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Composition modulation observed in GalnNAs quantum wells imposes an important handicap to
their potential application within optical components, particularly as the indium and nitrogen
contents are increased to reach longer wavelengths. In this paper, we compare our experimental
results of phase separation in GalnNAs quantum wells grown at different temperatures with recent
theoretical models of spinodal decomposition from the literature. This comparison has shown that
the regular solution approximation, which explains the higher composition modulation compared to
GalnAs samples, provides a more appropriate explanation of GalnNAs decomposition than the
usual delta lattice-parameter approximation. Transmission electron microscopy shows no
composition modulation contrasts with the chemical sensitive 002 dark field reflection and a strong
increase in the intensity of the strain contrasts observed with 220 bright field reflection as the growth
temperature increases from 360 to 460 °C. These observations can be explained by an uncoupling
between N and In composition profiles forming separate In-rich and N-rich regions according to the
regular solution approximation model. We therefore believe that the compositional fluctuations in
GalnNAs are not only due to GalnAs decomposition, but that an uncoupled modulation of the Il
and V elements is also present.2005 American Institute of PhysidDOIl: 10.1063/1.1866491

I. INTRODUCTION In the past, composition modulation in semiconductor
layers has been attributed to a process of spinodal decompo-
One of the major interests in ternary and quaternansition. Following Cahrf;* who proposed a theoretical model
l1I-V semiconductor alloys has been the ability to continu-for bulk binary metal alloys, several authors have extended
ously vary the energy gap and the strain through changes ifhe theory of spinodal decomposition to semiconductor
composition in order to achieve advantageous band structuegloys>® However, the predicted critical temperatures were
for opto- and microelectronic devices. Generally, quaternanabnormally low. Since then, several authors have applied the-
alloys offer the possibility of selecting both the band-gaporetical calculations to epitaxial layers, considering also the
energy and the lattice parameter of the epitaxial layer indeelastic energy that results from the lattice mismatch of a
pendently, which constitutes an important advantage for hetayer grown on a substrafé. Nowadays, theoretical models
erostructure design. This is indeed the case of the GalnNAgnd to include the specific characteristic of the epitaxial
system, which has received a great deal of attention in thgrowth, such as the atom adsorption from the vapor to the
last few years because of the giant band-gap bowihgt  surface, surface diffusion instead of bulk diffusion, or sur-
occurs when adding small amounts of N to the GalnAs alloyface morphological undulation. From the earlier treatment of
However, the successful performance of such devices devialyshkin and Shchukifi,several models that introduce dif-
pends on the ability to grow epitaxially good-quality single- ferent kinetic instabilities coupled with morphological insta-
crystalline layers of these materials on a particular substratejjities have been developésee Ref. 10 for a reviewHow-
Although in principle, a random atomic distribution in the ever, as pointed by Milunchick and SrolovitZ,
layers could be supposed, in practice a temperaturecompositional modulations can occur even in the absence of
dependent miscibility gap exists in most solid solutions,morphological modulations if the semiconductor alloy shows
leading to the apparition of composition fluctuations. They tendency for phase separation or spinodal decomposition.
difficulties in the growth of homogeneous layers are even  There are great differences between composition modu-
more complex in quaternary alloys, where two compositionalation in metal alloys, the subject of initial theoretical studies

degrees of freedom are preséfur a review see Ref.)2 and those of semiconductor alloys. In metals, phase separa-
tion occurs as a bulk process with large aging times, while

dElectronic mail: david.gonzalez@uca.es composition modulation in semiconductor is, in general, a
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surface diffusion process and not very dependent on post-
growth annealing treatmentta-herefore, it is not ideal to use
the term spinodal to describe these two distinct types of
phase separation. Nevertheless, most of the recent models
applied to semiconductor compositional modulation intro-
duce in some form the thermodynamic formulation derived ; = A N
from the spinodal treatment. In the following, we use the : s Lo R Wl T
term spinodal to talk about the chemical interaction between LAk a8
the atoms that constitute the semiconductor alloy, although

we consider that the diffusion process occurs in a thin sub-

surface layer during the growth and not in the bulk. Cer- 50nm

tainly, it is true that thermodynamic models do not explain  — L ;

completely the very complex epitaxial growth process, but ¢ Mt e ”‘h v ’% ‘ :' 1 o 1 ol
they form an excellent starting point to describe the phases e, T ‘ ¥’ o o w
implicated in the compositional modulation, especially if ' o AR . A%
morphological instabilities are not present. In this paper, we - v m - A 3 """" )
work with the most recent thermodynamic models proposed . - PRI
in the bibliography to explain the compositional modulation 80
behavior in GalnAsN/GaAs heteroepitaxy. 60

In its simplified form, there are two approaches for the 401

calculation of the critical temperature for spinodal decompo- 2071 P/\ AMM]\,\ //\ , 1 [\ ‘
: IBARATRUNNE

' ' 400

sition in semiconductor alloys. One approach considers the
-40 4
500

o

regular solutionRS) model for the estimation of the chemi-

cal energy of the alloy, while the other takes into account the -60
delta lattice-parameteDLP) approximation introduced by -80+ .
Stringfellow® The difference between these models stems 0 100 200 300
from the fact that whereas in the regular solution model the Distance,.nm
chemical .energy Is a.funCtion of the cpmposition Of. the a”c_)y’FIG. 1. TEM micrographs of the GalnNAs structures grown at 440 °C
the chemical potentials of the binaries and the interactionypained with the 002DF reflectio@ and the 220BF reflectioth). Inten-
parameter between them, in the DLP approximataty the sity profile along the upper QW with the 220BF reflecti@.

composition of the alloy is considered.

~ In this work, we have studied composition fluctuations  samples were prepared for transmission electron micros-
in GaInNA_s quantum wells grown at different temperatures copy (TEM) by mechanical thinning followed by ion milling
Our experimental results have been compared with two thep,y cross-section TEMXTEM) and planar view observation
oretical approximations for the prediction of critical tempera-Tgp (PVTEM). The TEM study was performed using JEOL

tures for spinodal decomposition in the quaternary alloy1200EX and JEOL 2011 transmission electron microscopes.
GalnNAs: an analysis considering the DLP approximation

and the one using the RS mod&éThe validity of the utili-
zation of the DLP for the GalnNAs alloy is questioned and!ll- RESULTS AND DISCUSSION

the influence of the introduction of N in the composition oy transmission electron microscopy results with 002
fluctugtlons of the alloy is investigated both theoretically andy i field (DF) reflection have shown that the GalnNAs
experimentally. QWs samples grown at 360, 400, and 440 °C are perfectly
flat. Furthermore, 220 bright fiel(BF) reflection shows an
Il. EXPERIMENT absence of dislocations.or other structural defects in all of the
samples. However, on increasing the growth temperature to
The growth of GalnNAs quantum wel{QWs) was per- 460 °C, the wells become undulated and some threading dis-
formed in a VG V80H molecular-beam epitay/BE) sys-  locations have been observed. The most important feature
tem equipped with an Oxford Applied Research HD25 radio-observed in these samples is the absence of contrast modu-
frequency plasma source for N. The N composition wadations with the chemical sensitive 002DF reflection and the
controlled by monitoring the optical intensity of the atomic apparition of high strain contrasts along the wells in all the
N plasma emission. All the quantum wells were deposited orstructures with the 220 BF reflectidsee Fig. 1 for the struc-
(001-exact GaAs substrates. The composition of the quanture grown at 440 °€ These contrasts are more pronounced
tum wells is 0.38% of In and 0.023% of N. The sampleswhen increasing the growth temperature and we can associ-
consisted of five quantum wells, 8 nm thick sandwiched beate these strain fields with differences regarding the nominal
tween GaAsN 507 barriers. The GalnNAs QWs were grown compositions of the QWY This correlation between strain
at different temperatures in each of the four samples considsontrasts and growth temperature is more noticeable when
ered: 360, 400, 440, and 460 °C, and annealed for 60 mins &ken into account the intensity profiles of the strain con-
660 °C. A structure with a single @&angy sAs quantum well  trasts. Figure 2 shows the intensity amplitude of the strain
grown at 480 °C has also been considered. contrasts normalized to the GaAs layer in the upper well of

Intensity profile 220BF (a. u.)
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Let us now compare our experimental results of phase
80 separation with the most recent models developed for our
= GalnNAs system. Sev'eralll 'fgctors are u;ual]y incIuQed in the calcula-
o_ GalnAs } tion of the miscibility gap for epitaxial semiconductor layers:

60 the chemical energy, the coherency strain energy, the gradi-

ent energy, and the elastic energy due to the lattice mismatch.
} Some of these factors are sometimes considered negligible.
404 In this work, we are going to consider the theoretical equa-
} tions for the occurrence of spinodal decomposition proposed
a0 for the GalnNAs alloy, based on the RS mddeand the
° { % DLP model** Both models consider as the main factors for
the calculation the chemical energy of the alloy and the strain
energy due to the lattice mismatch with the substrate. How-
620 640 660 680 700 720 740 760 ever, these approaches differ from each other essentially in
Temperature, K the treatment of the chemical energy of the system. These

expressions for the chemical energy read, respectively, as
FIG. 2. Intensity amplitude of normalized contrasts from micrographs aCo|lows:
quired with 220BF in the upper well of the four GalnNAs samples vs ’
growth temperature. For comparison, the circle shows the intensity contrast RS .\, 0 4 yq _ O+ (1=xvul o+ (1-x
amplitude for GalnAs. chem ylu’lnN ( y)MInAs ( )yMGaN ( )

Strain contrast amplitude, a.u.

X(1 _y)/ngaAs"' X(1 = X)yann-Gan

the four samples considered, taken from micrographs ac- + - + - -

quired with the 220BF reflection. As it can be observed, the XYL =Y)etnsion + X(1 =X)L =Y)inns-cans
amplitude of the profiles is higher when increasing the + (1 =x)Y(1 -y)acans-cant A, (1)
growth temperature from 360 to 400, 440, and 460 °C. In the

same figure, we add the intensity amplitude registered for the ~Gohem= ~ K(A2)%a™*°+ A, (2
Ga, 7Ing sAs sample growth at 480 °C. As we can observe,Where

the extent of composition modulation for the GalnNAs

samples is remarkably high with respect to the, @, ;As A=RTxIn(x) + (1 -x)In(1 -x) +yIn(y)

sample, the latter being only comparable to the GalnNAs +(1-y)n(1-y)], 3)

grown at the lowest growth temperatui@0 °Q

Planar view TEM specimens reveal that strong compowhere u° is the chemical potential of the pure binariesis
sition contrasts are aligned to ti&10) directions. It is well  the lattice constanty is the interaction parameter between
known that the lateral composition modulation can line up inthe binary compoundsg is a constant for all systemR is
the (100 direction in which the elastic strain energy is mini- the universal gas constant, awmdandy are the In and N
mum or in the(110 directions where the atomic diffusion is composition, respectively.
faster* This fact highlights the importance of the surface  As it can be seen, the expression of the regular solution
diffusion process and therefore the deposition variables fomodel includes the calculation of the chemical potentials and
this system, but also reinforces our hypothesis that the prahe interaction parameters of the pure binaries. The DLP, on
files obtained in th€110) cross-section micrographs can of- the other hand, allows us to simplify the calculation, approxi-
fer a good and realistic image of the strength of compositiormating these terms by the expressiéfia)?a > We are
modulation in the alloy. For all of the samples, except thegoing to evaluate the validity of this approximation for our
highest-temperature460 °C sample, compositional modu- alloy GalnNAs. The second term included in these models of
lation occurs without undulations in the QW structure. It hasspinodal decomposition is the elastic energy due to the lattice
been reported that morphological instabilities are in manymismatch with the substrate, which in this case is
cases the origin of phase separation due to a different size or _
mobility of the atoms in the alloy?*’ Although the sample Gstran= (C11.~ €1 (Cra + 2C1)e*/Cay, )
grown at 460 °C shows that a higher composition modulawhere () is the molar volumeC,, and C,, are the elastic
tion is coupled with a surface modulation, the samples growrmtonstants, and is the elastic strain.
at lower temperatures present perfectly flat interfaces with a  We have computed both models. For the RS model, the
well-defined composition modulation. This is evidence tochemical potentials of the pure binaries are estimated using
support the intrinsic trend of GalnNAs alloys towards phasehe expression,
separation, probably due to spinodal decomposition. Al- -
though |t.|s true that kinetic factqr;, such as growth r.atg, MOBzHAB_TSAB"'f CéBdT—TJ CéBdT/T,
must be included in a more realistic model and that it is 298.15 208.15
probable that phase separation occurs within a few monolay- (5)
ers close the surface, it is also clear that thermodynamical
aspects, such as chemical interactions between atoms, plashereH andS are the enthalpy and the entropy at the stan-
an important role in the description of phase separation imlard state, respectively, ari@}, is the specific-heat capacity
this systemt® at a constant pressure.

T
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FIG. 3. Critical temperatures for spinodal decomposition in
Galn;ASy 97N 0029 GaAs structures using the DLP and RS models. Our
experimental results are included.

N content, y (with x=0.35)

FIG. 4. Critical temperatures for spinodal decomposition of the
GalnAsN/GaAs samples using the RS model for In composii@eping

. the N content constant at the value of our sampjes).023 and for N
We have taken the experimental dependences of thgmposition(keeping the In content constantsat0.38.

specific-heat capacity with the temperature from a different

sourcé®?than the on&s used by Asomozat al.in Ref. 12.

This has produced deviations in the slope of the curve of thénteraction parameter of InAs—InN and GaAs—-GaN regarding
critical temperature with regard to that proposed by Asomozéhe other combination¥. The higher interaction parameters
et al? Moreover, we have found a high sensitivity in the of agaas_can (2.16X10° J/mole and apas i (1.46
calculated critical temperatures when changing slightly thex 10° J/mole regarding a;,n_gan (4.53X 10* J/mole and
expressions considered by us for the specific-heat capacityy, o gaas(1.89X 10* J/mole explain the trend of nitrogen
This means that we should be very careful with the abSOlUtQ) separate into GaN and other phases_ F0||owing this rea-
values of the critical temperatures obtained in this calculagoning, the RS model predicts a separation into N-rich re-
tion, given that the expression f@, has been obtained ex- gions(GaN) and In-rich regiongInAs). It is this additional
perimentally and could be affected by some errors. Howeverseparation of the N component which can explain the higher

these variations do not affect the main tendencies and COQ:'omposition modulation of GalnNAs with regard to the

clusions obtained in the present work. GalnAs samples. The interaction parameters involved in the

Figure 3 shows a plot of the theoretical calculations Ofs inodal decomposition of GalnAsN samples are an order a
critical temperatures for spinodal decomposition from the P P P

DLP and RS models. Our experimental results are also in[nagnltude higher that in the GalnAs case. .
cluded. As can be clearly seen, the curve using the DLP  UP 10 now, several authors have already reported experi-

model shows critical temperatures for spinodal decomposiMental evidence of lateral composition modulations in the
tion considerably lower than that corresponding to ourGalNNAs QWs using 002DF image analy4fs;* although
samples. Therefore, this model predicts that our GalnNAghis has been only attributed to In segregation. Albrecht
guantum wells should be homogeneous, a conclusion th;ﬂl.23 reported In-concentration fluctuations ef5% while
differs from our experimental observations. On the otherPatriarcheet al?* found a fluctuation of~7% between In-
hand, the RS model is in good agreement with our resultsjepleted and In-rich zones in a similar quaternary alloy using
showing that spinodal decomposition should have takemormalized 002DF intensity profiles for the as-grown
place in our samples. It follows that the DLP model of samples. In both reports, there was no indication of lateral
Stringfellow’ is not appropriate for the calculation of the fiyctuations of N concentration. For the annealed samples,
miscibility gap in GalnNAs alloys. they also do not observe fluctuations in the 002DF profiles.
In view of the results above, we focus only on the RSy, ever, spinodal decomposition curves predict a high ther-

n}ot(:]el m_tt_helstubsequ?nt d|sfcusspn.dF||ggre 4 eXh'F’t'_ts a IOI%odynamical trend for N fluctuations. The experimental re-
ot the critical temperatures for spinodal decomposItion very, . by TEM show that no modulation contrasts appear with
sus variations in Inkeeping the N content constant at the

value of our samples, 0.02and in N(keeping the In content the chemical sensitive reflection 002DF, whereas a high de-

constant at 0.38As can be observed, the curve correspondJ'€€ of lateral deformation with the 220BF reflection is ob-
ing to the N is much higher than t,hat for the In. Higher served. The chemically sensitive 002DF reflection under ki-

critical temperatures in the miscibility gap mean higher in-nématical conditions depends mainly on differences between
stability with regard to spinodal decomposition. In this way, the atomic scattering factors of Ill and V elements, being
it seems that N is the alloy constituent which will show arelatively independent of sample thickness for these
higher tendency to suffer spinodal decomposition and phas;@ontentsz.2 The intensity of the 002DF reflectiofhyg,) for a
separation. This fact is a direct consequence of the higherinc-blende structure is given by
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loo2= C|F|?= 4C(fy, = fy)? = 4C[xfj, + (1 =X)fga— Yy 0
0.016 - —— GalnNAs, x=0.38, y=0.0028
—(1-y)fasl, (6) { |- - -GalnAs, x=0.38
0.014
whereC is a factor that depends on thickness and imaging 1
conditions, F is the structure factor, antl are the atomic ; 0‘012'_
scattering factors. If we imagine a region of the matefial -2 o010+
where the In and N contents are increased by an arbitran ;.
quantity Ax and Ay, respectively, it is necessary for there to E . -
be a regionB nearby in which these compositions are de-  %%%] L e
creased in the same proportion. To obtain the same dark fielc  o.004 =T
intensity in the two different region#y andB, we need that 0,002 I
I50dX + AX,y + AY) = 15X = Ax,y = Ay). (7) oo de,
. . 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Solving, we obtain AX
fAs_ fn FIG. 5. Lattice misfit for the GalnNAs regions with a constant 002DF
Ax=- fin— fGaAy_ - Z'ZO&y' (8) chemical contrast. In the same figure, we also show the misfit for the

GalnAs casdy=0) with the sameAx.
Therefore, to obtain the invariant 002DF intensity profiles in
the GalnNAs QWs that we have observed experimentally, i L , . ,
Q P Y &ZOBF(no strain fieldsif the In and N composition profiles

is necessary that an increase in the N composifigrmust in oh hed giti hat i
be accompanied of a simultaneous decrease in the In contefff™® " P asématched conditionsix~34y), that is to say,

Ax in the proportiomAx~-2.21Ay. The formation of N-rich the N-rich regions coincide with In-rich regions. Only the
regions with a depletion of the In content into In-rich and formation of separate In-rich and N-rich regions could ex-

N-depleted regions obeying the rulx~-2.21Ay could ex- plain the higher strain fields observed with the 220BF and
plain the absence of contrast modulation with the 002DHhe absence of fluctuation contrast with the 002DF reflection.
reflection. Consequently, we suggest that there are two com- We should point out that the proportialx~-2.21Ay
positional modulation profiles, one for N and another for In,needs not to be precisely followed in order to observe an
which is 90° out of phase to the In distribution. In addition, absence of contrast with the 002DF reflection. Probably there
the uncoupling of the In and N composition profiles couldexXists a range of proportions of indistinguishable contrasts
also explain the high strain fields that appear with the 220BFor which we are not sensitive. The use of 002DF intensity
reflection. For this reflection, the image is dominated by thecontrasts has been studied in detail for GalnAs. Caggton
strain field contrastgR), whereR is the displacement vector al.,”® Glas?® or Patriarcheet al,** using different models for
regarding the regular position of the atoms. In a simplified0O02DF image analysis, have shown that there does not exist
form, if we consider two close coherent regions with differ- a perfect agreement between experimental and theoretical re-
ent composition, for exampled and B, the displacement sults, although their experimental results indicate that the
field for this situation is relative 002DF contrasts are more sensitive than theoretical
3Ks predictions when In contents are in the 30%—40% range. As
R=————, (9 example, Patriarchet al? using an experimental fit of nor-
3K+2E(1-v) . -
malized contrast propose contrast sensitivity for indium mea-
whereK is the bulk modulus for the phage E andv are the ~ surement of 0.02%. With regard to the effect on the 002DF
elastic modulus and Pisson’s ratio of phd&eand § is the  contrast of N incorporation, there have been no experimental
lattice misfit. Although the compositional profile follows a studies in the bibliography from which we can estimate the
sinusoidal form, we can calculate the maximuhthat cor-  relative sensitivity of the technique. However, if we use ki-
responds to the higher contrast as netical model and compare this to known observations we
believe that we should be able to detect differences of 0.5%
, (10)  of N for the same In conteritelative intensities higher than
10%). The large difference between the N atomic factor and

wherea? anda® are the lattice parameters of regioAsind the other atom$Ga, In, and As explains this relatively high

B. If we imposed the condition derived from E@), we can sensitivity. These predictions are confirmed experimentally
obtain the lattice misfit amongst regions with the samethrough 002DF TEM analysis of GaAsN/GaAs QWs with
chemical contrast in the 002DF condititeee Fig. 5. Inthe ~ ~1% of nitrogen which show remarkably strong contrast
same figure, we also show the lattice misfit for the GalnAgwith respect to the GaAs barriers. In addition, as the same
case(y=0) with the sameAx. As we can see, the lattice way that that elastic strain raises the experimental 002DF
misfit for the same amplitude of In modulatidix is always  contrast with regard to theoretical predictidisye suppose
higher in the GalnNAs samples than in the GalnAs sampleghat the nitrogen 002DF analysis could be more sensitive
This result is in agreement with the contrast amplitude ratidbecause the inhomogeneity of N incorporation introduces a
experimentally measured with the 220BF reflectisae Fig.  higher strain field. However, it should be noted that we do
1). The system would show homogeneous contrasts with theot propose exact measurement of composition modulation

5= a(x + Ax,y + Ay) — aB(x — Ax,y — Ay)
N aB(x - Ax,y — Ay)
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amplitude in our work, but rather we think that contrast dif- the growth temperature of the GalnNAs quantum wells, a
ferences should be more appreciable for this N and In comfact that has been related to an increase in the magnitude of
position. composition fluctuations in the alloy for higher growth tem-

There are few works in the bibliography concerning peratures. However, theoretical models predict a higher sta-
measurements of In and N in QWs with the required com-bility with regard to spinodal decomposition for higher
positional sensitivity on a nanometer scale. Using electrongrowth temperatures. This disagreement occurs because we
energy-loss spectroscaPy(EELS) or annular dark field do not consider the kinetics of the spinodal model. In a real
scanning transmission electron microscOp§STEM) there  system, kinetic factors, such as the influence of growth tem-
have been no studies reported which can resolve the N digperature on the surface diffusion of the different constituents
tribution to the required compositional and spatial sensitivity.of the alloy, can play an essential role in the formation of
However, for N-rich samples, the existence of a compositiorcomposition fluctuations, explaining the experimentally ob-
profile, which is 90° out of phase, has been confirmed usingerved enhancement of the phase separation when raising the
STEM energy dispersive x-rayEDX) elemental maps. growth temperature. Therefore, it is concluded that, to better
Bullough et al® confirm the presence of differentiated cells explain our experimental results of the phase separation in
rich in In, Ga, and As atoms that tend to become In-richthe GalnNAs quantum wells, it is indispensable to consider
towards the cell center separated by thin second phase rgodels of spinodal decomposition that include kinetic fac-
gions, with show an increase in the Ga and N contents, and@rs.
deficiency in In and As. These results are consistent our ex-
perimental findings. IV. CONCLUSIONS

The comparison between the experimental and theoreti- . . .

L X We have studied by transmission electron microscopy

cal results implies a phase-separation trend towards InGaAstﬁe

GaN regions. Therefore, the phase separation of the compqsition fluctuation of GalnNAs quantum wells
GalnNAs QWs is differentiwith regard to that of the GalnAs grown at different growth temperatures and compared these

o . " results with two theoretical models of spinodal decomposi-
QWs. In the GalnAs samples, the composition modulation Sion proposed for this alloy. The TEM rZsuIts show ar?in—

governed by the lower INnAs—GaAs interaction parameter. For . . . . .
o crease in the intensity of the strain contrasts observed with
the GalnNAs samples, there are two compositional modul

. %he 220BF reflection for GalnNAs wells when increasing the
E?enniég;e gqghtgiel\lg\gf I;arr:%r;l 1”{;:”??;;?‘0;;?%(;@:'% ofgrowth temperature and an absence of chemical sensitive

ol u P ' 9N 9 contrast with the 002DF reflection. A comparison between
modulation in GalnNAs compared to GalnAs is due to un

lina bet the | d N orofiles. b tthe hi h'theoretical calculations based on the DLP and RS models of
coupiing between the i an profiies, because of the hig eépinodal decomposition has showed that only the second one
interaction parameter that governs this decomposition.

X . ; agrees with our experimental results and that therefore the
It is well known that In modulation occurs in GalnAs g P

. . DLP approximation is not appropriate for the GalnNAs allo
structures and also the existence of N modulation in GaAs P bprop y

Refs. 30 and 31has b b 4. We h heref '\éystem. In the RS model, differences between the interaction
(Refs. and 3ihas been observed. We have therefore ex; arameters lead to a separation of In and N, giving a higher

?m'”e‘?‘ posfsmgl)%omechimshms, which m,'ght allccount foroth omposition modulation with regard to the GalnAs samples.
ormation of a out-of-phase compositional contrast. Onery,q f5rmation of two uncoupled composition profiles of In

possit_)le expla_mation is that duri_ng _the growth ProCeSSyng N can explain the absence of contrast modulations with
chemical bonding aspects are dominating at the growing SUthe chemical sensitive 002DF reflection and the high lateral

face, which favor Ga-N bonds instead of In-N boffdand strain fields evidenced with the 220BF reflection. A thermo-
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