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Raman spectra of In„Ga& „As are observed over a wide range of composition. A GaAs-like
mode frequency ~ is found to vary with the composition x as co= —32.4x' —18.6x +290.0 cm
The internal stresses due to lattice mismatch are evaluated from the deviation of the GaAs-like LO
mode frequency from the above experimental equation for small lattice mismatch. An increase is

0
found in the internal stress toward the interface from the 5000-A-thick surface layer. The stress
effects on the lattice vibrations of the optical mode are discussed from a microscopic point of view.

I. INTRODUCTION

The ternary alloy semiconductor In„Ga& „As is a use-
ful material for electronic and optoelectronic devices. As
a substrate for In„Ga, „As, InP is often used because of
the lattice-matching condition. However, since a lattice
mismatch between In„Ga, „As and InP can occur, it is
necessary to investigate the stress or strain in the
heterointerface in the case of lattice mismatch. The size
of the stress or strain is dependent upon the magnitude of
the lattice mismatch and upon the thickness of the epit-
axial layers. However, the dependence on these factors,
in particular on the latter, has not been elucidated
enough. There are several methods for the measurement
of stress and strain. Acquisition of information on the
lattice vibration by measuring Raman scattering is one of
the effective methods.

The lattice vibrations in In„Ga, „As on InP grown by
liquid-phase epitaxy were studied with Raman scattering
by Pearsall, Caries, and Portel. ' They analyzed the po-
larization properties, and concluded that only one peak
of four observed modes displays pure LO-mode behavior,
taking into account their magnetophonon resonance re-
sults. Early work on infrared reflection by Brodsky and
Lucovsky covered the whole range of composition.
They found two reflectivity bands and reported the pho-
non nature in this material as a mixed-mode type with
both one- and two-mode phonon. However, it does not
seem that the complete assignment of peaks has been es-
tablished to date. Kakimoto and Katoda measured the
Raman spectra from In„Ga, „As epitaxial layers on InP
and GaAs substrates with molar fraction of InAs (x) less
than 0.53. They found new Raman peaks from forbidden
acoustical and optical modes activated by disorder in the
alloy in the middle composition range and observed the
broadening of the GaAs-like LO mode due to the stress.
However, the stress effects originating with the lattice
mismatch were not discussed in detail. The internal
stress in epitaxial layers was studied with Raman scatter-
ing by several authors ' and experiments under stress
were widely performed.

In the present paper, Raman spectra of In Ga, „As
layers on InP substrates are presented over a wide range
of composition. The evaluation of the internal stresses of
In„Ga& „As on the InP substrate is made from a shift of
the GaAs-like LO-phonon frequency over the range of

~

5
~

=(a' —a )/a=0. 004 (where 5 is the degree of lattice
mismatch, and a' and a are the lattice constants of the
In„Ga, „As layers and of the InP substrate, respective-
ly). The dependence of the Raman spectra on the thick-
ness of the grown layers is also measured by successive
etching. The stress effects on the lattice vibrations of the
optical mode are discussed from a microscopic point of
view.

II. EXPERIMENT

A. Crystal growth

The epitaxial layers were grown by molecular-beam ep-
itaxy on (100) surfaces of Fe-doped, semi-insulating InP
substrates (p& 10 Qcm). The substrate was chemically
etched to remove the damaged surfaces and contamina-
tions with Br2-CH3OH solution for 30 sec and then
thermally cleaned above 450'C in enough As4 atmo-
sphere.

The growth temperature was 6xed at 450-500'C, and
the substrate was rotated at 5 rpm during the growth.
The growth rate was controlled between 0.24 and 1.32
JMm/h by adjusting the flux intensity of group-III ele-
ments. In order to eliminate the overshoot of the
molecular-beam intensities, which occurred just after
opening cell shutters, the shutters were kept apart from
the crucibles. The mirrorlike surfaces were obtained for
the layers with the lattice mismatch 5 within about
+0.004.

The grown layers were examined with an x-ray
double-crystal diffractometer using (400) diff'raction. The
peaks of the x-ray rocking curve of the epitaxial layers
were of almost the same full width at half maximum as
the substrate, as shown in Fig. 1(a). This means the good
compositional uniformity in the direction of thickness
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FIG. 1. t,
'a) X-ray rocking curve of In„Gal „As/InP by the

double-crystal method. The thickness of eptiaxial layer is 0.69
pm. (b) Depth profile of the composition in the direction of
crystal growth by Auger-electron-spectroscopy analysis. The
composition profile is very flat.

III. RESULTS

Figure 2 shows unanalyzed Raman spectra from
In„Ga, „As on an InP substrate with a lattice mismatch
of 5= —0.031, —0.010, =0.00, + 0.0078, and + 0.0152.
The compositions corresponding to 5's are shown in the
figure. The sharp band with the highest frequency corre-
sponds to the GaAs-like LO-phonon mode. The four
peaks found by Pearsall, Caries, and Portel' in their sam-
ple with x=0.53 are not apparently observed, that is, the
lower two bands at 226 cm ' and 244 cm ' are not ob-
served as separate peaks in our samples. In In-rich sam-
ples, the lower these bands are not distinguished as dis-
tinct peaks. Our analyzed Raman spectra are generally
consistent with the results of Pearsall, Caries, and Por-
tel. ' However, the Raman intensity of the lower three
bands in In-rich samples with polarization parallel to that
of the incident beam is slightly attenuated, displaying an
InAs-like LO mode. It has been reported that
In„Ga, „As alloy displays a two-mode phonon nature
involving an InAs-like and a GaAs-like mode. ' Our
results of the analyzed Raman spectra from the In-rich
samples support that In„Ga& „As alloy displays a two-
mode or a mixed-mode phonon nature.

The peak positions are illustrated in Fig. 3 as a func-
tion of the composition x for the samples with

~

5
~

larger
than 0.004 and with 5=0.000. Raman peak positions of
the samples with

~

5
~

less than 0.004 will be shown later
in detail to evaluate the internal stresses. The lowest

and the good crystalline quality. The degree of lattice
mismatch could be evaluated to the value of
5=2.0X10 . The variation of composition along the
direction of growth was directly checked by Auger elec-
tron spectroscopy, using ion sputter etching. The results
are shown in Fig. 1(b). The variation of the composition
is Sat within the error of measurements.

B. Measurements of Raman scattering
and sample preparation

Raman spectra were observed by means of the back-
scattering alignment with a large angle of incidence
which was close to the Brewster angle, using a 5145-A
line of an Ar laser. The Ar laser was operated at a power
level of 300 rnW but the light intensity on the sample de-
creased to —100 mW. The diameter of the laser beam
was about 40 pm. The scattered light was led to a 1-m
double rnonochrometer and the light was detected by a
conventional photon counter. All measurements were
made at room temperature.

The samples were treated with an etchant of HzO-
H3PO~-H202 (40:5:1)at 30 C to evaluate the stress gra-
dient along the direction of growth. The etched thick-
ness was measured with an interference microscope

0
within an error of +100 A. The Raman spectra were
measured just after the successive etching.
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FIG. 2. Unanalyzed Raman scattering spectra from the
In„Gal As samples with various 5. The compositions corre-
sponding to 6 are shown in the figure.
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FIG. 3. The composition dependence of Raman-active four
modes in In„Ga& „As. 0 and 8 show Raman experimental re-
sults in this work, + Raman results by Pearsall et al. (Ref. 1),
and 0 and ~ infrared reflectivity results by Brodsky and Lucov-
sky (Ref. 2). The solid lines indicate the curves calculated using
equations derived by least-squares calculation to the second-
order polynomial. The numbers attendant to the lines corre-
spond to the equations in the text.

In highly mismatched samples, the intensity of the
scattered light monotonously increases toward the lower
frequency. This is caused by roughness of the surface,
which is due to the production of a large amount of im-
perfections such as misfit dislocations. This
intensification of the scattered light may be a measure of
surface roughness. Since the internal stress relaxes at the
dislocations, the following investigation will be focused to
the high-quality epitaxial layers with mirrorlike surfaces.

The Raman spectra of In Ga& „As layers are observed
somewhat differently by each author except for the
highest band corresponding to the GaAs-like LO mode.
Furthermore, the InAs-like mode is obscure. Therefore,
the distinguishable GaAs-like LO mode will be utilized to
evaluate the stresses. The frequency shifts of the GaAs-
like LO mode of the samples of

~

5
~

less than 0.004 with
mirrorlike surfaces are shown in Fig. 4, standardizing the
frequency of the sample lattice matched to the Inp sub-
state (5=0). In this case the layers with nearly the same
thickness (1.6 pm) are chosen to avoid the change of
stress by the difference of the thickness. The solid line in-
dicates the frequency change of the GaAs-like LO mode
due to the compositional change in bulk In„Ga, „As ob-
tained from the least-squares calculation in Fig. 3. The
frequency changes for the epitaxial layers (solid circles in

band (band 4) at 226 cm ' which shows the well-defined
InAs-like TO behavior' does not plainly appear in our
spectra, because the TO mode is almost forbidden in our
experimental configuration. When the degree of lattice
mismatch exceeds a certain value, imperfections such as
dislocation take place in the epitaxial layers and then the
cell deformations are relieved. ' ' Consequently, the
lattice constant does not change so much. The frequency
changes due to the lattice mismatch are also small (a few
cm ' at most).

The compositional variation of the Raman-active mode
frequency is not linear. By analogy with the band-gap en-
ergy in electronic structure of the ternary alloy semicon-
ductors, a bowing parameter can be introduced for the
lattice-mode frequencies. A least-squares calculation for
the best fit to the experimental results to the second-order
term of x gives the following equations for each band,

C
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FIG. 4. The frequency shift of the GaAs-like LO mode as a
function of the lattice mismatch 5 in the range of —0.004 to
+ 0.004. The solid line indicates the compositiona1 change of

the GaAs-like LO mode freqeuncy in In„Gal As derived by
the least-squares calculation, Eq. (1a), from the experimental
values in Fig. 3. The frequency of the lattice-matched composi-
tion is standardized because of no internal stresses in this com-
position. The barred square shows the frequency shift for the
InP substrate in the sample with the epitaxial layer thickness of

0
700 A. The shift is given as the deviation from the frequency of
the bulk InP. The spectrum is depicted in Fig. 6.

(la)m
&

= —32.4x —1 8 ~ 6x +290.0

m~ = —29.Ox —5.3x +265. 1,
673 —8.92x —7.7x +234.9

A@4———16.5x +233.7,

(lb)
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(ld)

where co; is the lattice mode frequency of band i in cm
The solid lines in Fig. 3 are the curves calculated by these
equations.
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Fig. 4) are considerably small, while the frequencies in
bulk materials vary by about 6 cm ' from 5= —0.004 to
5= + 0.004, which corresponds to composition from
x=0.474 to x=0.590. The deviation from the solid line
is considered to be due to the internal stress produced by
the lattice mismatch.

The epitaxial layers sustain compression or tension ac-
cordingly as the lattice constant of the epitaxial layers is
larger (5 & 0) or smaller (5 & 0} than that of the substrate.
The opposite forces may make the antipodal change in
the frequency of lattice vibrations. In the case of the
GaAs-like LO mode of In„Ga& „As, compression makes
the frequency shift higher and tension makes it shift
lower, as seen in Fig. 4. This is also true for the relation
between the epitaxial layers and the substrate. That is, if
the epitaxial layers receive compression, the substrate
will sustain tension. These opposite forces for each sub-
stance may create the antipodal shifts. This effect is ob-
served in the sample with 5=0.004 and about 700 A in
thickness. The LO mode frequency from the InP sub-
strate of the above sample is shown in Fig. 4, with open
squares as the frequency deviation from bulk InP. (The
Raman spectrum of the bulk InP is seen in the lower part
in Fig. 6). The ratio of the frequency change of the
In„Ga, As epitaxial layers to that of the InP substrate
is about 0.4. This value (smaller than unity) means that
the stress coupling is weaker for the LO mode in InP
than for the GaAs-like LO mode in In„Ga& „As, because
in equilibrium the forces on both sides at the interface
must be the same in strength.

It is considered that at the interface between the epit-
axial layer and the substrate the strongest stress is pro-
duced and that the stress gradually relaxes toward sur-
faces. It is difficult to measure directly the stress change
from the interface to the surface. Here, in order to inves-
tigate the outline of the stress change, the change of Ra-
man shift was measured while removing successively the
epitaxial layer by chemical etching. The etchant was
HzO-H3PO4-HzOz (40:5:I}. Since the incident light of
wavelength of 5145 A and the scattered light are strongly
absorbed by the epitaxial layers, Raman spectra mainly
reflect the lattice vibrations over a range of several hun-
dred A from the surfaces. The Raman shift b,co from the
frequency of the unetched sample is shown in Fig. 5 as a
function of thickness of the etched epitaxial layers. As
expected, the largest shifts are observed near the inter-
faces for both samples. The direction of shift is different
following compression or tension. The shifts gradually
decrease up to around 5000 A.

Existence of the stress gradient can also be deduced
from unanalyzed Raman spectra drawn in Fig. 6. The
lower spectrum shows Raman scattering from the sample
etched to about 700 A with 5=0.004. This spectrum
shows the small tail on the higher frequency side of
GaAs-like mode as compared with the upper spectrum
from the unetched sample. In the case of 5 & 0, the Ra-
man peaks from the region closer to the interface shift to
higher frequency, decreasing the intensity for the strong
absorption of the epitaxial layers, if there exists a stress
gradient. This should be observed as the tail of band.
Therefore, the tail on the higher frequency side of GaAs-
like mode is considered to be the evidence for the stress
gradient.
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FIG. 5. The frequency shift of the GaAs-like LO mode as a
function of the layer thickness for two In„Gal As samples
with the different values of 6.

FIG. 6. Unanalyzed Raman spectra from the samples with
6=0.004 and different layer thicknesses: (a) from the thick-
enough layer (-1.7 pm), (b) from the etched layer to about 700
A. In (b), the Raman peak from the InP substrate is also ob-
served. This peak slightly shifts to lower frequency. The arrow
indicates the peak position of the LO mode in bulk Inp.
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IV. DISCUSSION

(2)

where HL and H, represent the usual Hamiltonians for
nuclei and electrons, respectively. Here Q and r are a
normal coordinate for a phonon and an electron coordi-
nate, respectively. Q„„ transforms like the pth basis
function of irreducible representation 1 „. H,L (r, Q ) gives
an electron-lattice interaction term to the second order,
where h'„„and h „"„arequantities depending only on the
electron coordinate. A stress term perturbing the other
terms,

H, =+F„„Q„„, (3)

will modify Eq. (2). Here six independent stresses are
denoted as F,„. (There are six independent ways of
squeezing the crystal. } The components of a symmetric
tensor are transformed under cubic symmetry (43m )

operations as'

tr, xr, ),=r, +r, +r, . (4)

An application of stress (including pressure) to the
crystals alters the equilibrium position of the lattice vi-
brations and also their frequencies. The frequency
change is of the second order in coordinates. In this sec-
tion, we will extend a theory developed by Henry,
Schnatterly, and Slichter, ' and Schnatterly' to the
second order to analyze the experimental results. Since
the total potential depends on the electron and nucleus
coordinates, the frequency or the force constant of the
optical mode may be treated through an electron-lattice
interaction term of the second order in the normal coor-
dinates. The lattice vibrations only at the I point in the
Brillouin zone are taken into consideration.

Now, the Hamiltonian for an unstressed crystal can be
taken at the I point as follows:

H =Hr (Q)+H, (r)+H, L (r, Q)

=H, (g)+H, (r)+g h'„„(r)g„„+g h'„'„(r)g.„g„„,

tice equilibrium position by Eg„„,given by Eq. (7). This
results in an electronic perturbation to the lattices. The
term h'„'„-(r)(2bg„„g„,„.+ling„„bg „.) alters the fre-

quency of the phonon. According to the definition of a
strain tensor e „,the last term in Eq. (5) is rewritten as

H'(r, Q}=2 g h„".„-(r) g e,„g„„g„.„. . (8)
V, P

V,P
In Eq. (8), the second-order term on b,g„„is omitted.

In zinc-blende structure constituted with two atoms in
a unit cell, there exist two triply degenerate lattice modes
in the I point which display a symmetry property of an
irreducible representation I 5. One corresponds to a
Raman-active optical mode and the other to an acousti-
cal mode. Then, v= I

&
is the relevant normal coordinate.

Using a Clebsch-Gordan coefficient, the products
Q„„g„.„.are reduced. Thus, the perturbation Hamiltoni-
an to lattice is found in a well-known form by integrating
Eq. (8}with the electron coordinate. ' ' A wave function
in the valence band of a III-V alloy semiconductor is
transformed as I 5 under symmetry operations of a factor
group 43m in the I' point. All of the six components of
the strain tensor can affect the lattice.

H'(Q) =2[ ,
' Ae, (g'+—rig+@')

+ ,'B [es„(2g—' gg gr})—+3e s—„(g' gr})])—
+-,' C[esg(9(+(9)+es„(g+@ )

+esp(kn+nk) l

where Qs „(a=(,g, g) is abbreviated as (, s}, and g.
Three coupling constants A, 8, and C must be deter-
mined by experiments.

Now, we can present the perturbation Hamiltonian
H'(Q) with stress F. Assuming a linear relation between
strains and stresses, the irreducible strain tensors are re-
lated to stresses as follows:

e, =e„„+e~~+e„=—(S»+2S,2)(a +p +y )F,
es„2e„———e„„—e~~ = —(S~~ —S,2)(2y —a —P )F,2 2 2

Therefore the six stresses F„„are transformed as the
six basis vectors of the irreducible representations I „I 3,
and I 5.

Then, to the second order in Q„„,we may rewrite Eq.
(2}by addition of the term H, as

es„——e„„—eye
———(S„—S,~ )(a —P )F,2 2

e s&
——e„= S44Py F, —

e5„——e = —S~yaF,

es~ ——e„= S~aPF, —

(10)

H =HL (Q')+ H, (r )+H,L (r, Q') gh '„„(r)hg„„—
V, P

—g h'„'„.(r)(2Q„.„EQ„„+kg„„d,g,„,),
V,P

V i@

where

(5)

Q.'„=Q.„—~g.„
b,g„„=F„„/M„co„.

hg „ is a strain in the normal coordinate space. The last
two terms in Eq. (5) work for the other terms as perturba-
tions separately. The term h„'„(r)b,g„„changes the lat-

where e; denotes the strain tensor in Cartesian coordi-
nates, S;J the elastic compliance constant, and a, p and y
direct cosines of stress F to the crystal axes. The z axis is
chosen to be perpendicular to the surfaces of the sample.
Substituting Eq. (10) for Eq. (9), we can get the Hamil-
tonian represented with stresses including pressure.

The frequency shift by the stress is given for the optical
mode with I 5 symmetry as

fides=(Xs(g)
~

H'(Q)
~
Xs(g) ),

where Xs(g) represents a wave function of a phonon with
I s symmetry. H'(Q„„) not only makes the frequency



38 INTERNAL-STRESS EFFECTS ON RAMAN SPECTRA OF. . . 3285

ee

E
V
C

C)

In„Ga, „As

r

r

r
rr~

r
rr

r

r

4
x)0

6
a+

o
4

ICl

0
C

~~
2

0

Q

I

Q~ g
——(1.6+0.2)5 . (13)

This result is drawn in Fig. 7 with a dashed line. The
positive sign indicates the expansion in the normal coor-
dinate Q5 &. The same estimation can be adopted in the
deformation of the substrate InP. For the sample with
5=0.004 and with thickness of 700 A, we could observe
the Raman scattering from the substrate. The deforma-
tion of the substrate around the interface is —0.006 A.
This value is nearly the same as that of the epitaxial lay-
er. This result is inevitably reached because of the same
strength of the stress on the both side of the interface and
the nearly same force constant for the lattice mode in the
both substances.

V. SUMMARY

not too small, the change will have an effect to increase
S; . Furthermore, the frequency of the GaAs-like mode
will soften. This effect also makes S, increase.

The local deformation Q~ &
around GaAs can be es-

timated from Eq. (7) as a function of 5. Substituting Eq.
(10), and the reduced mass of GaAs to Eq. (7),

FIG. 7. Internal stress estimated from Eq. (12) (solid line)
and lattice deformation I & &

space from Eq. (13) (dashed line).

shift but also lifts the triply degenerate state of I 5. For a
biaxial stress along (100) and (010) directions, Eq. (11)
is expressed as,

&d=4[ —~(~ii+2&ip)(X5(Q)
~ g+rir/+g '~ X5(Q) )

+8(Si, —Si2)

XIX,(Q) ~2g' —Q —i)g~+,(Q))]F . (12)

So far as we know, no stress experiment is reported on
the phonon and elastic properties in the ternary alloy
In Ga, „As. Therefore, we assume that the local values
of A, B, and S; around GaAs molecules in the ternary al-
loy In Ga& „As are almost the same as those of bulk
GaAs. That is, using the values from the stress experi-
ment of GaAs by Cerdeira et al. for the coupling con-
stants A and 8 for the GaAs-like LO mode in
In Ga, As, the internal stresses are evaluated. This is
shown in Fig. 7 with a solid line as a function of 5.

This result is considered to be somewhat underestimat-
ed from the following reasons. Recent studies by extend-
ed x-ray absorption fine structure (EXAFS) on the ter-
nary alloy In„Ga, „As (Refs. 21 —23) have shown that
the local surroundings af GaAs in In„Ga, As are rath-
er close to the constituent compound GaAs. Even in the
dilute limit, the bond length between Ga and As
(InAs:Ga} or between In and As (GaAs:In) changes only
by one-fifth of the difference between the Oa-As length
in GaAs and the In-As length in InAs. However, being

The Raman spectra of In„Ga& „As epitaxial layers on
InP substrate are observed over the wide range of compo-
sition. For the clearly distinguishable GaAs-like LO
mode, the composition dependence of the phonon fre-
quency is found to be expressed as m, = —32.4x
—18.6x+ 290.0, introducing the bowing parameter (the
second-order term of composition x}by analogy with the
band-gap energy of the electronic structure. On the other
bands, the best-fit curves are given using following equa-
tions: co2 ———29.0x —5.3x +265. 1 for band 2,
673 —8.92x —7.7x + 234.9 for band 3, and m4

———16.5x
+ 233.7 (cm ') for band 4. The internal stresses are

evaluated using the stress shift of the frequency in the
GaAs-like LO mode and a microscopic theory consider-
ing the electron-lattice interaction to the second order.
The deformations of the lattice are also estimated in the
space spanning for the LO mode. An increase (or a de-
crease, which depends on the sign of the lattice mismatch
5) in the frequency shift is found from the layer thickness
of 5000 A toward the interface. For the sample with the
lattice mismatch of + 0.004, the shift at 700 A in layer
thickness is about twice the shift at 5000 A. This fact im-
plies that just at the interface the strong stresses several
times as large as the stresses at a point suSciently apart
from the interfaces in thick layers are produced and that
the stresses rapidly relax.
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