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Relaxation behavior of undoped In xGa12xP 0.5<x<0.7 grown on GaAs
by atomic layer molecular-beam epitaxy
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We present a study of the relaxation behavior of compressive InxGa12xP layers grown by atomic
layer molecular-beam epitaxy atTs5420 °C with x556%63% and x567%63%. Similar
~thickness and composition! InxGa12xP layers were grown under different growth conditions in
order to assess the influence of the stoichiometry of the growth front on the structural properties and
the relaxation process of this material system. All InxGa12xP layers were characterized by
double-crystal x-ray diffraction, transmission electron microscopy, and Nomarski interference. Our
results show that surface stoichiometry during growth does not affect the relaxation behavior of
InxGa12xP layers but strongly determines their structural characteristics related to composition
modulation features which appear in all our InxGa12xP layers. We have established an empirical
relation between residual strain and thickness. This relation makes predictable the residual strain of
more complicated structures which can be introduced as buffer layers in lattice-mismatched
heteroepitaxial systems. ©1996 American Institute of Physics.@S0021-8979~96!00218-6#
se
ive

ially
g
th
of
ra-
se

rain
e

ow
dict
mi-
V
f
or-
u-
the
of
r-
I. INTRODUCTION

InxGa12xP alloy in the composition which matches th
GaAs lattice parameter (x50.48) has attracted in the pas
great attention for its application in visible light emitters an
as an alternative to AlGaAs in GaAs-based devices.

This alloy has another interesting technological applic
tion as the constituent material in buffer structures to achie
any lattice parameter from that of GaP to that of InP, wh
convenient substrates as Si or GaAs are used. In fa
InxGa12xP alloys with very low mismatch~0.1%! have been
recently used as intermediate layer between ZnSe epita
layers and GaAs substrates.1 In order to fabricate good qual-
ity ~flat and relaxed! buffer layers taking advantage of the
wide lattice parameter range offered by this alloy, it is ma
datory to know the plastic relaxation characteristics of th
material in order to be able to predict its behavior in comp
cated designed structures. Up to now there has been no c
knowledge of the relaxation behavior of InxGa12xP layers.
For example, different authors1–3 have agreed that low-
mismatch InxGa12xP layers grown by different epitaxial
techniques show a higher than expected residual strain.
the other hand, it is now well established4–8 that InxGa12xP
layers of composition close to the lattice matching conditio
of GaAs substrates (x50.48) show quasiperiodic variations
in composition over ranges from a few nm to hundreds
nm. This modulated phase separation due to spinodal dec
position results in lattice strains which produce contrasts
transmission electron microscopy~TEM! images. It is the
aim of this work to study the influence on lattice relaxatio
J. Appl. Phys. 80 (6), 15 September 1996 0021-8979/96/80(6

d¬25¬Mar¬2011¬to¬161.111.180.191.¬Redistribution¬subject¬to¬AIP¬
e
t
d

a-
ve
en
ct,

xial

n-
is
li-
lear

On

n

of
om-
in

n

of this inhomogeneous strain distribution. With that purpo
we have studied the relaxation behavior of compress
InxGa12xP layers withx varying between 53%<x<59%
and 64%<x<70% grown on GaAs~001! substrates by
atomic layer molecular-beam epitaxy~ALMBE !.9 This
growth technique, together within situ optical characteriza-
tion by reflectance anisotropy measurements, is espec
suitable for controlling the surface stoichiometry durin
growth. As composition fluctuations occur at the grow
front, we have changed the stoichiometry during growth
the InxGa12xP layers trying to actuate on the phase sepa
tion process with the aim of studying the influence of the
structural features on lattice relaxation.

Double-crystal x-ray diffraction~DCXRD! has been
used to measure the alloy composition and the residual st
of the InxGa12xP alloys under study. All the layers wer
studied by TEM.

Our experimental results of strain versus thickness all
us to establish an empirical law which can be used to pre
the strain state of the layers from their thicknesses in a si
lar way as in the case of other strained III–
semiconductors10–12but with a higher than expected value o
the critical thickness. TEM results clearly show a close c
relation between growth conditions and composition mod
lation features which is not dependent on the strain in
layer. Some questions related to plastic relaxation
InxGa12xP alloy are briefly discussed at the end of this a
ticle.
3327)/3327/6/$10.00 © 1996 American Institute of Physics
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II. EXPERIMENTAL PROCEDURE

All the InxGa12xP layers studied in this work have bee
grown at a substrate temperature ofTs5420 °C by ALMBE
using a special phosphorus solid source with fast acti
valve and cracking section.13 Semi-insulating GaAs~001!
was always used as substrate and growth rate was 1 mo
layer per second~ML/s!.

P2 beam equivalent pressures~BEP! typically used in
this work are about 231026 Torr. Ga and In fluxes were
previously calibrated by reflection high-energy electro
diffraction ~RHEED! oscillations in GaAs and InP homoepi
taxial growth runs by conventional MBE.

The growth process wasin situ monitored by RHEED
and reflectivity difference~RD! techniques. The reflectivity
difference experimental setup has been described in de
elsewhere.14 In this work we have used a simplified experi
mental setup at the fixed wavelength of a He–Ne laser
monitoring in real time the surface stoichiometry chang
during pulsed beam growth. At this wavelength,l56328 Å,
the reflectance difference for light polarized parallel to@110#
and [1̄10] directions supplies a signal~RD signal! of com-
parable amplitude for GaAs and other III–V compounds a
their alloys14 and it is sensitive primarily15 to surface anisot-
ropy induced by the group-III surface dimers along the@110#
direction. The RD signal amplitude can be related to th
density of group-III element dimers on the surface and the
fore provides a measure of surface stoichiometry whi
changes periodically every monolayer growth cycle fo
ALMBE growth.16

In order to study the influence of surface stoichiomet
on the growth mode and the relaxation process, differe
growth conditions have been used by changing the time d
ration of the P2 pulses in the different growth runs.

Photoluminescence characterization was made
lattice-matched InxGa12xP layers to test the quality of this
material when it is free of defects due to plastic relaxation

All samples were characterized by DCXRD in order t
obtain the alloy composition and the strain state in th
InxGa12xP layers grown under different growth conditions

Surface morphology of the InxGa12xP alloy layers has
been observed by Nomarski optical interference microsco
The layers were also examined by TEM in cross section a
plan view. Samples were thinned by mechanical polishi
and Ar1-ion milling. TEM observations were performed
with a JEOL 1200-EX at accelerating voltage of 120 kV.

III. IN SITU EXPERIMENTAL RESULTS

Figure 1 shows the RD signal amplitude correspondi
to InxGa12xP layers growth by ALMBE, together with the
shutter sequence for the In, Ga, and P2 effusion cells. Notice
that Ga and In cells are always open during growth while t
P2 cell pulses once every second~growth rate is 1 ML/s!.

The RD signal amplitude labeled ‘‘a’’ in Fig. 1 corre-
sponds to the change of stoichiometry which occurs in eve
monolayer growth cycle under the given growth condition
The RD signal amplitude labeled ‘‘b’’ in Fig. 1 correspond
to the full coverage of GaIn at the surface and is taken a
reference.
3328 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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By changing the duration of the phosphorus pulse duri
every monolayer growth cycle~typically from 0.1 to 0.3 s at
1 ML/s growth rate! we produce changes of the surface sto
ichiometry between different growth runs. In the following
we use the ratior5a/b as the stoichiometry parameter de
fining the different growth conditions used in this work; no
tice thatr can change from 0~no RD signal, growth under
phosphorus saturation! to 1 ~maximum change of stoichiom-
etry in every layer without producing In and/or Ga droplets!.

The RD signal record plotted in Fig. 1 corresponds to
value of the stoichiometry parameterr50.4 which we con-
sider as ‘‘P-rich’’ conditions. In this case surface reconstru
tion as observed by RHEED changed from 231 to a faint
234 in every monolayer. We have also explored oth
growth conditions corresponding tor50.2, ‘‘P highly rich’’
conditions with a 231 surface reconstruction which re-
mained constant during the whole monolayer growth cyc
and ‘‘GaIn-rich’’ conditions with a stoichiometry paramete
in the range 0.7<r<0.8. In this last case, surface reconstruc
tion was 234 with variable intensity during the monolaye
growth cycle. RHEED patterns showed that the growth co
ditions under study always preserved a monolayer-b
monolayer growth mode.

In Fig. 2 we show the PL spectrum at 10 K of a 1000
nm-thick InxGa12xP layer lattice matched to GaAs grown by
ALMBE with a stoichiometry parameterr50.4. The peak
energy and the width correspond to a high-quality disorder
alloy of that composition,17 indicating that ALMBE at rather
low substrate temperature~Ts5420 °C! is a suitable growth
technique for InxGa12xP alloys.

In order to study the InxGa12xP plastic relaxation behav-
ior two series of samples with different In content
x556%63% andx567%63%, have been grown. Each
series consists of different thickness InxGa12xP layers with
stoichiometry parameters in the range 0.2<r<0.8. In this
way we can obtain information about the influence of grow

FIG. 1. Reflectivity difference~RD! signal amplitude observed during
ALMBE growth of InxGa12xP. The ratior5a/b between~a! RD signal
amplitude during growth and~b! maximum RD signal amplitude is defined
as the stoichiometry parameter. The RD signal shown corresponds to P-
conditions (r'0.4). In the bottom part the shutter cells sequence is al
shown.
González et al.
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conditions on InxGa12xP relaxation behavior. Structura
characterization results are shown in the following.

IV. STRUCTURAL CHARACTERIZATION (DCXRD,
TEM, NOMARSKI)

A. DCXRD results

All samples were characterized by DCXRD in the~1 2!
Bragg arrangement for the~004! reflection and in theu1F,
u2F arrangement for the~115! reflections. These four rock-
ing curves were taken in the@110# and [1̄10] directions in
each sample. From the recorded data and by using a dyna
cal simulation program we have obtained the alloy compo
tion and the strain state in the InxGa12xP layers.

Tables I and II show the nominal values of layer thick
ness, the experimentally obtained In content, misfit straine0,
in-plane strain obtained from DCXRD measurements both
@110# and [1̄10] directions, and the stoichiometry paramet
r of the InxGa12xP layers studied in this work. The ratio
between the nominal value of layer thicknessd and its relax-

FIG. 2. Photoluminiscence spectrum taken at 10 K of a 1000-nm-th
In0.47Ga0.53P layer grown by ALMBE on GaAs~001!.
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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ation critical thicknessdcr is also shown. Thedcr value cor-
responds to the layer thickness at which strain relaxati
starts in this material system, being determined by DCXR
measurements in this work.

Tables I and II correspond to samples with In content o
x556%63% andx567%63%, respectively. In the fol-
lowing we label the different samples starting with I if they
appear in Table I or with II if they are in Table II. Layers are
ordered by increasing thickness in both tables.

The mean value of the in-plane strain of InxGa12xP lay-
ers obtained from DCXRD measurements in@110# and [1̄10]
directions is plotted on Fig. 3 against thickness.

Data plotted in Fig. 3 show that relaxation behavior o
InxGa12xP layers, 0.53,x,0.70, is quite similar to that ob-
served in InxGa12xAs layers,x,0.30.10–12 As in this last
case, strain remains constant with thickness until an app
ciable ~by x-ray measurements! strain relaxation takes place
when the critical thicknessdcr is reached,dcr5K/e0 ~e0: mis-
fit strain; K: constant!. The strain at greater thickness than
dcr is e(d)5K/d. This expression describes strain versu
thickness behavior for any alloy composition under stud
until a work-hardened regime is reached at larged ~d>400
nm! where the strained layers do not relax any further.

Error bars and experimental strain values for InxGa12xP
layers below critical thickness withx>56% have been omit-
ted for clarity in Fig. 3~see data in Tables I and II!. The
dashed line in Fig. 3 shows the InxGa12xAs relaxation be-
havior previously studied in the literature.10,11 The corre-
sponding horizontal dashed lines for InxGa12xAs layers have
also been omitted.

In the case of InxGa12xP layers we obtain experimen-
tally that the value of the producted is K51.4 nm~solid line
in Fig. 3!, while that reported for InxGa12xAs layers was
K50.8 nm~dashed line on Fig. 3!. This expression~ed51.4
nm! is valid for the values of residual strain measured in a
the layers studied, indicating that growth conditions~r value!
do not have a strong influence on the relaxation process
InxGa12xP layers.

ick
TABLE I. Nominal thickness and experimental values of composition and strain obtained by DCXRD of
InxGa12xP (x556%63%) layers grown by ALMBE under P-rich conditions (0.2,r,0.4) and GaIn-rich
conditions (r50.7). The last column shows the ratio between the nominal thickness and the experimental
relaxation critical thickness. Values of misfit straine0 calculated for the obtained alloy composition have also
been included.

Sample
Nominal

thickness~nm!
In Content
DCXRD ~%!

Misfit strain
e0 ~1023!

Strain DCXRD
~1023! r d/dcr

I-a 150 53 23.4 [1̄10]:23.560.4
@110#:23.460.2

0.7 0.4

I-b 200 56 25.5 [1̄10]:25.260.4
@110#:24.360.3

0.4 0.8

I-c 200 59 27.8 [1̄10]:27.560.2
@110#:27.060.5

0.3 1.1

I-d 300 56 25.5 [1̄10]:25.460.1
@110#:25.760.3

0.7 1.2

I-e 300 57 26.3 [1̄10]:25.860.3
@110#:24.360.3

0.2 1.3

I-f 400 56 25.5 [1̄10]:24.960.2
@110#:24.260.3

0.2 1.5

I-g 500 57 26.3 [1̄10]:25.160.4
@110#:24.560.3

0.2 2.3
3329González et al.
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TABLE II. Nominal thickness and experimental values of composition and strain obtained by DCXRD o
InxGa12xP (x567%63%) layers grown by ALMBE using P-rich conditions (0.4,r,0.5) and GaIn-rich
conditions (0.7<r<0.8). The last column shows the ratio between the nominal thickness and the experimen
relaxation critical thickness. Values of misfit staine0 calculated for the obtained alloy composition have also
been included.

Sample
Nominal

thickness~nm!
In Content
DCXRD ~%!

Misfit strain
e0 ~1023!

Strain
DCXRD ~1023! r d/dcr

II-a 42.6 67 213.7 [1̄10]:213.260.5
@110#:213.560.7

0.4 0.4

II-b 71 68 214.4 [1̄10]:213.760.5
@110#:213.860.4

0.4 0.7

II-c 129 70 215.9 [1̄10]:10.360.4
@110#:29.760.4

0.7 1.4

II-d 150 67 213.7 [1̄10]:28.860.5
@110#:25.860.4

0.8 1.4

II-e 200 66 213.0 [1̄10]:26.560.4
@110#:25.360.5

0.5 1.9

II-f 250 64 211.5 [1̄10]:24.660.4
@110#:26.260.3

0.5 2.1

II-g 400 65 212.2 [1̄10]:24.060.2
@110#:24.460.4

0.4 3.4

II-h 400 67 213.7 [1̄10]:24.360.3
@110#:25.660.4

0.8 4.0
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B. Surface morphology

All the layers grown under different growth condition
appear invariably mirrorlike to the naked eye. When view
by Nomarski interference microscopy, a flat cross-hatch
surface is always observed in samples grown under P-r
conditions while a faint cross hatch and some roughness
pears in sample surface when GaIn-rich conditions we
used. These results show that changes of stoichiometry d
ing growth has some influence on surface morphology,
though no differences in relaxation are appreciable
DCXRD measurements~see Fig. 3!.

C. TEM results

A quasiperiodic microstructure with irregular period
varying from a few up to hundreds of nanometers is inva
ably observed in the InxGa12xP layers studied in this work,
independent of composition, thickness, and, therefore, s
of relaxation.

FIG. 3. Strain vs layer thickness for several InxGa12xP (0.53,x,0.7) lay-
ers grown by ALMBE under different growth conditions (0.2,r,0.8). The
dashed line corresponds to the empirical relaxation law obtained
InxGa12xAs (x,0.3) ~Refs. 10 and 11!.
. Phys., Vol. 80, No. 6, 15 September 1996
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This microstructure appears, in agreement with pre
ously reported data,6–8 under$220% reflection in cross section
as a speckle contrast or as light/dark wavy lines running
the @001# growth direction with contrast modulation along
the @110# directions in the~001! growth plane. Moreover, the
alloy does not show any contrast modulation under$002%
reflection in cross section. As has been suggested,6–8,18these
microstructural features are due to phase separation into
gions of different compositions resulting in lattice strain
which produce differences in elastic relaxation at the fr
surface of the samples prepared for TEM studies.

The kind of contrast observed, speckle type or dar
bright lines, is present over the whole thickness of the laye
with independence on misfit strain. In the case of lattic
mismatched layers these features appear when the layers
fully strained, remaining after relaxation by dislocation ge
eration takes place. Our main result is that the type of co
trast modulation can be precisely correlated with grow
conditions, independent of other parameters such as com
sition or thickness.

As an example we show in Fig. 4 cross-section micr
graphs taken under$220% reflection of two InxGa12xP layers
with the same composition and similar thickness but grow
under P-rich conditions@Fig. 4~a!# and GaIn-rich conditions
@Fig. 4~b!# ~samples I-f and I-d on Table I, respectively!.
Fine speckle contrast is observed in the P-rich grown sam
@Fig. 4~a!# while in the GaIn-rich grown sample@Fig. 4~b!#
we observe a strong contrast modulation appearing as a
lumnar structure along the@001# growth direction, with a
mean separation between fringes of about 80 nm. Both ty
of contrasts disappear under$004% reflection in cross section.

The columnar type of contrast is totally dependent on t
growth front stoichiometry as it only appears in GaIn-ric
grown samples. This demonstrates that modulation compo
tion is originated at the growing surface and remains froz

for
González et al.
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inside the bulk as growth proceeds, as other authors h
previously discussed.7

One important conclusion of our work is that the o
served sharp contrasts due to composition variations, de
rious for the physical properties of the layers,6 can be sup-
pressed by appropriately choosing the growth conditio
Other authors7 found some correlation between the wav
length of the composition modulation features with grow
temperature. In our case, the layers grown by ALMBE,
can strongly actuate on the mobility of surface species at
growth front just by slightly changing the time of aperture
the phosphorus cell at any monolayer growth cycle. In t
way we can influence, much more efficiently than chang
growth temperature, the reduction or enhancement of ph
separation at the surface.

Besides strain-induced contrast modulations, partially
laxed InxGa12xP alloy layers present 60° misfit dislocation
at the interface. Figure 5 shows a plan-view image ta
using the~220! reflection from sample I-f@see Table I for
sample design and Fig. 4~a! for its cross section#. No thread-
ing dislocations and planar defects are observed in the e
ayers while growing under P-rich conditions. When InG
rich conditions are used during growth of InGaP laye
planar defects are also observed and their density incre
with the stoichiometry parameterr .

FIG. 4. Cross-section TEM micrographs taken at$220% reflection of two
In0.56Ga0.44P layers grown under~a! P-rich conditions and~b! GaIn-rich
conditions@samples I-f and I-d in Table I correspond to~a! and~b!, respec-
tively!.
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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V. DISCUSSION

The above exposed experimental results show that st
relaxation of InGaP layers depends on layer thickness
cording to the expressioned51.4 nm. Growth stoichiometry
does not influence the relaxation behavior as long as a
fect 2D growth mode is preserved. The empirical lawed
51.4 nm for relaxation of InGaP layers allows us to ma
predictions of the relaxation behavior of more complicat
structures, providing a design tool for buffer layers.

There are, however, basic questions concerning InG
relaxation which deserve some discussion, and for sure m
experimental and theoretical work.

According to the model for relaxation of strained laye
by Dunstanet al.10,11 plastic relaxation is predicted by th
empirical relationed50.8 nm, at least in III–V growth of
the highest quality.12 Based also on a large amount of expe
mental results from InGaAs alloys, these authors conclu
that dislocation multiplication mechanisms are responsi
for the observed empirical strain–thickness relationship.

Our experimental results show that an expression of
type ed5K also describes the relaxation of InGaP laye
pointing out similar strain relaxation mechanisms. Howev
we find that the constant valueK is not universal but is
material dependent, being larger in InGaP~K51.4 nm! than
in InGaAs ~K50.8 nm!.

Two main differences between InxGa12xP layers, 0.53
,x,0.70, studied in this work and InxGa12xAs layers,
x,0.30,10–12can be considered: first, the large difference
dislocation mobilities in the two binaries constituting the
materials;19 second, the experimental observation of comp
sition modulation in all the InGaP layers studied in th
work.

A lower dislocation mobility in InGaP as compared t
InGaAs should not be expected to account for these res
since no dependence of relaxation on temperature is fo
either in InGaAs~Ref. 10! or in InGaP~Refs. 1–3 and this
work!. However, we should expect that the composition flu
tuations due to spinodal decomposition affect the dislocat
multiplication mechanisms responsible for the observed
laxation behavior. In fact, it has been addressed for a lo

FIG. 5. Planar-view TEM micrograph from a 400-nm-thick In0.56Ga0.44P
layer. Observe the regular array of misfit dislocations.@See sample I-f in
Table I for details and Fig. 4~a! for its cross section.#
3331González et al.
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time20 that dislocations in a spinodally decomposed struct
experience forces from the internal stresses and compos
gradients.

We then could expect that in-plane strain/compositi
inhomogeneities have a considerable effect consistent w
what we observe. It could be envisaged that small volum
of higher indium content and higher strain may not the
selves relax~with respect to the surrounding material! be-
cause of their small size, while volumes of lower strain w
act to inhibit multiplication mechanisms in which the dislo
cation is required to move through them. On this sort
model, the exact size of lateral inhomogeneities might not
too important, and what matters is that in all the samp
observed here the contrast is found in one scale or ano
We would still predict that laterally homogeneous InGaP
loy would relax with the sameK as InGaAs, and what we
observe here to raise theK to 1.4 nm is an athermal strength
ening mechanism which should be also found in other allo
in the range of compositions which are not stable at the
cessible epitaxial growth temperatures.

VI. SUMMARY AND CONCLUSIONS

We have studied the relaxation behavior of compr
sively strained InxGa12xP ~x556%63% and x567%
63%! layers grown for the first time by ALMBE on
GaAs~001! substrates under different growth condition
Photoluminescence characteristics of InGaP layers lat
matched to GaAs indicate that ALMBE is a suitable tec
nique for growth of high-quality phosphorus-containin
III–V alloys.

We have found that growth stoichiometry does n
strongly affect relaxation of InGaP layers, providing 2
growth mode is preserved. However, growth stoichiome
has a strong influence on the microstructure due to ph
separation at the growth front.

We have obtained that abrupt composition variations c
be suppressed by appropriately choosing the growth co
tions. They also could be enhanced to make laterally c
fined quantum structures, as has been demonstrated in
period superlattice-based structures.21 Experimental results
of strain e versus thicknessd have led us to establish a
empirical law~ed5K51.4 nm! which allows us to predict
relaxation of InGaP layers, and which can be used as a
sign tool for more complicated structures to be used in bu
layers.
3332 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996

ed¬25¬Mar¬2011¬to¬161.111.180.191.¬Redistribution¬subject¬to¬AIP¬li
re
tion

n
ith
es
-

ill
-
of
be
les
her.
l-

-
ys
ac-

s-

s.
ice
h-
g

ot
D
try
ase

an
di-
n-
hort

de-
fer

The constant value of the producted obtained for InGaP
layers ~K51.4 nm! is larger than that obtained for InGaAs
layers~K50.8 nm!. The experimental evidence of different
relaxation rates for different materials showing similar relax
ation behavior (ed5K) points out that more work is needed
for a better understanding of the behavior of strained alloy
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13Y. González, L. Gonza´lez, and F. Briones, J. Cryst. Growth127, 116
~1993!.

14F. Briones and Y. Horikoshi, Jpn. J. Appl. Phys.29, 1044~1990!.
15D. E. Aspnes, J. P. Harbison, A. A. Studna, L. T. Florez, and M. K. Kelly
J. Vac. Sci. Technol. B6, 1127~1988!.
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