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Angle-resolved photoemission measurements from normal-emission spectra have been used to deter-
mine the strain-induced changes in shape of the valence bands of In„oa& „As alloys with In concentra-
tions of 10%, 20%, 27%, and 30%. The data have been analyzed using an iterative technique in which
the experimentally determined bulk bands are fitted by polynomials. Differences between the strained
and unstrained bands show k-dependent shifts that are similar in all alloys studied and whose sign and

magnitude have been reproduced in the calculations. We observe an increasing strain-induced shift with

concentration as reported but the shift is of the opposite sign to that previously reported by other inves-

tigators.

I. INTRODUCTION

Interest in the semiconductor III-V system InAs-GaAs
arises from the desire to control the band gap and elec-
tronic properties of materials which can be used as base
materials for lasers and detectors optimally matched to
optical fibers. The electronic properties and lattice con-
stant of these materials may be changed by altering the
relative cation concentrations. The InAs-GaAs system
encompasses a band-gap range from 0.36 to 1.42 eV,
making it a likely contender as infrared optoelectronic
devices operating between 1.3 (0.95 eV) and 1.55 pm (0.80
eV). There is a 7% difFerence between the lattice con-
stants of the constituent compounds, which means that
the growth of In„Ga, „As on GaAs, for example, causes
the initial layers of molecular-beam epitaxy (MBE) grown
material to be strained. This strain has interesting conse-
quences in thin-layer superlattices in that control of the
band gap can be accomplished by varying the [In]l[Ga]
ratio, but it can also have detrimental effects on the per-
formance of the material in devices.

In„Ga& As grown on GaAs causes the alloy to be
compressively strained perpendicular to the direction of
growth. As the thickness of the layer is increased, defects
are introduced which relieve the strain until the equilibri-
um lattice constant characteristic of the alloy is achieved.
This relaxation process has been characterized by a criti-
cal thickness, the maximum thickness which maintains
the substrate lattice spacing and hence the strained layer.
The transition to the unstrained state is not abrupt, how-
ever, and the strain is progressively relieved by the intro-
duction of defects even in thin layers. Care is therefore
required in the estimation of the actual strain in such ter-
nary alloys.

Photoelectron-spectroscopic measurements of strained
systems have shown that valence-bands shift and that

efFective masses are altered in systematic ways as a func-
tion of strain. ' Theoretical studies have reproduced
the major trends in these results. Hwang et al. com-
pared their experimentally determined band structure for
a strained lattice (In„Ga, „As on GaAs) with that of an
unstrained system in the I -X direction. They found that
the dispersion of the upper three valence bands was re-
duced in the strained alloy and that the shifts observed in
individual bands were k dependent. Our own measure-
ments showed similar k-dependent shifts, but they were
of opposite sign to those reported by Hwang et al. '

In this paper we report the results from a number of
measurements on In„Ga& „As alloys in both strained
and unstrained form for four values of x, namely
x=0.10,0.20,0.27,0.30. The measurements were designed
to test the k dependence of the strain-induced changes in
the valence-band structure and to confirm the direction
of the shift with strain. Particular care was taken to min-
imize the variability of experimental parameters between
measurements on the strained and unstrained alloys. A
large number of angle-resolved ultraviolet photoemission
spectroscopy spectra were acquired using a p-polarized
synchrotron radiation with photon energies between 11
and 70 eV. Data were acquired for polar angles which
covered the complete range of +90' using a toroidal
analyzer ' connected to the TGM4 beamline at the
BESSY synchrotron light source in Berlin.

Effect of strain

The ternary alloy In Ga, As is crystalline with the
symmetry of the constituent compounds, but the distribu-
tion of the In and Ga on the cation sites is random with
an occupation probability proportional to the relative
concentrations. Since the In-As bond is longer than the
average lattice constant and the Ga-As bond is shorter
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TABLE I. Elastic constants for constituent compounds.

InAs GaAs

C12.

Lattice constant a

8.33
4.53
0.352
6.0584 A

11.88
5.38
0.312
5.6533 A

than average, the final arrangement will be a slightly dis-
torted form of the ideal zinc-blende structure with bond
lengths and angles controlled by minimization of the lo-
cal elastic energy.

No theoretical band structures for either the strained
or unstrained In Ga&, As random alloys have been pro-
duced due to the diSculty in using single-cell potentials
randomly distributed through the lattice. This means
that it is not possible to make a comparison between
theory and an experimental band structure. Several mod-
els exist, such as the simple virtual-crystal model based
on an average potential and the more sophisticated
coherent-potential approximation. These have produced
densities of states for random alloys. Ling and Miller '

have used single-cell methods by taking a weighted aver-
age of all possible configurations of the constituents to
produce band structures for InAs, Sb„and to estimate
the changes in binding energy of critical points in
In Ga, „As and Al, Ga, „As as a function of composi-
tion. The calculations of Zollner et al. on the effect of
strain on GaAs are, however, the only calculations avail-
able for comparison with the experimental results report-
ed here.

The lattice constant of GaAs is 5.65 A and that of
InAs is 6.06 A, as given in Table I, which also shows the
elastic constants C» and C» and the Poisson ratio 0..
The equilibrium lattice constant of the ternary alloy
In Ga& „As follows Vegard's law, with the equilibrium
lattice constant scaling as the concentration of the con-
stituent alloys. Thus the equilibrium lattice constant for
the values of x used are given in Table II, which shows
that the equilibrium lattice constant for the alloys is
larger than the GaAs lattice constant. An In, Ga, As
alloy grown on a GaAs substrate is therefore under
compression in both directions parallel to the sample sur-
face which results in a tensile strain in the direction nor-
mal to the surface. The lattice constant in the normal
direction can be measured from thick relaxed samples,
but for the thinner strained layers this is not possible, so
elastic theory is used. The lattice constant in the normal

direction a~ is given by the equation'

2'
~J ~eq+ (+gq

1 —cr

where a, is the equilibrium lattice constant, cr is the
Poisson ratio given by C,2/(C» +C&2 ), and a

~|
is the lat-

tice constant in the surface. The Poisson ratio for the al-
loys is also considered to obey Vegard's law.

The relationship between the basis vectors a,' in the
strained and a; in the unstrained lattice is given by
a,'=a; (1+v.) where E is the strain tensor. The strain can
be treated as a transformation of coordinates such that
the Hamiltonian of the strained system is a coordinate
transformation of the unstrained Hamiltonian. " Com-
parison of the bands should therefore be made using k
values normalized to the Brillouin-zone boundaries of
each lattice.

The alloy symmetry changes from the zinc-blende
structure of GaAs, point-group symmetry Td, to body-
centered tetragonal whose primitive translation vectors
are similar to those of a fcc lattice. The idealized point
group becomes D2d with a consequent reduction of sym-
metry at some high-symmetry points in the Brillouin
zone. There is no effect of this reduction in symmetry on
the degeneracies of the bands along the principal direc-
tions from those determined for the Td double group
needed for the spin-orbit interaction. The character
tables of the double groups for Td and D2d are given in
the Appendix with the representational decompositions
at I and Z.

II. EXPERIMENT

A. Crystal growth and characterization

The In„Ga, „As layers were grown on (100)-oriented
GaAs substrates by MBE using a Varian 310 system.
The GaAs substrate was heated to 620'C in a Aux of ar-
senic for approximately 5 min in order to establish an
atomically clean and well-ordered surface prior to the
growth of a 0.2-mm-thick GaAs buffer layer. The GaAs
buffer layer was probably 0.25 pm. The ternary layer was
grown at 520'C under As-stabilized conditions. The
growth rate (1.05 pm h ') and thickness were determined
by reflection high-energy electron diffraction intensity os-
cillation measurements. The substrate was rotated con-
tinuously during growth so as to minimize any inhomo-
geneity in the [In]/[Ga] ratio arising from spatial varia-
tions in the In and Ga flux distributions. After growth
the sample was cooled by mechanically coupling a

TABLE II. Lattice constants for ternary alloys.

aeq

a~t

ag
i strain

Inp loGap 9pAs

0.316
5.693 A
5.653 A
5.730 A
0.65

Ino. 2oGao. soAs

0.320
5.734 A
5.653 A
5.811 A
1.34

Ino 27Gap 73As

0.323
5.763 A
5.653 A
5.868 A
1.82

Inp 3QGap 7pAs

0.324
5.773 A
5.653 A
5.888 A
2.03
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TABLE III. Epilayer thicknesses of samples used in this
study.

Sample
thickness

In() lpGaQ 9QAS

I p 2pG p 8pAs

InQ 27GaQ 63As
Inp ppGap 7pAs

Unstrained
(pm)

1.0
0.75
0.4
1.0

Strained
(A)

50
30
80
20

liquid-nitrogen-cooled finger to the molybdenum block
on which the sample was mounted. A thick passivating
layer of amorphous As was deposited over the surface of
the sample over 1 —2 h at an As background pressure of
4 X 10 Torr.

The In mole fraction values (x) were determined from
the average In Gai As-GaAs peak separation in x-ray
rocking-curve measurements performed at four x-ray az-
imuthal angles using a double-crystal diffractometer on a
completely relaxed sample. Details of the samples used
in this study are given in Table III.

A strained system such as the In„Ga, „As ternary al-
loys grows initially with the lattice constant of the sub-
strate, but as the thickness increases, defects form and
threading dislocations are able to glide and elongate in
the subsequent layers and so relieve the stress. This
growth model has been characterized by a critical thick-
ness, below which the lattice grows in the strained condi-
tion and beyond which the process of dislocation devel-
opment begins. Matthews and Blakeslee' (MB) have
modeled the relief of the strain due to pre-existing or
grown-in dislocations in the substrate and hence deter-
mined the critical thickness as a function of In concentra-
tion. Measurements on In„Ga, As alloys of different
compositions grown on crystalline substrates with a small
number of defects' have shown that the observed thick-
ness at which significant changes of the lattice constant
are observed, is considerably larger than the predictions
of this MB high defect model. It is believed that many
dislocations are created before the x-ray measurements
can detect their presence. For example, for the x=0.27
alloy, the MB model predicts a critical thickness of 40 A
and a relief of 40% of the strain at 80 A. For the samples
with x=0.27 the actual grown-in dislocations are expect-
ed to be less than those on which the MB model is based,
so the strain in the sample will lie between the full strain
of 1.9% and the 1.2% strain predicted by MB model.

B. Ultraviolet photoelectron measurements

The samples were heated in a preparation chamber,
whose base pressure was 2X 10 ' mbar, to remove the
As overlayer. The As evaporates at temperatures above
about 100'C, with the rate depending exponentially on
temperature. The surface was transformed from an
unreflecting milky appearance to a highly reflecting state
characteristic of the MBE-grown material. The cleanli-
ness was confirmed both by the observation of low-energy
electron diffraction patterns and by the photoelectron

spectra at a photon energy around 30 eV, where the es-
cape depths are small and the spectra are particularly
sensitive to contamination.

The samples were transferred under ultrahigh vacuum
to the analyzer chamber whose pressure remained close
to 2X10 ' mbar during the measurement time. The
spectra showed a slight deterioration after three days in
this chamber. The toroidal analyzer used for the photo-
electron measurements accepts electrons with polar an-
gles —90' to +90' at one azimuthal angle defined to
within +1'. The resolution in the polar plane was +1.0'
and the energy resolution of the analyzer and monochro-
mator was 0.2 eV. The analyzer chamber was connected
to the TGM4 monochromator on the BESSY storage ring
in Berlin whose photon energy range is 10—130 eV using
two gratings. To obtain a calibration of the polar angle a
movable aperture can was lowered to block the entrance
slit except for holes at 30' intervals. A spectrum was
then taken whose angular distribution is a series of peaks
with 30' separation which were used to calibrate all other
spectra from that particular sample.

For the measurements on the sample with an In frac-
tion of 0.27, two separate sets of identical samples were
used and the data was taken 3 months apart. The sets of
data used in the analysis of both the strained and un-
strained data' are compilations from these two measure-
ments, a single strained or unstrained sample being mea-
sured on each occasion. The agreement between the data
from these two independent experiments gives us
confidence in the reliability of the measurements and in
the process for determining energy and k values from the
data.

In the second and third series of measurements (on the
samples with In fraction x=0.1, 0.2, and 0.3) the variabil-
ity of the experimental parameters was further mini-
mized. A sample of the strained alloy and another of the
unstrained alloy were mounted in the same sample hold-
er, one "above" the other. They were aligned along the
substrate cleavage edges (110) so that the azimuthal
directions were identical and the alignment of the surface
normals was better than 0.5' as judged by optical
reflections from the two sample surfaces. Thus, for each
measurement, all experimental parameters were constant
with the exception of the rigid translation of the sample
manipulator needed to interchange the sample being il-
luminated.

The monochromator was calibrated by comparing the
binding energies of the In and Ga 3d core lines. Accurate
values of core-level binding energies with respect to the
spectrometer vacuum level were obtained from core-level
spectra using first- and second-order light at one mono-
chromator setting. Corrections were applied to other
spectra to adjust for any calibration error. Spectra were
mostly taken at steps of 1 eV for photon energies from 11
to 30 eV, in steps of 2.5 to 40 eV and in steps of 5.0 eV to
a photon energy of 50 eV.

III. RESULTS

A large number of angle-resolved spectra were ac-
quired at azimuthal angles between +80' and —80', but
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only data from normal-emission spectra will be discussed
in this paper. The energy distribution curves (EDC's)
from the In0 27Ga0 73As strained alloy are shown in Fig. 1

in which the transitions to the primary-cone free-electron
band are clearly visible. The calculated positions of the
core lines for In, Ga, and As due to higher-order light,
are shown as arrows in Fig. 1 from which it can be seen
that only the As core line has any significant intensity in
the valence-band region.

IV. DATA ANALYSIS

Our earlier paper on In„GaI „As (Ref. 14) described
the process used to determine the valence-band structure
of unstrained In Ga& As from angle-resolved photo-
emission data taken normal to the surface. This process
involves the determination of the peak positions in the
normal-emission (EDC's) and the use of a structure plot
(binding energy against photon energy) for these transi-
tions. This permits identification of primary-cone transi-
tions and of the binding energy and photon energy at
which transitions from the top of the valence band at I
are observed. The inner potential Vo (referred to the vac-
uum level) is determined by identifying the photon energy
at which transitions from the X point are observed. The

Strained In, »Ga, 73As

he
[eV]

49.9

39.9

37.4

34.9

32,4

30,2

28.7

26.7

perpendicular momentum k~ can then be calculated for
all other transitions using the free-electron final-state
model to give energy and momentum values for the two
valence bands.

In simple materials, these bands would be compared
with calculated bands to test the agreement between
theory and experiment. No calculations of the band
structures of the alloys exist, and so we determine empiri-
cal bands from the experiment. The free-electron final-
state model, implicit in this analysis, applies for photon
energies above about 20 eV. Thus transitions from an
initial-state band for photon energies above 20 eV and
transitions at minimum binding energy, the top of the
valence band, are fitted to a fifth-order polynomial con-
strained to generate a band horizontal at the Brillouin-
zone boundary and at I . The bands, thus determined,
are then used as experimental initial-state bands which
are used to generate the "theoretical" structure plot.
This enables the identification of umklapp transitions,
surface states, and one-dimensional density-of-states
effects. In the following description of the analysis of the
results from the various alloys, systematic trends are
sought and comparisons made, which validate the above
process of analysis.

The structure plot generated from the data of Fig. 1 is
shown in Fig. 2 with the calculated plot shown as con-
tinuous lines. These lines correspond to transitions from
the initial state to final states with 6 vectors defined for a
tetragonal lattice (see Fig. 3). Similar structure plots
were generated using the data from all samples of
strained and unstrained In Ga, As alloys and the
primary-cone transitions similarly identified. The value
of the inner potential V0 for each alloy was determined
from the binding-energy minimum at Z7 (equivalent to

0
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FIG. 1. Normal-emission spectra at labeled photon energies
from the (001) surface of the strained InQ 27GaQ 73As ternary al-

loy. Peaks marked with crosses arise from transitions to the pri-
mary cone in the free-electron final-state model. Arrows mark
the expected positions of the core levels from As, In, and Ga ex-
cited by second-order light from the grating. Letter symbols in-

dicate the relative strength of the peaks increasing in the order
X-8 -M-I- V.

FIG. 2. Structure plot of binding energy against photon ener-

gy for peaks in the normal-emission spectra of In() 27GaQ73As

(001) marked with crosses. Letter symbols indicate the relative

strength of the peaks increasing in the order X-W-M-I-V. The
"theoretical" structure plot ( ———) is based on free-electron
final states and a polynomial fit to the experimentally derived in-

itial states (Ref. 14).
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The strain fields in the alloy can be represented as a hy-
drostatic compression together with a tensile stress in the
growth direction. Zollner et al. have used this represen-
tation in linear muon-tin orbital calculation to predict
the changes in the band structure of GaAs with strains
equivalent to those in Inp $7Ga073As grown on GaAs.

The results of this calculation are shown in Fig. 5 and are
summarized in Table VI. In both the theory and the ex-
periment the binding energy of the Z point (X3 point) for
band 2 (the splitoff band) increases —by 0.41 eV in the
theory and by 0.30 eV in the experiment. The I -point
binding energy of this band is observed to decrease in en-

0—

—3

—5
I

Strained hands

Unstrained hands

0— 0—

I
—3

Strained bands

Unstrained hand

—7

FIG. 4. Comparison of the strained (2) and unstrained (3 and 4) experimentally determined valence bands (the lowest valence band
is 1) for (a) Ino, OGao 90As, (b) Ino»Gao «As, (c) Ino»Gao»As, (d) Ino, OGao»As. The bands are plotted relative to the top of the
respective valence bands which have been aligned. The k values have been normalized to the Brillouin-zone boundary for each alloy.
Dashed lines, strained alloy; solid lines, unstrained alloy.
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C2 2S4 2C,' Compatibility relations for Td and D2d.
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r, r, r +r, r +r, r +r,
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1

In the situation where spin-orbit splitting is neglected,
the uppermost valence-band state in In„Ga& „As is the
triply degenerate state I » which is split by the strain-
induced reduction in symmetry to a singlet I 4 and a dou-
blet I 5 state similar to the states determined by spin-orbit
splitting in GaAs. If the spin is taken into effect the dou-
ble groups should be considered.
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Compatibility relationships. patibility relationships involving the double-group repre-
sentations can be derived.

Td

Dad

r,
r,+r, E R RC2, C2 Rcr„, 0., IR O'U, AU

The upper valence bands in GaAs are I 8 and I 7. The
strain in In„Ga, „As causes the I 8 state to split into two
Kramer's doublets I 7 and I 6. The I 7 state remains as
I 7 There is a reduction in the degeneracy as the I 7 and
I 6 doublets are not related by time-reversal symmetry as
the h3 4 bands are in GaAs.

The symmetry at A in the strained lattice is the same
as at 5 in the unstrained lattice C2„. The compatibility
relationships between the single groups Cz„, Td, and D2d
are given in texts on group theory and solids, ' whereas
the double groups are left to the readers. The C2, double
group character table is given below from which the com-
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Compatibility relations for In„Ga, As .
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