 44(06), pp.
8605-8620, 1991.

T.C. Shen, Z.F. Fan, G.B. Gao, I]. \Iorko and A. Rockett, "Molecul ar- Beam-
Epitaxv-Deposited Nonalloyed Al Contacts to n-type and p-type InGaAs,"
App!. Phzys. Lett., Vol. 59(18), pp. 21254-2256, 1991. I

D.S. L. Mul, H. Liaw, A.L. Demirel and H. Morkoq, "Electrical Characteristics
Of Si 3N4 /Si /GaAs Metal-Insulaitor-Semiconductor Capacitor," Appl. Phys.
Lett., Vol. 59(22). pp. 2847-2849, 1091.

T.C. Shen, J. Reed, Z.F. Fan, G.B. Gao and H. Morkoq, "AuBe Ohmic Contacts
to p-lnGaA]As Formed by Rapid Thiermal Annealing," Electron. Letts., Vol.
27(23), pp. 2187-2188, 1991.

M.S. GnIU, S. Strite, A. Salvador, A.L. Demirel and H. Morko , "Wavelength
Discriminating Optical Switch, IFEE Photonics Technol. Letts., Vol. 3(12), pp.
1126-1129, 1991.

G.B. Gao, M.S. Unlfi, J. Chen, 13. \1liari, K. Adomi, G.X Liu, Z.F. Fan and H.
Morkoc, "Double Layer Collc:tor tor Hieterojunction Bipolar Transistors,"
Solid State Electronics, VolJ1 inPr"'

A.L. Demirel, S. Strite, A. A'd~x XI . nli , H. Morkoq and A. Rockett,
"Reduction of Outdiffusion at (~GaAs (100) Interface by Low
Temperature Growth, "I . /':?Iol. B, pending.



S. Strite, M.S.Unlhi, A.L. Demirel, D.S.L. Mui and H.Morko , "A Collector
Design Study for GaAs/Ge/GaAs Double Heterojunction Bipolar Transistor,"
I. Vac. Sci. Technol. B, pending.

T.C. Shen, G.B. Gao and H. Morko , "Recent Developments in Ohmic
Contacts for III-V Compound Semiconductors," ]. Vac. Sci. Technol. B,
pending.

B. Mazhari and H., Morko , "Minority Charge Characteristics of HBT in
Saturation," Solid State Electronics, pending.

T.N. Krabach, A.L. Kotz, MV. Klein, N.S. Kumar and H. Morkoq, "Brillouin
Scattering Measurements of Elastic Constants of AlxGal-xAs," Phys. Rev. Lett.,
pending.

E.D. Specht, G.E. Ice, C.J. Peters, C.J. Sparks, N. Lucas, H. Morkoq and X.M. Zhu,
"X-Ray Diffraction Measurement of Interface Structure in GaAs/Si (001),"
Phys. Rev. B, pending.

S.N. Mohammad, J. Chen, J-I. Chvi and H. Morkoq, "Effect of Junction and
Bandgap Grading on the Electrical Performance of AlGaAs/GaAs/A]GaAs
Double Heterojunction Bipolar Transistors," J. Appl. Phys., in press.

G.B. Gao, Z.F. Fan, D.L. Blackburn, M.S. OnWi, J. Chen and H. Morko ,
"Uniform Junction Temperature AIGaAs/GaAs Power Heterojunction
Bipolar Transistors on Silicon Substrates," Appl. Phys. Lett., in press.

D.S.L. Mui, S. Strite and H. %Iorko , "On the Barrier Lowering and Ideality
Factor of Ideal Al/GaAs Schottky Diodes," Solid State Electronics, pending.

K. Shum, Y. Takiguchi, J.M. %lohaidat, R.R. Alfano and H. Morkoq, "Time-
Resolved Nonequilibrium Energy Relaxation of Thermalized Electrons and
Holes in GaAs Quantum Wells Grown on Si," Appl. Phys. Lett., pending.

G.B. Gao, Z.F. Fan and H. .lorko, "Analysis of Cut-Off Frequency Roll-Off at
High Currents in SiGe Double I Ieterojunction Bipolar Transistors," Appl.
Phys. Lett., pending.

S. Strite, M.S. Un1W, A.L. Deinirel, D.S.L. Mui and H. Morkoq, "Electrical
Characteristics of Polar on Non-Polar GaAs on Ge Heterojunctions and Their
Applications Towards a GaAs\ GeGaAs Double Heterojunction Bipolar
Transistor," IEEE Trans. El...,, z Yz'., pending.

S.N. Mohammad and H. N or' ,,K. Analytical Treatment of MODFET
Heterojunction Quantum ,\Lil in CaAs/AIGaAs System," Solid State
Electronics, in press.

39



V e. CONFERENCE PAPERS:

J.P. Wolfe, H.W. Yoon, D.R. Wake and H. Morkoq, ""Diffusion" of Carriers in
a Semiconductor Quantum Well," Presented at the Hot Electron Conference,
Japan, June 10-14, 1991.

K. Shum, Y. Takiguchi, J.M. Mohaidat, W.B. Wang, R.R. Alfano, K. Adomi
and H. Morkoq, "Hot Carrier Dynamics in GaAs Epilayer Structures Grown on
Si," Presented at the Hot Carrier Conference, Nara, Japan, July 1-5, 1991.

D. Biswas, H. Lee, A. Salvador, M.V. Klein and H. Morkoq, "Characterization
of InxGal-xP/GaAs Grown by Gas Source MBE (0.40 < x < 0.65) by Spectroscopic
Ellipsometry," Presented at the Eleventh Annual MBE Workshop., Austin,
TX, Sept. 15-18, 1991.

A.L. Demirel, S. Strite, A. Agarwal, M.S. Onlhi, D.S.L. Mui, A. Rockett and H.
Morkoq, "Reduction in the Outdiffusion Into Epitaxial Ge Grown on GaAs
Unsing a Thin AlAs Interlayer," Presented at thel8th International
Symposium on Gallium Arsenide and Related Compounds, Seattle, WA,
Sept. 9-12, 1991.

M.S. Unli, S. Strite, A. Salvodor and H. Morko , "A Vertically Integrated
Driver for Light-Emitting Devices Utilizing Controllable Electron-Optical
Positive Feedback," Presented at thel8th International Symposium on
Gallium Arsenide and Related Compounds, Seattle, WA, Sept. 9-12, 1991.

S.Strite, D.S.L. Mui, G. Martin, Z. Li, D.J. Smith and H. Morkoc, "An
Investigation of the Structural and Insulating Properties of Cubic GaN for
GaAs/GaN Semiconductor-Insulator Devices," Presented at thel8th
International Symposium on Gallium Arsenide and Related Compounds,
Seattle, WA, Sept. 9-12, 1991.

J. Chen, G.B. Gao and H. Morko , "Comparative Analysis of High Frequency
Performance of Si/Sii.×Ge, Heterojunction Bipolar and Si Bipolar
Transistors," Presented at the International Device Research Conference,
Charlottesville, VA Dec. 4-6, 1991.

G.B. Gao, G.X. Liu, S.F. Fang, T.C. Shen, Z.F. Fan and H. Morkoq,
"AIGaAs/GaAs Power Double Ileterojunction Bipolar Transistors Fabricated
on Silicon Substrates," Presented at the International Device Research
Conference, Charlottesville, VA Dec 4-6, 1991.

G.B. Gao and H. Morkoq, "[leterojUinction Bipolar Transistors: The Recent


