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The growth of high purity InAs by metalorganic chemical vapor deposition is
reported using tertiarybutylarsine and trimethylindium. Specular surfaces
were obtained for bulk 5-10 um thick InAs growth on GaAs substrates over a
wide range of growth conditions by using a two-step growth method involving a
low temperature nucleation layer of InAs. Structural characterization was
performed using atomic force microscopy and x-ray diffractometry. The trans-
port data are complicated by a competition between bulk conduction and
conduction due to a surface accumulation layer with roughly 2—4 x 102 ¢m2
carriers. This is clearly demonstrated by the temperature dependent Hall data.
Average Hall mobilities as high as 1.2 x 105 cm?Vs at 50K are observed in a 10
um sample grown at 540°C. Field-dependent Hall measurements indicate that
the fitted bulk mobility is much higher for this sample, approximately 1.8 x 105
cm?/Vs. Samples grown on InAs substrates were measured using high resolution
Fourier transform photoluminescence spectroscopy and reveal new excitonic
and impurity band emissions in InAs including acceptor bound exciton “two hole
transitions.” Two distinct shallow acceptor species of unknown chemical iden-

tity have been observed.
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INTRODUCTION

Many quantum confined devices such as lasers and
high electron mobility transistors make use of the
narrow bandgap and high electron mobility of InAs.
In addition, there is also continued interest in InAs
for magnetic field sensors. It is surprising, therefore,
that solittle is known of the bulk transport and optical
properties of this material. For example, parameters
which have been known in GaAs and InP for decades,
such as the acceptor and exciton binding energies,
have until now been completely unknown in InAs.
Because of the very small effective mass of electrons
and holes in InAs, the purity of the material must be
very high in order to observe excitonic processes. The
development of high purity alternate source pre-
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cursors now provides the possibility to grow very high
purity InAs by metalorganic chemical vapor deposi-
tion (MOCVD). In addition, the recent advent of
Fourier transform PL methods greatly enhances the
sensitivity and resolution of PL spectroscopy in the 2—
3 um region.

The electrical properties of bulk InAs grown on
GaAs were investigated many years ago using the
technique of chloride vapor phase epitaxy (VPE).!
Wieder reported electron mobilities as high as
1.5x10% cm?Vsin a 17 pm thick sample. In addition,
in that work it was demonstrated that the observed
transport data were complicated by the existence of
significant conduction in a surface accumulation layer
due to the lineup of the surface Fermi level of InAs.
From the point of view of determining optical proper-
ties, this material, while excellent electrically, is of
little use because of residual strain due to the large
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Fig. 1. Summary of InAs growth rate as a function of temperature on
InAs substrates.

7% lattice mismatch with GaAs. There have been very
few reported studies on the growth of bulk InAs by
MOCVD. Baliga et al.2 mapped out some of the basic
growth and transport properties of the material very
early on, but undoubtedly because of source com-
pound limitations, the transport results were greatly
inferior to those already obtained by chloride VPE at
the time.!

More recently, Haywood et al. presented the results
of growth of InAs on GaAs using tertiarybutylarsine
(TBA) and trimethylindium (TMI) on GaAs sub-
strates,?® however the surface morphology of the films
was adequate over only a very narrow range of growth
conditions and the electrical properties were not as
good as the best molecular beam epitaxy (MBE) or
VPE results. A few other studies*® have reported
growth of InAs using trimethylindium and arsine on
GaAs substrates, however, the electrical data to date
havebeen greatly inferior to the VPE work, or the best
MBE growth results.” Some photoluminescence re-
sults for InAs epitaxy on InAs and GaAs have been
reported,®'° but none have reported clearly identi-
fiable sharp line excitonic and impurity emissions of
the type well known in GaAs and InP.

In this work, we report the growth of high mobility
bulk InAs on GaAs and InAs substrates by (MOCVD)
using TBA and TMI. A two-step growth method was
found which gave specular epilayers simultaneously
on GaAs and InAs substrates over a wide range of
growth conditions. The structural properties of the
InAs epilayers was studied using atomic force micros-
copy (AFM) and double crystal x-ray diffraction. The
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Fig. 2. (a) and (b) compare AFM images of epilayers grown at 540°C
without and with the two-step growth method, respectively. The rms
roughnesses are, respectively, 80 and 2.1 nm.

transport properties represent a significant im-
provement over previously reported valuesin MOCVD-
grown InAs and are comparable to the best ever
reported by any growth technique. The resulting
material quality has enabled the first observation of
many basic optical properties in this material includ-
ing donor-acceptor pair bands, and extremely sharp
bound exciton emission lines. In addition, we present
theresults of secondary ion mass spectroscopy (SIMS)
as a function of growth conditions.

EXPERIMENTAL

InAs epilayers were grown in a vertical downward
flow reactor with the substrate mounted horizontally
on a Mo susceptor. The inside diameter of the cham-
ber is 6.2 cm. The Mo susceptor is heated radiatively
from below by a resistance heater. Temperature con-
trol is achieved with a Vanzetti Systems optical py-
rometer. The TMI and TBA were maintained at bath
temperatures of 18 and 10°C, respectively. Total
reactor hydrogen flows of 2.3 standard liters per
minute were employed at a pressure of 50 Torr. Hall
samples were grown on vertical gradient freeze (100)
undoped GaAs semi-insulating substrates miscut 2°
toward (110). The best PL samples were grown on
undoped liquid encapsulated Czochralski, nominally
exact (100) InAs substrates, with residual n-type
carrier concentrations of around 2 x 10 ¢m= and a
dislocation density of <10* cm2. Substrates were
cleaned and etched using the method described by Ma
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Fig. 3. (c) and (d) compare AFM images of layers 301-1 and 301-2 grown simultaneously during the same run at 540°C but on InAs and GaAs

substrates, respectively.

Table I. Transport and Structural Data as a Function of Epilayer Thickness for Growth at 54(0°C

Dislocation rms (004)

T BA t, U, (50K) ny(50K) n(293K) Density Roughness Width
Run ) (Torr) (Lm) (10°cm?Vs) (102 cm™?) (102 cm™?) (nm) (arc sec)
182 400 0.12 0.1 31 34 3.9 n/a n/a n/a
299 540 0.12 0.5 45 3.9 4.1 6 4.3 632
300 540 0.12 2.5 23 1.2 34 2.6 2.1 248
301 540 0.12 5.0 44 1.0 4.3 1.0 1.3 170
302 540 0.12 10 120 0.59 3.5 0.5 0.74 107

et al.2Hall measurements were generally performed
at very low fields (100G) in order to minimize the
contribution due to surface conduction as described in
detail below. Hall measurements were performed no
less than 24 h after contact formation because of a
previously noted change in the transport values with
time immediately following contact formation.!2 The
cause of this change is surface related and is currently
under investigation. X-ray measurements were per-
formed with a BEDE 150 diffractometer modified to
include a four bounce Ge monochromator. Photolu-
minescence data were obtained using a Bomem DAS8
Fourier transform spectrometer fitted with a liquid
nitrogen cooled InSb detector. Surface morphologies
were measured using a Park Scientific Autoprobe CP
AFM operating in air in contact mode. Secondary ion
mass spectroscopy (SIMS) measurements were per-
formed by Charles Evans Associates using a Cameca
IMS-4f instrument using cesium bombardment.

RESULTS
Structural Characterization

The growth rate of InAs on InAs was found to be
diffusion limited for temperatures above 450°C in
agreement with Fang et al.® Growth rate data for thin
InAs on InAs calibration structures are shown in Fig.

1. Growth rates were measured by x-ray
diffractometry. Thin, four monolayer InP marker
layers were inserted prior to InAs deposition in order
to observe interference fringes around the principal
(004) Bragg peak. Below 400°C, the growth rate
strongly decreased with temperature, indicating in-
complete decomposition of the TMI.

Preliminary InAs layers grown directly on GaAs
substrates were found to give very rough surfaces as
indicated by the AFM image shown in Fig. 2a. At-
tempts to improve these surfaces by lowering growth
rates, and other growth conditions were unsuccessful.
Following techniques used in other works on growth
of strongly mismatched materials, we found that the
growth of a thin 100 nm nucleation layer at 400°C at
a low growth rate of 0.3nm/s was successful in main-
taining specular surface morphologies in layers up to
at least 10 um in thickness. Prior to deposition of the
low temperature layer, the substrate was heated to
540°C under TBA for 5 min in order to clean the
surface. Following deposition of the low temperature
layer, the wafer was heated to the final growth tem-
perature under TBA. Typical growth rates for tem-
peratures above 500°C were 0.6 or 1.2 nm/s with a
TMI flow of 60 or 120 scem. Figure 2b shows the
dramatic improvement in flatness obtained by imple-
menting this two-step procedure. Both (a) and (b) are
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Fig. 4. Hall mobility vs measurement temperature for various epilayer
thicknesses grown under identical growth conditions. The growth
temperature was 540°C.

1000

displayed with the same z axis dynamicrange. Samples
grown by this method were mirror-like to the naked
eye, and generally showed very few, if any defects by
Nomarski microscopy (1000X).

Although the improvement represented by Fig. 2 is
dramatic, the surfaces of the InAs samples grown on
GaAs are not as flat as those grown on InAs sub-
strates on an atomic scale. Figures 3a and 3b compare
AFM images of InAs layers 301-1 and 301-2 grown,
respectively, on InAs and GaAs substrates. Both
samples were grown during the same growth run
(301) and were subjected to the same two-step growth
procedure. The samples grown on nominally exact
(001) InAs show regular monolayer terraces typical of
step flow growth and from which we can infer an
unintentional substrate misorientation of approxi-
mately 0.18°. The measured rms surface roughness
for these layers was 0.09 nm. In contrast, the samples
grown on GaAs substrates miscut 2° from (001) show
no clear evidence of terraces within the x-y resolution
of this scan, but show a significant increase in surface
roughness to around 1.3 nm. Several depressions are
evident in the InAs on GaAs samples, typified by Fig.
3b, which are attributed to threading dislocations.
The observed dislocation density of roughly 1 x 108¢m2is
consistent with other reported studies on relaxed
growth on highly mismatched substrates e.g. GaSbon
GaAs, which has a similar lattice mismatch.3 Table I
shows a summary of transport and structural data on
four samples grown under the same growth condi-
tions but with nominal thicknesses 0f 0.5, 2.5, 5.0, and
10 um, respectively. The dislocation density decreases
somewhat with epilayer thickness but still remains
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Table II. Summary of Growth Conditions,
Electrical Properties, and Surface Morphologies
of Selected 5 um InAs Epilayers

Moy
(10¢cm?/ Mor-

T P, n(77K)
Run (°€) (Torr) (10cm™®) Vs) phology*
204 610 012 n/a n/a h
194 570  0.12 0.65 5.1 s
200 570  0.028  0.57 3.7 s
203 570  0.014 n/a n/a h
269 540  0.12 2.0 7.0 s
193 530  0.12 19 6.2 s
195 530 0028  0.81 5.6 s
196 530  0.014 n/a n/a d
197 490  0.12 14 3.3 s
201 490  0.028 1.7 2.3 s
199 450  0.12 1.6 2.9 s
198 450 0.028 n/a n/a h

Note: Hall data were not taken for samples with poor mor-
phologies.*Appearance to naked eye: s = specular, h = shiny but
hazy, d = completely dull, nonspecular.

high after 10 um. Dislocation data were based on four
separate 5 pm by 5 um scans for each sample. Coinci-
dent with the decrease in the dislocation density, the
rms roughness of this series of samples over a 5 um by
5 um region decreases significantly with increasing
epilayer thickness reaching a value of 0.74 nm for the
10 um sample.

Table I also shows a summary of the full width at
half maximum of the rocking curve of the principal
(004) Bragg peak of several layers of different thick-
nesses grown under the same conditions. There is a
marked decrease in the linewidth with increasing
thickness to aslittle as 107 arc sec for the 10 um layer.
This is probably still an over estimate given that the
x-ray penetrate several microns into the material for
this diffraction angle.

Table II gives a summary of morphology and trans-
port data as a function of growth conditions for sev-
eral selected 5 um InAs epilayers on GaAs substrates.
Surface quality was categorized according to visual
appearance with the naked eye. Specular surface
morphologies were obtained over a wide range of
growth conditions. InAs substrates were included in
each growth run and the surface quality of growths on
InAs were always as good or better than those on
GaAs. The surfaces of epilayers grown on the two
substrates were usually indistinguishable by the na-
ked eye, except near the extremes of growth tempera-
ture or low V:III ratio, where the samples grown on
InAs were generally superior. In general, specular
surfaces were obtained for the highest group V partial
pressures from 450 up to 580°C. As the TBA partial
pressure was reduced, the morphology suffered. At a
temperature of 570°C, this deterioration did not occur
until the very low value of 0.014 Torr.

Transport Results
Table II lists the transport properties of several 5



Characterization of Very High Purity InAs Grown Using TMI and TBA 1587

um epilayers grown as a part of this study. In general,
there was little change in the sheet concentration as
a function of growth conditions. This is due to the
presence of a surface accumulation layer described in
more detail below. Nevertheless, a peak was observed
in the Hall mobilities in the region of 540°C and this
growth temperature was, therefore, selected for the
detailed temperature dependent and field dependent
transport measurements which follow.

The transport properties of bulk InAs are com-
plicated by the existence of a surface accumulation
layer due to the presence of a high density of surface
states with energies above the bulk conduction band.
Areview of the situation has been given by Stradling.1?
The surface accumulation layer results in a relatively
low mobility parallel conduction path which can domi-
nate the electrical properties of high purity samples.
This was well documented in several early works on
very high purity InAs grown by chloride VPE on
GaAs.! In this work, we report the growth of com-
parable material by MOCVD. In addition, we are able
toexplain the rather unusual temperature dependence
quite simply in terms of the standard two-layer model.
InAs can be represented as a two carrier system
consisting of a thin layer at the surface with a sheet
concentration n, and a low surface mobility p , in
parallel with a thick high mobility bulk region (the
epilayer) with mobility p, and sheet concentration n,.
We assume that the contribution from a third layer at
the GaAs/InAs interface is negligible due to the very
low mobility expected from this heavily dislocated
region. For high purity InAs with a bulk carrier
concentration of less than 10 ¢m=, the bulk Hall
mobility should become very large, larger than the
case of comparably doped wider gap materials such as
GaAs. In contrast, the mobility of the surface layer
should be relatively low due to the high density of
charged surface states responsible for the accumula-
tion layer. Measurements on VPE and MBE InAs
place this surface mobility at around 1-2 x 10* cm?
Vs, and thisis expected to be independent of tempera-
ture as in the case of a three-dimensional degenerate
electron gas.

Figure 4 shows the temperature dependent mo-
bility data taken at a field of 100G for the series of
samples from Table I which were grown for different
thicknesses at a temperature of 540°C. For reference,
the data for the 400°C prelayer alone are also given.
This sample displays no temperature dependence of
the mobility since it is dominated by the surface
accumulation layer. At temperatures between 50—
100K, the bulk mobility becomes very large in InAs.
As a result, as the layer thickness is increased, a
larger and larger fraction of the total electron current
can pass through the high mobility bulk region. The
reason for the large increase in mobility for Fig. 4 with
increasing sample thickness, is not due to increasing
purity but rather to a lesser and lesser contribution
from the low mobility surface layer as the sample
thickness is increased. At high and low extremes of
temperature, the bulk mobility is fairly low and com-

parable to the surface value. These two temperature
extremes can be used to estimate the magnitude of the
surface mobility which can be seen to be of the order
of 1 x 10 cm?/Vs.

Figure 5 shows a summary of the measured sheet
concentration at 100G for the same series of samples
as a function of temperature. The thinnest layers
show no temperature dependence of the carrier con-
centration as expected. The data in Fig. 5 give the
initially surprising result that the sheet concentra-
tion actually decreases with increasing epilayer thick-
ness. Again, the explanation arises from the fact that
between 50—100K, the bulk mobility becomes so high
that a large fraction of the current can flow through
the bulk region. Since this region of the sample has a
much lower sheet concentration of donor electrons,
the experimentally observed sheet concentration ac-
tually decreases quite substantially over this range
compared with the value observed at high or low
temperatures. Of course, this decrease would not
continue indefinitely, and the detailed dependence of
the sheet concentration on thickness can be modeled
using theoretical expressions given below. The low
temperature sheet concentrations provide a good es-
timate of the actual surface contribution to the sheet
concentration. It is worth noting that the observed
sheet concentration for 500 um thick InAs substrate
material showed virtually no change in sheet concen-
tration as a function of temperature. That material
had a bulk concentration of 4 x 106 cm-? at 250K. In
addition, the Hall mobility and its temperature varia-
tion were much smaller for this thick sample and
qualitatively different from our epitaxial samples.

The field used for the previous measurements was
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only 100G. Figure 6 shows the relative changesin the
measured Hall mobility p_ and sheet concentration
n_ for the 10 um sample 302 as a function of field at
50K, where the bulk mobility is near its maximum.
Fields above 500G result in a strong drop in the
observed Hall mobility and a strong increase in the
apparent sheet concentration. These dramatic changes
inn_and p_ as a function of field are further confir-
mation of the existence of two separate conduction
channels. In contrast, InAs samples deliberately doped
with sulfur up to a bulk concentration of 107 ¢cm=3
showed a variation in the Hall mobility and sheet
concentration of only a few percent over the range
100-6000G, as expected for a single layer system.
The field dependence of the total sheet carrier
concentration, for the case of two conductive layers
with surface and bulk sheet densities and mobilities
n,n, W, W, is given by
2_2
(n,p, + nbub)2 +p,°n,’(n, +n,) B

. @)
np”+ngp,” +p % (n, + nb)Bz

nt=

This expression allows for both interplane and

LA | LR 1 U TTrrn
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Fig. 6. Experimental mobility and sheet concentration as a function of
magnetic field at 50K for the 10 um sample 302. Solid lines represent
a least squared best fit using the expression described in the text. The
best fit was obtained with a bulk concentration of 2.5 x 10**cm=and a
bulk mobility of 1.8 x 105 cm?/Vs.
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intraplane conduction. The measured Hall mobility is
related to this expression by

nsus + nb“’b
n

H, = (2)

t

The solid lines in Fig. 6 represent least squared fits
obtained using the above expressions for p, and n,.
The bulk mobility and bulk sheet concentration were
allowed to vary as adjustable parameters, while the
surface mobility and sheet density were fixed at
1 x 10* ecm%Vs and 3.0 x 102¢m-2 based on the low
temperature limits of Fig. 4 and Fig. 5 for this sample.
The best fit was obtained using a bulk mobility of
1.8 x 10° cm?Vs with a bulk carrier density of around
2.5 x 10*cm-3. The resulting fit is quite good consid-
ering the simplification of the model, which does not
include contributions from the heavily dislocated
GaAs/InAs interface layer. In the limit of low fields,
expressions (1) and (2) greatly simplify and can be
used to give quite reasonable fits to the observed
thickness dependence of the sheet concentration and
mobility for the data in Table I.

Secondary Ion Mass Spectrometry

From an inspection of Table I, it is apparent that
Hall characterization is of little benefit in making
quantitative conclusions regarding impurity incorpo-
ration as a function of growth conditions. The pres-
enceofthe surface accumulation layer strongly masks
growth induced changes in the transport properties of
high purity InAs with residual bulk carriers below
106 cm-3. The Hall mobility peaks at around 540°C,
but no major changes in the total sheet concentration
were observed. In order to try to quantify residual
impurity incorporation, we performed SIMS profiles
of two samples grown at two different TBA partial
pressures. These structures consisted of several 100
nm layers grown at temperatures of 600°C down to
400°C in decreasing intervals of 50°C. Carbon and
sulfur were chosen for the profiles, as these are known
to be common contaminants of InAs and GaAs espe-
cially at low temperatures. Table III gives a summary
of the observed impurity concentrations. Data ob-
tained for the last layer (400°C) may be affected by
surface contamination and should be treated as upper
limits on the actual concentration. The two samples
were grown at TBA partial pressures of 0.12 and
0.028 Torr, respectively. For the sample grown at the

Table III. Summary of SIMS Measurements for Two Test Structures Grown at Two Different

TBA Partial Pressures

Sample 1: P,,,=0.12 Torr
Layer T; (°C) C (cm™®) S (cm™®)
1 400 2x10"v 5x 10
2 450 3 x 10 1 x 10
3 500 2 x 10 3 x 10
4 550 2 x 10 2 x 10
5 600 2 x 10 2 x 101

Sample 2: P, = 0.028 Torr

C (cm™®) S (ecm™®)
5x 1018 1 x 107
1x 1018 3 x 1016
1 x 1077 4 x 1018
4 x 1016 3 x 1015
2 x 1016 2 x 101




Characterization of Very High Purity InAs Grown Using TMI and TBA 1589

higher partial pressure, sample 1, sulfur and carbon
incorporation were at or close to the detection limit
down to 450°C. This result is confirmed by the excel-
lent quality of the PL emission from 450°C InAs
described below.

For the structure grown at low TBA partial pres-
sure, sample 2, significantly higher levels of carbon
and sulfur were observed. It is interesting to observe
that carbon incorporation appears to have the same
dependence on group V partial pressure as in GaAs
even though there is evidence that it forms a donor in
MOCVD grown InAs? rather than an acceptor. This
effect is probably explained in terms of a similar
argument to the one employed for GaAs, namely that
residual carbon radicals from TMI are removed by
reaction with AsH_species from the TBA. The sulfur
concentration decreases rapidly with increasing tem-
perature as expected from thermodynamic arguments.
In agreement with Fang et al.,® we observe a strong
increase in carbon incorporation at low growth tem-
peratures in the case of the structure grown at the
lowest TBA partial pressure.

Photoluminescence Results

There are very few previous reports of PL results in
InAs. Some measurements were taken on epilayers
grown on GaAs substrates, in which case strain ef-
fects would be expected to seriously degrade any
excitonic or donor acceptor pair spectra.®l® Other
reports of growth of InAs substrates were performed
at relatively low resolution;® and in addition, it is
likely that the source material purity has not, until
recently, been adequate to observe excitonic effects in
this material. Several peaks have been reported with
linewidths of the order of tens of meV,%1° however the
physical origin of these were never determined conclu-
sively, nor were any of the very sharp luminescence
lines typically observed in GaAs and InP at low
temperature observed. The narrow band gap of InAs
places stringent purity requirements for the observa-
tion of bound donors and bound excitons. Recently
Lacroix et al.!® reported the observation of extremely
sharp PL features in InAs grown on InAs substrates
which were identified as due to free excitons, acceptor
bound excitons, and donor acceptor pair transitions.
In this work, we provide some additional data regard-
ing PL at different growth temperatures.

In performing PL measurements on InAs epilayers,
we found that the choice of the substrate material is
rather important. Early growths were performed on
heavily p-type Zn-doped material. The resulting PL
showed some very sharp line structure, but was very
weak, presumably due to the formation of a p-n
junction with the epilayer. Subsequent growths were
performed on high quality undoped InAs with re-
sidual n-type doping levels of around 1-4 x 10'¢ cm-2,

Figure 7c shows a spectrum obtained for a high
purity 5 um InAs sample grown on undoped InAs at
580°C and a TBA partial pressure of 0.028 Torr. The
spectrum is very similar to that of well known PL
spectrain GaAs and InP. Theidentity of the peakshas
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Fig. 7. (b) and (c) show PL specira of two representative samples at
growth temperatures of 450 and 540°C showing excitonic and pair
emission spectra at these two widely different growth temperatures.

For comparison, the spectrum of a piece of n-type substrate material
(n =4 x 10'® cm™®) is shown in (a).

been briefly reported elsewhere.’® In summary, the
broad band at 397 meV has been identified as a donor
acceptor pair band based on the observed blue shift
with increasing laser power. The very sharp peak at
413 meV has been identified as due to acceptor bound
exciton (A°X) emission based on the observation of a
“two hole” satellite at 400 meV due to the recombina-
tion of acceptor bound excitons leaving the acceptorin
a28,,final staterather than the usual 1S, , final state
of the principal A°X transition. The high energy peak
at 415 meV was originally attributed to the free
exciton polariton (FE). However, new measurements
performed at high magnetic fields indicate that the
peak is due to donor bound exciton emission. Further
results on this emission line will be presented else-
where.

Figure 7b shows the PL spectrum of a sample grown
at a much lower temperature of 450°C and a TBA
partial pressure of 0.12 Torr which also shows ex-
tremely sharp and well resolved excitonic features,
including a well resolved two-hole feature. The high
quality of this spectrum confirms the SIMS data
which showed that residual carbon and sulfur levels
are very low even at those low growth temperatures.
For comparison, the PL spectrum of a piece of sub-
strate material is included in Fig. 7a in order to
emphasize the significant improvement in material
quality for the epitaxial layers.

The 18,,-2S,, energy splitting of the low tem-
perature sample is 13.39+0.01 meV which agrees
with the value reported in Ref. 15. In the high tem-
perature samplein Fig. 7c, the location of the two-hole
transition is slightly shifted with respect to the 450°C
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sample. Based on the separation from the principal
AX peak, this peak corresponds to a new shallower
acceptor with a 1S,,, to 28, , energy difference of 12.54
+0.01 meV. For both of the acceptors shown in Fig. 7,
the observed energy difference is close to the theoreti-
cal effective mass value of 11.31 meV'¢ thereby con-
clusively identifying the sharp line transition labeled
A°X as an acceptor bound exciton and not a donor
bound exciton, for which the 1S,,-2S,, energy differ-
ence should be far smaller. These results demonstrate
that chemical central cell shifts between different
acceptors in InAs are observable despite the very
small bandgap and light electron and hole effective
masses. The chemical identity of these two shallow
acceptors is unknown at present and will require
careful backdoping studies. GaAs epilayers grown
with the current sources typically show PL emission
due to low levels of residual Zn, therefore this is a
likely choice for one of the observed acceptors.

SUMMARY

In summary, we have reported the growth of struc-
turally excellent InAs on GaAs as determined by
surface morphology and x-ray diffraction linewidths.
We have observed very good transport properties as
confirmed by the variation of the Hall data with
temperature, reaching mobilities of up to 1.2 x 105
cm?/Vs at 50K in a 10 um sample. The observed
mobilities are clearly limited by surface effects and
not by the impurity content of the layers. A bulk
mobility of 1.8 x 105 cm?/Vs was deduced from mag-
neticfield dependent transport measurements for the
10 um sample. The unusual temperature dependent
Hall data are quite consistent with previous models
for two-layer conduction in InAs. The significant
improvements in material quality have been used to
observe sharp excitonic emission in InAs, allowing
determination of acceptor binding energies for this
material. Photoluminescence measurements show
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that very high purity material can be grown at tem-
peratures as low as 450°C. Two distinct acceptor
species of unknown chemical origin have been ob-
served through their two hole transitions.
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