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Surface roughness and alloy stability interdependence in lattice-matched
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How the possibility of a better strain relaxation introduced by the surface roughness can modify alloy
demixing is investigated here. We propose a step-by-step model to simulate the growth process on a rough
surface. We use an atomistic description and also consider the surface tension difference between the two
binaries that form the ternary alloy. This study clearly shows how and why—in the lattice-matched case—the
atoms corresponding to the binary materials with the lowest surface tension naturally tends to segregate
towards initially sloping areas, whereas—in the mismatched case—upper areas are enriched in the more
strained binary. The results are exemplified by iy gAs lattice matched or not to its substrate. Throughout
this article, we discuss the balance among mixing enthalpy, strains, and the difference of surface tension
between the two binaries that form the ternary alloy.

I. INTRODUCTION ration, surface morphology, and mismatch stresses.
In this regard, several authors have already studied some
Partial alloy demixing is a well-known phenomerioh aspects of the problem. .Refere'nce 9 focuses on the effect of
for most 111-V alloys (whether lattice matched or not to the stress on phase separation during step flow growth using the
substratgsuch as Alln;_,As or Galn;_,P when grown by ~ continuous elasticity theory. Reference 10 concentrates on
molecular beam epitax¢MBE). This leads to composition the coupling between phase separation, strain relaxation, and
modulations parallel and perpendicular to the growth surmorphological instability. Reference 11 also studies the
face. Understanding this phenomenon is very important as phase and surface stability for a static or growing |mm|SC|b.Ie
can strongly modify the optical and electronic properties of2/l0y- However, no attempt has been made yet to describe
the resulting materiale.g., depending on whether the alloy the deposition of strained immiscible material using a micro-
demixes or not, one obtains either a semi-insulant or a semﬁgp'cr?m?tﬂel Srli)cchess tir;e zﬁa'lg%ergoﬂel u:eg]gﬁglaalne\;\_/glc_h
conductoy. Let us first emphasize the fact that here we shal 9 P y y y
. . e T monolayer model.
not consider spinodal decompositiomwhich is viewed as a

bulk ph rbut alloy demixi hich I In the present paper, we summarize the information we
Uik phenomenorbut afloy demixing, WhICh 0ccurs only on' g jected from the study of numerous growth simulations for
the growth front and is frozen as growth continues.

) matched or mismatched alloys deposited on substrates of dif-
On the one hand, for alloys that are lattice matched Ggrent roughnesses. The paper is organized as follows. First,
their substrate, we have already shown that such demixing ige will present the key features and limits of the model used.
strictly forbidden if the surface is ideally fldtHowever, a  Then, we will investigate alloy decomposition as a function
growth front is never ideally flat and always presents somef the surface morphology, viz., made of either islands or
intrinsic surface roughness. In this case, it could be energetpits, in the case of lattice-matched immiscible alloys. And
cally favorable to increase this roughnéssen if the surface finally, we will study how this alloy demixing is modified
energy concurrently increagds order to decrease the alloy when the alloy is no longer lattice matched to its substrate.
mixing enthalpy contribution to the total energyOn the  Throughout this paper, results are exemplified by the case of
other hand, it is now well established that when a material iAl,In;_,As(001).
stressed because it is coherently deposited on a substrate
with a different lattice parameter, its total energy can also be
lowered by a roughening of its surfaté.follows that, if the Il. THE MODEL USED AND ITS KEY FEATURES
material is now an immiscible stressed alloy, the latter UM A wvpical immiscible [11-V iconductor allov: Al I A
face instability (mismatch inducedstrongly interacts with - A bypicalimmiscible semiconductor afioy- Al xIN1—xAS
the former surface instabilityalloy demixing induceg be- Most of the IlI-V ternary semiconductor alloys, ,B,C
cause both are elastic effects in nattide. both cases, the may be seen as pseudobinary compoundl€);_.(BC),
surface energy usually concurrently increases. However, theith x ranging from 0 to 1. Thé andB atom distribution on
surface energy itself can depend both on alloy decompositiothe zinc blende lattice may or may not present deviation
(because of the propensity of alloys to lower their surfacerom complete randomness. The alloy propensity to bulk
energy by segregating the most adequate binary towards thphase separation is usually quantified with a param@ter
surface and on mismatch stresses. In summary, it appearsalled the interaction coefficient, the mixing enthalpy being
that for immiscible alloygmatched or not to the substrate approximately given bx(1—x){). Note that this interaction
there exists a complex interdependence between phase separameter) can be accurately calculated from the Keating
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model used in this pgpérTo illustrate our purpose, we have ggg%gi;ggé;5;5;5;5;5:5;g;g;g;%;%gigi; izgzégsgszsiszgsgsisisggzzzgizégggggg
chosen the academic case of (AlAs)(InAs), (common s A
. . . . . X ‘8588083332238:88888!8.Biﬁgxﬁlsisssﬁt
anion, different cationwith x=0.5, which corresponds to ettt
.« . . . 8, 38,4
the mixing enthalpy maximum. In fact, the choice can be )
considered to illustrate 111-V semiconductors well becatise
the Al In;_,As interaction coefficienf) =3600 cal/mole is

in the middle range for IlI-V semiconductors between that of . T,
QOOLOCOCNOONE UL Bt 80,5 8 0 80 88 888 5888008

Galn;_,As ({2=2490 cal/mole) and that of Gla,_,P B IO R B MR M
1ox .. X OO RO NN ]

(Q =4560 call/ moIe)(Ref. 12 and (II) the composition 0.5 :’:‘i‘:‘:‘:3:’:’:’:’:’:*:‘:‘:‘?:‘:’: st ettt tottag s sstens

AL JE 36203
'5!38888883?'512¢

3.8.8,
)

[001

28888888
;I‘R'R‘E‘E‘E'X'X

is close to the valuex=0.52) corresponding to the lattice
matching of AlIn,;_,As on InP. Furthermore, because we
want to disconnect strain effects from composition effects,
we chose to keep this alloy concentration constant when in- FIG. 1. Cross-section views of the successive snapshots model-
vestigating the 2% lattice-mismatching effect, a 2% mis-ing growth on a rough surfacéa) and (b): surface that shows
matching being considered the limit between strong andumps;(c) and(d): surface that shows pits. Cross-section planes are
weak stresses. Finally, the difference in surface tension110] (a and ¢ and[110] (b and d. Filled squares and open circles
(which is related to the difference in the dangling bpbd- represent atoms deposited in successive steps. The present initial
tween the two binariednAs and AlAS that form the ternary  roughness is made up of 3 monolayers.
alloy In,Al; _,As has also been included in the calculation as
an input parameter. For the, i, _,As case, InAs surface C. Growth front modeling
tension is lower than AlAs surface tensidriby typ|call_y : The most important point to be noted is thus that the final
3-400 meV, but the result depends only on the qualitative .
. . . fesult is closely bound to the way the growth front morphol-
value of this quantityand thus In atoms will naturally seg- . . .
. ogy and progress will be simulated. Because in MBE growth
regate toward the surfa¢&ln others words, this means that e -
: o at the usual growth temperature, bulk diffusion is negligible,
the surface energy itself depends on alloy decomposition b%- . :
. : . he only cations allowed to exchange in the present nfodel
cause of this propensity of alloys to lower their surface en- e
. . belong to the 2 upper ML'sviz., the surface layer and the
ergy by segregating the most adequate binary towards tl]e

surface. From this actual example, one can see that the driv{zlyer just underlying jt For details see Ref. 6. To model the

o : .~ . growth process itself, we have chosen to capture a sequence
ing impetus for phase separation comes from a combinatio .

L o . . of snapshots. Between two consecutive snapshots, about 1
of mixing enthalpy effec{intrinsic strain effegf mismatch

: o . ML of random alloy has been deposited on the surface.
strain effect(extrinsic strain effe¢t and complex growth
. Moreover, we suppose that all surface atoms are able to ex-
front morphology and energy requirements.

change, this means that the growth conditiémst too high
growth rates and not too low growth temperajukeep the
process safe from kinetic limitations. One has also to remem-
ber that, due to surface tension requirements, and as the
In the present study, for the sake of simplicity we will growth orientation is[001], IlI-V surfaces must be
separately consider two types of surface roughness eithelimerized®®at any step of the growth process. Let us first
made up of 2—3 monolayef$IL’s) of platelets(as consid- show in Fig. 1 how this criterion “surfaces must be dimer-
ered in Ref. § or made up of 2—3 ML rectangular shaped ized” induces a difference between growth on bumps and on
holes. We will consider periodic systems with two bumps orholes. In the case of bumps, the deposited ML results from
two holes per period, so that we do not impose the samgovering every anion surface atom with entities made of an
periodicity for alloy decomposition and for surface rough-anion dimer and its four underlying cations._ This means that
ness. This type of surface morphology is thought to describ¥/hen we move from one step to the next in the growth se-
a growth front morphology well, even for strained material dU€nce, the platelet that .deflrjes the roughness enlarges by
but below the bidimensional-to-tridimensional growth transi-On€ atom along thg110] direction and by two atoms along

tion. In the present model indeed, the effect of strain orthe[110] dimers directionas can be viewed in Fig.)1In
phase demixing is taken into account but not the effect ofhe case of pits, as the edges are concave, the criterion “sur-
strain on morphology, the latter being simply injected intofaces must be dimerized” is verified more simply, so that
the model and kept in two dimensions. The facet orientation¥/hen we move from one step to the next, the pit that defines
are taken to be rather flat, i.6113] orientations as experi- the roughness narrows by one atom along HdthO] and
mentally observed. In order to emphasize the mechanisnsl 10] directions. One consequence of this growth process
involved, we have chosen to model the systems with platemodelling is that after the deposition of several Ml(the

lets (holes that present wide enough flat toflsottoms, so  number depends on the starting point of the sequertice

that one can separate what we will refer to belowflas  roughness disappears and a flat surface on which new rough-
areas (top and/or bottom arepdrom sloping areas(facet ness may develop is recovered. It is clear that our purpose
areas. We will also distinguish in the followingipper areas here is not to fully describe the surface flatness recovery
(tops of platelets and tops of spaces between hdlesn  [because we are concerned with a two-dimensid2al)
lower areas(bottoms of holes and bottoms of spaces be-growth modé but rather to emphasise what happens when a
tween platelets 2D surface is rough enough to allow surface demixing.

[110] [1-10]

B. Growth front morphology modeling
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FIG. 2. Lattice-matched case: Successive top and cross-section FIG. 4. Tension case: Successive top and cross-section views of
views of growth on a rough surface with bum@ and pits(b) growth on a rough surface with bumges and pits(b) (from 0, 5,
(from 0, 5, and 10 deposited monolayerthe alloy is lattice- and 10 deposited monolaygrthe substrate forces the alloy to be in
matched to the substate. Indium-rich atomic rows correspond teension. Indium-rich atomic rows correspond to darker symbols and
darker symbols and Al-rich rows to brighter symbols. Al-rich rows to brighter symbols.

IIl. RESULTS AND DISCUSSION whole row above the substrate, whereas for cross sections it

All our “alloy decomposition” results are collected in is averaged over the slice in between the parallel dashed lines

Fig. 2 for lattice-matched growth, in Fig. 3 for compressively ©n top views. This way, the first glance at the figures gives a
strained growth, and in Fig. 4 for tensilely strained growth.global idea of the alloy decomposition in the system. Dark
In these figures, each full circle corresponds to an atomi@reas correspond to In-rich zones and bright areas to Al-rich
row (cations and the gray level indicates the average of thezones. Figures 2 to 4 correspond to a chosen typical initial
local concentratior{for each cation the local concentration rough morphology, but several other syste(wsth various
over the cation and its 12 first cation neighbors is calcu)ated Period sizes, depths of roughness, and mismajchase

For top views, the local concentration is averaged over th&een calculated, leading to results that corroborate those de-
scribed below.

A. Lattice-matched alloy case

For the InAl,_,As case, as InAs surface tension is lower
than AlAs surface tensiol?, In atoms(which are larger than
Al atoms segregate toward the surface. This is the main
explanation for what can be observed for the lattice-matched
case(Fig. 2): for the two cases of surface roughnéssade
up of pits or bumpjs the aluminum-rich arearight zoneg
correspond to those areas that remain flat during the growth
simulation, whereas the indium-rich areas correspond to the
location of sides as more and more layers are depo§itd
sloping areas We have checked that if we artificially change
the sign of surface tension difference, we get exactly the
opposite situation. This demonstrates that surface tension is
the key parameter for such systems. This also indicates that
the use of a surfactant can strongly modify alloy decompo-
sition. It is interesting to note the strong non equivalence of

the[110] and[110] directions in the case of bumps, which
can be related to the change of slope due to dimer surface

FIG. 3. Compression case: Successive top and cross-sectid@duirements. In a previous stifdjmited to very short pe-
views of growth on a rough surface with bumf and pits(b) riod bumpy systems, we had concluded that the bumps were
(from 0, 5, and 10 deposited monolayerte substrate forces the In enriched. This was due to the fact that the bumps were so
alloy to be in compression. Indium-rich atomic rows correspond tosmall that there was no flat area on top of them, so bumps
darker symbols and Al-rich rows to brighter symbols. were only made up of sloping areas.

[1-10]
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B. Mismatched (tension and compressiop alloy cases TABLE I. Summary of In and Al segregetion arésoping, flat,
upper or lower versus morphologybumps or pitsand alloy strain

If the deposited alloy is no longer lattice matched to ItSstate(matched, compressive or tensile mismatch

substrate, previous experimentfafand theoreticaf studies
have demonstrated that, in the casealofs the strain, com-

bined with surface effects, favors alloy decomposition forMorphology Strain
compressively strained film. By studying Figs. 3 and 4, in- Matched Compressive Tensile
formation can be obtained on what happens in the case &umps In sloping upper lower
slight roughnessFigure 3 clearly displays In enrichment in Al flat lower upper
the upper areas whereas Fig. 4 shows Al enrichment in thesgts In sloping upper lower
same upper areas. This indicates that the segregation zones Al flat lower upper

due to the strain effedupper and lower areasare different
in nature from the segregation zones due to the surface ten- . . L

sion effect(flat and sloping areasFrom this one can deduce €aS: In the case of equivalently strained binaries, surface ef-
that in general, it is not possible to take advantage of strairIFCtS dominate, and the material with the lower surface ten-

for counterbalancing the segregation action of the surfacg " will segregate towards the sloping area. It is clear that

. . once alloy decomposition has started, roughness will never
tension. However, from Figs. 3 and 4 one can also see, con- y P 9

trary to what is generally assumed. tat2% mismatchin vanish, but on the contrary it will rather be enhanced. One
y 9 y . 0 9  can thus take advantage of alloy decomposition to favor dot
can be strong enough for overcoming the effect of surfac

. il i fucleation by making use of a buffer alldshis has been
tension andii) larger atomgIn) do not necessarily segregate recently demonstrated for an InAsiii, ,As/InP system

toward upper areas or edges clearly evidenced in Fig)4 compared with on InAs/Gén, ,As/InP systen?®) More-
The general rule for alloy demixing on rough straingd layerover some recent growth experiments onGa ,P/GaP or
surfaces can be stated as follovilse atoms of the binary, GaAs can be successfully explained by referring to the gen-
which is more strained by the substrate, segregate towargyg| trends we have pointed out hété=urthermore, in this
the upper areasFor InAl;_,As in compression, INAs is stydy we have supposed that all surface atoms are able to
more strained than AlAs, and this is the opposite forexchange; this means that kinetic limitatiofi®t too high
|nXA|1,XAS in tenSion(let us recall here that the a||0y CON- growth rates and not too low growth tempera)uwe not
centration remains constant, and we use an academic su ong enough to forbid exchanges and thus alloy
strate, moving its lattice parameleA simple explanation is  gecompositiorf? Conversely, at least for lattice-matched al-
that the upper areas.allow bgtter strain relaxation than Iowqby layers, alloy decomposition can be completely halted by
areas. For intermediate straifisetween 0% and 2Jtthe  entropic disorder when the growth temperature is greater
effect is similar but less marked. than a critical temperature roughly equal@2R, R being
the perfect gas constant. However, the critical temperature is
not the same for a rough or a perfectly flat surfgtee
IV. CONCLUDING REMARKS roughness indeed enhances the critical tempenature

Let us recall the main features of our study which are
summarized in Table I: during the growth of ternary alloys
on a rough substrate, when the mismatches between the two This work was partly supported by France Telec@@on-
binaries and the substrate are of different amplitudes, th&act No 96 1B 002 The authors thank Henri Mariette for
“more strained” binary will segregate towards the upper ar-constructive criticism of the first draft of this manuscript.
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