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Highly strained InGaAs/GaAs quantum wells (QWs) are studied using the complementary spectroscopic and
high-resolution x-ray diffraction (HRXRD) techniques. It is found that the QW features can be precisely
identified by solving the Schrodinger equation for a rectangular shape QW, thus ignoring any indium segre-
gation effect and considering only the compositional dependence of bowing parameter (C) while using the QW
parameters obtained from HRXRD measurements. The compositional dependence of “C” for In,Ga;_,As QWs
(0.294=x=0.42) can be given by a linear relationship of C=0.3525+0.9028x, which provides a conduction
band offset (AE,) of the functional form: AE,=0.7529x+0.2917x>—-0.4785x using the band offset (Q.) value
of 0.53. It is also observed that Q. is independent of the composition of QWs. Though the QW sample with the
maximum strain showed some relaxation (R =3.4%) as measured by the reciprocal space mapping in HRXRD,
still it is largely insignificant and does not affect the measured value of “C” for the present set of QW samples.
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I. INTRODUCTION

Highly strained In,Ga,_,As/GaAs quantum wells (QWs)
are widely used for the development of laser diodes operat-
ing beyond 1.2 um, which are a key components in the local
area network (LAN) and metropolitan area network (MAN)
links especially for the fiber-to-the-home applications.!~* Re-
cently, such lasers with significantly improved device char-
acteristics have been reported by several groups.” For
MAN and LAN links, it is necessary to develop a QW laser
operating at wavelengths longer than 1.2 um.>!° For the
long wavelength operation of InGaAs QW lasers, it is nec-
essary that a sufficient amount of indium is incorporated into
the QW. However, strain puts an upper limit on the indium
content for a pseudomorphic InGaAs QW.'®!! Earlier, we
reported the metal organic vapor phase epitaxy (MOVPE)
growth of highly strained InGaAs QWs with indium content
exceeding 40% by using only the conventional sources.!'”
Spectroscopic techniques play a vital role in the development
of advanced semiconductor devices and in fact have been
applied extensively to study strained InGaAs/GaAs QWs
where an accurate knowledge of all QW transitions, as well
as the barrier band gap energy is routinely obtained.'%-!3
Modulation spectroscopic techniques in general have been
extremely useful for studying moderately strained (x~0.2)
In,Ga,_,As/GaAs QW structures.'>"!” Complementary spec-
troscopic techniques such as photoluminescence (PL), pho-
toreflectance (PR), and surface photovoltage spectroscopy
(SPS), where in the PR and SPS technique one essentially
measures the absorption spectrum of semiconductors are of-
ten applied to study such quantum structures.'!~'8 Recently,
we applied PL and SPS techniques to investigate InGaAs/
GaAs QWs where it was demonstrated that SPS provides
more information about QWSs than the routinely used PL
technique even at room temperature.'> We were able to
identify the QW transitions by numerically solving the
Schrodinger equation using an envelope function approxima-
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tion for a finite square potential well only for the lowest
values of indium content (x~ 0.2). We were unable to do a
similar exercise for In,Ga,_ As (x=0.30) QWs with large
built-in strain where it was observed that even the ground
state (GS) transition could not be matched accurately by us-
ing the QW parameters determined from high-resolution
x-ray diffraction (HRXRD) measurements. Long back, a
similar observation has been made by Muraki et al.'® where
they observed that one needs to choose a particular value of
the band offset in order to match the GS energy measured by
the PL experiments with the numerically calculated transi-
tions energy. It was further observed by them that for a few
InGaAs/GaAs QW samples which were grown at a higher
temperature, an inclusion of the indium segregation effect
was absolutely essential in order to get a genuine match be-
tween experiment and theory which was otherwise impos-
sible simply by choosing an arbitrary value of the band
offset.

In this paper, we present our results related to the spec-
troscopic investigation of highly strained InGaAs QWs
where we obtained a reasonable match between experiment
and theory with a perfect rectangular shape QW without any
indium segregation. Unlike a constant value reported in the
literature,”® we found that the bowing parameter for
In,Ga,_,As QWs (0.294=x=0.42) is rather compositional
dependent. Our analysis is further supported by HRXRD
measurements where we did not find any signature of indium
segregation.

II. EXPERIMENTAL DETAILS

Highly strained In,Ga;_,As/GaAs QW samples were
grown in a horizontal low-pressure MOVPE reactor (AIX
200/4) reactor with a rotating substrate holder on GaAs (001)
substrates. Arsine (AsH;) and the trimethyl compounds of
gallium (TMGa) and indium (TMIn) were used as precur-
sors. The indium content of QWs (x) was varied by changing
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the TMIn supply in the gas phase x,=p(TMIn)/[p(TMGa)
+p(TMIn)] at a constant TMGa vapor pressure p(TMGa).
The nominal thickness values for InGaAs QWs and GaAs
barriers were 8 and 100 nm, respectively. In order to sup-
press the effect of indium segregation, the QW structures
were grown at a lower temperature of ~500 °C. The details
of MOVPE growth have been reported earlier.' HRXRD
single scans (w-26 rocking curves) were performed by using
a PANalytical X’Pert Pro MRD diffractometer, equipped
with a Ge (2 2 0) monochromator (Bartels type, four reflec-
tions), with a beam divergence of ~12 arc-second in the
scattering plane for Cu Kal x-rays (A=1.5406 A). All the
HRXRD measurements were done with a 0.75° open detec-
tor parallel to the scattering plane.®!!:>! The reciprocal lattice
maps were measured using a hybrid monochromator (PANa-
lytical model Hybrid 4x) at the input side and a Ge (2 2 0)
two-crystal three-bounce monochromator before the
detector.?>?3 The beam divergence achieved by the hybrid
monochromator was ~ 18 arc-second. The acceptance angle
for the three bounce Ge (2 2 0) monochromator before the
detector was ~12 arc-second. QW parameters namely the
thickness and composition (indium content) were measured
from the HRXRD measurements by matching the measured
diffraction pattern with simulated ones using the Takaji-
Taupin equation implemented in the commercial software:
X’pert epitaxy.010-21-27

All spectroscopic measurements were performed using
conventional grating-based spectroscopy and lock-in ampli-
fier techniques at room temperature (RT). PL?® was excited
with a diode laser operating at ~800 nm, dispersed with a
1/4 m monochromator and detected by using a Ge
photodiode.!® For PR measurements,!”!82%30 a2 100 W
quartz-tungsten-halogen (QTH) lamp along with a 1/4 m
monochromator is used as the light source. The monochro-
mator bandpass is kept lower than 4 nm. The light from the
monochromator (probe beam) is focused onto the sample and
the reflected beam is focused onto the detector. A chopped
solid state laser (1 mw power) operating at 532 nm (pump
beam) is used to modulate the built-in surface electric field.
Using a lock-in amplifier at the chopping frequency (330 Hz)
of the pump beam, one measures the change in reflectivity of
the sample (AR) due to the modulation as a function of
wavelength of the probe beam. The dc part of the signal from
the detector, which is proportional to the reflectivity (R), is
also extracted and the final spectrum AR/R is obtained by
dividing the ac signal by the dc signal. For SPS
measurements,>'32 the same light source used in PR was
used to measure essentially the absorption coefficient of QW
samples.''? A lock-in amplifier is used to measure the
changes in surface potential induced by the resulting periodic
generation and subsequent redistribution of excess carriers.
The small AC voltage was measured in “soft contact”
capacitor-like geometry, wherein a transparent conducting
glass front electrode was pressed gently against the front
surface of sample, whose back surface was attached with
conducting silver paste to a flat grounded copper electrode.
Other experimental details about SPS measurements have
been published earlier.??
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TABLE I. Layer structure details of five In,Ga;_ As/GaAs QW
samples (A-E) obtained from the HRXRD measurement.

QW parameters obtained from the HRXRD data

Indium Content QW thickness Cap layer thickness

Sample No. (x) (nm) (nm)
Sample-A 0.294 = 0.005 8.1=0.1 78+ 1
Sample-B 0.378 =0.005 7.8%0.1 76 %1
Sample-C 0.395 +0.005 7.7£0.1 76 %1
Sample-D 0.41 £0.005 7.8£0.1 801
Sample-E 0.42+0.01 7.2+0.2 T2+2

III. RESULTS AND DISCUSSION

Five QW samples (sample A-E) were studied during this
work and the layer structure details obtained from the
HRXRD measurements are shown in Table I. For HRXRD
simulations, it was assumed that the QW layer is pseudomor-
phically strained i.e., no relaxation was considered. It is also
of considerable interest to know about any possible layer
relaxation in the highly strained QW samples since any such
possibility might alter the measured values of the QW pa-
rameters in HRXRD experiments. Especially, in case of QW
samples with large built-in strain (with indium content
=0.40) some amount of relaxation (partial relaxation) is
expected.®?>2® The issue of partial relaxation in highly
strained InGaAs QWs and its impact on the measured values
of QW parameters will be discussed in detail later.

Figure 1 shows an example of the complementary PL, PR,
and SPS spectroscopic measurements performed on sample
A at RT. Figure 1(a) shows the RT PL spectrum which was
fitted with two Gaussian peaks representing two electronic
transitions associated with the InGaAs/GaAs QW structure.
The two transitions lie in close proximity of the two lowest
energy features seen in the corresponding RT SPS graph, as
shown schematically in Fig. 1(b) by the two vertical dotted
lines at ~1.12 and 1.16 eV. There are other features seen in
the SPS graph in Fig. 1(b), which are shown by the three
vertical dotted lines on the higher energy side, at about 1.24,
1.28, and 1.36 eV, respectively. The signatures of the transi-
tions seen in PL and SPS spectra are more clearly evident in
the PR spectrum shown in Fig. 1(c), in form of sharp transi-
tions seen almost at the same energy positions like in the PL
and SPS spectra and marked by the five vertical dotted lines.
The identification and origin of these features will be fully
elucidated later. It is obvious from Fig. 1 that the QW fea-
tures can be best examined using the PR technique. QW
features seen in the PR spectrum are more in number when
compared to the PL spectrum and sharper than those seen in
the SPS spectrum. Thus PR is the most appropriate spectro-
scopic technique even for the investigation of highly strained
InGaAs/GaAs QW structures. Therefore, for the rest of ar-
ticle, we focus mainly on the spectroscopic data obtained
through PR measurements on the five QW samples whose
layer details are shown in Table I. The PR spectrum can be
represented theoretically by the well-known Aspnes function,
given by**
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FIG. 1. RT (a) PL, (b) SPS, and (c) PR spectra of sample A. The
vertical dotted lines correlate the individual components seen in
three spectra.

AR < :
R > Re{AjelH-f [ (E=Eq;+ ir.i)m'/}’ )

j=1

where A; is an amplitude, 6; a phase angle, E; the critical
point energy, I'; a broadening parameter and m; an exponent
which depends on the nature of the j® critical point transi-
tion, and n is the number of critical point transitions. For
example, for m=2, Eq. (1) corresponds to the first derivative
of a Lorentzian peak, which is often used to fit the experi-
mental PR spectra of excitonic transitions.?> Fig. 2 shows the
outcome of such a fitting exercise for sample A in the limited
energy range of the spectrum shown earlier in Fig. 1(c)
mainly covering sharp QW features (transitions “1”-to-“4" in
Fig. 1). It is clearly seen from Fig. 2 that the QW PR spec-
trum can be fitted nicely with four sharp features having the
functional form of Eq. (1) which therefore provide an accu-
rate measurement of the energy position of QW transitions.
The energy values of four QW transitions obtained after fit-
ting with Eq. (1) are shown in Table II along with the results
obtained from PL and SPS measurements.
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FIG. 2. Detail of the RT PR spectrum (dotted curve) of sample
A over the energy region of the confined QW transitions, together
with a fit by four features (full curves) using Aspnes function.

After the accurate determination of the energy of four QW
features, the next obvious step is to identify the observed
transitions. For this purpose, we calculated the energy of
interband electronic transitions for the InGaAs QW by
numerically solving the Schrodinger equation for a finite
square potential well using the envelope function
approximation.!!=1316.17.19 The finite difference method
(FDM) with a grid size of 1 A was used to solve the
Schrodinger equation where it is possible to work on
symmetric/asymmetric (linearly graded at the upper inter-
face) shape of the potential well.3%37 The effect of strain in
modifying the band structure at the I' point was also taken
into account, including the effect of spin-orbit coupling on
the light-hole energy using the six-band k.p approach.’’-3
The material parameters were taken from literature.”’ The
band offset ratio (Q.) for the InGaAs/GaAs QW was taken
initially as 58%"? (Q. is defined as AE_/ AE,, with AE, as the
conduction band offset and AE, being the difference between
the GaAs barrier and the strained InGaAs well material
heavy-hole band gaps). The thickness and composition of the
QW for these calculations were taken from the HRXRD
measurements, which are summarized in Table I. Following
the numerical approach mentioned above, we calculated the
energies of the interband QW transitions with a few possible
sets of QW parameters for sample A and the simulation re-
sults are summarized in Table III. It was found that the cal-
culated energy of the GS QW transition i.e., e;-hh; (H11 for
short) by using the QW parameters of sample A from Table I
was larger by 27 meV when compared with the measured
value shown in Table II. As mentioned earlier, a similar ob-
servation was made by Muraki et al.'® for the same QW
system where they were able to get a reasonable match be-
tween theory and experiment by carefully choosing an ap-
propriate value of the band offset. The issue of a correct
value of Q. for this material system has been a matter of
controversy>® and people have reported values ranging from
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TABLE II. Summary of all the spectroscopy data analysis for sample A. Error bars in the fitted values are
much smaller than the energy changes produced by the error bars in QW parameters shown in Table 1.

Energy of Interband electronic transitions

Transition “1” Transition “2” Transition “3” Transition “4”
Experiment (eV) (eV) (eV) (eV)
PL 1.125 1.150 -NA- -NA-
PR 1.127 1.159 1.238 1.276
SPS 1.123 1.160 1.240 1.276

0.4 to 0.8% for QW samples grown under different condi-
tions. It has been measured by several techniques like
capacitance voltage profiling,**#? deep level transient
spectroscopy,”'*** and spectroscopic techniques including
modulation spectroscopy.'#16:17:19:27.4044-35 [t has been even
shown to vary with the composition of In,Ga;_,As/GaAs
QWs.!7:4046 Hence, by noting the fact that Q. depends upon
several factors, we tried to choose an appropriate value of Q.
with the hope that it will provide the expected energy values
of QW transitions matching with the experimental results
summarized in Table II. However, to our surprise, such an
exercise proved fruitless since even the GS energy could not
be matched by simply varying the value of Q.. Under such
circumstances, Muraki et al.'® pointed out the importance of
indium segregation for InGaAs/GaAs QW samples where
they could get a reasonable match for the GS feature by
assuming an asymmetric shape of the QW. Although, they
said that the effect of indium segregation is not important for
the MOVPE growth (the technique used here) yet we tried to
consider the effect of indium segregation in two ways i.e., (i)
by solving the Schrodinger equation using finite difference
method for an asymmetric shape of the QW!? (caused by
probable indium segregation near the upper interface like
Muraki et al.'®), and (ii) by assuming that the In,Ga,_,As
QW as a whole has either a larger thickness or higher indium
content when compared with the measured values obtained
from the HRXRD technique, respectively. We calculated the
energy of QW transitions by varying either the QW thickness
(where GS could be matched for 135 A) or indium content
(where GS could be matched for 0.324, also a more compli-

cated asymmetrical profile assuming indium segregation) in
order to match the measured values shown in Table II. We
also tried to vary both the QW parameters following Hosea
et al.'® However, all these attempts were again largely un-
successful since although an excellent match between theory
and experiment could be achieved for the GS in each case
but no satisfactory agreement was possible for the other
sharp features shown in Fig. 2.

The importance of such a desired agreement between
theory and experiment for the high energy QW transitions (in
addition to the GS) has been suggested long back by Muraki
et al.' Along with the increased value of the indium content
(0.324 against the measured value of 0.294 from HRXRD),
we also tried to vary Q. for In,Ga;_,As QW as shown in Fig.
3 where we plot the calculated values of five QW transitions
i.e.,, HI1, H12, H21, H22 and e;-lh; (L11 for short) with Q..
For these calculations, the QW thickness was taken from
Table I (sample A). The horizontal lines in this graph indicate
the measured values of four transitions (“17-to-“4”) from
Fig. 2. Surprisingly, a satisfactory match between theory and
experiment could be obtained for a Q. value of ~0.52 as
shown in Fig. 3 and also summarized in Table III. On the
other hand, when a similar exercise was done with variation
of Q. by keeping the indium-content constant (0.294) and
choosing a large QW thickness of 135 A, no such agreement
could be obtained for the high energy features. Similar ef-
forts by using an asymmetric shape of the QW for consider-
ing the effect of indium segregation were also unsuccessful
as can be seen from the last row in Table III. Hence, it seems
plausible that the QW composition measured by HRXRD is

TABLE III. Numerical simulation results for an InGaAs/GaAs QW (sample A) with several combinations of the layer parameters. The
values shown in bold letters are the best match when compared with PR results summarized in Table II. The last row shows the best match

when indium segregation is taken into account.

Calculated energy of various
interband electronic transitions (eV)

Indium Thickness Bowing
Simulations Content (A) parameter HI1 Hi2 H21 H22
With rectangular 0.294 81 0.477 1.154 1.185 1.161 1.292
shape QW 0.324 81 0.477 1.127 1.159 1.240 1.273
0.294 135 0.477 1.127 1.140 1.188 1.201
0.324 73.5 0.477 1.135 1.172 1.256 1.293
0.294 81 0.619 1.127 1.158 1.240 1.272
With indium
segregation 0.364, 0.31-to-0.16 40, 50 graded 0.477 1.127 1.178 1.236 1.285
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FIG. 3. Variation of the calculated energies of five QW transi-
tions as a function of band offset (Q.), for a 81 A thick
Ing 304Gag g76As QW with GaAs barriers. The horizontal lines show
the fitted energy values for the four QW features from the fit in Fig.
2. The vertical dotted line shows the possible Q. value needed to
match the various calculated transition energies to the fitted values.
The light hole related transition (L11) does not find any reasonable
match here.

possibly inaccurate. However, the discrepancy of about 3%
(0.324 against 0.294, as seen from the first two rows of Table
III) in HRXRD looks significantly high and it is highly de-
sirable to know about the maximum amount of error in
HRXRD measurements. Figure 4(a) shows the measured and
simulated diffraction pattern for sample A, where the simu-
lated pattern has been vertically shifted downward for the
clarity in viewing. A clear observation of Pendellosung
fringes around the GaAs substrate peak indicates a good
crystalline quality of the sample®!? and provides an accurate
measurement of composition and thickness of the QW as
shown in Table I. In Fig. 4(b), we present the simulated
patterns for an increased indium content of 32.4% while
keeping the same QW thickness (as desired by the aforemen-
tioned quantum mechanical numerical simulations). It is ob-
vious that this simulated pattern is entirely different than the
one needed to match the experimental HRXRD pattern.
Similarly, the simulated pattern of a QW with increased
thickness i.e., 135 A (against the measure value of 81 A)is
also significantly different. It is well known that the HRXRD
measurements for strained InGaAs/GaAs QW are actually
sensitive to the product of thickness and strain of QW'3 (not
the individual entity) and hence, it is possible that the
strained QW might have some small domains of high indium
content (32.4% indium) but with reduced QW thickness
(73.5 A, in order to keep the product constant). It is clear
from Fig. 4(c) that the HRXRD measurements rules out any
such possibility. Moreover, as shown in Table III, such a
combination of QW parameters does not even provide the
correct GS information.

Finally, as shown in the last row of Table III, it is possible
to get an approximate match for the QW transitions for an
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FIG. 4. (Color online) (a) HRXRD rocking curve for sample A
along with the simulated one, note that the simulated pattern has
been vertically shifted downward for clarity in viewing, (b) three
simulated HRXRD patterns with different QW composition and
width parameters, (¢) two simulated HRXRD patterns where the
product of strain and QW thickness was kept constant. Note that the
Pendellosung fringes around the GaAs substrate feature are identi-
cal for the two patterns but the QW feature is entirely different. We
also plot the simulation for a graded QW with indium segregation,
which clearly discards any such possibility when compared with the
experimental data shown in Fig. 4(a). Note that the second simu-
lated pattern (32.4% In) has been vertically shifted downward for
the clarity in viewing. Also note the matched simulated pattern
(81 A, 29%) is plotted in all the three graphs for comparison.
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asymmetrically shaped QW by considering the effect of in-
dium segregation.'” It should be noted that the GS could be
matched in several ways by varying the parameters of the
asymmetric QW profile and the best combination obtained
for all the QW transitions is only shown in Table III. How-
ever, HRXRD simulation again discards any such possibility.
First, we do not anticipate such large variation in the QW
composition as required by the asymmetric QW profile and
second the HRXRD pattern simulated for such a profile sig-
nificantly differs from the measured one as clearly shown in
Fig. 4(c). It clearly shows that the effect of indium segrega-
tion has been largely suppressed by choosing a lower growth
temperature of ~500 °C in MOVPE. We find its signature
neither in spectroscopic nor HRXRD measurements. Hence,
the measured values of QW parameters in HRXRD are
highly genuine within the error bars shown in Table I.

In fact, similar to Sample A, we did the same analysis (by
keeping the QW thickness constant while varying the indium
content) for all the QW samples and could get a reasonable
agreement between theory and experiment but the maximum
discrepancy in QW composition was as high as 7%. Al-
though, it is known that the errors in QW parameters (ob-
tained from HRXRD measurements) increases with strain in
the QW due to several reasons yet an inconsistency of ~7%
is far beyond our error bars (x*1%, =2 A for sample E)
defined in our HRXRD results presented here. Hosea et al.'®
also made a similar observation earlier where they found that
they need to increase the indium content by 1%-3% and the
QW thickness by 1-6 A in order to match even the GS
energy. However, neither Muraki et al.,' nor Hosea et al.'®
presented any supporting high-quality HRXRD data to con-
firm their claims. It is obvious from Fig. 4(a) where an ex-
cellent agreement is clearly observed between the simulated
and measured diffraction pattern and further from the
HRXRD simulation seen in Figs. 4(b) and 4(c) that the
source of anomaly for the QW parameters between the two
measurements i.e., HRXRD and PR lies somewhere else. In
fact, it was mainly this reason that motivated us to look for
an alternate and more realistic source of inconsistency be-
tween the two measurements which subsequently resulted
into the discovery of the compositional dependence of bow-
ing parameter for highly strained InGaAs/GaAs QWs.

As mentioned above, under the circumstances when the
agreement between theory and experiment is poor for QW
transitions, we need to vary either the QW thickness or com-
position while keeping the other parameter constant. How-
ever, as obvious from the Tables II and III, a reasonable
match was obtained only when we kept the QW size constant
and increase the indium content. Since, this resulted in a
large inconsistency between the QW parameters obtained
from the two measurements, i.e., HRXRD and PR, an alter-
nate way to achieve a satisfactory agreement between theory
and experiment is desirable. Although an attempt of varying
the QW composition in numerical calculations (irrespective
of its prediction of correct energies for QW transitions) is
highly unrealistic, nevertheless it provides a clear hint. It can
be easily understood that by increasing the indium content of
the QW, we in principle reduce the bulk band gap of the
strained InGaAs material whereas the separation of energy
levels within the QW remains largely unaffected. On the
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FIG. 5. Variation of the calculated energies of five QW transi-
tions as a function of band offset (Q.), for a 81 A thick
Ing 294Gag 706As QW with GaAs barriers. The horizontal lines show
the fitted energy values for the four QW features from the fit in Fig.
2. The vertical dotted line shows the possible Q. value needed to
match the various calculated transition energies to the fitted values.
The light hole related transition (L11) does not find any reasonable
match here.

other hand, when we tried to vary the QW size while keeping
the indium content constant, it did not provide the correct
energy position of the excited state transitions as shown in
Table III. This is due to the fact that a variation of QW
thickness basically alters the separation of energy levels
within the QW. Since, an increase of the indium content in
InGaAs/GaAs QWs always moves the energy levels within
the QW vertically downwards while maintaining their re-
spective separation. We therefore need to look for an alter-
native method for varying the bulk band gap of strained In-
GaAs material in addition to its usual dependence on the
indium content.

We know from literature?® that such an example already
exists for Al,Ga;_,As where it has been shown that the bow-
ing parameter for this particular alloy depends upon its com-
position. On the other hand, it is considered to be indepen-
dent of composition for InGaAs where it is expected to have
a constant value of 0.477.2° However, our results described
above suggest that this may not be true in case of highly
strained InGaAs/GaAs QW structures. In our numerical
simulations, we in fact then tried to choose an appropriate
value of the bowing parameter (such that the desired strained
heavy-hole band gap for the InGaAs QWs could be matched)
while keeping the composition and thickness as obtained
from the HRXRD measurements. An outcome of this exer-
cise is shown in Fig. 5 where we plot the energy values of
five QW transitions with Q. where the bowing parameter
was taken to be 0.619 instead of its usual value of 0.477. The
solid lines in Fig. 5 show the positions of QW transitions
obtained from the analysis of PR data shown in Fig. 2. It is
obvious that a nice agreement between theory and experi-
ment is obtained like shown earlier in Fig. 3. Hence, there is
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no inconsistency as such between the two measurements i.e.,
PR and HRXRD. Features “1,” “2,” “3,” and “4” could be
therefore identified as H11, H12, H21, and H22 interband
electronic transitions of the InGaAs QW. It could be con-
firmed even for the feature “5” in Fig. 1, which is expected
to be e,-hh, (H24 for short). In fact, the theory did not pre-
dict any confined state QW transitions above 1.4 eV and
hence all the further features seen after H24 in Fig. 1 are
related to the GaAs barrier. We do not observe any signature
of a light holes related transition in our spectroscopic mea-
surements as can be seen from Fig. 5. It should be noted that
the effect of indium segregation is expected to be important
even for the MOVPE growth process>® and therefore similar
to the MBE growth,'%% it is desired to grow the QW struc-
tures at relatively low temperatures in order to nullify the
effect of unwanted indium segregation. Since the QW
samples studied here were grown at relatively lower tem-
perature (~500 °C),'” we did not see any signature of in-
dium segregation. HRXRD measurements also did not sup-
port any such behavior related to indium segregation in our
samples as discussed earlier.

We then applied the same analytical procedure for all the
five InGaAs/GaAs QW samples with their individual layer
structure as shown in Table I. For the purpose of clarity, we
present only the GS PR feature for these five samples in Fig.
6 along with its simulated counterpart using the Aspnes line
shapes given by Eq. (1). A clean signature of GS QW feature
in the PR spectrum of all the five samples is recorded. Al-
though, the signal intensity drops with an increase in the
built-in strain (indium content) possibly due to the poor crys-
talline and interfacial quality yet the features are in general
clearer and sharper when compared with our SPS results pre-
sented earlier on the same set of samples.'> A similar obser-
vation was made by us earlier'”> from the PL measurements
on the same set of samples where the PL intensity was found
to reduce when one approaches a critical value of the indium
content for InGaAs QW. Fuji et al.** also made a similar
observation earlier where they observed that the PL intensity
decayed exponentially after a critical layer composition was
reached. They described this behavior as a symptom of the
lattice relaxation. However, we find that the critical layer
composition in our case is found to be much larger and this
may be simply related to the MOVPE growth at compara-
tively lower temperatures in our case.'®!? A similar observa-
tion has also been made by Wei et al.’’ for QW samples
grown by MBE at low temperatures. An information related
to the lattice relaxation can be obtained from the HRXRD
measurements where a degradation of the crystalline and in-
terfacial quality is normally indicated by the disappearance
of Pendellosung fringes for high values of indium content
which is related to the fluctuations in the QW thickness and
composition.!®!? Such type of degradation is normally re-
lated to the partial relaxation of InGaAs QW layer.®?3-26
More details about the relaxation of QW layer in our samples
will be presented in the later part of this article.

It is obvious from Fig. 6 that the GS energy redshifts with
the enhancement of indium content supporting our earlier
observations from the PL and SPS measurements which is
further summarized in Fig. 7. Similar to the reports available
in literature,>>% we also find that the GS energy can be rep-
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FIG. 6. RT PR spectra (dotted curves) showing only the ground
state feature of the five In,Ga,_,As/GaAs QWs (samples A-E). The
PR features has been magnified by the corresponding numbers for
the purpose of clarity in viewing. Corresponding fitted spectra for
the five QW samples using Aspnes line shape are also plotted in the
same graph.

resented by a simple linear relation with indium content of
the QW ie., E (eV)=1.446-1.091x for In,Ga,_,As QWs
(0.294=x=0.42). Such a simple relationship for the emis-
sion energy (wavelength) of highly strained InGaAs/GaAs
QW structures should be very useful for the material grow-
ers. It is also noticed that the broadening parameter “I"” (de-
scribed in Eq. (1)) initially shows a gradual increase with
built-in strain (indium content) and then suddenly shows a
significant change in the slope once a threshold value of
strain is reached (for x~0.40). It is therefore anticipated that
the dominant scattering mechanisms are different in the two
regions across the threshold composition (x"~0.40) of In-
GaAs QWs. Using the exciton-optical-phonon coupling
model in which free excitons scatter off the longitudinal op-
tical (LO) phonons, Shen et al.>! suggested that the homoge-
neous part, i.e., I, (which is a measure of the exciton-
phonon coupling) is the dominant scattering mechanism at

165403-7



SHARMA et al.

T T T T T T T T | T T T T | T T T T ]
S 112 F -
8; B — 12
= L i
? 1.08 |- 1 =
= - 7 g
5] i L=
2 i H
Z 1.04 FEg(eV)=1.446-1.091x —_8 ~
.= i
= _
= i
2 - _
S 1.00 - |

C_1 L 4

0.28 0.32 0.36 0.40 0.44

Indium content (x) of QW

FIG. 7. A plot of the ground state energies (E,) of five QW
transitions determined from the PL and PR measurements as a func-
tion of indium content of InGaAs QWs (left axis), also shown is the
fitted curve using a linear relationship with indium-content as
shown in the graph. On the right axis, we plot the broadening pa-
rameter ‘[ described in Aspnes line shape for the PR spectra with
indium content, which show two distinct regions indicating a
threshold indium content (x) beyond, which one sees a fast deg-
radation in the crystalline and/or interfacial quality.

room temperature for strained InGaAs QWs. A sudden
increase in the I' values with indium content as shown in
Fig. 7 indicates that the temperature independent inhomoge-
neous line width, i.e., I'; (which is a measure of the interface
roughness and alloy disorder) becomes significant for the
highly strained InGaAs QWs even at room temperature once
the threshold composition is reached. In corroboration with
the well established PL techqniue,?”~!9 PR spectroscopy thus
provides a very simple procedure for deciding the maximum
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indium content of highly strained InGaAs QWs for the de-
velopment of long-wavelength laser diodes. It suggests that
one needs to choose an optimum indium content below the
threshold value (x") shown in Fig. 7 in order to anticipate a
reasonable threshold current density of the laser diodes made
using highly strained InGaAs QWs. Highly strained InGaAs
QW lasers reported earlier®!? were fabricated using the QW
samples B and C where the indium content really lies below
the threshold value shown in Fig. 7.

After analysis of PR data for all QW samples, it is of
interest to know the values of the bowing parameter needed
to predict the upward transitions seen in PR spectra by uti-
lizing the QW parameters measured from HRXRD. We could
get a reasonable match between the theory and experiment
for all five samples and the energy values of QW transitions
both the experimental and simulated ones are presented in
Table IV. Since, we could match several QW transitions ex-
cept for sample E, where only GS was seen in the PR spec-
trum (due to the inferior sample quality/very high strain) by
using the QW parameters determined by HRXRD, our analy-
sis for the values of the bowing parameter is more realistic as
suggested earlier by Muraki et al.'® Fig. 8 shows a plot of the
bowing parameter for In,Ga,_,As/GaAs QWs with built-in
strain (indium content) where a linear behavior is obviously
seen. The compositional dependence of bowing parameter
for InGaAs QWs (0.294 =x=0.42) is given by the following
linear relationship i.e., C=0.3525+0.9028x. Zubkov et al.*
reported a quadratic concentration dependence of the con-
duction band offset in case of medium strained InGaAs QWs
(0.06=x=0.29) where the bowing parameter was expected
to be independent of the QW composition. It is found here
that the bowing parameter for highly strained InGaAs QWs
shows a linear relationship with the indium-content (strain),
which provides a conduction band offset of the functional
form: AE,=0.7529x+0.2917x*~0.4785x> using the band off-
set value of 0.53. It is also found here that the band offset is
independent of the composition for In,Ga,_ As/GaAs

TABLE IV. Summary of the spectroscopy data analysis along with the numerical simulation results for all the five InGaAs/GaAs QWs
(samples A to E). Indium-content and the thickness of QWs were obtained from the HRXRD measurements whereas the bowing parameter
values were calculated from the best match of PR data with the numerical simulations. The error bars in the fitted values are much smaller
than the energy change produced by the error bar in QW composition shown in Table I.

Energy of interband
electronic transitions

Experiment/ Indium Content Thickness Bowing  Transition “1” Transition “2” Transition “3” Transition “4”
Sample No.  Simulations (x) (A) parameter (eV) (eV) (eV) (eV)
Sample A PR 1.127 1.159 1.238 1.276
Simulation 0.294 81 0.619 1.127 1.158 1.240 1.272
Sample B PR 1.033 1.066 1.166 1.207
Simulation 0.378 78 0.691 1.033 1.068 1.170 1.206
Sample C PR 1.014 1.049 1.154 1.314
Simulation 0.395 77 0.706 1.014 1.050 1.157 1.327
Sample D PR 0.997 1.024 1.141 -NA-
Simulation 0.41 78 0.714 0.997 1.033 1.141 1.177
Sample E PR 0.991 -NA- -NA- -NA-
Simulation 0.42 72 0.736 0.991 1.032 1.149 1.338
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FIG. 8. A plot of the bowing parameter (c) with indium content
for highly strained InGaAs/GaAs QWs. Error bars are mainly due
to the errors in QW parameters determined from the HRXRD mea-
surements with a relatively large error in case of sample E due to
partial relaxation.

(0.294=x=0.42) QWs. Finally, it is worthwhile to discuss
the origin of the concentration dependence of bowing param-
eter in highly strained InGaAs QWs. The bowing parameter
(C) is expected to have two components,’® where the com-
ponent “C;” arises simply because of the dependence of the
energy gap (E,) on the lattice constant while the other com-
ponent “C.” is associated with disorder. Disorder produces
potential fluctuations which in general scatter electrons and
mix band states, derives states at the bottom (top) of the
conduction (valence) band, respectively, and thus, reduces
the band gap. From the HRXRD experiments and subsequent
PR data analysis, it is clear that the disorder term “C.” of the
bowing parameters becomes important in case of highly
strained InGaAs QW which makes the bowing parameter
concentration dependent. The error bars in Fig. 8 arise due to
the uncertainties in QW parameters obtained from HRXRD
measurements (as shown in Table I) with a large error bar for
sample E simply due to its poor crystalline and interfacial
quality. A high accuracy in HRXRD simulations comes from
the fine Pendellosung fringes (cap layer fringes) where the
respective positions of peak and valleys are sensitive to the
product of strain and QW thickness.!> The HRXRD pattern
for sample E is presented in Fig. 9 along with its simulated
counterpart. Although, the QW feature is clearly visible at
~30.5° yet the disappearance of Pendellosung fringes in-
creases the error in QW parameters which provides a large
error bar in the bowing parameter value as indicated in Fig.
8.%0 Similar observations have been made earlier by Chen et
al.*® where they observed that the interference pattern in
HRXRD pattern disappeared when Injy,GaygAs QW layer
exceeded 30 nm in thickness. They also observed a bump on
the right shoulder of the GaAs peak like the one seen here in
Fig. 9 suggesting that the top GaAs layer is being com-
pressed in the growth direction by the partially relaxed In-
GaAs layer. A reliable information about the partially relax-
ation of InGaAs layer can be obtained from the reciprocal
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FIG. 9. (Color online) Experimental and simulated HRXRD
rocking curves for sample E. Note the disappearance of the Pen-
dellosung fringes in the experimental curve due to poor crystalline
and interface quality because of very high built-in strain. Even the
GaAs feature has been modified toward higher angles indicating
tensile strain in the cap GaAs layer due to a partial relaxation of the
InGaAs QW.

space mapping (two-axis scan) in HRXRD experiments for
an asymmetric e.g., (224) reflection.?32>:26

Figure 10 shows two such asymmetrical reciprocal space
maps for two samples (A and E), respectively, where it can
be seen easily that the QW layer in sample A [reciprocal
maps in (Fig. 10(a)] is pseudomorphically strained with no
signature of relaxation. The diffraction feature corresponding
to the InGaAs QW layer lies exactly underneath the substrate
(GaAs) feature with several Pendellosung fringes seen along
the vertical direction (Q,). It confirms that the sample A is of

5450 7 s4s0q. -
5400 4 54004 -
5350 - 5350+
g g
£, 5300 - T, 5300+
2 S
2 5250 - S 5250
Rl -
*N “H
& 5200 © 5200
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O »
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Sample A Sample E .?%,
5050 - S0507
(@ 224 ®) ; 224
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3950 4000 4050 4100
Q,*10000 (rlu)

FIG. 10. (Color online) HRXRD reciprocal space maps for the
two samples, (a) Sample A, (b) Sample E. QW feature for sample E
is clearly shifted in horizontal direction with respect to the substrate
feature indicating a possible partial relaxation of the InGaAs QW
layer.
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very high-crystalline quality without any layer relaxation.
We observed almost similar results for samples B, C, and D
whereas the situation is a bit different for sample E as shown
in Fig. 10(b). Here, the layer feature is slightly shifted in the
horizontal direction (Q,) with respect to the substrate feature
indicating some amount of relaxation in the QW. We calcu-
lated the parallel (in-plane) and perpendicular (out-of-plane)
lattice mismatches normally known as g, and &, respec-
tively, for the sample E and evaluated the relaxation (R%)
which is normally defined as the ratio of parallel mismatch to
the bulk mismatch for epitaxial layers. The relaxation for
sample E is about 3.4% with the mismatch values of g
~0.099% and &, ~5.35%, respectively. We then tried to
incorporate the measured value of relaxation in our HRXRD
simulations and found that the indium-content for sample E
increases only by 1% which in fact lies within the error bar
shown in Table 1. A careful observation reveals that there is a
little relaxation seen even for sample D (R~ 1.3%). This
however does not make any observable difference to the QW
parameters measured from the HRXRD simulations. Hence,
it is confirmed that the issue of partial relaxation, which is
though very important for highly strained epitaxial layers,
seems largely insignificant for the present set of InGaAs/
GaAs QW samples. It does not affect the measured value of
the bowing parameter including its functional dependence in
our samples. Finally, we should comment on the large elon-
gation of GaAs feature for sample E in Fig. 10(b) when
compared with the sample A. A similar observation have
been made earlier by Giannini et al.>> where they observed
an elongation of QW features for (004) reflection and corre-
lated it with the interface roughening and mosaicity. We un-
derstand that the reason for the enhanced elongation of the
GaAs feature in sample E is mainly related to the partial
relaxation of the QW, which induces a tensile strain in the
cap GaAs layer in addition to the interface roughening and
mosaicity.

IV. CONCLUSION

Highly strained InGaAs QWs are studied using comple-
mentary spectroscopic techniques. PR spectroscopy is found

PHYSICAL REVIEW B 80, 165403 (2009)

to be the best technique here providing sharp and well de-
fined QW features in addition to the GaAs barrier layer sig-
nature. The sharp QW features are then identified by numeri-
cally solving the Schrodinger equation for a finite square
potential well using the envelope function approximation.
The effect of strain in modifying the band structure was also
taken into account, including the effect of spin-orbit coupling
on the light-hole energy. We were able to identify all the QW
features but the indium content required to get a reasonable
match was found to be much larger than the value obtained
from HRXRD measurements. The systematic HRXRD simu-
lations clearly indicated the absence of any such large error
in the QW composition. It thereafter lead to the discovery of
the compositional dependence of the bowing parameter for
highly strained InGaAs/GaAs QWs where we could identify
all the QW transitions by using the QW parameters obtained
from HRXRD measurements. It is found that the disorder
term “C.” of the bowing parameters becomes very important
in case of highly strained InGaAs QWs, which make the
bowing parameter concentration dependent. It is also found
here that the band offset is independent of the composition of
InGaAs QWs. We do not observe any signature of indium
segregation in these QW structures either in spectroscopic or
HRXRD characterization because of the low-temperature
MOVPE growth. The effect of indium segregation in our
samples lies within the error bars defined in HRXRD experi-
ments. Finally, it is also confirmed that the issue of partial
relaxation, thought very important for highly strained epitax-
ial layers, seems largely insignificant for the present set of
InGaAs/GaAs QW samples. It does not affect the measured
value of the bowing parameter for our samples.
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