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Equilibrium shapes and energies of coherent strained InP islands
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The equilibrium shapes and energies of coherent strained InP islands grown on GaP have been investigated
with a hybrid approach that has been previously applied to InAs islands on GaAs. This combines calculations
of the surface energies by density-functional theory and the bulk deformation energies by continuum elasticity
theory. The calculated equilibrium shapes for different chemical environments exhipitotie{111}, {111}
facets and #001) top surface. They compare quite well with recent atomic-force microscopy data. Thus in the
InP/GalnP system a considerable equilibration of the individual islands with respect to their shapes can be
achieved. We discuss the implications of our results for the Ostwald ripening of the coherent InP islands.
[S0163-18299)15147-9

[. INTRODUCTION broad. In fact, for the systems of concern in our study, Ost-
wald ripening takes place at a slower rate than the growth
It was observed about ten years ago that during theéate of the islands. Kinetic effects could be active that effec-
heteroepitaxial growth of lattice-mismatched semiconductor§vely decrease the growth rate of the larger islands, thus
small dislocation-free islands can foff To emphasize the Sharpening the size distributidh'*’ In contrast to these
zero-dimensional character of their electronic density ofdrowth scenarios, it has been sugge¥tetthat there exists a
states, these objects have been labeled quantum dots. Sidé&ge of parameters for which islands of a finite size are
then quantum dots have attracted an enormous amount 8iermodynamically stable. Owb initio results for the sur-
interest in the area of semiconductor phy$i&esides being face energies and surface stresses, however, indicate that nei-
fascinating objects for basic research, there are also varioder in the case of InAs/GaAs nor InP/GalnP would this
potentia| app”cationS, ranging from improved device propermeChanism result in the formation of stable islands.
ties of quantum-dot semiconductor lasers, which have in fact For the most widely studied system of InAs islands on

already been demonstratédip to more exotic applications GaAs, a range of growth parameters seem to have been es-
as part of a quantum compuferThe “self-organized”  tablished for producing islands of certain uniform densities
heteroepitaxial growth of arrays of quantum dots with a pref-and a rather narrow size distributi6h,?*° although these
erentially narrow size distribution is thus the aim of intensegrowth parameters are still subjects of discussion in the lit-
research. To be finally able to optimize the growth param-£erature. Spectroscopic studies of the islands, after they were
eters, a detailed knowledge of the growth mechanism, it§apped by barrier materials, have been repdfted.To in-
energetics, and its kinetics, is essential. vestigate the equilibrium shape and stability of uncapped co-
There is general agreement about the main driving forcéerent strained InAs islands at low island densities, we have
for, e.g., INAs/GaAs or InP/GalnP island formation in the applied a hybrid method to calculate the total enéfgy® In
Stranski-Krastanov growth mode. The growth begins withthis approach the energy gained by isolated island formation
the deposition of a highly strained two-dimensional film, theis decomposed in the following form:
wetting layer. With the addition of more material beyond a
critical thickness the film becomes metastable. Coherent, i.e., Elotal= prelaxy. psurface; pedge (1)
dislocation-free, islands form due to the energy gained by
strain relaxation in the islands. However, the details of thevhereE™®is the gain in deformation energy when the ma-
growth mechanisthare not yet well understood. In fact, terial forms a strained island instead of a biaxially strained
there are competing theories that are based on enerdijm, ESU™is the cost in surface energy due to the creation
ground-state considerations on the one hand, or on kineti@f facets on the sides of the island instead of the surface
i.e., nonequilibrium effects on the oth¥r.** Accordingly,  covered by the base of the island, &ff%is the energy cost
the final destiny of the islands, as predicted by the variougor the creation of sharp edges. For an isolated island to form
theories, is rather different. The more conventional fate ofat all in preference to a filmg"®® must be negative. The
the islands would be to undergo Ostwald ripeniffi.e.,  surface energyES'™c® is calculatedab initio, applying
the larger islands would grow at the expense of the smalledensity-functional theoryDFT). In Ref. 29 the surface en-
ones. The resulting island size distribution would be ratheergiesEs“"€ corresponded to those of unstrained surfaces.

0163-1829/99/6(24)/170088)/$15.00 PRB 60 17 008 ©1999 The American Physical Society



PRB 60 EQUILIBRIUM SHAPES AND ENERGIES OF COHEREN. . . 17 009

This approximation was subsequently improved upon in Refquantum dots in a quantum wéf;%’ Landau levels forma-
30, in which the renormalization of the surface energies dudion in InP islands? and theoretical study of the electronic
to surface stress was taken into account. However, the costates of the island¥:>
rections amounted to a reduction of the surface energies by at We are thus encouraged to conduct a study of InP/GalnP
most 11% and left the prediction for the equilibrium shapeislands parallel to our previous work for InAs/GaAs, and
qualitatively unchanged. Furthermore, the edge en&f§§°  hence enlarge our general understanding of coherent strained
was estimated to be negligible, provided the island size is ngslands. With the view to comparing our results with
too small. The elastic strain field can be treated within aexperiment’ we study uncapped islands of relatively large
continuum approach. Thus™? is calculated within linear Size, thus ensuring that the approximation of neglecting the
elasticity theory using a finite-element metheEM). The  edge energ)E®?%® remains valid. Of course, if the effect of
effect of nonlinearity was seen to be small. phase segregation inside the island or diffusion of atoms to
As a result, we obtained a volume-dependent optimun@nd from the barrier turns out to be substantial, our approach
shape for the InAs islands, which can be described as would need to be generalized. In any event, our findings

(00D-truncated pyramid wit101}, {111}, and{l]__l} faces. _co_uld still be used as the starting point for a yet more real-
However, the diversity of experimentally observed islandiStic modeling.

shapes appears not to be reconcilable with the assumption of 1N€ Organization of the work is as follows: First, we
thermodynamic equilibrium. Among the experimental re-present the DFT results for the surface energies. In Sec. lll,

sults, the mostly square-based islands have f4teg)? v.ve.describe briefly our FEM simulations and derive the equi—
{109,31{113,2°{136,,*2 and a series of islands of low aspect librium shape. We shall |nd|cat_e how Ostwald ripening
ratios whose morphologies change according to th&Merges from our model, assum_lng_that no other faster ki-
coveragé' We take this difference as an indication that aNetic processes have preempted its time development. A gen-
sensitivity to growth conditions and kinetic effects have to befralization from InP/GaP to InP/Ga, P islands, i.e., to
featured in a growth theory, including the possibility that theSystems with a different lattice mismatch, will be presented.
deposited material may migrate or segregate as witnessed in

the growth of quantum wel** and self-organized Il. SURFACE ENERGY

islands>~37

While the predictions of the hybrid method for the equi- Asin the. case'of InAs we assume that thg relevant surface
librium shape of InAs/GaAs coherent islands have not beeféconstructions, i.e., those of lowest energies, correspond to
borne out so far in experiment, i.e., in the “window” of the low-index surface orientatiod10}, {100, {111}, and
growth condition assumed, the experimental characterizatiofil11}. The details of the calculation of surface energies by
of the three-dimensional islands in the InP/GalnP system, DFT are described in Refs. 28 and 30. We apply the local
briefly summarized in the next paragraph, seems to indicate @ensity approximation to the exchange-correlation energy
better chance for an equilibrium approach to be valid. Therefunctional and usab initio norm-conserving, fully separable
fore, InP/GalnP represents an excellent benchmark system pseudopotentials. The plane-wave expansion of the wave
show both the applicability of the hybrid method and thefunction has an energy cutoff of 10 Ry, and theummation
notion that the shape equilibration of coherent islands can baakes use of a uniform Monkhorst-Pack mesh with a density
achieved. equivalent to 64k points in the complete (X1) surface

The growth of InP/GalnP by metal-organic vapor phaseBrillouin zone of the(100) surface. We neglect the correc-
epitaxy (MOVPE) has consistently yielded uncovered tion of the surface energies due to strain, as, for the InAs/
islandg’ that are significantly larger~45x 60 nn?) than  GaAs islands, we found it to be small and not affecting our
their counterparts in INAs/GaAs<(12x 12 nn?) grown by  conclusions concerning the island shape and staBflity.
molecular beam epitax¢yMBE). Transmission electron mi- The surface atomic structures for different surface orien-
croscopy(TEM) and atomic force microscopyAFM) have tations are shown in Fig. 1. The corresponding surface ener-
yielded strong evidence that they have facets of low Millergies as a function of the phosphorus chemical potential are
indices only*®3° rather reminiscent of the previous predic- shown in Fig. 2, where the left and right vertical dashed lines
tion for InAs/GaAs. They are stable against anneafihgf ~ mark the limits for In- and P-rich environments, respectively.
several minutes at the growth temperature of 580 °C, andhey are characterized by the coexistence of the InP surface
their morphology has been reported to remain unchangewith either an In o a P bulk phase. Since epitaxial growth
after overgrowth with capping materifl Although for these  takes place mostly in a P-rich environment, we list in Table
materials there is a lack of specific observations of segregd-the surface energies of the stable reconstructions for the
tion inside the islands and diffusion between the islands andhemical potentiajp= 2" —0.1 eV. It will be shown in
the barrier, it is probable that both take place. To what extenBec. Ill that the experimentally observed coherent islands are
they affect the shape and size of InP/GaP islands remains feest compared with the theoretical results at this chemical
be determined. It is also becoming clear that the spectrogotential.
copy of the islands depends not only on the volume but also There are a great deal of similarities between InP and
significantly on the strain distribution inside the islands, andnAs surfaces in equilibriufi?***°and some interesting dif-
the latter is greatly influenced by the shape of the isldh#%. ferences. Both thél10) and(111) surface energies are inde-
The results for InP/GalnP complement those for INnAs/GaAspendent of the phosphorus chemical potential. Th& {}

e.g., growth of quantum wells on InP islarffsgrowth  relaxed cleavage surface and the stoichiometric In vacancy
characteristic$®**~*’ photoluminescenc&*+48-5! gptical ~ structure are the stable reconstructions for &0 and
gain and lasing? InP islands used as stressors to induce(111) orientations, respectively. The surface energies are 55
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FIG. 1. Atomic structure models for the different InP surfaces, .
top and side views. Filled and open circles denote In and P atoms, FIG- 2. InP surface energies of @10, (100, (111), and

L I

respectively. (111) surface orientations as a function of the phosphorous chemi-
cal potential. The thick lines highlight the calculated surface ener-

and 62 meV/R. These are to be compared with those ofgies of the reconstructions of lowest total energy.

InAs of 41 and 42 meV/A The cleavage surfaces of the

(110 orientation in InP have been observed experimentally The (100 reconstructed surfaces of InP and InAs had

using low-energy electron diffracti6h(LEED) and for both been gene_rally assumed to be similar, too. However, recent

InP and InAs using low-energy positron diffractiha DFT DFT stud_les and experimental (_)bser\_/atlons by several

study of InR110 surface has also been carried Btive  9roups using low-energy electron diffractinEED), reflec-

find the equilibrium structure of th&m surfaces to be the tion anisotropy SpPectrosCofiRAS), soft x-ray photoelectron

— . i . spectroscopy(SXPS, and scanning tunneling microscopy
same as for InAs. On the (1) surface in P-rich environ- g1\ have yielded evidence that there is a qualitative dif-
ment, the P-trimer reconstruction is preferred,

, , red, i.e., Withintarence between the atomic structure of the InP and the
some interval near the right-hand dashed line in Fig. 2. Ajnag(100) surface€4%8In a very P-rich environment, i.e., at
mp=up'“~0.1 eV the InP (11) surface energy is ., rather close tqu'%, DFT predicts thec(4X4) recon-

44 meV/A? compared to 36 meV/Afor InAs. An In-rich  struction to be more stable than tj2(2x 4) reconstruc-
reconstruction of the (11) surface might come under con- tion, which is not the case for InAs. For InP in moderately
sideration. However, we are not aware of any experimentaP-rich and InAs in As-rich environmentg2(2x4) is the
observation of an In-rich reconstructi6h. common stable reconstruction. Notably, in an In-rich envi-
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TABLE |. The relaxed surface reconstructions of InP jog strate of thickness equal to 24 nm. Thus our FEM calcula-
=up™~0.1 eV, and surface energies. tions basically simulate isolated islands. The elastic energy
E'® changes by less than 1%, the adopted accuracy of the

Orientation Reconstruction Surface LMY FEM calculations, when the island separation is increased by
(meV/A?%) an unit of the island base length. The error induced by the

(110 cleavage 55 finite thickness of the substrate has been estimated by com-
(100) B2(2% 4) 62 paring the elastic energies calculated with two different
(112 (2x2) In vacancy 62 boundary conditions for the displacement fields at the bottom

(111) (2x2) P trimer 44 surface of the slab: the elastic energies calculated for an ei-

ther fixed or free bottom surface yield an upper and a lower
bound to the elastic energy for infinite thickn&84sor our
ronment InP displays a mixed dimer reconstruction, in Con_choice of the substrate thickness the difference between both
trast to thea(2x 4) reconstruction for InAs. Howev;ar, for bounds is less than 1.5% of the absolute value of the elastic

the growth of strained islands in a moderately P-rich atmoENeray. This accuracy is sufficient for the comparison of the

sphere, it is still the832(2Xx 4) reconstruction that is selected \elsggl{[ia:tslt?\?gk:rhggiss $3§3|Zegeonne£;2§r V\{gn?atfc,urz;\elzv;accu-
as in InAs/GaAs, with the surface energy equal to ' y

62 meV/A2 compared to 44 meV/Afor InAs, ra_ltely t_he intergction energy between the islands the
simulation, the island and substrate surfaces are not sub-
jected to any boundary conditions, while periodic boundary
Ill. EQUILIBRIUM ISLAND SHAPES conditions are applied to the displacement field on the side
planes of the FE cell. In our FEM calculations BF'®* the
number of FE varies slightly, depending on the island’s
bounding surfaces. The number of FE is increased in the
areas where the deformation energy density is large until a
X 9% accuracy is achieved. In general, there are approximately
s calculated for the unstrained surface. The FEM7q00 FE in total, of which approximately 2000 are distrib-
calculations are performed for uncapped islands without Qe in the island. For volume-conserving truncated islands,

wetting layer as in Refs. 29 and 30. For a square-based islanfle eastic energy can be approximated with sufficient accu-
bounded solely by the foyl01 surfaces, the length of the 50y from the untruncated value in a simple vidythe idea
base is chosen equal to 12.9 nm and the height to 6.5 nnﬁ

For a fixed volume of the islangr, equivalently, a fixed
number of atoms the equilibrium shape minimizes the total
energy of the systenE“? of Eq. (2), with respect to all

possible shapes. As explained above, the surface ener
Esurfacei

his d - h | h i H 41 ehind this approximation is that truncating the relaxed top
T IIS | etedrmllnesdt € %’0 grlne(; (;i_t remains unc ang?e 0(; @fortion of an uncapped island should leave Big2* of the
calculated islands. The island dimensions vary only modefigianq nearly unchanged and the remaining volume is renor-

ately for truncated islands bounded by the other IOW'inde)?nalized to maintain volume conservation. The approxima-

surfacehplanes v(\j/e hhave mcludgdl n tg's study. ¢ tion is more accurate the less strained material is contained in
We have used the commercial prodwaiRc (Ref. 67 to the truncated portion. In our present study, we concentrate on

perform the finite-element simulations. One notable featurg,,, aieq jslands that do not violate this approximation.
of all commercial products is that the preferred finite element 1,4 anisotropy of the surface energy driving the forma-

(FE? is an eight-node hexahedron or three—dimgnsional_ arbigon of particular crystal facets is an essential aspect of our
trarily distorted cube. It has been shown that it is superior toapproacﬂ.o We have investigated island shapes which are
the.simple tetrahedron in terms of fast convergence and co younded by the low-Miller-index surfaces described in Sec.
puting speed. We have also adopted this class of FE for alj ‘tpe collection of shapes we have considered is the same
our calculations, with the understanding that corners of theq i, the study of the InAs islands® The island base has

hexahedron can merge to form wedge-shaped or pyramigpe rientation(001) and the top of the island may be trun-

shaped elements. . . .
ted b [ f th tat Fig. 6 of Ref.
We have taken InP to be the island and GaP to be thcal ed by a plane of the same orientatisse Fig. 6 of Re

substrate material. The corresponding experimental lattice

constants and elastic modiliare listed n Tabl§ Il The " summarized in a scale-invariant manier isolated islands
lattice mismatch is a:=(agap—amp)/ainp= —7.1%. Al- ;1 Fig. 3, where the ordinate=EsU°9\/2%3 and abscissg

lthough Ithi?, rT:istrEatch i_sl_ qlgite Lﬁrgel’ WF restgc':_(:urse!l\_/ ek?l Q. grelayy \We have taken the surface energies at the phos-
inear elasticity theory. Taking the elastic moduli from Table 1\ chemical potentialip= £~ 0.1 eV. The solid

g{r;?r?egelj%g?rﬂolas ?i?r;gérgg:]:gttg%l%mfng{/;ge biaxially symbols denote untrunpated isIand; for v_vhich full FE.caIcu—
The islands are placed 80 nm apart- and reside on a Su%)f}tlons hgve been carried out. Starting vv_lth a data pomt of a
' eaked island, as the relaxed top portion of the island is
incrementally sliced off and the size of the remaining island
is increased to maintain volume conservation, the strain en-
ergy of the island increases. This is directly related to the
increase of=E"®®/V in Fig. 3. Hence the data points move
towards the top left corner of Fig. 3 as the islands become
InP 5.87 102 58 46 flatter. Qualitatively these results are similar to those of
GaP 5.45 141 63 72 INAs/GaAs?®® We find that a square-based island with
{101} facets only(solid square in Fig. Bhas a larger bulk

The results of energy evaluated according to &j.are

TABLE I1l. The experimental lattice constants and elastic
moduli ¢44,C15, andcy, of InP and GaP.

a A ¢y, (GPa) ¢, (GPa) 44 (GPa)
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FIG. 3. The relaxation energy per unit volurE&#'®/V versus % 4000 atoms 15000 atoms 30000 atoms

Eeuri2egV2 for InP islands Square square-based island with four £ 4 The equilibrium shapes of coherent strained InP islands
{103 facets.Dlamond square—baseFi island with tWall and tWo o three different volumes and two different chemical potentials.
{111} facets.Triangles up huts with two {11} and two{111}  The unstrained volumes in ascending order are approximately
facets.Triangles downsquare-basefll01} island with{111} trun-  1x10° A%, 4x10° A% 8x10° A%,

cated edgesDots islands with four{101}, two {111}, and two

{111} facets. The dashed line is the line of constant total energydislocations appear)One should note in addition the im-
Ereie- geurece- const that selects the equilibrium shape for the vol- pjieq assumption that as larger islands are selected, the is-
umeV=4x10" A®. lands remain noninteracting.

. . . We display in Fig. 4 examples of equilibrium shapes for
deformation energy than a square-based island with tWenree different island volumes. They illustrate nicely that for
{111 and two{111} facets(rhombug. The latter has steeper a smaller volume a relatively larger amount of material is
side facets which allow a more efficient stress relaxationtruncated from the top of the island. Additionally, we can
The line that emanates from each of the solid symbols joinglso inspect the difference in shapes due to a variation of the

up the small dots for whicE"™*was derived from the ana- chemical potential: Thé111} facet, which is favored in a

island. For a given volumé&, islands with the same total :Mgulk_ 0.1 eV than forup= Mgulk_ 0.2 eV. The equilib-

energyE'*? lie on the straight line rium shapes shown in Fig. 4 have many similarities with the
experimentally observed islandfs® in particular all ob-
served facets are well accounted for by our theory. Note that
the experiments have been carried out for InP/GalnP instead
of InP/GaP; thus the experimental and theoretical lattice mis-
plotted as a dashed line in Fig. @ote that the edge ener- match differ by nearly a factor of two. However, this can be
giesE®%%have been neglectadt is clear from Eq.(2) that  taken care of by a simple rescaling of the island volumes.
the volume of the islan¥ is related to the negative slope of ~ The experimental data on the growth of InP islands
the line. For a given volum¥, the equilibrium shape of the mostly involve InP grown on GalnP lattice-matched to a
island is determined by the first point of contact from belowGaAs substrat&?%*44=%3n the cases where InP islands were
of the straight line, Eq(2), with the calculated island-energy used as stressors of quantum wells, they were grown on
curves. GaAs. In all these cases the lattice-mismatch amounts to
For a given island shap&™® and ES""®scale likeV ~ about—3.7%. TEM and AFM have been used to character-
andV23, respectively. This means that the data in Fig. 3 ardze the coherent strained InP islands and their lateral sizes are
invariant against a change of the volume of all islands by théisually found to be roughly 40 nm60 nm and the height
same factor. However, the slope of the straight line, y.  between 15 nm and 20 nm. In our study we have assumed a
changes, and hence a different equilibrium shape will be s€aaP substrate with a lattice mismatch-o¥.1%. Therefore,
lected. By inspection, the results of Fig. 3 indicate that forour data have to be rescaled before comparing our equilib-
largerV, i.e., smaller negative slope, untruncated islands aréum shapes with the experimental observations. The equilib-
most likely to be selected, while smallgrfavors truncated rium shape at a given volumé and lattice mismatch is
islands as equilibrium shape. The interplay BF® and  calculated by minimizing the total ener@y®®(«,V, 1) with
Esuracein Eq. (2), and how their relative weightings change respect to the island shapeAs above, we omit the contri-
as a function of the island volume have been discussed arfeution from the edge energy and the renormalization of the
supported by explicit calculations in Ref. 29. Figure 3 servesurface energy due to the strain, and make use of the scaling
as a compact way of encapsulating the result for the equilibbehavior of the elastic energg™® and surface energy
rium shape of a noninteracting island of arbitrary volume, ES""
provided that the volume (or the number of atoms) of the
island is not too small to invalidate our hybrid ansatz, Eq. | ol 5
(2), or too large such that the island is no longer coherent E®*a,V,1)=E5 () a®V, ©)

Etotal Erelax Esurface

_ —1/3y, —
VAR VR vat A 3= const, (2)
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Esurface(VJ):EgUffaCﬂ)VZB, (4)  tion of the surface energy of approximately 20 % for the

rela surfac _ facets with(101) and (111) orientations, and 40 % for the
whereEg™{(1) andEg"™*“(1) are constants of proportional- ¢, with(111) orientation would be necessary. For the case
ity that depend only on the shape. The total energy of theyt |nas/GaAs, the renormalization amounted to at most 11
equilibrium island follows from %3973 Therefore, it seems reasonable to argue that Ostwald
total 5 . rrela surfac oy -1 ripening is also the fate of the InP islands. Furthermore, a
E™aV)=a lem[EO ) +EG T a2V, majority of the InP islands are grown on GalnP substrates
(5) whose lattice mismatch is about 50% smaller than in the
. ) ) InP/GaP system. This further diminishes the importance of
Therefore the optimum island shape is the same for volumege renormalization of the surface energy due to the strain
V.V’ and lattice mismatches,a’, respectively, provided fie|d. Altogether this discussion seems to indicate that we are
that the relation outside the parameter range for which arrays of stable islands
Q23— 412y 18 ©) ]E)ccur. It is Worth_notinglgthat the paramgﬁﬁarcggnge that con-
orms to Shchukinet al.™® implies thatE in Eq. (2)
holds. This simple relation will be altered, however, if the changes sign due to stress, i.e., one has the unusual situation
different elastic moduli for GaP and GalnP are taken intothat the total energy is lowered by creating new surfaces.
account. According to Ed6), for a reduced lattice mismatch Furthermore, the Shchukiet al. model includes edge ener-
of a’=—3.7%, the equilibrium island shapes displayed ingies and island-island interaction to prevent the islands from
Fig. 4 correspond to the enlarged volumeg =5 coalescing. In comparison, the approach of Ref. 74 to tackle
x10° A3, 2x10" A3, and 4<10" AZ3. The volume of the the islands has a much less restrictive ansatz and the agree-
islands observed in Refs. 38 and 39 ranges from gnent with experiments is encouraging.
x10° A3to2x10" A3. Inview of all the uncertainties, the
agreement between the observed and calculated island IV. SUMMARY AND CONCLUSION

shapes and volumes are quite reasonable. Note that the inter- . . .
diffusion of In and Ga from the InP island and GalnP sub- e have applied a hybrid method to calculate the equi-

strate would decrease the assumed lattice mismatch Oﬂibrium shape of large uncapped isolated cohere_nt strained
—3.7%, hence further increasing the scaled volumes accor slands of InP on a GalnP substrate. Our theoretical results
ing to Eqg. (6), and would also alter the effective elastic for InP/GainP have muc_h n common_wnh our prévious f'r!d'
moduli of the island and barrier materials. Although this9S for INAs/GaAs, while the experimentally observed is-

topic has yet to be explored in these materials, there is cleé?nds for the two different mate_na_lcombmanons look quite
evidencéljz for In and Ga interdiffusion in the growth of different. The dominance of thE.ll} InP facets relative to
In,Ga, _,As islands embedded in GaAs. the {101 and {111} facets in a P-rich atmosphere is analo-
Finally we briefly turn to the question of the long-time- gous to the larg¢111} InAs facets occurring under As-rich
scale evolution of an ensemble of islands. In the theory ofonditions?® For InP the dominance is even more pro-
Shchukinet al,'® a combination of material parameters de- nounced, which leads to a noticeable difference between the
termines whether thermodynamic equilibration drives theequilibrium island shapes. In the case of InAs the modifica-
system towards a stable array of islands or whether Ostwaltion of the surface energies by surface stress enhances this
ripening occurs. A stable array would ariseFif™°¢in Eq.  dominance furthet® One could expect this to be true also for
(2) is modified by the surface strain in such a way that itInP, although explicit calculations of the surface stress have
changes sign. Making use of our quantitative surface enemot been carried out.
gies, we can estimate, whether this condition is likely to be Our results for InP/GalnP are in qualitative agreement

fulfilled or not in the case of InP. with experiments, in that all the observed facets are ac-
The change in surface ener@'"™¢is given by a sum counted for by our theory. Quantitatively, the width-to-
over all facets of the island: length ratio of 1.4 is well reproduced. We take this as an

ncets ncets _ encouraging eyidence t.hat the coherent InP islands most of-

surface. i i basexbase. xbase v basd i ten observed in experiments are close to local thermody-
E = EI YA - yPRAPEEA 2. cosd - v namic equilibrium. Moreover, this agreement further cor-

roborates the validity of our theoretical approach, i.e., if it is
(7) the eauilibri . ! '
. quilibrium shape we are interested in, our method pro
whereAPand A" denote the areas of the base anditie  vides a reliable answer—and this should also be true for
facet on the surface of the island, respectivélyis the angle  InAs/GaAs.
between theth facet and the substrate surface, ahis the However, the experimental islands shapes do not agree
ratio of A" projected onto the base a#d®® The y' are the  with the equilibrium island shapes for InAs/GaAs as we find
surface energies from Table I. Each term within the summafor InP/GalnP. In view of the distinct variety of observed
tion of Eq.(7) is positive, and hencEs""@¢js positive. This  InAs island shapes, this discrepancy points towards the im-
has the consequence that, for a fixed equilibrium islangortance of kinetic effects as the missing ingredient of a
shape, the volume derivative of E) is always negative, more comprehensive theory for those islands. This ought to
i.e., the total energy per unit volume decreases as the volumeclude a description of interdiffusion as exemplified by em-
increases, thus favoring larger and larger islands, leading tpirical evidence"?
Ostwald ripening. To change the sign of the respective indi- We find that the contribution of the surface energies to the
vidual contribution to Eq(7), a strain-induced renormaliza- total energy of an InP island is positive, and it seems un-
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likely that the sign of this contribution would change by nm grown on AIN substrate and capped by AfNThis wide
surface stress. Thus our results favor Ostwald ripening of thband-gap material is at present intensely studied because of
islands(as opposed to the creation of a thermodynamicallyits capability in blue light emission.
stable array of islandsHowever, for fixed nucleation points,
i.e., island density, the island volume is driven by the equi-
librium of the islands and the wetting lay&f.

Finally, we briefly note that our approach can be applied
to other materials. There has been recent report of self- This work was supported in part by the Sfb 296 of the
assembled GaN islands of base diameter 17 nm and height@eutsche Forschungsgemeinschaft.
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