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1. Summary

\’ M on ~

Study of the small-bandgap III-V compounds InAg;_4Shy and Ga.AsF.. ﬁ‘l"f has continued

TP PR TN

towards the goal of eventual application to long wavelength infrared sources and dete—@n this

last year of our current research contract sponsored by SDIO/IST Electromc/Optxca.l Materials.

C? Optical characterization of these small bandgap compounds was performed, resulting in the best

=y P
f reported low-temperature photoluminescence linewidth of 7.6 meV for a Ga.Aqo.«;Sh\q,sg sample.

M the first experimental data on the band alignment of the GaSb/GaAs system was

reported from the results of photoreflectance measurements: {e/re;;t-e?’g heavy-hole band offset -’

AN

-
s -y 5 1.7 for GaAsgsfbe.., establishing a type-II structure with electrons in the GaAs layers and

~ ~
holes in the GaAs;_Sby, layers. Electrical characterization of these materials was also studied
h n
by variable temperature Hall measurements. For the GaAs;_.$by material grown on InP, a

two-acceptor model was forwarded to describe the Hall coefficient temperature behavior.

More directly addressing the goal of optoelectronic integration, we have investigated the

’S ster

growth of these materials lattice xmsmatcb 3 both GaAs and Si substra es. [In [tudyin the

growth of InAtb-,Sh,, on GaAs, we have reported the effects oPusmg gr ed layérs, strained-

layer superlattices, and tilted substrates to reduce or constrain the misfit dislocations induced by
cr -

the large lattice mismatch (7.2 - 14.6% for 0 § x @1). Transmission electron microscopy on

the microstructure and interfacial structure of the InSb layers on gw) GaAs has revealed the
< O Ibnr 1
accommodation of the misfit strain by square arrays of a/2{0ﬁa edge-typg dislocations. We have

presented a model to explain the formation of these dislocation arrays. l}(;;?nwhile, from Hall
Ve [

measurements, room temperature electron mobilities as high as 57000 gr/xa/V;s were reported in
ot [ A ]

a 4.6 (@ thick unintentionally-doped InSb layer on GaAs. For 2 }16 pm tluck InAs;_xSby (x :
= 0.67) layer, electron mobilities of 20000 and 8800 cm’/V s were reported at 300 and 77 K,

respectively.

The growth of both InAs and InSb epilayers on (100) Si substrates tilted 4° towards (110) was
pursued despite the 11.3% and 19% lattice mismatches between the epilayer and substrate mate-
rials. X-ray rocking curve measurements and optical transmission measurements were performed
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to determine the structural and optical properties of the epilayers. From Hall measurements,
room temperature electron mobilities as high as 55000 cm?/V-s were realized in a thick 8 ym
InSb epilayer. For the InAs epilayers, a peak electron mobility of 45000 cm?/V.s was reported
for a thick 6.7 yum film at 75 K.

A significant breakthrough has been achieved in the fabrication of hot-electron transistors
(HET) through our development of the contact regrowth (CORE) technique for the formation

‘of extremely low-resistance nonalloyed ohmic contacts. The potential of our CORE structure

for improving device performance and uniformity suggests a wide variety of applications in the
processing of semiconductor devices. In our report, the CORE structure was investigated for
achieving low-resistance nonalloyed contacts to the thin base of the HET. Although a relatively
thicker (for a HET device) 1000 A Ing s3Gao.47As base layer was used in the initial investigation,
a very low specific contact resistance of 1.8 x 10~7 Q.cm? of the nonalloyed base contact was
reported. While the thicker base structure of the HET gave expectedly low transfer ratios,
excellent performance of the low-resistance contacts was reported. The development of the CORE
technique addresses some of the .current limitations in the HET device: higher current densities
may now be realized through the uniform, low-resistance base contact. Further, vertical scaling

of the base epitaxial layer may also proceed, which should lead to improved transfer ratios.

Preliminary investigation of the microstructure and interfacial structure of the CORE struc-
ture has commenced, towards the optimization of the regrowth process for device application.
We include yet unreported cross-sectional TEM analyses of the CORE structure. Finally, con-
current theoretical calculations have also been pursued. The calculation of the I-V characteristics
of direct tunneling diodes describes the injection of electrons through the HET emitter-base tun-

neling barrier. Our unique simulation approach reports the first known quantitative agreement

of calculated tunneling current with experiment.
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2. Progress Made

GaAs;_Sb, Films

In our studies on GaAs,.,Sb, alloys, we have reported both optical and electrical character-
istics of this material grown on GaAs and InP substrates. Investigating the broadening effects of
the observed microstructural nonux!iformites on the optical properties of this material, low tem-
perature (4 K) photoluminescence {PL) was performed. For samples with x < 0.06, PL spectra
were dominated by two bands, as shown in Fig. 1 for a sample with x = 0.044, under varying
laser excitation intensities. The narrow peak at higher energy is attributed to the emission as-
sociated with the annihilation of excitons bound to impurities (BE), whereas the broad peak at
lower energy is attributed to the recombination of electrons in the conduction band (e,A), as well
as electrons bound to donors (D,A) with holes bound to acceptors. When the low excitation
intensities are used (Fig. 1a), the acceptor bound excitons are more pronounced and have lower
peak energy. At higher pump intensity (Fig. 1b), the acceptor bound excitons quickly saturate,
with the donor bound exciton completely dominating at even stronger excitation (Fig. 1c). To
verify our assignments of PL peaks, we also performed transmission measurements where the free
exciton transitions dominate. A strong exciton (ground) peak was observed as well as a weak dip

at higher energy, which is attributed to the absorption due to free excitons in the excited state.

For x > 0.06, only one peak associated with the impurity or defect related transition dom-
inates PL spectra. In the range 0.1 < x < 0.3, the full width at half maximum (FWHM) of
the dominant peak is generally < 25 meV, with very little variation.v For lattice-mismatched
films with x > 0.3, the 1uminesc§nce becomes quite broad and very weak, due at least in part to
the high density of dislocations inherent in these films. In contrast, layers grown nearly lattice
matched (0.45 < x < 0.54) to InP substrates display good PL spectra. A single emission peak is
typically observed at 0.780~0.790 eV with FHWM < 12 meV. A best reported peak width of 7.6
meV is presented in Fig. 2 for a GaAsg 4Sbg.s¢ sample.

Low temperature optical absorption measurements were performed to directly measure the
bandgap of this material. Extrapolation of absorption coefficient aquared (a?) versus energy plots

3
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Fig. 1 Normalized PL spectra of a GaAs;_,Sbe (x = 0.044) film under varying laser intensities:
a) 2 W/cm?; b) 20 W/cm?; ¢) 200 W/em?.
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Fig. 2 Low temperature PL spectrum of a GaAsq 4Sboss film displaying the narrowest peak
reported to date. |




BN 7 AR M S B Y ~RA g N BRI 4F

¥
2
}
¢
{,
¥

3
g
¥
%
¥
3
-
=

to a? = 0 shows a bandgap of 0.804 eV at 4 K and 0.722 eV at 300 K for GaAs,sSbg s, consistent
with our PL data. Fig. 3 shows E, versus x at 300 K found by similar absorption measurements
for a large number of GaAs;-,Sby samples grown both on GaAs and InP substrates. The E,
values plotted in Fig. 3 are possibly overestimated due to biaxial compression of the lattice from
the positive mismatch with the substrate; however, this effect was minimized by growing relatively

thick 1.0-3.0 pm layers. Fitting our data, we reported the bandgap energy relation
Eg = 1.42-2.05x + 1.35x%,

shown as a dashed line in Fig. 3. The solid line plotted in Fig. 3 is the previously accepted
relation suggested by Nahory et al.

GaAs;_.Sby films grown on Fe-doped InP substrates were characterized by variable temper-
ature Hall measurements. Advancing a two-acceptor model, a good fit to the Hall coefficient
versus temperature behavior was reported in the temperature range 30 K < T < 300 K. Low
hole mobilities < 200 cm?/Vs for T < 300 K are consistent with previous observations. A sim-
ple alloy cluster scattering model has been shown to be useful in explaining the mobility versus

temperature characteristics.

GaAs,_,Sb,/GaAs SLSs

The growth of high quality GaAs,;_.Sb,/GaAs strained-layer superlattices (SLSs) and their
characterization by TEM have previously been reported in conjunction with this research project.
In our current efforts, we have further characterized the GaAs,_,Sb,/GaAs superlattice by x-ray
diffraction to accurately determine the structural parameters of the superlattices. Additionally,
low temperature and room temperature photoreflectance (PR) measurements were performed for
the evaluation of band discontinuities resulting in the first experimental report on the band
alignment of the GaSb/GaAs system.

Shown in Fig. 4 is a characteristic photoreflectance spectrum for a sample at 80 K. This
spectrum exhibits a single peak at the low-energy end of the spectrum (1), an intermediate
region containing several smaller peaks (2), and a strong double peak at the high energy end

6
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(3). The T1 feature is assigned the lowest energy transition from the n=1 heavy hole to n=1
conduction band state (1H-1C). Since splitting of the T2 and T3 features cannot be accounted for
assuming a Type I superlattice, we proposed a Type II superlattice with electrons in the GaAs
layers and holes in the GaAs,..Sb, layers. The T3 feature then corresponds to a trmsiﬁon
between continuum states, and the transition T2 is between a valence band continuum state and
the n = 1 confined conduction band state. A good fit of the measured and calculated transition

energies suggests a heavy-hole band offset value =~ 1.7 for GaAs;_,Sbs/GaAs with x = 0.1.

InAs,_,Sb, Films

In our studies of small-bandgap III-V compounds, we have recently investigated the growth‘

and characterization of InSb and its alloy InAs;_.Sb,. We have reported on the growth of
InAs;_,Sby on (100) GaAs substrates as well as on (100) Si substrates tilted 4° towards (110) by
MBE. Growth of InSb on (100) GaAs was performed over a wide range of conditions including
varying substrate temperatures from 330 to 410 °C and Sb/In flux ratios, as well as both 4°
and 7° substrate tilt towards (111)A. For an Sb/In flux ratio ~ 1 and a substrate temperature
of 540 °C, remarkably good morphologies were reported for InSb on untilted GaAs substrates.

Meanwhile, a reduced sensitivity of the InAs,_,Sb, alloy to the growth temperature was observed.

We have examined the microstructure and interfacial structure of InSb films grown on (100)
GaAs using transmission electron microscopy (TEM). Shown in Fig. 5 is a selected area diffraction
pattern of a 5 um? area along the (100) direction. In addition to the square InSb(100) diffraction
pattern, a square GaAs(100) pattern is also observed from the undiffracted incident beam as
well as the beams diffracted from the InSb layer. Measurement of the splitting between pairs
of reflections yields a lattice mismatch of 14.6%, in agreement with the bulk lattice parameters.
Figure 6 shows an axial (011) lattice image of the interfacial region. The lattice mismatch between
film and substrate shows accommodation of the misfit strain by square arrays of a/2{011} edge-
type misfit dislocations spaced on average 29 A apart. We have proposed a model for the
formation of these dislocation arrays in which we envision dislocation formation occurring when
the lateral growth of InSb islands exceed ~ 30 A along a given [011] direction.

9
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Fig. 5 Selected area diffraction pattern of an InSb epilayer on (100) GaAs along the (100)
bicrystal axis.
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Fig. 6 Axial (011) high resolution electron micrograph of the InSb/GaAs interface. A misfit
dislocation occurs in each bright region along the interface.
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Room temperature and 77 K Hall measurements were performed to assess the electrical
quality of the InSb epilayers. Carrier concentration and electron mobility were found to be strong
functions of layer thickness. For a 5 um thick epilayer, room temperature mobilities as high as
57000 cm?/V-s were measured with Ny—N4 ~ 1.6 x 10!® cm~3. At lower temperatures, however,
a rapid decrease in mobility was observed, which is attributed to an increasing dominance of
dislocation scattering. The first electrical properties of InAs;_,Sb, (0.4 < x < 0.7) epilayers on
GaAs substrates was also reported. For a 1.6 um thick InAsg 33Sbo g7 layer on GaAs with a 1 um
InSb buffer, electron mobilities of 20000 and 8800 cm?/V.s were measured at 300 K and 77 K,
respectively.

Growth of InSb directly on a Si substrate (tilted 4° off (100) towards (110)) as well as with
a GaAs buffer was also reported. Although surface morphologies of the InSb layers grown with
and without a GaAs buffer layer look similar, the electrical properties obtained from Hall effect
measurements revealed significant differences, especially at 77 K. Room temperature mobilities
of 48000 and 39000 cm?/V.s were measured for 3.2 um thick layers with and without a 0.3 um
GaAs buffer, respectively. For a thicker 8 um InSb layer, an electron mobility of 55000 cm?/V.s
was reported. This is consistent with x-ray rocking curve measurements, which show a reduction
in FHWM from 600 to 400 arc-seconds for the 3.2 and 8 um thick InSb films. Similarly, the
sharpest band edge transmission spectra is observed for the thick 8 um InSb film. Finally, a 40
meV shift towards lower energy is reported for the low temperature PL peak of InSb on Si, as
compared to bulk InSb.

InAs Films

Optimum growth conditions of InAs epilayers on GaAs has been studied leading to the recent
investigation and subsequent report of the first growth of InAs epitaxial films on Si substrates by
MBE. InAs epilayers with thicknesses ranging 0.5 to 7.0 um were grown on (100) GaAs substrates,
tilted 7° towards (111)A, and tilted 4° towards (001). Using substrate temperature control, As-
stabilized (370-500 °C) and In-stabilized (> 500 *C) growth conditions were studied as well
as In-stabilized nucleation with As-stabilized growth: The In-stabilized condition displayed the

12
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smoother surface morphologies. From Hall measurements, thickness dependent electron mobilities
from 1.5-5.2 x 10* cm?/V-s were measured for 1.0-6.2 ym thick InAs epilayers at 77 K.

The growth of InAs on Si was studied for film thicknesses ranging from 4.0 to 7.0 um.
Preceded by a thin (< 0.1 gm) buffer layer of GaAs and a five-period Ino.aGao3As/GaAs SLS
under As-rich conditions, growth of the InAs was performed under In-stabilized conditions at
substrate temperatures between 520 and 550 °C. A maximum electron mobility of 4.5 x 10*

cm?/V.s was reported at 77 K.

InGaAs/InAlAs Hot Electron Transistor

In our continuing studies on the InéaAs/InAlAs hot electron transistor (HET), we have
achieved a significant breakthrough in the fabrication of these devices by developing the novel
contact regrowth (CORE) technique for the formation of extremely low nonalloyed ohmic con-
tacts. In our previous reports, we have presented improved current gains through vertical scaling
of the base epitaxial layer. While further vertical scaling of the HET poses few problems in
terms of MBE growth, reliable fabrication of transistor devices becomes increasingly difficult,
particularly in the formation of low-resistance ohmic contacts to a base transit region of the
order of 100 A. The thermal cycling typical of conventional contact formation not only results in

non-uniformity and irreproducibility of the contacts, but it can also short the thin base layer.

In our associated studies on the growth of In,Ga,_,As and In,All;,As, we have reported on
the use of n*-InAs cap layers for low-resistance nonalloyed ohmic contacts to InGaAs. Employing
n*-InAs/Ing s3Gag47As SLSs, we have further reported nonalloyed resistances of less than 1.5 x
10~-% Q-cm? on IngssGagq7As. We have successfully applied this in-situ grown structure on
heterojunction bipolar transistors. Extending this contacting structure as a regrowth procedure,
we have reported the Contact Regrowth (COR;E) technique for uchieving low-resistance (1.8 x
10~7 ©-cm?) non-alloyed contacts to the base of the HET.

In our published report, an InGaAs/InAlAs HET with a thicker 1000 A base layer was
investigated. A control HET sample was processed conventionally alongside a second (CORE)
sample, which was processed for subsequent MBE regrowth of the InAs contact structure. After
13
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definition of emitter, base and collector mesas by wet chemical etching, the CORE sample was
cleaned and loaded into the MBE system, where the following CORE structure was grown: a 30
A Ino.s3Gag.47As layer Si-doped 1.5 x 10'® cm=3; an 8 period 10 A InAs/10 A GaAs SLS Si-doped
3 x 10" cm-3; and finally a 100 A InAs cap layer Si-doped 3 x 10'® cm~3. Processing of the
CORE sample was then completed by evaporation of metal contacts.

The emitter current versus emitter-base bias for both the control and CORE samples with
nonalloyed contacts are shown in Fig. 7. The current levels measured in the CORE sample
are in general agreement with predicted tunneling currents reflecting the low parasitic resistance
achieved by the CORE structure. In contrast, large and highly nonuniform emitter and base
contact resistances were measured for the conventional HET devices. Collector current and
transconductance versus collector-base bias curves are shown in Fig. 8 for the CORE sample.
As expected, with the 1020 A base plus 500 A analyzer barrier, a low maximum a of only 0.5
was measured. However, clear voltage shifts in the ballistic peaks were resolved (not obscured
by large series resistances) from which a collector barrier height of 450 meV was estimated, in
reasonable agreement with thermionic emission measurements.

The development of contact regrowth for the HET suggests the eventual realization of devices
with ultra-thin base layers (~100 A), with the associated achievement of “useful” transfer ratios.
Furthermore, the higher current densities measured with the CORE structure addresses one of
the present limitations of the HET device. Additionally, the self-aligned nature of the regrown
contact layer relaxes the demanding requirements of photolithographic processes. R.ecently,i we
have pursued a detailed investigation of the CORE structure in order to fully characterize the
growth conditions and the resultant layer mo'rphology and electrical properties. Optimization of
the CORE procedure for uniform two-dimensional growth and suppression of possible sidewall
growth is currently underway, in collaboration with Prof. F. Tsen and co-workers at Arizona
State University. Shown in Fig. 9 is a TEM micrograph of a CORE-structure/in-situ-epilayer
interface.

Meanwhile, in conjunction with our experimental studies, we have performed calculations of
the I-V characteristics of direct tunneling diodes, simulating the carrier injection through the
14
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Fig. 7 Emitter current versus emitter-base bias for the HET device both with and without the
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Fig. 9 Cross-sectional TEM image of the CORE/in-situ Ino.s3Gag.47As structure.
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emitter-base tunneling barrier. Although several numerical simulations have been done in the
past on the I-V characteristics of the tunneling diode, our results report the first quantitative
agreement between calculations and experimental results. To obtain quantitative agreement with
experiment, 1) the effect of band-bending in the space-charge regions was included by solving two
coupled one-dimensional Poisson’s equations, and 2) the transmission probability of the tunneling
electron was calculated by a transfer matrix method, with the complex k-vector determined by

k-p band structure calculations.
We report forward and reverse tunneling current density relations, closely fitting the observed

tunneling current:

. _ qmom*kpT 1 e 2 1 4+ e{(Vi(~00)+Vy~E.)/2aT)
F= 2x183 (l_e(-v./..ﬂ)/o ITr(E,)|* |In l+e((V’(°°)’V"‘V'"E-)/*'ﬂ dE,,

. _ gmom°kpT 1 00 2 1 + ((Va(0)+Vs, ~ E; )/ ksT)
R= 2088 (1 - e(v'/'m) ,/o ITR(EL)" |t 1 + e((Vi(=00)+Vi+Vu~-E,)/kaT) dE;,

where V, is the applied voltage, Tr and Tr are the forward and backward tunneling amplitude,
E, is the energy in the z-direction, Vj; and V;, represent the band-bending at the left and right
terminals, V; is the voltage drop across the tunneling barrier, and the Fermi energy subscripts 1
and 2 correspond to the left and right terminals. Details of the calculations and the resultant
relations are presented in our paper. For a 76 A i-IngssAlo4sAs barrier bounded by assymetri-
cally doped n*-Ing 53Gag.47As, IV characteristics were computed and compared to experimentally
measured values. Our calculations (short dashed line) and experimental results (solid line) are

presented in Fig. 10 along with calculations by conventional effective-mass approximation (long

dashed line).

18
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of Photo-Optical Instrumentation Engineers, vol. 877, Los Angeles, CA, January 10-17, 1988,
pp- 28-34. (NSF-MRL at Purdue University; DOE contract no. DE-AC04-76DP00789 at
Saadia National Laboratories)




e J. Klem, J. I. Chyi, H. Morkog, Y. E. Ihm, and N. Otsuka, “Electrical characteristics of
MBE-grown GaAs;_,Sb, on InP and correlation with film microstructure,” Proceedings of
the Society of Photo-Optical Instrumentation Engineers, vol. 877, Los Angeles, CA, January
10-17, 1988, pp. 35-40. (NSF-MRL at Purdue University; DOE contract no. DE-AC04-
76DP00789 at Sandia National Laboratories)

e J. L. Chyi, S. Kalem, C. W. Litton, and H. Morkog, “Growth and characterization of InSb
and InAs,_,Sb, grown on GaAs,” presented at the Electronic Materials Conference, Boulder,

CO, June 22-24, 1988.

e J. L. Chyi, D. Biswas, S. V. Iyer, N. S. Kumar, H. Morko¢, R. Bean, K. Zanio, R. Grober,
and D. Drew, “MBE growth and characterization of InSb on Si,” presented at the 9th MBE
Workshop, West Lafayette, IN, Sept. 21-23, 1988. J. Vac. Sci. Technol., in print.

i. Honors/Awards/Prizes
o Hadis Morkog, Fellow, American Physical Society, for numerous innovative contributions in
molecular beam epitaxial growth of semiconductor structures, 1988.

o David Sai Lai Mui, Fellowship, International Business Machines, 1988-89.

J. Graduate Students and Postdoctorals Supported Under the CRP for the Year Ending
1 Octobor 1987

James J. Chen

Jen-Inn Chyi

David S. L. Mui (AFOSR, IBM Fellowship)

Chin-Kun Peng (AFOSR)

Sambhu Agarwala (NASA)

John F. Klem (DOE at Sandia National Laboratories)

Dr. Seraf Kalem (AFOSR)
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