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Composition modulation and inhomogeneous strain field in In„Ga, „As/InP strained layers
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Optical-absorption measurements have been carried out on tensile and compressive In„Ga& „As/InP
strained layers. It is shown that the energetic dispersion of the heavy-hole relative to the light-hole sub-

band o.HH/o. LH is the key to knowing the origin of the microscopic inhomogeneities. So, eHH/oi H & 1

indicates the existence of composition inhomogeneities whereas u«/o. i H=2.8 reveals an inhomogene-

ous strain field.

INTRODUCTION

III-V ternary semiconductors have been extensively
studied as they are excellent materials for optoelectronics
and high electron mobility devices. Their band-gap ener-

gy and electron effective mass can be tailored by choosing
the molar fraction of the binary constitutents. Usually
expitaxial layers were lattice matched. That is, they were
grown on a substrate with the same lattice parameter. In
the past decade the possibility of growing strained layers
has introduced another degree of freedom. The lattice
mismatch produces a strain that, in turn, modifies the
band structure.

High-quality homogeneous In Ga& As matched lay-
ers on InP are now grown to the point that only local sta-
tistical fluctuations of composition remain. However, in
strained layers, inhomogeneities do appear which are
clearly observed as a contrast modulation in TEM
(transmission electron microscopy). Its microscopic ori-
gin is usually related ' to a composition modulation.
Chemical microanaiysis by x-ray together with theoreti-
cal calculations support this assertion. Our optical-
absorption (OA) measurements were done with the aim of
quantifying those composition variations. Surprisingly,
the analysis of the OA spectra reveals another possible
origin: the existence of an inhomogeneous strain field.

This paper is devoted to showing that near-band-gap
optical-absorption spectra can clearly distinguish be-
tween both alternatives.

THEORY

A. Optical-absorption spectral shape

Following the paper of Elliot, the absorption
coeScient near the band-gap edge is greatly enhanced by
the excitonic effects. Considering nondegenerate parabol-
ic bands, its spectral shape is given by

2nQe. - 2-e, &xa(hv)= A g 5 hv E+—
3 f 2n

H(hv E)—
+ , (1)

1 —exp( —2n.+E ihv Eg)—
where e is the exciton binding energy and H(x) is the
Heaviside function. The first term accounts for the tran-
sition into the discrete bound states whereas the second

one is related to the continuum. The band-gap energy Eg
depends on the molar composition. For In„Ga, „As un-

strained layers, we have at 4 K (Ref. 6)

Eg(x)=1.519—1.608x+0.50x eV . (2)

The strain raises the degeneracy at the top of the valence
band. The heavy-hole (HH) and light-hole (LH) valence-
band energies relative to the conduction band change
with the strain e according to

hELH =3.9E',

EEHH=10. 8E (eV),
(3)

where e & 0 (e (0) accounts for compressive (tensile) sarn-
ples. These formulas have been calculated with the elas-
tic stiffness coefficients given in Refs. 7 and 8 for x =0.5.

When the top of the valence band is no more degen-
erated the exciton has a bound state associated with every
subband. For both bands the exciton binding energy
takes the same value. So the absorption spectra would
be described with four free parameters: the relative band
a~plitud~ AHH/At„, the band-gap energy Eg, the
band-gap splitting energy AE =Eg LH Eg ~~ and the ex-
citon binding energy e, .

B. Band-gap dispersion energy

HH= 10.80, ,

o.tH=3. 9o, (eV) .
(4)

In this c»e ~HH/~LH 2.8.
Now consider the case where the composition changes

from point to point. Of course there will be a strain asso-
ciated with the composition that can be calculated in the
virtual-crystal approximation

To account for the microscopic inhomogeneities we
have to convolute the spectrum with a Gaussian distribu-
tion characterized by the standard deviation 0.

H& and

oLH. In fact, this is the feature that will allow us to
distinguish which is the microscopic origin of the energy
dispersion.

Suppose that the layer has a homogeneous composition
but due to an unknown origin the strain changes from
point to point. Following formulas (3) this strain field
will give rise to an energy dispersion of
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FIG. 1. Optical-absorption spectra measured at 10 K on A

and B tensile samples (points). The calculated spectra are plot-
ted altogether (solid line). Broken lines correspond to the HH
and LH contributions.

FIG. 2. Optical-absorption spectra on compressive C and D
samples.

ples were illuminated with a tungsten lamp after a CaF2
beamsplitter and the transmitted light was detected with
a cooled InSb detector. A continuous How helium cryo-
stat allowed the samples to be held at 10 K.

where aA& are the lattice constants and g accounts for
the possibility of partial strain relaxation. By combining
Eqs. (2), (3), and (5) the energy dispersion related to a
composition modulation can be calculated:

o LH=(1.608 —x 0 26—q)c.r„,
o HH=(1. 608 —x —0.73rl)cr„.

These formulas are valid near x =0.5 (say 0.4 &x &0.6)
and state that O.HH/O. „H is always less than unity unless
the layer is completely relaxed (g =0).

In summary, the relative energy dispersion can be used
to deduce which is the origin of microscopic inhomo-
geneities: o HH/cr „H=2.8 for a strain field and
O. HH/O. LH & 1 for a modulation composition.

EXPERIMENT

The four samples analyzed in this work are
In„Ga, „As epitaxial layers grown on InP. The 8, C,
and D epilayers were grown by MBE (molecular-beam
epitaxy) and the A sample by VPE (vapor-phase epitaxy).
Table I summarizes layer characteristics. The width has
been determined through the period of the interference
oscillations seen in the absorbance spectrum at energies
below the band gap. The strain value comes from the
band-gap splitting energy hE quoted in Table II.

The optical-absorption measurements have been car-
ried out with a Fourier transform IR spectrometer. Sam-

RESULTS AND DISCUSSION

All the spectra plotted in Figs. 1 and 2 show a splitting
in the absorption band edge that reveals the valence-band
splitting due to an internal strain. Band-structure calcu-
lations' give an optical matrix element between conduc-
tion and valence bands more intense in the case of LH
than HH subbands. So in samples A and B (Fig. 1) the
HH band lies higher in energy and determines the band-
gap energy, indicating that the strain is tensile. On the
other hand, samples C and D are compressive layers.

In order to obtain accurate values of band parameters
all spectra have been fitted following the method de-
scribed in Sec. I. In all cases the calculated spectrum fits
reasonably well the measured one. The fitting parameters
are summarized in Table II. Relative band intensities
3»/A« lie close to 0.35 in agreement with pre~ious
published results. " To complete the general description
of spectra, a collateral feature must be noted with minor
discussion. Surprisingly the exciton binding energy
changes from sample to sample, the extreme values being
0.9 and 1.4 meV. These values contrast with the 2.0 meV
predicted by the hydrogenic model and experimentally
found by OA and photoluminescence by Goetz et al. '

for x =0.5. However, it seems rather usual to fit the OA
spectra with a lower binding energy [in In„Ga, „As
(Ref. 11), in GaAs (Ref. 13)]. This can be explained by
the complex structure of the valence band not taken into
account in formula (1). Nevertheless the origin of the

TABLE I. Sample characteristics. The strain value has been deduced from the band-gap splitting.

Sample

B
C
D

Growth

VPE
MBE
MBE
MBE

Substrate

Si doped
Fe doped
Fe doped
Fe doped

Layer width

2.9
1.6
O.S

2.0

Strain

—8.8 X 10
—9.3 X10-'

6.2X10 -'

6.3 X10-'

Type

tensile
tensile
cornpr.
cornpr.
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TABLE II. Fitting parameters. Eg is the band-gap energy, hE is the band-gap splitting, A; is the
amplitude of the light-hole and heavy-hole subbands, cr; their corresponding energy dispersion, and e„
the exciton binding energy.

Sample

A

B
C
D

Eg (meV)

807.2
802.0
733.9
797.7

as (meV)

—6.3
—6.6
44. 1

4.5

AHH/ALH

0.35
0.37
0.40
0.35

oLH (meV)

0.9
1.7
2.3
1.2

~HH /~ LH

0.67
0.93
2.5
2.4

e„(meV)

1.2
0.9
0.9
1.4

variability from sample to sample remains obscure. In
any case this problem does not affect the analysis that fol-
lows.

Let us now discuss the central point of our work: the
energy dispersion of the band-edge absorption. When
layers are perfectly homogeneous, it remains a dispersion
in the exciton energy due to statistical fluctuations of mo-
lar composition into the volume of the ground exciton
state. This gives the limiting value of energy dispersion.
Following Ref. 1 the lower limit on an In„oa& As layer
with x =0.5 would be 0.66 meV for a completely relaxed
sample. For an ideal strained layer (g)0) this value
would be even lower [formula (6)]. So our samples have
spatial inhomogeneities other than the statistical fluctu-
ation.

In samples C and D the energy dispersion of HH is
greater than in the LH band. In fact, its relative value is
close to the expected o HH/a LH =2.8 for the case of inho-
mogeneous strain field. So we can conclude unambigu-
ously that this is the dominant microscopic origin of the
energy dispersion in these compressive samples. We can
calculate the corresponding strain dispersion 0 ~ with
formula (4) (Table III). The Gaussian strain distribution
is plotted in Fig. 3.

In samples A and 8 o»&~„H. This feature is
coherent with the interpretation that, in this case, the en-
ergy dispersion comes from a composition modulation.
So use of formula (6) with x =0.5 allows us to determine
the dispersion in the indium molar composition O.„ from
0'zH (Table III). Moreover, one can deduce as well the

fraction of remaining strain g in the layers. In fact, the
later calculation is subjected to great errors. A slight
contribution of an inhomogeneous strain field would ap-
proach oH„/O. „H to unity. So the q value deduced by
this procedure should be taken as a lower limit of the
remaining strain.

The shape of the band-edge absorption is very sensitive
to the energy dispersion. In particular, the exciton peak
disappears when 0 becomes large enough, as can be
clearly seen by comparing the HH and LH subbands of
sample D (Fig. 2). The error associated with o HH/o LH is
lower than 5%. So our conclusions are not weakened by
the small discrepancies between the experimental and cal-
culated spectra seen in samples A and D.

The presence of a composition modulation has been
justified theoretically even when the growth conditions
are spatially homogeneous. An inhomogeneous strain
field in a layer with a homogeneous composition seems
more diScult to justify. The easier possibility would be
the following one. If the layer has a certain degree of
strain relaxation with the appearance of dislocations,
some domains in the layer could be more or less relaxed.
However, this possibility has to be ruled out in sample D
because no dislocations network has been seen in TEM
observations. So the inhomogeneous strain field has to be
associated with the internal structure of the layer.

The samples reported in this paper have been chosen
from a number of samples where similar behavior was ob-
served. The striking fact is that modulation composition
seems to prevail always in tensile layers whereas in
compressive ones an inhomogeneous strain field is always
present. This behavior is perhaps quite general and
should be tested with many other samples.

C0

N
C3-

SUMMARY

The analysis of low-temperature optical-absorption
spectra of In, Ga& „As/InP strained layers can be ex-
plained by taking into account the existence of micro-
scopic inhomogeneities other than statistical fluctuations.

TABLE III. Values of composition (o.„) and strain (o.~)
dispersion. g accounts for the remaining strain.

Sample

—2 0
I I I I I / I I I I I I I f I / I I I I I I I I I t I I 1 l I I I f I -3

2 4 6 Sx10
Strain

FIG. 3. The Gaussian strain distributions coherent with the
energy dispersion present in compressive samples.

A

B
C
D

0.9X10-'
1.6X10-'

0.65
0.16

5.5 X 10-"
2.7X 10
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It has been demonstrated that a composition modulation
gives an energy dispersion smaller for the HH absorption
band than for the LH (o HH ( cr LH). The contrary
(crHH=2. 8o„H) holds when, the composition being homo-
geneous, the strain changes from point to point. This
strain field has been found even in unrelaxed samples, so
it is not related to a kind of inhomogeneous relaxation.
Both possibilities, strain field and composition modula-
tion, have been found in compressive and tensile samples,
respectively. It has been suggested that this distinct be-

havior could be quite general.
To conclude, it should be emphasized that optical ab-

sorption is a very appropriate tool for these kind of prob-
lems and can be a very good complement to TEM obser-
vations. The conclusions given above could not have
been reached by photoluminescence measurements.
Thermalization prevents one from seeing the valence-
band splitting at low temperature' and the half-width of
the free-exciton peak depends on the excitation condi-
tions.
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