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Temperature-dependent transport properties of InAs films grown
on lattice-mismatched GaP

V. Gopal
School of Materials Engineering, Purdue University, W. Lafayette, Indiana 47907

V. Souw
Department of Physics, Purdue University, W. Lafayette, Indiana 47907

E.-H. Chen
Department of Electrical Engineering, Yale University, New Haven, Connecticut 06520

E. P. Kvam and M. McElfresh®
School of Materials Engineering, Purdue University, W. Lafayette, Indiana 47907

J. M. Woodall
Department of Electrical Engineering, Yale University, New Haven, Connecticut 06520

(Received 30 September 1999; accepted for publication 21 Octobej 1999

Hall effect and electrical resistivity measurements were carried out on undoped InAs thin films
grown by molecular-beam epitaxy directly ¢001) GaP substrates. The large lattice mismatch
between these two compounds results in a high density array of misfit dislocations at the
heterointerface and threading dislocations in the InAs epilayer. The threading dislocation density
varies with epilayer thickness, with the largest proportion being present near the heterointerface.
This leads to variation of both the carrier concentration and electron mobility with thickness.
Consequently, a multilayer analysis was used to interpret the transport data. This analysis yields a
temperature-independent carrier concentration, which indicates degenerate donor levels in this
narrow band-gap material. Room temperature mobilities in excess of 10 (0@ smvere obtained

for thick InAs layers despite dislocation densities of%n~2. The relative insensitivity of the
mobility to temperature suggests that temperature-independent scattering dominates over ionized
impurity/defect and phonon scattering. ZD00 American Institute of Physics.
[S0021-897€00)05603-9

I. INTRODUCTION ited extent, InAs/Si heterostructures have also been
studied"® However, detailed microstructure characterization
A narrow band gap0.36 eV} and high bulk electron and a correlation with electrical properties has not been at-
mobility (33000 cnd/V's at 300 K make InAs a very attrac- tempted. We have recently demonstrated the MBE growth of
tive material for far-infrared detectors as well as for high|inAs on GaP® This system has a lattice mismatch of 11.2%,
speed devices. However, InAs device technology has beephich results in very high misfit and threading dislocation
hampered by the absence of a suitable lattice matched suljensities. The growth of InAs on GaP is initially in the form
strate. Considerable effort has been devoted to grow InAs 08f islands, but unlike many other highly mismatched sys-
GaAs substrates by molecular-beam epits®BE) and  tems, island coalescence occurs at a very early stage—by a
other technique$:® Misfit and threading dislocations, which nominal thickness of 5 nm. Thus, it is possible to fabricate
arise in the InAs layer as a consequence of the lattice misand characterize both very thin layer samples, with a high
match, have been reported to have a deleterious impact afefect content, as well as thicker layer samples with fewer
the electronic properti€s> Specifically, dislocations act as defects.
nonradiative recombination centers in InAs and other direct A combination of Hall effect and electrical resistivity
gap semiconductors, severely degrading light emission effimeasurements can be used to obtain carrier type, concentra-
ciency and rendering these materials unsuitable for optoelegion, and mobility. However, the interpretation of such data
tronic devices. However, dislocations have not been reporteg complicated by microstructural nonuniformity. The Fermi
to reduce electron mobility in InAs severely enough to makelevel of the free surface in InAs is known to be pinned in the
it unsuitable for high speed and high frequencyconduction band, resulting in surface carrier accumuldtion.
applications’’ Consequently, it becomes important to studyTo account for this, transport in InAs has been analyzed by
electron transport in highly dislocated InAs layers. two-layer models, one a uniform bulk layer and the other a
Previously, transport studies have been performed oBurface layer. The samples used in the present work were
InAs grown mainly on GaAs both by MBE'! and by metal  designed to avoid surface pinning and conduction by means
organic chemical vapor depositioNlOCVD).">**To alim-  of a wider gap A}In,gAs capping layer. Hence, the prop-
erties of the InAs epilayer alone can be studied, without the
9Als0 at Department of Physics, Purdue University, W. Lafayette, IN COMPlications of a surface layer. Due to the nonuniformity of
47907. the dislocation microstructure, the assumption of a uniform
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FIG. 1. Schematic of multilayer structure grown by MBE.

bulk layer cannot be made. A mUlt”?yer analysis has beer|g 2 cross-section TEM micrograph of au@n InAs/GaP heterostruc-
used here to model transport properties of InAs. ture.

Il. EXPERIMENT
surements were then performed over the temperature range

InAs layers were grown on commercially obtained from 3 to 300 K in both zero magnetic field and 0.5 T, where
(001) GaP substrates by solid-source MBE using a Varianhe Hall voltage is still linear with magnetic field. The tem-
GEN-II system. The substrates were thermally cleaned ajerature and magnetic field were controlled by a Quantum
710°C under P overpressure. A 20 period superlattice con-pesign PPMS system with a superconducting magnet. A
sisting of 5 nm alternating layers of GaP and AIP was growrixed transport current of 2A was used, well within the

to prevent the outdiffusion of impurities from the substrate.ghmic regime of the samples—V curve. The sign of the
This was followed by the growth of a 200 nm buffer layer of

undoped GaP at 660 °C. The substrate temperature was low-
ered to 350 °C for the growth of InAs. The initial few mono-
layers were grown under In rich conditions as this was found
to promote a smoother surface. Reflection high-energy elec-
tron diffraction was used to monitor surface morphology and
growth ratein situ. Atomic force microscopy and cross-
sectional transmission electron microscdpM) were used

ex situto confirm morphology and thickness. Finally, an un-
doped, 5 nm capping layer of dIng As was deposited. Six
samples of varying InAs layer thickness, 10, 20, 250, 500,
1000, and 2000 nm, were used in this study. Figure 1 is a
schematic diagram of the multilayer structure.

Microstructural characterization was performed using a
JEOL 2000 FX TEM with an accelerating voltage of 200 kV.
Both cross-section and plan-view imaging were used to
study the distribution of dislocations in the epilayer. Figure 2
is a cross-section micrograph of aun InAs layer grown on
GaP. The nonuniformity of the dislocation microstructure is
apparent. The defect density is very high in the near-interface
region and decreases away from the interface. The greatest
variation in dislocation density occurs in the initial 0.2,
beyond which a more uniform density persists. Figure 3 is a
plan-view micrograph of the km sample, from which the
near-surface threading defect density is estimated to be
~10%cm™2.

Hall voltage and resistivity measurements were per-
formed using the van der Pauw technique. Approximately
square specimens were cleaved, and indium contacts Weggs. 3. 220 dark-field plan-view micrograph of azm InAs layer. The
pressed at the four corners. Hall voltage and resistivity meamreading dislocation density is estimated to-b&0'° cm™2.
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6103 bt bt LT 0 20000m culated directly from the measured Hall coefficieRL)Y and
T Swomm the zero-field conductivityg, via u®=Rso. The apparent
X odum mobility clearly increases with sample thickness and shows
o 10om

only a small temperature dependence for samples thinner
than 250 nm. For samples thicker than 250 nm, a very broad
maximum occurs neaf=175K.

IV. INTERPRETATION OF HALL EFFECT DATA
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In a nonuniform layer where the mobility.) and carrier
concentration(n) vary with thickness, the standard interpre-
N tation of Hall effect data provides only an apparent or
5'0 160 150 200 250 300 weighted average value of these quantities. In this case, the
measured Hall coefficientR;) and sheet conductivityo)
are given by"!®
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FIG. 4. Variation of the apparerias measuredsheet carrier density with 2
temperature for each sample. In(x) u(x)=dx
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@

Hall coefficient indicated that the majority carriers were elec- B q 2
trons for each of the samples. os=e | n(x)u(x)dx, 2

wheree is the electronic charge ands the distance perpen-
dicular to the interface. Then, the apparent sheet carrier den-
Figure 4 plots the apparent sheet carrier densit, sity and mobility are
against temperature for each samg.is obtained directl
g P pie y 1 [ p(0dx?

Ill. RESULTS

from the measured Hall coefficienRs, via Ni=1/(eR,). Ng:e__m’ (3
NZ is very high even for the thinnest sample~T R M

X 10?cm™2, for the 10 nm samp)e and as the sample ) () p(x)2dx

thickness increase#\? increases quickly for thin samples, u?=Rsos= (4)

but relatively slowly for thicker samples. This suggests a [ne)mdx
very high interfacial contribution and a drop to a lower back-However, the true sheet carrier density and the average mo-
ground bulk value as sample thickness increases. bility can differ considerably from the apparefmheasuref

The temperature dependenceNdf is qualitatively simi-  values:
lar to previously published dafa'® We believe that this

temperature dependence does not indicate thermal activation, Ng= f n(x)dx, (5)
but instead reflects the fact thisf is a function of the carrier
density weighted by the mobility. In(x) m(x)dx

Figure 5 shows the apparent mobilify?, as a function Mav:W' (6)

of temperature for samples of different thickneg$.is cal- o ) .
Hence, large variations in mobility could caub& to be

dominated by a small fraction of carriers which have a high

< 2000mm mobility. This was pointed out by Watkiret al,**'*but in
8 1000 nm .-
, . L] s so0nm the context of a competition between bulk and surface con-
10000 ] : e duction.
> l0m The apparent values defined above can be used to extract

7 the Hall mobility and carrier density distributions. Differen-
Z 8000 tiating Egs.(1) and(2) and rearranging terms yields
=
2 5 2
= 6000‘ o MH(X _ d(RsO'S)/dX (7)
;g g dog/dx '
‘i’ 4000 - Attt F 0 [dO’S/dX:lz @
é 2000 e[d(Rsog)/dx]
< To account for a finite data set, the derivatives are approxi-
OEEEIRAEXEEE 5 5 8 8 8 B mated by differentials, as
0 50 100 150 200 250 300 dog/dx~A(ag); IAX;
T ture (K
emperature (K) and (9)

FIG. 5. Variation of the apparerias measurgdmobility with temperature 2 2
for each sample. d(Rgo5)/dx~A(Rso%)i [AX; .
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relates well with the observed dislocation microstructure. A
very high dislocation density exists near the interface, which
drops and also reaches a limiting value~10Y
dislocations/crf) far from the interface, as seen in Fig. 3.
Thus, it is likely that carrier generation is defect related.

We have previously proposed that the high interfacial
sheet carrier density could be caused by a structural donor
source at the intersection of misfit dislocations at the InAs/
GaP interface and have demonstrated a one-to-one corre-
spondence between the density of the intersection sites and
the observed\y.!® Although the carriers in the bulk could
also be related to dislocations, a one-to-one correspondence
does not exist in this case. A simple calculation, based on an
estimated constant dislocation density of%m 2 and as-
suming complete ionization of all atoms along each disloca-
tion line, yields a carrier density of 5x 10 cm™3, an or-
der of magnitude higher than the extracted background
concentration of & 10'®cm 3. This difference is unlikely to
be caused by compensating point defects. Compensating

charge centers would result in very low effective mobility,
contrary to our observation of monotonically increasing mo-
bility with thickness, to values in excess of 14 000%yrs.

It is more likely that the dislocation cores in InAs do not
have charged centers associated with them along their entire
length. For instance, carrier generation could be restricted to
I kink sites associated with threading dislocations. Alternately,
% charged native defects could be responsible, in which case
the correspondence between dislocation density and carrier
density suggests that the distribution of native defects is in-
fluenced by dislocations.

10"+
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1017_ *

SN It et e St B

0 500 1000 1500 2000
(b) Thickness (nm)

2500

FIG. 6. (a) Variation of the extracted carrier density with temperature and

epilayer thickness(b) Variation of the extracted carrier density with thick- B \/ariation of mobility with thickness and
ness at three different temperatures. The carrier density reaches a "mit"l%mperature
value of ~6x10%cm3,

In Fig. 7(a), the extracted mobilityu(x), is plotted ver-
_ o sus temperature for each sample thicknes&x) is calcu-
Ideally, a thin layer of material is etched and the Meaated from the apparent mobilitgee Fig. 5and Eq.(7). At

surements are repeated after each etch step to obtain the d\'r%'ry small thickness, mobility is essentially independent of

tributions. Unfortunately, in the present case, an etch WOU"Eemperature' even at 2m, the temperature dependence is
first remove the AfJIng gAs capping layer and introduce sur- o very strong. There is a very broad peak in the mobility at

face carrier accumulation in the InAs. Hence, measurementsy, t 175 K for the thicker samples. Figur@7plots u as a
were performed separately on a number of as-grown samplgg, ~tion of sample thickness @t=>5, 160, and 250 K. The

of varying InAs layer thickness. mobility increases with thickness and appears to saturate to a
value in excess of 10000 &'s at 2 um.

The variation of mobility with temperature in semicon-
ductors yields information on competing scattering mecha-
nisms. The present system is unusual due to the rather low
temperature sensitivity of the mobility.

It is commonly accepted that the two most important
mechanisms in semiconductors that limit mobility are ion-
ized impurity scattering and phonon scattefidComplete
expressions o, andu n, are availablé'~2*but it can be
shown that the temperature dependence for these mecha-
Yisms are

V. DISCUSSION

A. Variation of carrier concentration with thickness
and temperature

Figure Ga) plots the extracted carrier concentration,
n(x), versus temperature for each sample thicknegs) is
calculated fromN2 in Fig. 4 using Eqs(8) and (9). Very
little temperature dependence is exhibitedrifx), suggest-
ing that the defect lev&d) responsible for carrier generation
are degenerate. This is not surprising since InAs is a ver
narrow band-gap semiconductor.

Figure Gb) plots n as a function of sample thickness at
T=5, 160, and 250 K. There is a steep drop in carrier con-
centration away from the interface and, at a thickness of 2
um, n appears to reach limiting value 6f6x10cm 3 at  Kalem et al® reported that the former is dominant fdr
all three temperatures. The thickness variatiompf) cor- <100K and the latter fof >100 K.

Rimp= T3 for ionized impurity scattering,

pone T~ ¥2 for phonon scattering. (10
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2000 nm The relative temperature insensitivity @f points to the

T %EE?,‘,{“ dominance of the third, temperature-independent, scattering

14000 JM"“""’«' % 2omm mgchanlsm over ionized impurity and phonon scattering in

a,'_\“ this system.

12000 _,"" - Possible contributing mechanisms to this strong tem-
7 100001 perature independent scattering are struptural features, inho-
2 ] mogeneously arrayed, that limit the carrier mean free path.
‘“g 8000 These may include:
= (i) Surface roughness: The 10 and 20 nm thick samples
= 6000'_Wh have very similar defect contents. It has been observed that
S 4000 Y. g InAs grows in Volmer—Webefisland mode on GaP? Is-

Jastemoccco0000 00 0 0 0 o o o . ‘
land coalescence occurred by a nominal thickness of 5 nm,
2000 ¥ but surface roughness persists. Atomic force microscopy
Promoroo0XX XX X X X X X X XX (AFM) measurements indicate that the 10 nm sample has a
0 50 100 150 200 250 300 rougher surface morphologgnd a rougher AllnAs/InAs in-

terface than the 20 nm sample. This would account for the

@ Temperature (K) lower mobility of the former. Surface roughness related scat-
. N T tering is not expected to have explicit temperature depen-
TTTTTTTTTTTTTTTTTT ¢ ek dence. As used in this context, surface roughness does not
14000 « refer to the cross-hatch problem seen in lower lattice mis-
120001 s match system& Since strain relaxation at the InAs/GaP in-
- terface is mainly by a sessile network of 90° misfit disloca-
2”"100001 >_< . - tions, crosshatch is eliminated. Due to the larger volume
& 8000 i avallablg for conduptlon, rogghness related' scattering in this
2 ! system is not a major contributor for the thick samples.
£ 60001 b L (i) Dislocation strain fields: Threading and misfit dislo-
£ ' cations have associated strain fields around them, which can
= 40007 ¥ interact with and scatter electrons. Since mobility is lower
and less sensitive to temperature in the highly dislocated
2000 F thinner samples as compared to the thicker samples, it can be
ol — surmised that strain field related scattering is significant.

0 500 10]00 15|oo 20|00 2500 Kalem et al. who observed much stronger temperature de-
(b) Thickness (nm) pendence, also observed much lower dislocation densities
(~10"cm™2) in their thick InAs/GaAs samples, and hence
FIG. 7. (a) Variation of the extracted carrier mobility with temperature and this effect may have manifested itself, but not as stroficfly.
epilayer thickness(b) Variation of the extracted mobility with thickness at (iii) Neutral impurities: Neutral impurities are believed
g}rig (c)i:)fgegr%];;esr.nperatures. The mobility reaches a limiting value in exces§, cause temperature-independent scattér’in'gnese could
include neutral vacancies and iso-electronic substitutional el-
ements, for instance, Al or Ga on an In site.
Preliminary Hall effect measurements on 1 angu
The exceptionally weak temperature dependence in Fighick InAs layers grown at a higher substrate growth tem-
7(a) leads to power-law exponents much smaller in magniperature (480 °Q resulted in lower carrier concentration,
tude than 1.5. The 2m sample, which displayed the great- higher peak mobility(>20000 crd/Vs), and more pro-
est temperature sensitivity, had a low temperature exponemounced temperature dependence of mobility than displayed
of ~0.2 and a high temperature exponent-of-0.3. These by the 350 °C grown samples. TEM images show a reduction
exponents are also much lower than previously reported bin threading dislocation density. A more detailed investiga-
Kalem et al, who deduced~0.6 for ionized impurity scat- tion of samples grown at different temperatures is underway
tering and~—1.1 for phonon scatterinjTo account for the and will help clarify the issue of temperature-independent
deviation from 1.5, it was proposed that dislocation linesscattering in InAs.
were charged, and that the potential due to the space charge
region around them scattered electrons with a smaller tem-
perature dependenée® Watkins et al. also reported much VI CONCLUSION

stronger temperature dependence than observedhére. The transport properties of undoped InAs epilayers

_ We propose here that a temperature-independent scattefzo\yn on lattice-mismatched GaP substrates were investi-
ing mechanism is superposed on the ionized impurity angieq by variable temperature Hall effect and resistivity mea-
phonon scattering mechanisms. The resulting total mobility rements. Multilayer analysis of the Hall data showed that
is then carrier concentration does not have a significant dependence
. P on temperature, regardless of the thickness. A linkage was
Miota™ Mimp T Mpho™ M71 - (1) drawn between carrier generation and dislocation density in
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