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The onset of strain relaxation in In0.2Ga0.8As/GaAs quantum-well structures is investigated. X-ray
diffraction shows that when the InGaAs thickness increases beyond its critical thickness, another
peak on the right shoulder of the GaAs peak appears, indicating that the top GaAs layer is being
compressed in the growth direction by the relaxation of the InGaAs layer. Energy shifts of 44 and
49 meV are observed, respectively, from the strains of the InGaAs and GaAs top layers when
increasing the InGaAs thickness from 300 and 1000 Å. These energy shifts are in agreement with
theory calculated based on the relaxation process observed in x-ray diffraction, providing evidence
that the relaxation occurs from near the bottom InGaAs/GaAs interface while the top interface still
remains strained. This result is further corroborated by the images of cross-sectional transmission
electron micrographs which show that most of the misfit dislocations are confined near the bottom
interface. © 2000 American Institute of Physics.@S0021-8979~00!07303-5#
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I. INTRODUCTION

The InGaAs/GaAs material system has many import
applications for electronic and optoelectronic devices. Ho
ever, due to lattice mismatch between InGaAs and Ga
there exists a critical thickness1–4 of InGaAs. When the
InGaAs increases beyond the critical thickness, strain re
ation generates misfit dislocations and degrades the de
performance. Therefore, there is obvious interest in inve
gating the process associated with strain relaxation and
sults have been reported by many workers.5–16 However,
relatively little attention has been paid to the process
strain relaxation in InGaAs/GaAs quantum-well structur
We have previously studied the carrier distribution in relax
InGaAs/GaAs~Ref. 17! quantum wells. We continue thi
work by using x-ray diffraction, photoluminescence, a
cross-sectional transmission electron microscopy~TEM! to
study the onset of strain relaxation in this material system

II. EXPERIMENT

Five In0.2Ga0.8As/GaAs quantum-well structures wit
InGaAs thicknesses of 100, 200, 300, 400, and 1000 Å w
grown on n1-GaAs~001! substrates by Varian Gen II mo
lecular beam epitaxy. The growth conditions are describe
Ref. 17. The growth begins with a 0.3-mm-thick GaAs layer,
an InGaAs quantum well of different thickness, and a 0
mm-thick GaAs top layer. Both the InGaAs quantum w
and the total 0.6-mm-thick GaAs epilayer were all Si dope
with a concentration of 631016cm23. The purpose of Si
doping in the InGaAs and GaAs layers is to study the eff
of relaxation on the carrier depletion.17 This 631016cm23
1250021-8979/2000/87(3)/1251/4/$17.00
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concentration allows us to penetrate the depletion region
the InGaAs layer by applying reverse voltage. The wh
structure was grown at 550 °C. The thickness and comp
tion of InGaAs were determined by oscillation of high
energy electron diffraction and confirmed by cross-sectio
TEM.

III. MEASUREMENT AND RESULTS

A. X-ray diffraction

To determine the strain relaxation, the samples were
amined by means of the double-crystal x-ray~004! diffrac-
tion technique, the results of which are shown in Fig. 1. T
peaks at about 33° come from the GaAs layers. For the c
of 100 and 200 Å, because of its high-quality interface,
interference pattern can be observed clearly. The experim
tal peak positions of the interference pattern are consis
with our calculated values ofu as indicated by arrows in Fig
1 by using 2d sinu5nl ~wherel51.54 Å!, by choosingn
5141, 140, 139, and 138 ford5200 Å andn570, and 69
for d5100 Å. However, when the InGaAs thickness i
creases to 300 Å, the interference pattern disappears and
the InGaAs peak is visible. The InGaAs peaks are at
same angular position for 300 and 400 Å. However, wh
increasing to 1000 Å, the InGaAs peak moves to the rig
showing a significant relaxation of the InGaAs layer. Figu
1 shows that when the InGaAs thickness increases to 30
a bump on the right shoulder of the GaAs peak appe
suggesting that the top GaAs layer is being compresse
the growth direction by the relaxed InGaAs layer. This arg
ment is supported by the movement of this bump to the ri
1 © 2000 American Institute of Physics
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 [This a
with increasing InGaAs thickness. This feature suggests
when the InGaAs layer relaxes it starts presumably from
InGaAs/GaAs bottom interface while the top interface s
remains strained. If the top interface remains strained,
lattice constant parallel to the interfaceai should be the same
for the top GaAs and relaxed InGaAs layers. Therefore,
top GaAs layer is compressed along the growth directi
providing the bump on the shoulder of the GaAs peak.

To support this relaxation process, the peak position
the bump for the 1000 Å case is calculated here. Based
the In composition, the elastic constants for InGaAs
taken from interpolatingC1158.32931011, C1254.526
31011dyn/cm2 for InAs, andC11511.8831011, C1255.38
31011dyn/cm2 for GaAs. Figure 1 shows the peak positio
of InGaAs is at 32.25°, which gives the lattice constant of
InGaAs perpendicular to the interfacea~InGaAs! is 5.7738 Å.
According toa5(12sSTf )a,18 the lattice mismatchf is de-
termined to be 7.256231023, wheresST52C12/C11 anda
is the free-standing~unstrained! lattice constant. Next, from
ai5(11 f )a, ai~InGaAs! is calculated to be 5.693 988 Å. Be
cause the top GaAs is expanded by InGaAs, fr
ai~top GaAs!5ai~InGaAs! and proceeds in a similar way
a~top GaAs! is calculated to be 5.6175 Å. Therefore, the bum
should appear at 33.26°, considering the influence of
main GaAs peak, which is reasonably close to the exp
mental value of 33.21° as shown in Fig. 1.

The appearance of the bump for the case of 300 Å in
cates that the InGaAs layer is partially relaxed, accompan
by the absence of the interference pattern, a conclusio
drawn that the critical thickness for the In0.2Ga0.8As/GaAs
quantum well is between 200 and 300 Å. It should be no
that this information is difficult to obtain simply by the pea
separation between GaAs and InGaAs due to a lack of
sitivity of the x-ray measurement for small relaxation. T
critical thickness determined here is consistent with the tr

FIG. 1. Double-crystal x-ray rocking curves along the~004! diffraction for
In0.2Ga0.8As/GaAs quantum-well structures with InGaAs thicknesses of 1
200, 300, 400 and 1000 Å. The GaAs peaks are set to be about 33° o
angular scale. The peak positions of the interference pattern are calcu
and are indicated by arrows.
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sition of the carrier distribution from confinement to depl
tion previously observed fromC–V measurement.17 The re-
sults of the x-ray diffraction show that when the InGaA
thickness exceeds the critical thickness, the top GaAs lay
being compressed in the growth direction by the relaxat
of the InGaAs layer.

B. Photoluminescence

Figure 2 shows the photoluminescence PL spectra at
K of the samples with InGaAs thicknesses of 300, 400, a
1000 Å. The photoluminescence spectra for the samples
InGaAs thicknesses of 100 and 200 Å are shown in the in
For the 100- and 200-Å-thick samples, strong InGaAs pe
were observed, respectively. For the 300-Å-thick samp
the InGaAs peak~at 1.114 eV! reduces in intensity and an
other peak at 1.367 eV can be seen, which is thought to c
from the top GaAs layer. Similarly, the 400- and 1000-
thick samples also show two peaks originating from the
GaAs and GaAs top layers, respectively. If we compare th
peaks to the 300- to 1000-Å-thick samples, we find that
InGaAs and GaAs top-layer peaks shift to the left by 44 a
49 meV, respectively. Based on the observation in the x-
diffraction that the top GaAs layer is being compressed
the growth direction by the relaxation of the InGaAs laye
the energy peak shift due to elastic strain is calculated.
ferring to the model by Asai,19 considering only the first-
order term, the energy peak shift is expressed by

DE5F22aS C112C12

C11
D1bS C1112C12

C11
D Ge.

Here, DE is the energy shift due to strain,C11(511.1698
31011dyn/cm2), C12(55.209231011dyn/cm2) are elastic
constants as mentioned in the section on x-ray diffracti

,
the
ted
FIG. 2. Photoluminescence at 300 K for In0.2Ga0.8As/GaAs quantum-well
structures with InGaAs thicknesses of 300, 400, and 1000 Å. Shown in
inset is the photoluminescence for In0.2Ga0.8As/GaAs quantum-well struc-
tures with InGaAs thicknesses of 100 and 200 Å.
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anda andb are the hydrostatic potential and shear deform
tion potential. We obtaina529.016 eV andb521.72 eV
for In0.2Ga0.8As by interpolation from aInAs526.0 eV,
bInAs521.8 eV, aGaAs529.77 eV, andbGaAs521.7 eV.

Here, we will calculate the energy peak shift based
the observation by the x-ray diffraction that the top Ga
layer is expanded by the relaxation of the In0.2Ga0.8As layer.
Let us calculate the energy shift of the In0.2Ga0.8As peak
from the 300 to 1000 Å case first. From the x-ray diffractio
the top GaAs layer is expanded by the relaxation of
In0.2Ga0.8As layer. Therefore, for both the 300 and 1000
cases, the lattice constants parallel to the growth surface
assumed to be the same for the top GaAs and In0.2Ga0.8As
layer, that is, the parallel lattice constantaInGaAs

1000 Å of the
In0.2Ga0.8As layer for the 1000 Å case is equal toaGaAs

top

55.693 988 Å previously determined from the x-ray diffra
tion. The parallel lattice constantaInGaAs

300 Å (55.6533 Å) of
In0.2Ga0.8As for the 300 Å case is converted from the pe
pendicular lattice constant from the In0.2Ga0.8As peak in the
x-ray spectra as shown in Fig. 1. Because the position of
In0.2Ga0.8As peak for the 300 Å case is very close to that
a totally strained In0.2Ga0.8As layer,aInGaAs

300 Å is almost equal to
the free-standing lattice constantaGaAs of GaAs. Thus, the
mismatch is calculated to be

e lnGaAs5
alnGaAs

300 Å 2alnGaAs
1000 Å

alnGaAs
527.095631023.

Here,aInGaAs55.7343 Å is the free-standing lattice consta
of InGaAs. Substituting into the energy shift equation,
obtainDE5245 meV for the peak shift of the In0.2Ga0.8As
layer. This calculated value based on the relaxation proc
observed in the x-ray diffraction is in agreement with t
observed peak shift of 44 meV from the 1000 to 300
sample in the PL spectra.

Let us calculate the energy shift of the top GaAs lay
from the 300 to 1000 Å case. Based on the x-ray diffracti
the parallel lattice constant for the top GaAs is the same
the In0.2Ga0.8As layer under it, the mismatch is

eGaAs5
aGaAs

300 Å2aGaAs
1000 Å

aGaAs
527.197231023.

Here, aGaAs
300 Å5aInGaAs

300 Å 55.6533 Å and aGaAs
1000 Å5aGaAs

top

55.693 988 Å from the x-ray diffraction. We obtainDE
5253 meV for the peak shift of the GaAs top layer from t
300 to 1000 Å sample. This value is close to the peak shif
49 meV observed from the PL spectra. The agreement
both the InGaAs and GaAs peak shifts confirms the ba
assumption for the calculation that the top GaAs layer
totally expanded by the relaxed InGaAs layer. This res
provides another evidence for the relaxation process
served in x-ray diffraction that the relaxation occurs near
bottom InGaAs/GaAs interface while the top interface s
remains strained.

C. Cross-sectional transmission electron microscopy
„TEM…

In order to see the structural properties, cross-sectio
transmission electron microscopy images were taken for
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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samples. The TEM images for the 300 and 1000 Å cases
shown in Figs. 3~a! and 3~b!, respectively. For the 200 Å
case~below the critical thickness!, the interface between In
GaAs and GaAs is smooth with very few dislocations, whi
are about 2–3mm apart, scattered around. For the 300
case, as shown in Fig. 3~a!, many more dislocations can b
seen around the bottom interface, which are about 300–
Å apart. Some dislocations are found to penetrate into
bottom GaAs layer and bent along the interface directi
forming dislocation networks.14,15 For the 1000 Å case
many more dislocations including dislocation network
threading dislocations, and stacking faults, can be seen
dislocations being bent much deeper into the GaAs bot
layer. Some of the threading dislocations and stacking fa
are seen to propagate toward the top GaAs cap layer.

As can be clearly seen in Fig. 3~b!, TEM images show
that most of the misfit dislocations are confined near
bottom interface of InGaAs and GaAs. Elastic strain crea
by lattice mismatch between GaAs and InGaAs is believed
confine the dislocations by bending.10 This dislocation con-
finement is consistent with the observations by the x-ray
fraction and PL energy shifts that the strain relaxation occ
near the bottom InGaAs/GaAs interface while the top int
face still remains strained.

FIG. 3. Cross-sectional transmission electron micrographs
In0.2Ga0.8As/GaAs quantum-well structures with InGaAs thicknesses of~a!
300 and~b! 1000 Å.
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IV. CONCLUSIONS

The onset of the relaxation process in In0.2Ga0.8As/GaAs
quantum-well structures is investigated by x-ray diffractio
We found that when the InGaAs thickness increases bey
its critical thickness, the top GaAs layer is being compres
in the growth direction by the relaxation of the InGaAs lay
This relaxation process is supported by the peak shifts
photoluminescence. The experimental peak shifts due to
elastic strains in the InGaAs and the top GaAs layers ar
agreement with the theoretical calculation based on this
posed relaxation process. This result is further supported
the cross-sectional TEM images, which show that mos
the misfit dislocations are confined near the bottom interfa
leading us to conclude that the relaxation occurs near
bottom InGaAs/GaAs interface while the top interface s
remains strained.
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