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We present spatial area maps of the built-in strain in [001]- and [111]-grown In,Ga,_,As/GaAs
superlattices obtained from Raman studies, and strain depth profiles obtained from x-ray rocking-
curve (XRC) studies on the same samples. A theory developed for Raman scattering under applied
uniaxial stress has been used to determine the internal strain from the phonon frequency shifts with
respect to the unstrained bulk constituents. It is shown that in two-component heterostructures ex-
hibiting single-peak behavior, an overestimation or underestimation of the strain may result if the
effects of strain and alloying do not compensate each other completely. For the In,Ga,_, As/GaAs
system, we find that the average strain derived from the LO-phonon data compares well with the
XRC results. But if the shift of the TO phonons in [111]-grown samples is used, an underestimate
of the strain is found, which is explained by the above mechanism. Information about sample quali-
ty and strain variations related to growth are inferred from the strain maps.

I. INTRODUCTION

The possibility of exploiting lattice mismatch to
achieve expanded engineering of device properties in epit-
axially grown semiconductor quantum wells and super-
lattices has motivated immense activity in materials
research in recent years.! Of particular interest here is
the GaAs/In,Ga,_, As system, which has received con-
siderable attention in both the fundamental and techno-
logical arenas. Smith and Mailhiot>? predicted several
novel nonlinear applications in this system based on
pumped-carrier screening of the symmetry-allowed
piezoelectric fields in [111]-oriented strained-layer super-
lattices (SLSL’s). These strain fields stem from the rhom-
bohedral distortion present for growth along this direc-
tion. Similar piezoelectric fields are expected for other
low-symmetry growth axes, but not for the common [001]
orientation. These recent predictions have been support-
ed by various optical*> and infrared® experiments.

The accurate measurement of the internal strain in
mismatched heterostructures is clearly an important
prerequisite to their characterization and controlled
design. Several experimental techniques are available
that give information about lattice-mismatch strain, in-
cluding double-crystal x-ray rocking-curve (XRC),’
Rutherford backscattering (RBS) and channeling,8 elec-
tron microscopy, and Raman spectroscopy.’ The problem
of determining the internal strain is complicated for
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growth directions other than [001] because detailed
interface-dislocation models describing the critical thick-
ness for perfect epitaxial growth are not well developed
for arbitrary directions of growth.

In a recent paper, we discussed the determination and
spatial mapping of the built-in strain in [001]- and [111]-
oriented In,Ga,_,As/GaAs SLSL’s by Raman scatter-
ing. In the present paper we elaborate on the details of
both the Raman and XRC techniques, presenting high-
density areal strain maps, and strain depth profiles. We
find that the combined results of both techniques present
a comprehensive characterization of the internal strain.
Raman scattering is a relatively gentle and rapid method
for directly measuring the elastic strain in each constitu-
ent layer. Also, it offers a practical method for producing
areal strain maps of macroscopic films.'® Although the
achievable scale is much coarser than that obtained with
shorter-wavelength probes, it is particularly helpful for
characterizing grain-size and larger imperfections, and
nonuniformities from deposition angles, temperature gra-
dients, flow-rate variations, and other practical growth
considerations. For its part, XRC can provide direct in-
formation on the in-plane and plane-normal lattice con-
stants and their mismatch for the constituents in a SLSL.
In addition, layer thickness, compositions, and the depth
profile of elastic strain in the presence of a buffer layer
can be inferred by analyzing XRC data.

The experimental details of both the Raman setup and
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the XRC technique are described in Sec. II. The Raman
results are discussed in Sec. III, where we outline the
method of evaluating the internal strain from phonon fre-
quency shifts and present spatial maps of the strain in
both the GaAs and In,Ga,_,As layers. In Sec. IV we
describe the XRC measurements and their analysis. A
comparison of the Raman and XRC results is presented
in Sec. V. We find that meaningful Raman strain mea-
surements hinge on assessing the competing effects of al-
loying and strain for every phonon-mode type and every
growth orientation, particularly when single-peak behav-
ior is observed in a SL (the present case). Finally, the po-
tential usefulness of Raman strain maps combined with
XRC results, in characterizing epitaxial samples with
nonconventional growth orientations, is also discussed.

II. EXPERIMENTAL DETAILS

The three In,Ga,_,As/GaAs SLSL’s studied here
were grown by molecular-beam epitaxy (MBE) and
characterized as previously described.>!' Their growth
parameters are given in Table I. All three superlattices
were grown on semi-insulating GaAs substrates with
graded buffer layers designed such that the strain condi-
tions would correspond to those of zero net strain, or
“free-standing” superlattices. Samples 1 and 2 were
grown simultaneously, situated next to each other in the
MBE chamber, and therefore they should be directly
comparable except for their different orientations. Sam-
ple 3 was grown separately with a higher In concentra-
tion.

, Raman scattering was excited with ~20 mW of 4825-
A Kr*-laser radiation focused into a ~10-um spot and
incident normal to the sample plane. Backscattering
spectra were recorded using a custom-built Raman mi-
croprobe having 250X magnification and 50 mm work-
ing distance, and a standard double-grating (1800
grooves/mm) monochromator with an image-intensified
700-Si-diode array detector and microcomputer control.
An integration time of ~250 sec yielded a 20:1 signal-to-
noise ratio, sufficient to achieve an accuracy of +0.3
cm ! in the phonon frequency. These frequencies were
determined by fitting Lorentzian profiles to the Raman
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peaks. All measurements were performed at ~300 K; no
laser-heating-induced phonon shifts could be observed for
laser powers <25 mW. The samples could be reproduci-
bly positioned to £0.5 um accuracy in the laser focal
plane by computer-controlled x-y stages. For samples 1
and 2, a semiautomated procedure was used to record
spectra in spatial clusters of three points separated by 30
pm, with ~2.0 mm between each cluster. Higher-
density maps for sample 3 were obtained by probing an
area of ~5.5X5 mm? with a uniform point separation of
500 pum using a -ecently developed computer-controlled
system that is completely automated.'> By employing
near-real-time curve fitting to avoid the large memory re-
quirements of high-density Raman mapping, automated
mapping at a rate of 50 points/h is achieved with a stan-
dard Motorola 68-286-level IBM AT-compatible comput-
er.

Double-crystal XRC patterns were obtained using Fe
K a, radiation diffracted from an [001] GaAs first crystal.
The incident x-ray beam had a cross section of ~1X1
mm? at the sample, defined by a slit placed after the first
crystal, which also eliminated the K a, line. The samples
were placed on a goniometer which rotated at an angular
step of ~0.001°. Up to six XRC’s were recorded for
each sample. For the [001]-oriented sample, (004) and
two (224) reflections (at large and small angles of in-
cidence) were chosen, and, for the [111]-grown samples,
(333) and two (224) reflections were used. After the first
series of measurements, the sample was rotated by 180°
about the surface normal, and XRC’s at the above
reflections were recorded again. Results from the same
reflection for the two positions of the sample were aver-
aged to cancel out possible crystallographic misorienta-
tion between the epitaxial layer and the substrate.'>

III. PHONON DATA AND RESULTS
A. Raman spectra

Figure 1 shows the Raman spectra of samples 1-3
recorded for the (||,||) polarization geometry. Solid and
dashed vertical arrows denote the frequency positions of
the phonons in unstrained GaAs and unstrained
In,Ga, _,As, respectively. Note that only a single

TABLE I. Nominal growth parameters of the SLSL’s under study. x, d, and »n refer to In concentra-

tion, thickness, and repetition number, respectively.

Sample GaAs In-Ga-As Buffer
no. Orientation Parameter barrier well layer(s)
1 [001] x 0.0 0.1 0—0.03
d (A) 140 70 3000
n 21 20 1
2 [111]B x 0.0 0.1 0—0.03
d (A) 140 70 3000
n 21 20 1
B, B,
3 [111]B X 0.0 0.17 0—0.06 0
d (A) 140 70 15000 5000
n 21 20 1 1
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GaAs-like LO-phonon peak (for [001] growth, sample 1),
or a single LO-TO pair (for [111] growth, samples 2 and
3), is observed in the spectra of the SLSL’s. Each peak
occurs at a frequency shifted from its bulk unstrained
counterparts. The appearance of only single LO- and
TO-phonon peaks in the presence of two constituents (we
shall call this ‘“single-peak” behavior), whose GaAs-like
phonons differ by a few cm ™! in the bulk, is not due to
poor instrumental resolution. (See the indicated slit
width in Fig. 1). Single LO- and TO- phonon peaks have
been observed repeatedly in this materials system for
[001]-grown  epitaxial films and SL’s  with
x <0.2.9,10,]4-16

We find that the Raman spectra of all three samples
closely obey bulklike backscattering selection rules, viz.,
for [001] orientation, the LO mode is forbidden for
scattering depolarized with respect to (110) and the TO
mode is always forbidden, and for [111] orientation the
LO mode is forbidden for scattering depolarized with
respect to (112) and LO and TO modes are otherwise al-
lowed. Since scattering from interface and higher-order
confined modes obeys different selection rules,” we find
that these modes do not contribute appreciably to our
spectra, a result expected for the nonresonant laser exci-
tation used in our experiments. Phonon-confinement
effects are also not significant because of the relatively
large layer thicknesses in the SLSL’s studied here. There-
fore, the Raman spectra like those shown in Fig. 1 can be
used to evaluate local strain in the SL layers using the
same theoretical model that applies to strain in bulk ma-
terials.

B. Calculation of internal strain

A theory originally developed to treat applied uniaxial
stress in bulk semiconductors'’ can be used to evaluate
the local elastic strain within the layers of a SLSL. In
this theory, one expands the effective phonon spring con-
stants K, linearly in the strain components €,,, and then
solves the resulting secular equation as in degenerate per-

U. D. VENKATESWARAN et al. 42

T T T

Iny Ga,_yx As/ GaAs

T T
SLSL foon

1 1 A ALT 1
o
— _”. x=0.1
[%2]
=
2
)
@
ES ’
E e NS NI
[ L)
2 -4 x=0.17
[¥%)
—
Z
* A
A et I
260 280 300
PHOTON FREQUENCY (cm™")
FIG. 1. Raman spectra of [001]- and [111]-oriented

In,Ga,_,As/GaAs SLSL’s. Solid and dashed arrows indicate
the phonon frequency positions in the GaAs and In,Ga,_,As
unstrained bulk constituents, respectively.

turbation theory to first order in the strain. For zinc-
blende-type materials, the solution can be cast in terms of
the three independent components of a dimensionless
fourth rank tensor K ;j (in contracted notation), which are
known from applied-stress measurements.’ The scatter-
ing geometry determines the LO and TO strain-singlet or
strain-doublet character of the eigenfrequencies; any vari-
ation of the LO-TO splitting due to strain can then be in-
cluded via different K ;j values. The calculated expres-
sions relating the in-plane strain €, to the induced fre-
quency shifts Aw of the allowed phonons measured in
backscattering for [001]- and [111]-growth axes are

(Aw/w) o =1[(K, +2K;)—K,;(1+T)]e,, [001] growth (1

(Aw/w)

X3

Here, I relates the in-plane and plane-normal strain com-
ponents according to €,=—I¢,. The appropriate ex-
pressions for I are

. Cn

'=2——, [001] growth (3)
Ci
C,,+2C,,—2C

r=2—" 12 “ [111] growth (4)

%, +2c,+4C,,’

where the C;; are elastic constants. Equations (1)-(4) are
to be applied separately to each constituent of a SLSL.
As expected from the first-order perturbation treatment,

=1[(K;;+2K ))2—T)+ {73} XK 4(1+T)]e,, [111] growth . (2)

Egs. (1) and (2) give a linear relationship between €, and
Aw. Cast in a convenient form for later tabulation, these
equations read

€

,=alw, (5)

where we note that the parameter «a is a constant that de-
pends on the material, growth direction, and phonon-
mode type.

Use of Eqs. (1)-(4) is straightforward for SLSL’s like
Si/Ge, in which two distinct phonon peaks correspond-
ing to each of the constituents are observed.” However,
for SLSL’s exhibiting single-peak behavior, it is impor-
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tant to examine the effects of strain and alloying on the
phonon frequencies. In general, there would be three
cases, as illustrated in the top portion of Fig. 2. Here,
vertical solid arrows refer to the frequency positions of
the phonons in the corresponding unstrained bulk materi-
als which we denote as !’ and w{?'; superscripts (1) and
(2) refer to the two constituents. For a given internal
strain due to lattice misfit in the SL, the phonon frequen-
cies shift by amounts Aw given by Egs. (1)-(4)
(represented by the horizontal arrows in Fig. 2) and
would thus appear at " and ©{?’. The single-peak fre-
quency o observed in the SLSL will then lie at a centroid
position determined by weighting »!! and ©'?’ in propor-
tion to the layer thickness of materials (1) and (2), respec-
tively. Figure 2(a) depicts the case where the strain-
induced phonon frequency shifts in the two constituents
exactly compensate the effect of alloying. In that case
both frequencies coincide, resulting in a single peak, i.e.,
o\V=0Y=w. Figures 2(b) and 2(c) represent cases
where the strain-alloying compensation is not complete.
In Fig. 2(b) the strain-induced frequency shifts are large,
and so the use of Egs. (1)-(4) with a single observed peak
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FIG. 2. Top: Illustration of the three cases that arise in a
SLSL showing single-peak behavior. Vertical solid arrows at
w{"? refer to the phonon frequencies in unstrained bulk materi-
als. Horizontal arrowheads are at the strain-shifted phonon fre-
quency positions, w{"'?. Dashed vertical arrows at o give the
expected Raman-peak centroid in the SLSL. Cases (a), (b), and
(c) represent situations where the strain-induced shift is equal
to, more, or less than that due to In concentration in bulk al-
loys, respectively (see text). (d) Plot of LO- and TO-phonon fre-
quencies in In, Ga, _, As alloy vs In concentration (top axis) and

corresponding misfit strain with respect to GaAs (bottom axis).
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frequency at w will result in an underestimate of the
strain. The opposite situation prevails in Fig. 2(c) and
will lead to an overestimate of the strain.

Let us verify which of the cases discussed above applies
to the In, Ga, _, As/GaAs system. To do this, we plot in
Fig. 2(d) the LO- and TO-phonon frequencies that have
been measured in unstrained bulk In, Ga,_, As alloys'* !¢
versus the indium composition of these alloys x (top axis),
or, equivalently, the misfit strain f with respect to GaAs
(bottom axis). The strain-induced phonon frequencies
that would be predicted by Egs. (1)-(4) for strains ap-
propriate to [001]- and [111]-growth axes are given by the
solid and dashed lines, respectively. It can be seen that
for LO phonons in [001]-grown SLSL’s the frequency
shifts due to strain and alloying fall virtually on the same
line. This means that the single observed LO phonon fre-
quency in [001] SLSL’s will determine the strain in both
of the constituent layers accurately. However, for the
LO phonons in [111]-grown SLSL’s, complete strain-
alloying compensation holds only when f<2% or
x <0.27. Furthermore, for the TO phonons the frequen-
cy shift with alloying is always smaller than that due to
strain. This implies that in the [l111]-grown
In,Ga,_,As/GaAs SLSL’s a situation similar to that
shown in Fig. 2(a) exists for the LO phonons when
x <0.27, but the case depicted in Fig. 2(b) applies for the
TO phonons at all compositions. Therefore, the LO-
phonon data will describe the internal strain accurately
for the samples studied here, while the TO-phonon data
should underestimate the strain. Very recent studies of
several [112]-grown GaAs/In Ga,_,As (0.1<x <0.2)
SLSL’s yield similar results. '

C. Mapping results

The internal strains within the SLSL layers of our sam-
ples were calculated from the measured phonon frequen-
cy shifts Aw using Egs. (1)-(4) and the appropriate scal-
ing coefficients a. The unstrained reference frequencies
were taken for GaAs from our own measurements, and
for In, Ga,;_ . As from a best fit (standard deviation +0.5
cm™ ') to previous data on bulk alloys for 0 <x <0.3.!%16
Table II lists the values of a and of the spatially averaged
phonon frequency shifts for both the LO and TO pho-
nons in the three samples studied. In Fig. 3 we display
the measured spatial area maps of the internal strain de-
rived from the LO-phonon data of sample 1 ([001]
growth) and sample 2 ([111] growth). The data are
represented by tetrahedra connected to the x-y plane
(containing the sample outline) by vertical lines whose
heights give the measured in-plane strains €,; the left-
and right-hand scales describe €, in the GaAs and
Ing ;Gag 0As layers, respectively. Note the sign change
due to the tension in the former and compression in the
latter. The occurrence of a single LO-phonon peak in the
spectra assures that €, in both constituents can be
represented on the same diagram. The dashed line above
the x-y plane gives the areally averaged strain (also listed
in Table III), useful for comparison to the x-ray rocking-
curve results. An uncertainty in €, of +0.05 arises from
our +0.3 cm ™! peak-location uncertainty. An additional
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FIG. 3. Maps of internal strain in [001]- and [111]-oriented
In, ;Gag yAs/GaAs SLSL’s (samples 1 and 2 ). Dashed line
represents the areal average of the strain in GaAs and In-Ga-As
layers, according to the left- and right-hand vertical scales, re-
spectively.

uncertainty of similar size also can arise from the experi-
mental accuracy of the unstrained bulk frequencies used.
The former contribution is the principal inaccuracy for
mapping relative spatial variations of strain, while the
latter needs to be included in determining the absolute
strain. The error flag in Fig. 3 shows the point-to-point
mapping inaccuracy arising from the peak-location un-
certainty in the present measurements.

It can be observed that for both samples 1 and 2
(x=0.1%) €, is uniform on a 30 um scale, but varies over
macroscopic dimensions. Sample 1 shows a decrease in
€, along the [110] direction, and sample 2 has a variation
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FIG. 4. High-density spatial map of the LO-phonon frequen-
cy in [111}-oriented In, ;Ga, g3As/GaAs SLSL (sample 3). Ob-
serve the systematic increase of the frequency along the [110]
axis. Solid dots are data; contour lines are best-fit computer in-
terpolations between points.

along [112] showing more compression in the middle of
the sample compared to the edges. The similar magni-
tude and spatial extent of the strain variations in samples
1 and 2 are expected since both samples were grown
simultaneously. The maps presented in Fig. 3 demon-
strate that small, systematic variations in strain over the
sample area are easily discerned by the Raman technique.

For sample 3, which is a [111]-oriented SLSL with a
higher In concentration (x=0.17) and, consequently, a
larger lattice mismatch, we recorded high-density spatial
maps using the completely automated scanning system
described above. Figure 4 is the map of the measured
LO-phonon frequency at various positions on the sample.
The solid circles on the contour lines are the actual data
points taken at 500-um intervals in the x and y directions.
The corresponding strain map shown in Fig. 5 is obtained
by scaling Fig. 4 with the appropriate value of a calculat-
ed according to Eq. (2) and given in Table II. In this

TABLE II. Average strain-induced phonon frequency shifts (Aw) and the scaling factor a connect-

ing €, and Aw via Eq. (5).

SL
Sample layer Aw (cm™!) a (cm)
no. type LO TO LO TO

1 GaAs —0.02 —0.19
Ing ;Gag 4As 3.82 —0.199

2 GaAs —0.28 —0.48 —0.248 —0.146
Ing ;Gag 4As 2.90 0.81 —0.262 —0.149

3 GaAs —1.50 —0.75 —0.248 —0.146
Ing ;G2 5;AS 3.60 1.45 —0.275 —0.152
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FIG. 5. Areal map of the internal strains in the GaAs and
Ing ,Gag 53As layers of sample 3 derived from the frequency
map in Fig. 4 using Eq. (5) with a given in Table II.

sample we also observe a systematic decrease in €, over
macroscopic distances along the [110] direction.

IV. XRC ANALYSIS

XRC experiments on epitaxial films”!® study the ex-

tended angular profiles of selected diffraction spots.
Hence, they directly measure the deviations from the sub-
strate of whatever average interplanar spacings exist in
the film corresponding to these reflections. This is often
called the x-ray strain (€*™). Two reflections, one sym-
metric and another asymmetric with respect to the sam-
ple plane, are required to obtain both the average in-
plane and plane-normal lattice constants a, and a,. The
symmetric diffraction yields a,, and the asymmetric one
with large incidence angle gives a mixture of a, and a,
which must be deconvoluted in the analysis. For pseu-
domorphic growth in SL’s, a,=a,(1)=aq,(2), but
a,#a,(1)#a,(2) because of the tension and compression
in alternate layers. To extract these lattice constants ac-
curately, the measured rocking curves are fitted using
dynamical diffraction theory.” The elastic strains for
each SL layer are obtained from

— _X-ray __
e(,,,P)—e(n,p{ €, (6)

where €, is the mismatch of the film lattice constant for
the particular SL layer under consideration with respect
to the substrate.'?

In our experiments another (224) reflection with a
small incident angle was used to check the consistency of
the fitted parameters obtained from the other two
reflections, viz., (004) and (224) in sample 1 and (333) and
(224) in samples 2 and 3, where this (224) reflection was
taken with a large incident angle. The fitting algorithm
took into account buffer-layer and higher-order superlat-
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tice contributions in addition to the substrate and princi-
pal superlattice peaks. In this way a depth profile corre-
sponding to the different stages of growth could be ob-
tained. The fitting depends on several parameters, and,
in particular, the elastic strain in the In,Ga,_ As layers
depends interactively on the ratio of the layer thickness
h'V/h® and on the In composition x.

Figure 6 shows the experimental (dots) and the best-fit
simulated (solid lines) rocking curves for samples 1-3.
Here, we only show the symmetric (004) reflection for
sample 1 in Fig. 6(a), and the large-angle-incidence asym-
metric (224) reflection for samples 2 and 3 in Figs. 6(b)
and 6(c), respectively. The quality of the fit was the same
in each of the other XRC’s. Note that only those super-
lattice peaks with the highest peak-reflecting power ap-
pear clearly in the experimental curves. This is probably
due to degraded SL layer quality since we find that a ran-
dom fluctuation in the SL period affects the relative in-
tensities of the XRC peaks and the background
significantly.?® The solid lines in Figs. 6(a) and 6(c) in-
clude 30% and 10% variations in the layer thicknesses of
samples 1 and and 3, respectively. Because of the effect
of such variations, the SL strains, indium concentrations,
and layer thicknesses are determined from fitting the
XRC peak positions rather than the peak intensities.
Figure 6(b) demonstrates the sensitivity of this procedure
by comparing the fits corresponding to two slightly
different strains on the XRC peak positions. The solid
line is the calculated XRC for in-plane and plane-normal

REFLECTING POWER (ARB. UNITS)

-l -0.5 0 0.5
ANGLE (DEGREE)

FIG. 6. Experimental (dots) and best-fit calculated (solid
curves) XRC’s. The substrate, zeroth-, and first-order SL peaks
are denoted by S, 0, and *1, respectively. (a) (004) reflection for
sample 1; calculated XRC includes a 30% random fluctuation
in the SL layer thicknesses. (b) (224) reflection for sample 2.
Solid and dashed curves correspond to strain differences of
~0.04% (see text). (c) (224) reflection for sample 3; calculated
XRC allows for a 10% random fluctuation in the thickness.
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TABLE III. Comparison of the percentage in-plane strain (€,) measured by XRC and Raman experi-
ments in samples 1-3. Values expected in corresponding free-standing (FS) SL’s are also given. Indium
composition (x) and layer thickness (h) given here are the best-fit values from the XRC analysis. (See

discussion in text).

SL
Sample layer x {1 €, (%)
no. type (%) (A) XRC Raman FS

1 GaAs 0.0 128 0.007 —0.004 (LO) 0.26
In-Ga-As 10.8 64 —0.77 —0.76 (LO) —0.53
2 GaAs 0.0 126 0.14 0.10 (LO) 0.22

0.07 (TO)
In-Ga-As 9.0 63 —0.51 —0.76 (LO) —0.43

—0.12 (TO)
3 GaAs 0.0 132 0.33 0.37 (LO) 0.41

0.11 (TO)
In-Ga-As 17.5 106 —0.93 —0.99 (LO) —0.82

—0.22 (TO)

lattice mismatches of 0.138% and 1.132%, respectively.
The dashed line is the calculated XRC corresponding to
values of 0.11% and 1.16% for the parallel and perpen-
dicular mismatches with all other parameters unchanged
from the previous solid-curve result. Even without im-
proving the fit by including layer-thickness fluctuations,
the significant difference in the agreement with the exper-
imental data establishes the accuracy of our method for
extracting the strain from the XRC data. We find that
the expected XRC strain uncertainty is ~=+0.05 in the
percentage strain values, similar to that obtained by the

N
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FIG. 7. Depth profiles of in-plane (dashed) and plane-normal
(solid) x-ray strains within the constituent layers and graded-
buffer (GB) regions of samples 1, 2, and 3, shown in (a), (b), and
(c), respectively.

Raman technique. The best-fit XRC values of the layer
thicknesses, indium concentrations, and the in-plane elas-
tic strains are given in Table III for all three samples.
The x-ray strain depth profiles resulting from these fits
are presented in Fig. 7. The solid lines represent the nor-
mal mismatch (@, —a;)/a, and the dashed lines represent
the parallel mismatch (a, —a;)/a,, where a; is the sub-
strate lattice constant.

V. DISCUSSION

The areal averages of the Raman measured strains in
samples 1-3 obtained from the shift of both the LO- and
TO-phonon peaks are listed in Table III for comparison
with the XRC results. Averaging of the Raman data is
necessary for this comparison because the x-ray measure-
ments probed a 1-mm? area at an undetermined position
of the samples. Note that the best-fit XRC results vary
only slightly from the nominal growth values (see Table I)
of the layer widths and In compositions. Table III shows
that the best-fit XRC strains, when converted to elastic
strains, agree within experimental uncertainty with the
corresponding Raman LO-phonon average strains. We
regard this independent agreement between the Raman-
LO and XRC strains to be quite satisfactory considering
the complicated graded buffer substructure in our sam-
ples and the small values of x leading to small strains.

In contrast to the LO-phonon results, the Raman-
measured strains obtained from the shift of the TO pho-
nons tend to be smaller by a factor of 2. As we discuss
further below, this is a consequence of the occurrence of
one-peak behavior at small x and of the lack of exact
compensation between the effect of mismatch-induced
strain and that of alloying for the TO frequency.

The occurrence of single GaAs-like peaks is an in-
teresting aspect of the In,Ga,_,As/GaAs system that
has been investigated for [001]-oriented x <0.27 materi-
al.>!%21 Although not completely understood, it is relat-
ed to the frequency overlap between the internal-strain-
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shifted GaAs-like optical branches in each SL constitu-
ent. If, for a given mode and growth orientation, the
compensation of misfit strain and alloying is complete,
then the GaAs-like phonons from each SL constituent be-
come degenerate and appear as a single Raman peak.
This degeneracy results because the compressive stress in
the GaAs layers and the tensile stress in the In,Ga,_, As
layers shift their respective phonon frequencies in oppo-
site directions, thereby bringing them into coincidence.
Then the single-peak centroid frequency reflects the true
shift from the unstrained bulk frequency of each SL con-
stituent. This is the situation depicted in Fig. 2(a). As we
have argued, it applies to LO phonons in this materials
system for [001] and [111] SLSL’s with x <0.27. [See
Fig. 2(d).]

On the other hand, even if the compensation between
the effects of strain and alloying is incomplete, the
strain-shifted optical-phonon frequencies of the two con-
stituents can still be close enough to come within the in-
trinsic Raman linewidth given by the inverse phonon life-
time. Under these conditions, a single symmetric phonon
peak will still be expected in a SLSL. For example,
the strain-shifted oo frequencies of GaAs and
In; ;Ga, g3As for misfit biaxial strain corresponding to
[111] growth differ by only ~6 cm™' compared to the
5.5-cm ™! width of the observed TO peak. Hence, the sin-
gle peak observed for sample 3 (see Fig. 1) is not surpris-
ing. Now, however, a situation such as that shown in
Fig. 2(b) prevails, and the peak centroid does not accu-
rately represent strain-induced effects in either constitu-
ent.

The phonon peak width will be determined by several
factors. These involve the range of g-scattered needed to
take into account the disorder due to chemical (e.g., al-
loying) and structural (e.g., dislocations) inhomogeneities,
as well as that needed for thermal decay. These effects
are not easily separated even in bulk In, Ga,_, As, which
exhibits one-mode alloy behavior for x <0.27.1%22 The
situation is more complicated in SL’s where interface
dislocations, interlayer diffusion during growth, and pho-
non coupling between layers may play a part. Hence, fur-
ther investigation of these issues is warranted, perhaps by
high-resolution cryogenic measurements under uniaxial

stress.
Another interesting issue for SLSL’s is whether the

bulk values of I?,-j in Egs. (1) and (2) rgmain appropriate,
especially for very thin layers (~25 A) where interface
forces become significant. Our experiments indicate that
for [111]}-oriented SLSL’s the bulk K'ij can be used to
determine the strain within each constituent from mea-
surements of the shift (from its bulk position) of the LO
phonon, but not the TO phonon. We do not think that
this discrepancy is due to the inappropriateness of using
the bulk K ;j for TO phonons, but rather to the lack of
complete compensation between strain and alloying as
explained above. Although modifications to the IZ',-J-
remain a possibility, we expect this to be a higher-order
effect.

The results presented in Table III allow an assessment
of several sample characteristics related to growth. In
each of the three SLSL’s the measured GaAs strains ob-
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tained from both the Raman LO and XRC studies are
lower than what is expected for free-standing growth.
This indicates that the graded buffer layers, designed to
achieve a free-standing SLSL, are In-deficient. In fact,
the XRC analysis yielded a value of x =0.044 for the
buffer layer in sample 3 instead of the intended value of
0.06. Secondary-ion-mass-spectroscopy and Rutherford-
backscattering studies on sections from the same parent
SLSL’s also support this conclusion.>?*

For pseudomorphic growth of elastically similar ma-
terials on a substrate or buffer layer, €, is expected to be
given by!

(1,2) hl =
€ Zimf'FeS , (7
where the superscripts (1,2) label the constituents, 4 is the
layer width, f the bulk misfit, and + applies to constitu-
ent (1) (here GaAs). The first term on the right-hand side
is the strain for a free-standing SL, and €; is the net resid-
ual strain due to the substrate, or buffer in our case. We
compute & from the Raman-measured €, assuming
that the individual SL layers do not exceed their critical
thickness h.. This assumption is reasonable since 4, is
measured to be ~ 1500 A for In, ;Ga, 4As films grown on
GaAs substrates.!> We find that € < —0.25% for each
SLSL. This is small compared to the maximum absolute
misfits of 0.72% and 1.22% permissible for our x =0.1
and 0.17 samples, respectively. Hence, by any of the
currently used estimates,' the 4200-A thickness of these
SLSL’s should not exceed pseudomorphic limits. This is
confirmed by recent transmission-electron-microscopy
characterization, which shows that threading dislocations
are well confined to the buffer regions.>?® Lastly, we re-
mark that because €70 the piezoelectric fields in these
[111]-oriented SLSL’s may differ in absolute magnitude
from that expected for the free-standing case. The effect
of a nonzero net strain on the special electronic and opti-
cal properties of [111]-oriented SLSL’s has not been
treated so far, and it would be of interest to consider this
for the extreme, but perhaps functionally more common,
case of unbuffered growth on GaAs.

VI. SUMMARY

A combination of Raman and XRC techniques has
been used to obtain comprehensive spatial maps and
depth profiles characterizing the internal strain in [001]-
and [111]-grown In,Ga,_,As/GaAs SLSL’s. It is point-
ed out that for SLSL’s exhibiting single-peak behavior it
is important to examine the phonon frequency shifts due
to the competing effects of chemical alloying and biaxial
strain. In the In,Ga,_,As/GaAs system the TO-phonon
frequency shift with indium composition is always small-
er than that due to misfit strain for the growth orienta-
tions studied here. Use of the TO Raman frequency will
then result in an underestimate of the strain in each SL
layer. On the other hand, it is shown by comparison with
independent x-ray rocking-curve measurements on the
same samples that the Raman LO data lead to an accu-
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rate determination of the internal strain for [001] and
[111] SLSL’s with x <0.27. Furthermore, the local and
nondestructive nature of the Raman probe permits high-
density mapping of the strain with micrometer resolution
over macroscopic dimensions of the sample. We found
evidence for pseudomorphic growth with some macro-
scopic inhomogeneities in the three SLSL’s studied,
which included both unconventional [111]- and conven-
tional [001]-growth orientations. In combination, the
spatial area maps obtained from Raman and the strain
depth profiles obtained from XRC measurements have
yielded a comprehensive three-dimensional picture of
growth-related strain characteristics of the SLSL’s stud-
ied.
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