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We have used ultraviolet photoelectron spectroscopy to study the strain dependence of the
valence-band offset in situ for InAs/GaAs(100) heterojunctions grown by molecular-beam epitaxy.
The Ga 3ds,2 and In 4ds;; core-level to valence-band-maximum binding-energy separations and the
Ga 3ds/; to In 4ds, core-level energy separations were measured as functions of strain. This requires
the growth of fully relaxed In.Gai_As buffer layers of varying composition as virtual substrates.
We account for the true shape of the density of states near the valence-band edge by using results of
k - p theory. Thus a full empirical pseudopotential calculation can be avoided. Our measurements
yield valence-band offset values of 0.04+0.10 eV for InAs strained to GaAs(100), 0.57+0.10 eV for
GaAs strained to InAs, and 0.36+0.06 eV for both strained to InP(100), respectively, the valence-
band maximum being lower at the InAs side of the junction.

I. INTRODUCTION

Some scientific effort has been devoted to the ques-
tion as to what determines the band lineup at semicon-
ductor heterojunctions. Due to possible applications of
strained layers in high-speed and optoelectronic devices!
and the increasing quality of pseudomorphic growth, re-
cent experimental and theoretical work considered ma-
terials with different lattice constants and the depen-
dence of band offsets on the strain condition imposed
by different substrates. In addition, it has been judged
possible? that the determination of the strain dependence
of band offsets could shed light upon the virtue of differ-
ent model theories, since all proposed reference levels are,
in principle, functions of the band structure and hence of
strain. The use of photoelectron spectroscopy to mea-
sure valence-band offsets of lattice matched materials is
well established and has been extended to mismatched
junctions.?

The InAs/GaAs system exhibiting a lattice mismatch
of 7% is of some interest in the optoelectronic industry,
and it is the most simple mismatched system of III-V
semiconductors; its behavior may serve as a guideline for
other compound semiconductor heterojunctions. Vari-
ous theoretical investigations, both model theories and
ab initio calculations, predict a large strain-induced vari-
ation of the band offset.”” No comprehensive experimen-
tal investigation of the subject has been carried out up
to now. The pioneering work of Kowalczyk et al.® left
the strain state of the epilayer undefined. Hashimoto et
al.? relied on a tight-binding evaluation of the shift in the
core-level to valence-band-maximum (VBM) binding en-
ergy that has not been published. It is known that such
calculations may deviate from measured values.?

In this paper we present an experimental determina-
tion of the variation of the band offset of InAs/GaAs with
the substrate in-plane lattice constant. The outline of the
paper is as follows. The second part describes the exper-
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imental setup. In the third part, we report our results;
they are discussed and compared with recent theoretical
data.

II. EXPERIMENT

The experiments were performed in a stainless steel
UHV chamber operating at base pressures below 1 x
1071° mbar. It was equipped with a Leybold EA/200
hemispherical energy analyzer with a multichannel de-
tector. The photoexcited electrons entered the analyzer
in the direction of the sample normal and were collected
with an angular acceptance of +8°. The only radiation
source employed here was a differentially pumped gas-
discharge lamp operating at the He 1, He 11 (hv = 21.2,
40.8 eV), and the He 11 satellite (hv = 48.37 eV) spectral
lines.!! By analyzing the width of the Au Fermi edge,
the overall energy resolution (electrons and photons) is
found to be 60 meV with acceptable count rates.

The analysis chamber was interconnected through
a UHV valve to a conventional Varian Mod Genll
molecular-beam epitaxy (MBE) system. Freshly grown
samples were transferred in situ to the analysis cham-
ber via a UHV transfer chamber which was equipped
with a low-energy electron diffraction (LEED) system.
The MBE samples were grown on Si doped GaAs(100)
wafers (n =~ 1-4 x 10'® cm—3), S doped InP(100) wafers
(n ~ 5 x 10'® cm™3), and S doped InAs(100) wafers
(n~5x 10 cm™3).

The experimental determination of the band offset (cf.
Fig. 1) involves the measurement of the energetic sepa-
ration of the Ga 3ds,; core level in GaAs to the In 4ds/,
level in InAs across the heterojunction in question. In ad-
dition to this procedure, the core-level to valence-band-
edge binding-energy differences are functions of strain’?
and have to be measured independently on samples of
known strain state.
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FIG. 1. Schematic energy-band diagram for GaAs strained
to InAs(100). The uppermost valence band of the GaAs side
is light-hole-(1h)-like.

Table I summarizes the respective growth conditions
for the various samples. The V/III beam equivalent pres-
sure ratio was 30-40 for GaAs and In,Ga;_,As layers,
for InAs layers the ratio was 10. This sometimes involved
the use of two As, sources at different source tempera-
tures. The In,Ga;_,As buffers with = other than lattice
matched to GaAs, InAs, or InP substrate were intended
to be fully relaxed to their natural lattice constants. To
prevent the layer from islanding, the growth temperature
was as low as 420 °C.1% After deposition, the layers were
annealed at 550 °C in order to ensure full relaxation. This
was checked by standard x-ray diffraction measurements
on the asymmetric (115) reflection of 1 um thick lay-
ers. In order to avoid excessive band bending the buffers
were moderately n doped (n =~ 1 x 107 cm™3). GaAs
and InAs growth rates were determined by monitoring
reflection high-energy electron diffraction intensity oscil-
lations.

Al] epilayers are expected to be fully strained to the
buffers lattice constant, since they are thinner than the
critical thickness as determined for the case of thermody-
namic equilibrium.!* Usually one can obtain much larger
pseudomorphic layers by MBE growth at relatively low
temperatures,'!® thus there is no doubt that the layers

FIG. 2. Ratio of the UPS intensity of the In 4d and Ga
3d core level (dots) for the growth of the two extreme het-
erostructures. The solid line shows what is expected for layer
by layer growth. A value of 7 A for the mean free path and
of 01n/0Ga = 2.7 for the ratio of the respective atomic sensity
factors was assumed.

the layers were fully strained was carried out by analyz-
ing the separation of spots in the LEED pattern. The
observed LEED reconstruction is also given in Table I.

The growth of the two extreme structures, i.e., InAs on
GaAs(100) and GaAs on InAs(100), was somewhat differ-
ent. By monitoring the epilayer to substrate ultraviolet
photoelectron spectroscopy (UPS) intensity ratio (Fig.
2) in the range of 0.5 to 5 monolayer (ML) coverage we
identified the onset of strain relaxation through three-
dimensional growth. From the deviation of the experi-
mental data points from the calculated curves for layer by
layer growth (full line) we estimate the critical thickness
to be 2.75 and 4 monolayers, respectively. The growth
of InAs on GaAs(100) included a growth interruption of
two min after every 0.25 monolayer.'®

III. RESULTS AND DISCUSSION

Figure 3 exhibits a typical spectrum in the Ga 3d and
In 4d core-level region for a sample consisting of 3 ML
GaAs on top of 5 ML InAs on top of an Ing 53Gag 47As

were indeed fully strained. A relatively rough check that

buffer.

TABLE 1. Listing of all grown samples: strained “bulk” layers of InAs and GaAs and het-
The respective pyrometer-calibrated growth temperature and subsequent anneal
temperature in parentheses for buffer layer and the epilayers are given. All epilayers were grown at
420 °C. The observed LEED reconstruction of the epilayer is also given. The last column contains
the heterostructures that have been grown on the respective buffer. They consisted of 3 ML of one
material on top of 5 ML of the other one grown at 420°C.

erostructures.

Substrate Buffer growth Epilayer growth LEED || Heterostructures
GaAs(100)| GaAs, 580°C GaAs c(4x4)|| InAs (<3ML) on GaAs
InP(100) Ino.17Gao.s3As, 420(550) °C| 5,10,15 ML GaAs | c¢(4x4)|| InAs on GaAs
InP(100) Ino.37Gao.e3As, 420(550) °C| 4,8,12 ML GaAs c(4x4)|| both
InP(100) Ing.53Gaog.47AS, 550 °C 5,7,9,11 ML GaAs| c(4x4)|| InAs on GaAs

5,7,9,11 ML InAs | (3x1) GaAs on InAs
InP(100) Ino.e9Gao.31As, 420(550) °C| 4,8,12 ML InAs (1x1) both
InP(100) Ino.s4Gao.16As, 420(550) °C| 5,10,15 ML InAs (1x1) GaAs on InAs
InAs(100) | InAs, 470°C InAs (4x2) GaAs (<3ML) on InAs

The spectrum originates from the He II satel-
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3.0 at its maximum is obtained by fitting a model function
_ AEcL to the spectrum. This model function is a convolution
225 hv=48.37eV of a theoretical valence-band density of states with an
"g experimentally determined UPS instrumental resolution
820 function.
5 In this paper, the theoretical density of states near the
S 15 valence-band edge has been calculated using results of
5 the k - p theory. In the present case the 6 x 6 Kohn-
210 Luttinger Hamiltonian for the I' point'® including spin-
= orbit interaction and strain has been employed. Such
Zos a Hamiltonian has been given by People and Sputz.®
_ . This approach, though approximate, is accurate enough
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FIG. 3. UPS spectrum of a sample 3-ML GaAs/5-ML
InAs/Ing.53Gao.a7As on InP(100) together with the corre-
sponding fit (solid line).

lite line (hv = 48.37 eV), and a linear background has
been subtracted. The relative position of the Ga and In
core levels was obtained by modeling a set of two dou-
blets to our spectrum. Each doublet consists of two spin-
orbit split components that are represented by a symmet-
ric line shape containing both Gaussian and Lorentzian
contributions.!® The spin-orbit splitting, ds/2:d3/, inten-
sity ratio, and the ratio of the respective full width at half
maximum (FWHM) were fixed and determined by mea-
surements on bulk samples. The position of the doublets,
their absolute intensity, the FWHM, and their mixing ra-
tio were fitted parameters.

The relative position of the In 4ds/; core level to the
Ga 3d;/; core level as a function of the substrate in-
plane lattice constant is plotted in Fig. 4. In agreement
with the x-ray photoemission spectroscopy investigation
of Ref. 9 the distance is constant across the whole range
from the GaAs to the InAs lattice constant.

The core-level to valence-band-edge binding-energy
differences were determined using the precision analy-
sis by Kraut et al.l” modified to include strain effects. In
this approach the position of the uppermost valence band

N
N

>

=

e En4ds2— EGasdsr2

20}

>

o

g P& 4

z18 ¢ k4 + T ¥

wl

-

w

o

L1 |

lbl:J Gaf\s InAs

S |

O L L L L - L]
56 5.7 58 59 6.0 6.1

SUBSTRATE LATTICE CONSTANT (&)

FIG. 4. In 4d5/; to Ga 3ds;3 core-level binding-energy dif-
ference as a function of the in-plane lattice constant of the
substrate on which the heterostructure was grown. The lat-
tice constants of GaAs and InAs are marked by arrows.

to generate the band structures of the strained bulk crys-
tal within the range that is of interest here. The resulting
unstrained band structures have been checked to compare
well with standard pseudopotential calculations2® in the
range down to 300 meV below the valence-band maxi-
mum.

The density of states is evaluated by sampling ap-
propriately distributed random points in k space in an
energy histogram.?! Figure 5(a) shows the theoretical
valence-band-edge density of states of GaAs without any
strain and before convolution with the instrumental res-
olution function. The density of states is dominated by
the heavy-hole band, and it is almost perfectly steplike.
When tensile strain is applied, the light-hole band shifts
upwards with respect to the average valence-band maxi-
mum thus causing the small shoulder between —0.15 and
0.0 eV in Fig. 5(b). A simple linear fit would fail to de-
tect the true maximum. Figure 5(c) shows the theoreti-
cal valence-band-edge density of states of compressively
strained InAs. Though the heavy-hole band is on top,
the density of states deviates from its steplike shape due
to strain effects.

We emphasize the simplicity of these calculations as
compared to, e.g., an empirical pseudopotential calcula-
tion of the whole valence density of states, and yet they
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FIG. 5. Calculated density of states near the valence-band
maximum before convolution with the instrumental resolution
function. GaAs(100) without any strain (a), GaAs strained to
the InP(100) lattice constant (5.869 A) (b), and InAs strained
to the InP(100) lattice constant (c). The dots represent the
calculated density of states (resulting from the sampling of
random points), the solid line gives the result of a hypothetical
linear fit. For the case of cubic GaAs an arrow indicates the
small part of the density of states resulting from the light-hole
band.
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contain all necessary details for an accurate determina-
tion of the valence-band edge. All empirical parameters,
i.e., the Luttinger parameters and relative deformation
potentials, are known with a sufficient degree of accu-
racy.

How do we know that the spectrum actually probes
states at I'? Though UPS spectra of well-ordered crys-
tals are dominated by direct transitions, they show in
addition features like the valence-band maximum. This
is mainly due to emission through evanescent states that
are at a surface always available for coupling to initial
states. This fact can be explicitly proven by compar-
ing core-level to valence-band-maximum binding-energy
differences as measured with different photon energies:
For example, with monochromatized Al K, radiation —
where the k conservation is destroyed and the spectrum
reveals the density of initial states — the unstrained Ga
3ds/; to GaAs valence-band-maximum binding-energy
difference was 18.61 eV. This is within 30 meV of the
UPS result [He 11, cf. Fig. 7(a)] and published data.??

In order to prevent any contribution from occupied
surface states the fitting interval ended as close as 300
meV below the valence-band maximum. According to
Ref. 17 the results are independent of surface states if
these are properly excluded. This should be the case
for the As-rich GaAs(100) c(4x4) reconstruction, where
the highest-lying surface state is placed between approxi-
mately —1.0 and —0.5 eV below the valence-band edge.??
The As-rich InAs(100) surface has not been studied with
respect to this, but in view of comparative results on
other surface orientations? we do not expect it to be
much different from GaAs. Neither do we expect any
effects on surface states due to bulk strain.

Figure 6 exhibits a typical measured valence-band-edge
spectrum together with the corresponding fit. It origi-
nates from a GaAs layer strained to the InP lattice con-
stant. The photoelectrons were excited with the He 11
line. The appropriate model function is the convolution
of the theoretical density of states of Fig. 5(b) with the
experimentally determined instrumental resolution func-
tion. In a different procedure the spectra of the valence-
band edge may also be fitted with linear sections; in this
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FIG. 6. Extended UPS spectrum of the valence-band max-
imum of GaAs strained to the InP(100) lattice constant to-
gether with the corresponding fit (solid line). The appropriate
model function is the convolution of the theoretical density of
states of Fig. 5(b) with the instrumental resolution function.
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FIG. 7. Valence-band maximum to the respective core-level
binding-energy differences for strained GaAs (a) and InAs (b)
layers as a function of the substrate in-plane lattice constant.

case, one has to correct the results according to hypo-
thetical fits of the theoretical density of states as those
of Fig. 5. Both attempts give the same results within
some ten meV.

In Fig. 7(a) the Ga 3ds/; to GaAs VBM binding-
energy difference is plotted as a function of the in-plane
lattice constant. Figure 7(b) is the equivalent for the
In 4ds/; to InAs VBM binding-energy difference. In this
case the hydrostatic part of the strain partly compensates
for the uniaxial splitting of the bands, which explains the
small variation observed. The results of Fig. 7 can be ex-
trapolated and combined with the core-level separation
to gain as the final result the InAs/GaAs valence-band
offset as a function of the substrate in-plane lattice con-
stant. Due to the extrapolation the error is larger to-
wards the two extreme points and smallest at the InP
lattice constant (a;=5.869 A). Obviously, by choosing
an appropriate substrate, the valence-band discontinu-
ity at the InAs/GaAs heterojunction can be varied from
—40+100 meV to —570+100 meV. One should, however,

BAND OFFSET AE, (eV)

5.6 5.7 5.8 5.9 6 6.1
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FIG. 8. Valence-band offset of the InAs/GaAs heterojunc-
tion as a function of the substrate lattice constant. The neg-
ative sign means that the topmost valence band of InAs is
lower than the topmost valence band of GaAs. The solid line
and error bars give our experimental results. Dotted line:
model solid theory (Ref. 4). Dashed line: (Ref. 25). v: ab
initio pseudopotential (Ref. 6). O: empirical pseudopotential
(Ref. 7). ¢: Tight binding (Ref. 5). (O: ab initio pseudopo-
tential without taking into account the interlayer separation
of minimal energy at the interface (Ref. 6).
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keep in mind that the respective band structures change
according to the strain state of the individual layer.

In Fig. 8 we compare our results with recent theoreti-
cal investigations. As for the full self-consistent calcula-
tions of the interface, our data coincide with the ab initio
pseudopotential calculation of Oloumi and Matthai.® In
their paper, Oloumi and Matthai pointed out that their
results were critically dependent on the interface inter-
layer separation. For instruction we have also plotted
the results from the same authors when the interface in-
terlayer separation was assumed to be the average of the
two bulk materials. The interface interlayer separation
was not as crucial in the empirical pseudopotential cal-
culation of Ref. 7 and has not been investigated in Ref. 5.
Van de Walle was himself very cautious about the limi-
tations of the “model solid theory” with respect to polar
interfaces;* indeed no theory that relies on intrinsic ref-
erence levels can account for additional interface dipoles
that originate from atomic rearrangements.

Recently another ab initio pseudopotential calculation
has been reported.2¢ In that work, the valence-band offset
is found to depend only weakly on the interface interlayer
separation, the absolute value, however, differing from
the results of the present paper.
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IV. CONCLUSION

We have measured a large strain-induced change in the
valence-band offset of InAs/GaAs heterojunctions. One
can alter the valence-band offset by 530 meV on going
from the GaAs to the InAs lattice constant. Our study
includes a measurement of the core-level to valence-band-
maximum binding energy. To account for the true shape
of the density of states near the valence-band edge we
used results of k - p theory. This method, though ap-
proximate, is accurate enough and avoids a full empirical
pseudopotential calculation. By comparison with theory,
we have been able to show that the interlayer separation
at the interface is crucial for the band lineup at polar
heterojunctions.
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