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Phase separation and ordering in InGaN alloys grown
by molecular beam epitaxy

D. Doppalapudi® and S. N. Basu
Department of Manufacturing Engineering, Boston University, Boston, Massachusetts 02215

K. F. Ludwig, Jr. and T. D. Moustakas®
Department of Electrical and Computer Engineering and Department of Physics, Boston University,
Boston, Massachusetts 02215

(Received 25 March 1998; accepted for publication 30 April 2998

In this study, we investigated phase separation and long-range atomic ordering phenomena in InGaN
alloys produced by molecular beam epitaxy. Films grown at substrate temperatures of 700—750 °C
with indium concentration higher than 35% showed phase separation, in good agreement with
thermodynamic predictions for spinodal decomposition. Films grown at lower substrate
temperature$650—675 °Q revealed compositional inhomogeneity when the indium content was
larger than 25%. These films, upon annealing to 725 °C, underwent phase separation, similar to
those grown at the same temperature. The InGaN films also exhibited long-range atomic ordering.
The ordering parameter was found to increase with the growth rate of the films, consistent with the
notion that ordering is induced at the growth surface. The ordered phase was found to be stable up
to annealing temperatures of 725 °C. A competition between ordering and phase separation has been
observed, suggesting that the driving force for both phenomena is lattice strain in the alloy.
© 1998 American Institute of Physids$0021-897@8)05815-0

I. INTRODUCTION quantum well(MQW) structures using InGaN active layers
- o ) have been successfully grown and processed to make light
The traditional method of tailoring the electrical and op- gmjtting diodegLEDs) and laser diode€Ds).5° In spite of
tical properties of 1lI-V compounds is through the formation 4| these developments, the growth and properties of InGaN

of solid solutions between the corresponding binary COM3jioys have yet to be completely optimized or understood.

pounds. In such mixed compounds, the tetrahedral radii of The difficulties in InGaN growth are mainly due te)

the atomic species occupying a particular sublattice may bSery high equilibrium vapor pressurdéEVPS of nitrogen

different from each other. The resulting strain in the Iayersover InN and(b) a large lattice mismatctL1%) between InN

could lead to dewayons from homogeneny of the sublatupeand GaN. At the standard growth temperatures of GaN by
Zunger and Mahajan have reviewed several observations . o .
AT - ; molecular beam epitax¢MBE) (750 °O, the EVP of InN is
which indicate that when the tetrahedral radii are different, )
ore than ten orders of magnitude greater than that of

two types of structural variations are observed: phase sepa- o 2 L
yp P P aN2® Thus, indium has a very low sticking coefficient at

ration and atomic orderinjExtensive transmission electron ical h tor GaN by MBE and th
microscopy(TEM) investigations with selective area diffrac- typical growth temperatures or ©>al by and t N tem'-
perature has to be reduced significantly to prevent dissocia-

tion (SAD) and dark field imaging have been reported that" ey
reveal phase separation as well as long-range atomic orgdion of InN. However, at lower temperatures, indium droplets

ing in these compounds® Both these phenomena are be- MaY form, which act as sinks for InN and prevent incorpo-
lieved to be two dimensional in nature, occurring on theration of higher indium fractions in the filt:* In addition,
growth surface and being subsequently trapped in the pulthe crystalline quality of the film is inferior at lower tempera-
due to kinetic limitations. Atomic ordering in these com- tures due to poor surface mobility of the ad-atoms, resulting
pounds is caused by surface-reconstruction induced subsup three-dimensional growth. Furthermore, the large lattice
face stresses which force preferential occupation of sites bjpismatch between InN and Gafdue to the very different
atomic species of different radiiln most of the atomic or- tetrahedral radji results in highly strained InGaN alloys.
dering observations, the epitaxial growth was carried out o herefore, at relatively low growth temperatur¢850—
[100] oriented substrates with zinc blende structures. 800 °O, phase separation is a major concern.

In recent years, the InGaN ternary system has attracted The majority of the Ill-V ternary and quarternary alloys
special interest because of its potential for the formation ofire predicted to be thermodynamically unstable and show a
light emitting devices operating in the red to ultraviolet re-tendency towards clustering and phase separafion?
gion of the energy spectrum. Several designs of double heStringfellowt? developed the delta lattice paramet&iP)
erostructuregDHSs), single quantum wel{SQW) and multi-  model for 1ll-V compounds with zinc blende structure, to
calculate the critical temperatur& () above which a particu-
aElectronic mail: dharani@engc.bu.edu lar ternary or quarternary system is completely miscible. The
PElectronic mail: tdm@bu.edu model is based on the correlation between the immiscibility
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and the difference in the lattice parameters of the compo-
nents, and assumes that Vegard’'s law of solid solutions is E GaN
applicable. However, there have been very few studies on the . Iny 3,Gag 3N
INN-GaN quasi-binary system and even fewer reports on I
phase separation in this system. Singthall® applied the
DLP model using the lattice parameters of the zinc blende
structures of InN and GaN and found that the critical tem-
perature T.) above which the InNN-GaN system is com-
pletely miscible is 2457 K. Ho and Stringfellow used a modi-
fied valence-force-fieldVFF) model and calculated a much 3
lower T, of 1473 K1® Since even this temperature is much g
higher than typical growth temperatures of InGaN alloys, M\f\./v\ﬂ /\/
phase separation is expected in these alloys based on ther- 31 32 33 34 3 6 37
modynamic considerations. (a) 20

Based on x-ray diffractioiXRD) and optical absorption
studies, Singh and co-workér$’8 provided strong evi-
dence of phase separation in InGaN thick films grown by
MBE. More recently, other researchers reported phase sepa-
ration in thick InGaN films grown by metalorganic chemical
vapor depositiofMOCVD).*2°Some researchers have also
reported evidence of such phase separation in the form of
quantum-dotlike structures in SQWs and MQ%dn this
article, we present studies of phase separation and long-range
atomic ordering made on two sets of InGaN filnta). those
grown at relatively high temperatur€s00—750 °Q and (b)
films grown at lower temperaturg$50—-675 °Q. Further-
more, we will discuss the effect of post-growth annealing on
phase separation and ordering.

Intensity (a.u.)

Il. EXPERIMENTAL METHODS (b)

Bulk In,Ga_ N films were grown onC-plane and HLG. 1. (&) Xeray difract ern § InGaN film with 379 indi
_ . _ P . 1. (a) X-ray diffraction pattern from an InGaN film wi 6 indium.
A plane sapphlre substrates by athree step process Slm”ar&) Cross-sectional SAD pattern along th&1-20] zone axis from the

GaN growth?® Sapphire substrates were first nitridated BY In, 1.Gay e\ film, showing two sets of superimposed diffraction patterns
exposing their surface to an electron cyclotron resonanceom InN and InGaN.

(ECR) activated nitrogen plasma at 800 °C. This step was

followed by the deposition of a low temperature GaN bufferin a JEOL 2000FX electron microscope using a cold stage at
of 200-300 A thickness at 550 °C. The InGaN films were100 K, minimizing the evaporation of indium from the
grown in the temperature range of 650—725 °C, to a thickinGaN film.

ness of 0.5—1um. In one of the samples investigated, the

InGaN film was grown on a thick GaN filn3000 A). By !l RESULTS AND DISCUSSION

varying the fluxes of group Il elements, the growth rate of  The nucleation and growth of the InGaN films were
the investigated films was varied from 5 to 20 A/min. The monitoredin situ by RHEED observations. The RHEED pat-
structures of the films were characterized by reflection higherns were streaky and sharp, indicating good crystallinity of
energy electron diffractiolRHEED), scanning electron mi- the surface. SEM studies showed the films to be smooth with
croscopy(SEM), XRD and TEM measurements. The XRD specular surfaces, confirming the RHEED observations.
studies were carried out on a four-circle diffractometer usingHowever, microscopic structural studies by TEM and XRD
Cu K radiation, monochromated by ttig11) reflection of  revealed very interesting features as discussed below.

a germanium single crystal, which does not allow M@
harmonic of the x-ray beam. The,[@a _,N alloy composi-
tion was determined by calculating the lattice spacing from  First, we discuss the }Ga_,N films grown at rela-

the (0002 Bragg reflection peak which was calibrated with tively higher temperature§25-750 °Q. Evidence of phase
reference to the sapphire peak, assuming that Vegard'’s law geparation in such filmgvith x>0.35 grown on thick GaN
applicable for the INN-GaN system. Thespacings for the films has been presented earlier, based on XRD and optical
(0002 Bragg reflections of pure InN and pure GaN were absorption studie¥:*”*8Figure Xa) is an XRD pattern of an
taken to be 5.7 and 5.18 A, respectively. The calculated ininGaN film with 37% (atomid indium, grown at 725 °C. A
dium compositions were further confirmed by energy disperstrong phase separated InN peak is clearly seen. The InGaN
sion spectrgdEDS) in a SEM. TEM studies were carried out film in this case was grown on a thi¢R000 A GaN film. In

A. Phase separation
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FIG. 2. Phase diagram of InN—GaN quasi-binary systBef. 16. The data 3 ¢) In, ,;GaN
points A, B, and C describe the three samples. 3
these data, a strong JpGa sd\ peak is also seen, as the [ oy X , . ,
phase separation was incomplete due to kinetic limitations. 30 3 32 33 34 35 36
Figure 1b) is a TEM SAD pattern from the cross-sectional 20

view of the S_ame film, viewed along tH[él-2Q| zone aXIS_' FIG. 3. X-ray diffraction patterns from the as-grown InGaN films of differ-
clearly showing the presence of more than one phase in th&t compositions.

material. The inter-planar spacings corresponding to the two

sets of superimposed diffraction patterns were calculated us-

ing calibration from the sapphire diffraction pattern takenespecially in those with high indium concentrations. Figure 3
under identical conditions. These values correspond to latticeshows §—26 XRD patterns near th€0002 Bragg reflec-
parameters of Ky GayodN and In, 3/Ga gdN compositions,  tions of some of the InGaN films grown at these lower tem-
respectively. This gives direct evidence of phase separatioperatures. Figure(8) shows a single peak corresponding to
in bulk InGaN alloys. The same result was confirmed bylng ,dGa, o;N. However, with an increase in indium compo-
SAD studies from the plan-view of the same film, taken atsition, the (0002 Bragg reflection is broadened, indicating
the [0001] zone axis. Dark field images taken in plan andthat the InGaN alloy is not chemically homogeneous. Such
cross-sectional views showed features with sharp contrast imhomogeneity could also be inferred from the SAD pattern
the lattice, which could be due to phase separated InN. Reshown in Fig. 1b), where the diffraction spots corresponding
cently, EI-Masryet al. reported a similar “tweed” appear- to Iny3/Ga g\ (the outer sgtare seen to be diffused and
ance in InGaN films grown by MOCVD with 1r49%2°  split, rather than being sharp. Similar findings were reported
and attributed it to spinodal decomposition. by El-Masryet al. in the films grown by MOCVD?

The observed phase separation is evidently driven by Compositional inhomogeneity observed in our films may
strain due to the mixing of the two lattice mismatched com-be a result of one of three possible mechanisms. One mecha-
ponents of the InGaN alloy system. Indium atoms are exnism is growth of InN precipitates, which may nucleate as a
cluded from the InGaN lattice to form an alloy of a different result of coalescence of In droplets on the surface during
composition and reduce the strain energy of the system. Agrowth. In our SEM analysis, we do not observe any droplets
discussed earlier, based on thermodynamic considerationgt InN related peaks to support this mechanism. A second
InN and GaN are immiscible at these growth temperaturegossibility is direct precipitation of InN from the bulk of the
From the phase diagram calculated by Ho and StringfellownGaN lattice by a nucleation and growth mechanism. This
based on a modified VFF model, the solubility limit of InN involves long-range diffusion and is strongly dependent on
in GaN is less than 5% at these growth temperat(Fég. ~ temperature and growth time. A third mechanism is spinodal
2).8 The sample discussed above is identified as A in thelecomposition, where phase separation occurs without
figure, corresponding to 37% indium. The phase diagranmucleation, by “up-hill” diffusion. Although this is also de-
predicts spinodal decomposition, resulting i, JeGay o\ pendent on temperature and growth time, the initial diffusion
and Iny o<G& o\ (corresponding to the solid lineOur data  lengths can be much shorter, and therefore a more plausible
shown in Fig. 1 are in good agreement with the phase diamechanism at the relatively low temperatures used for
gram. However, we still see the JgGaedN peak, since growth of these films. At our growth temperature, the calcu-
phase separation was incomplete due to kinetic limitations.lations predict that the alloy is metastable for compositions

To investigate the role of growth temperature on phasédetween 5% In and 20% lwhere phase separation can only
separation, we grew several films at lower temperaturesccur by nucleation and growthand unstable for b 20%
(650—675 °Q on A-plane sapphire. In this study, we exam- (where spinodal decomposition is expegted seen from
ined a number of thick InGaN films with indium content less Fig. 2.
than 35%. Although XRD data did not show any InN related  To understand this phase separation phenomenon fur-
peaks, we observed chemical inhomogeneity in these filmgher, annealing studies were carried out on two bulk InGaN
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FIG. 4. X-ray 6— 28 patterns from lpodGaN film (a) as grown andb) after  FIG. 5. X-ray — 26 patterns from IgzGaN film (a) as grown and after
annealing at 725 °C for 20 h. annealingb) at 675 °C for 5 h(c) at 675 °C for 20 h, andd) at 725 °C for
20 h.

films shown in Fig. 2: sample Bwith 9% indium and

sample C(with 35% indiun). To minimize the film degra- ordering is usually not expected to occur. However, such a

dation, the annealing experiments were carried out at atmd:ghenomenon was theoretically predictédnd observed in

2,4,24,25 -
spheric pressure, in a nitrogen ambient. Figure 4 shows thaany ”I_V. aIons._ . Our group also reported long
XRD scans near the(0002 peak of sample B range atomic ordering in AlGaN alloy8.We have, for the

(INg.0dGa.oN), which falls in the metastable region of the first time, found similar behavior in InGaN alloys. In a ran-

calculated phase diagram. There was no change in the filr%Om InGaN alloy, the structure factor of (d90planes is

after annealing for 20 h at 725 °C. On the other hand, ther&S wherd is odd. In an ordered alloy on the other hand,

were significant changes in the structure of sample C, whos'gd'um atoms occupy certain lattice sites preferentially, re-

composition is in the “unstable” region of the calculated sulting in a change in the structure factors of corresponding

phase diagram. Figure 5 shows the XRD scans near thlgttice planes. Indium atoms preferentially occupying lattice
(0002 peak of the film with 35% indiun{sample G, an- sites in alternating basal planes result in nonzero structure

nealed at various temperature—time conditions. Emergencf%ti'élctors for (000) planes. Figure 6 is a XRD scan from

. . N film, which clearly shows the presence of the
of phase separated GaN can be clearly seen in the figur No.ogG2p.ouN film, wh . .
After annealing for 20 h at 725 °C, the intensity of the GaN )?gg]itpaeflg’;nggzgzg ngzgggDo;tgeDlneE’:ETf n :2%2:\?3/'
peak exceeded even that ofy j3Ga ¢dN, which is strong ! - hav v P In pu

evidence of phase separation, possibly by spinodal decompg-ue to defect ordering, but the (00040002) ratio in this
sition. The absence of a corresponding InN peak ét 2
=31.35° is attributed to InN evaporation. This was con-
firmed by SEM data, which showed a roughened surface and
a decrease in the film thickness. Spinodal decomposition oc- i
curs by up-hill diffusion and can be initiated by small local
fluctuations in composition. In the case of sample B, phase
separation is predicted to occur by nucleation and growth,
which usually requires diffusion over longer distances and
hence takes a much longer tirte a particular temperature
These results are in excellent agreement with the phase dia-
gram proposed by Ho and Stringfelld\.

(0002)

(0004)*2

(0001)*40

Intensity (a.u.)

B. Long-range atomic ordering e e
40 50 60 7

In general, the majority of the llI-V ternary and quar- 20
ternary alloys are predicted to be thermodynamically un- *
stable at a |0W growth temperature _andMShOW a ten_denCyIG. 6. X-ray — 20 patterns from lg.dGaN film showing the presence of
towards clustering and phase separaliéfi}* Thus, atomic  the (0003 peak, indicating ordering.
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FIG. 8. Relative intensity 00001 and (0004 peaks plotted as a function

of indium composition, for different degrees of ordering, The solid
circles indicate the experimental data.

FIG. 7. Cross-sectional SAD pattern along fid-20] zone axis from the
INg 0dGa.oiN film, showing the presence ¢8001) spots as well as streaking
in the [0001] direction. (hkil) reflection andx is the Bragg angle of the monochro-

mator[13.63° in this case, for the G&11) plane we usefl
The structure factoF yqq is calculated from the atomic scat-
case was only 10°,%” which is about 4 orders of magnitude tering factors of the constituent atoms. Group Il atom posi-
less than what we observe in InGaN films, implying that thetions in the unit cell are taken to be @, 0, 0 and(1/3, 2/3,
ordering is not defect related. Similar XRD data were ob-3) and nitrogen positions &0, 0, 3/§ and(1/3, 2/3, 7/8. The
tained in all InGaN films investigated. Figure 7 is a SAD long-range ordering paramete,is given by the relation
pattern obtained in TEM studies from an InGaN film with
35% indium, taken along the 1-2Q] zone axis. Although the S
pattern also shows the presence@01) spots, this cannot
be conclusively attributed to ordering since similar featuresvherer , is the fraction ofA sites occupied by the atoms of
could be observed even in pure GaN due to double diffractype A and x is the mole fraction ofA in the compound.
tion. However, very prominent streaking of diffraction spots Therefore, in a perfectly ordere®€ 1) In,Ga,_,N alloys,
was observed in th0001] direction (Fig. 7), which is an  r,=1. In this case, all the indium atomsxRare assumed to
indication of atomic ordering. Such streaks in the SAD pat-be on the(0002 plane and the rest of the sites @002 as
tern were observed before in AlGaAs alloys by Kwral,”®>  well as all the sites 0f0001) plane to be taken up by Ga
who attributed them to partial ordering and “anti-phaseatoms. Now, the structure factor for the (0P@lane,Fyoq,
boundaries,” in the growth direction. is given by
To obtain an accurate estimate of the degree of ordering _ | |
in these films, the intensities 001 and (0004 Bragg Fooa ={2x(1=rp) fip+[1=2x(1~rn)Ifcdf

I’A—X
1-x’

2

reflections were compared to account for any possible varia- Xi exp[2ITi(0)]+[2rx.fl,+(1— 2r|nx).f|Ga]
tions in beam intensities, film thickness, and orientation ef- _ | _
fects. XRD results showed that the ratio(6001) and(0004 .exp[2ITi (1/2) ]+ fy {exp[211i(31/8)]

peak intensities increased with composition of indium in the .
films. These experimental results were compared with the +exp[2Ti(71/8)]}, ©)
calculated intensity ratios for perfectly ordered alloys. Inwhere,f' is the atomic structure factor of the particular atom
general, the intensity of ahkl) Bragg reflection is given at 6 corresponding to the (O0pdiffraction peak.

by?® The ratiol gog1/1 o4 s calculated from the above expres-
1+ o2 26 co 2 sions, using tabulat_ed values for the various structure
@ factors®® The absorption factor was calculated for the t#o

I(hkil): | Fhkil|2

sin § cos § values, by estimating mass absorption coefficients for differ-
1 ent indium compositions and taking the film thickness to be
X (m) A(f)exp(—2M), (1) 0.5 um. The ratio of Debye—Waller temperature factors for

the two peaks was calculated to be 1.05, taking the value of
whereFy,; is the structure factor for thehkil) plane, the the Debye temperature of 770 °C for GANThe curves in
term in the brackets is the Lorentz polarization parameterk-ig. 8 show the variation in the calculated relative intensity
A(0) is the absorption factor, the exponential term is theof (0001)/(0004), as a function of composition for different
Debye—Waller temperature factor and the (18iterm ac-  ordering parameters. The experimental data points shown are
counts for the differences in the film volume exposed at dif-for samples grown under similar conditions of temperature,
ferent angles. In the equatiod,is the Bragg angle of the growth rate, and final thickness. The figure shows that at
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lower indium compositions, complete ordering occus ( 1.0
=1). At higher indium concentrations, the films exhibit par- 09 e
tial ordering §~0.7).
Srivastava and co-workérsperformed first principle lo- 08+
cal density total minimization calculations for both ordered %07 -
and disordered models for bulk GalnP and predicted that 3
certain ordered phases could be thermodynamically stable at § 064
low temperatures. The stability of these ordered phases is gao.s- '
due to the reduction of strain in the ordered versus disor- & 04
dered phases. We believe that the driving force for ordering &
in the InGaN system is the lattice strain in the alloy due to 0.3
differences in In—N and Ga—N bond lengths. Since the or- 02 .
dered phases can simultaneously accommodate two different 200 400 600 800 1000 1200
bond lengths in the alloy in a coherent fashion, they intro- Growth rate (A/hr)

duce less strain than would be present in a random alloy.
FIG. 9. Variation in long-range order parametes) (with growth rate,

This is consistent with the relatively smaller degree of order- . o \
. . . . L .. _in InGaN films grown under the same conditions and with the same
ing observed in the samples with high indium composition,composition.

where strain is already partially relieved by phase separation.

We believe that this competition between ordering and phase

separation is the reason why the data of Fig. 8 do not follow

the kinematical scattering theory. In AlGaN alloys in which sence of disordering in the bulk aIon. is supported by the
) ... gtability of the ordered phase to annealing up to temperatures
phase separation was not observed, the data are qualitativ 3

e o :
consistent with the theoRf. The ordering observed in our oY 725 °C for 20 hours. Thus for faster growth rates, the time

films closelv resembles the Cu—Pt tvoe ordering observe pent in the near surface region is smaller, allowing for a
: Sely —LYpe ¢ ng maller extent of disordering to occueffectively “freez-
earlier in other IlI-V compounds with zinc-blende

tructure® n th d dering is ch teri dbing” the ordered phaseand leading to a larger value &
structure.~in these compounds, ordering IS characterized Dyp;q strongly supports the contention that ordering is a sur-

;{113 superlatticg reflectioqs, which are strugturally Sim”,arface phenomenon. This trend is in apparent contradiction to
to (0001 superlattice reflections we observe in our wurtzite, b e vations in cubic -V compoundsyhich show a

films. Toég{l) energ){ tr(]:atlctl;:atlcc:)ns P(td(:ne mdoth((jar r:”_V_decrease in ordering with growth rate. We believe that this is
compounds” suggest that the Lu—rt ype ordered phase Iy,qo 1 much faster growth rates used in these materials,

fcherrnoldynamlcally unstable in bu!k. However,. once Or,der'which does not allow sufficient time for surface ordering to
ing is induced at the surface during growth, it is retained
during further growth due to kinetic limitations.

We also performed post-growth annealing experiments
in th_e. films that do not show phase sepa.ratlon, to study thfv_ CONCLUSIONS
stability of these ordered phases. Annealing gfgi®a 91N
film (up to 725 °C for 20 hdid not result in any significant In conclusion we studied phase separation and ordering
changes. The relative intensities(6D01) and(0004, within ~ phenomena in InGaN alloys produced by MBE. Films grown
experimental errors, remained the same. Based on this ewvit substrate temperatures of 700—750 °C with indium con-
dence, we believe that the ordered phase in the InGaN sysentration higher than 35% generally show phase separation
tem is fairly stable in the bulk. This is in contrast to otherin agreement with thermodynamic predictions of Ho and
[lI-V compounds investigated, in which case, post-growthStringfellow. Films grown at lower substrate temperatures
annealing experiments indicated that the ordered phase {$50-675 °Q show compositional inhomogeneity if the in-
unstable in the bulR>! However, it should be noted that the dium content is larger than 25%. Upon annealing to 725 °C
InGaN alloys are more refractory materials than the thos®f such films with high In content, the material undergoes
investigated previously. similar phase separation as those grown at the same tempera-

We correlated the long-range ordering parameferto  tures. The InGaN films were also found to show long-range
the growth parameters in various films. Apart from the com-atomic ordering similar to the Cu—Pt type ordering in zinc—
position, we found tha& depends strongly on growth rate. blende structures. The ordering parameter was found to in-
Figure 9 shows the variation of the degree of ordering withcrease with the growth rates of the films, a result which is
the growth rate for the films of the same compositi@d%  consistent with the notion that ordering is induced at the
In) grown under similar conditions. It is clear that the ordersurface of the growing films where it is thermodynamically
parametesS increases monotonically with the growth rate in stable and is then subsequently “frozen in” during further
the films studied. This, we believe, results from the relativelygrowth. Preliminary annealing studies show that the ordered
slow growth of the InGaN alloys in general. The slow arrival phase is fairly stable. Phase separation was found to be maxi-
of atoms at the surface provides sufficient time for surfacenum in films with high In content¥ 25%), while ordering
ordering to occur. Once the surface gets trapped in the bulis maximum in films with small In content<(10%). This
it wants to disorder. However, disordering can occur effeccompetition between the two phenomena is consistent with
tively only in the near-surface region of the film. The ab-the proposal that lattice strain is the driving force for both.

occur.
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