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Effect of strain on surface diffusion in semiconductor heteroepitaxy
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We present a first-principles analysis of the strain renormalization of the cation diffusivity on théBaAs
surface. For the example of In/GaAs(00d(4 X 4) it is shown that the binding of In is increased when the
substrate lattice is expanded. The diffusion barddt(s) has a nonmonotonic strain dependence with a
maximum at compressive strain values<{0), while being a decreasing function for any tensile strain (
>0) studied. We discuss the consequences of spatial variations of both the binding energy and the diffusion
barrier of an adatom caused by the strain field around a heteroepitaxial island. For a simplified geometry, we
evaluate the speed of growth of two coherently strained islands on the(@Asurface and identify a growth
regime where island sizes tend to equalize during growth due to the strain dependence of surface diffusion.
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[. INTRODUCTION strain. A suppressive effect of strain on diffusion could slow

In recent years, the heteroepitaxial growth of lattice-down the growth of larger islands. Second, in the growth of
mismatched semiconductor systems has attracted substanttl) stacked arrays of QDs, the buried islands act as stressors
interest. For a number of systerfesg., Ge/Si, INAs/GaAsit  causing tensile strain on the capping layer in the regions
could be shown that under appropriate experimental condiabove thent®'’Again, this may affect the growth kinetics of
tions the deposited material forms elastically strainedthe next layer of islands to be formed on the capping layer.
dislocation-freg/coherent three-dimensional3D) islands™?>  Thus, in different stages of growth of a nanostructure, differ-
In addition, these islands often show a rather narrow sizent regimes of strain may come into focus.
distribution, in particular in the higher layers of a stacked 3D From the limited published data about strain effects on
array of islands obtained from repeated deposition of hetdiffusion, it appears surprising that compressive surface
eroepitaxial films separated by spacer layers. This feature &train could lead to a self-limiting effect on the island
essential for the usefulness of these nanostructures as quagrewth. First-principles calculations for diffusion on close-
tum dots(QDs) and for their envisaged application in future packed metal surfaces, in particular AgiAgl), Ref. 18,
optoelectronic deviceSConsiderable theoretical efforts have have demonstrated that compressive strain increases the ada-
been made in order to rationalize the observed regularities itom diffusivity by reducing the diffusion barrier. Schroeder
island sizes and ordering. Some approaches have attemptadd Wolf® have extended this finding to diffusion ¢@02)
to describe the islands as equilibrium structdfésAs an  surfaces of simple cubic, fcc, and bcc lattices. Recent mo-
alternative explanation, the role kineticsfor the growth of  lecular dynamicgMD) simulations using empirical poten-
heteroepitaxial islands has been emphasizett.is possible  tials showed the same trend for Ga, In, and As adatom dif-
that intrinsic features of the kinetics of the growth processusion on a (2 1)-reconstructed GaA801) surface?°
give rise to regular structures. For instance, self-limiting ef-These results also comply with an earlier study of Ga kinet-
fects in strained island growth could result in a preferredics on the strained GaA801) surface!* A different strain
island size, either due to a limitation in material supiSlgr ~ dependence of diffusion was found, however, for Si
due to nucleation barriers in the growth of the islands’ sideadatomi**? and dimef® diffusion on the Si001) surface,
facets'! This perspective motivated an intense theoretical efwhere tensile strain leads to an overall decrease in the diffu-
fort towards better understanding the underlying microscopision barriers. Yet, the majorities of the theoretical studies on
processes in molecular beam epitaxy, e.g., deposition, diffusemiconductor systems provide only scarce quantitative in-
sion, and nucleation. First-principles calculations have alformation about the influence of strain on the diffusion pro-
ready been applied to study different aspects of cation diffucess.
sion on unstrained compound semiconductor surf&cEs. The aim of this article is twofold. First, we report the
Up to now, however, the impact of strain on the diffusionresults of density-functional theorfDFT) calculations for
process still remains elusive, although attempts to make itthe tracer diffusiof? of a single In adatom on a GaAs sur-
effect clearer date back to the last dec&te. faces. In particular, we investigate the strain dependence of

We illustrate the importance of strain for typical het- diffusion in order to clarify the issues raised above concern-
eroepitaxial systemée.g., Ge/Si, InAs/GaAsfor two situa-  ing heteroepitaxy of a strained system. This problem can be
tions: First, during growth of free-standing heteroepitaxialviewed as a 2D analog to the effect of pressure on diffusion
islands, the islands themselves are under compressive strain, bulk materials* In a second part, we discuss the impact
whereas the substrate beneath the island is expanded. Athese findings for growth for two typical situations; nucle-
consequence of this expansion, the substrate sudiamend  ation on a strained capping layer for low In concentrations,
an island is under compressive strasee, e.g., Ref. 25 and diffusion-limited growth of quasi-one-dimensional is-
Supply of further material to the growing island is governedlands. While these topics have been discussed in the litera-

by diffusion through this ring-shaped area of compressivéure in the context of thermochemical diffusiét;?21%%ur
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e[V R growth of strained InAs islands on GaAs. Finally, a summary
-

and discussion of the results is presented in Sec. V.

Il. COMPUTATIONAL DETAILS

DFT calculations have proven to be an efficient tool to
explore the elementary processes of crystal grois#e, for
example, Ruggerone, Ratsch and Schefflein the setting
employed heré?® the substrate is modeled by a slab, repre-
senting the topmost seven atomic layers of the
GaAs(001)e(4x4) surface, the bottom layer of which was
passivated by pseudohydrogen atoms. A plane-wave basis set
with E. =10 Ry energy cutoff was used in conjunction
with ab initio pseudopotentia?é and the Perdew-Burke-
Ernzerhof generalized gradient approximatfom the ex-
change and correlation was employed throughout this study.
The integration over the surface Brillouin zof®B2) was
L (T10] performed using a Monckhorst-Pack set with two spekial

(b) (©) points, [(3,0,0),(03,0)], equivalent to 64k points in the

i irreducible part of the X1 SBZ. Thus, th& mesh conforms
FIG. 1. (a) Potential-energy landscape for an In adatom on theWith the one previously used for theB2(2x4)

GaAd001)-c(4%x 4) surface. The adatom is relaxedrfr@ A above reconstructiort2
the surface. Contour-line spacing is 0.1 eV; atomic positions in the Itis commoh ractice. when addressing adatom diffusion
clean surface unit cell are indicated for atoms in the upper 4 Iayer%0 map out the rglevant ,potential-energy gurfa):that con- '

(As: empty circles; Ga: filled circlesside views shown in panel . | inf . b he diffusi K|
(b), wherea, is the bulk GaAs lattice constant. The dashed squareéa'ns complete information about the diffusion process. Kley,

show the surface unit cellc) Sketch of the 2D network of sites Ruggeron'e, arjd Schgfﬁérhave recently argued. that the
used in the random walk formalistfour unit cells are depicted ~ adatom-dimer interaction on the G&A61) surface is a cru-
cial factor for the proper determination of the PES. In order

) o o ) to set the stage for introducing strain into the problem, we
focus will bg on ak|net|c_descr|pt|on inspired by the results pave scanned the potential-energy landscape seen by the In
of our atomistic calculations. adatom, by relaxing the latter along the surface normal, plac-

For a systematic first-principles investigation of the effecting it |aterally over a set of equidistant grid points in the
of strain on the diffusivity of an In adatom, we decided t0 (0031) plane and allowing the topmost six slab layers to freely
use the GaAs(0013¢4x 4) surfacé’ as a specific example. rejax. As a reference for calculating the binding energy of the
On top of a complete As surface layer, thgdX4) recon-  adatom we have used the sum of the total energy of the
struction has rows of As dimers running in thE10] direc-  (properly strainefl bare surface and the energy of a free,
tion, with units of three As dimers interrupted by a dimer spin-polarized In atori® Geometries were considered con-
vacancy(see Fig. 1 beloy We have chosen this reconstruc- verged when all residual forces were smaller than 0.025
tion because it forms the substrate for the initial stages oéV/A .

InAs deposition for temperaturéb<500 °C (see Ref. 30 The adatom-dimer interaction poses a multidimensional
For very arsenic-rich growth conditions, In deposition is ex-problem, since not only the adatom itself, but also all degrees
pected to lead to direct formation of 3D InAs islands, as ha®f freedom of the surface atoms are involved in this pro-
been shown by previous calculatioftsThus, we can use this cesses. Therefore, even a full relaxation starting from an ada-
system to study both the diffusion of the first In atoms on atom above the surface may only lead to a local minimum,
strained substrat@e.g., a capping layer with buried islands while other minima may exist that can only be reached from
as well as diffusion in the vicinity of an InAs island on the different starting configurations. Test calculations showed
surface. We note, however, that the commonly used growtkhat the adatom-surface distance and the As-As distance in
conditions to fabricate quantum dots involve formation of athe dimer are most important, and the 2D configurational
InAs wetting layer with reconstructions different from the space defined by these coordinates is suitable to image the
c(4x4). Diffusion of In on this wetting layer will be ad- In-surface dimer interaction. Towards this end a special con-
dressed in a future publication. strained relaxation was carried out allowing the In adatom

In Sec. Il we outline the underlying computational and the central As dimer beneath it to be moved as a rigid
method. The mapping of the potential-energy surfd®€S  unit (see the inset in Fig. 3 belowThe relative position of
for In diffusion on the unstrained GaAs(00&f4x4) sur- these three atoms defines a point in a 2D slice through the
face is presented in Sec. lll A. In Sec. Il B we discuss incorresponding multidimensional energy hypersurface. Per-
great detail the In adatom interaction with the surface Adorming the constrained relaxation, we succeeded in map-
dimers. The effect of strain is then addressed in Sec. Ill Cping out the 2D PES governing the In-surface interaction in
All microscopic results are critically examined in Sec. IV in a point-by-point fashion. Further details will be given in
order to assess possible morphological consequences for tiec. 11l B.
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TABLE I. Binding energyEy, (eV) of an In adatom at the sites  whereE is the(statig total energy of the system, read off the

on the GaAs(001)(4x 4) surface, denoted in Fig. 1. For compari- PES in Fig. 1. The prefactd?%?) has the form,
son, E, of a Ga adatom at the same sites are read off the corre-

sponding potential-energy map calculated by LePeigal. in Ref. 1 kgT
13 using the local-density approximation. Fg?)=z TGXF( —AU,jp/kgT+AS,p/kg),  (3)
Site where AU,;, and AS,;, are, respectively, the associated
A Az T LE Ts Ty changes in the vibrational energy and entraplf’ is tem-
In 2921 —154 —156 —144 —127 —117 perature independent within the classical harmonic approxi-

Ga -304 -220 -254 -210 -200 -1g0  ™maton. . :
In a simplified picture, the In adatom migrates by a ran-

dom walk on a 2D square lattice defined by thesites, Fig.

The strain field at a step or island edge varies slowly onl(c). However, we account for hops between them via both
the scale of the lattice constant. Therefore we can treat thg, and T,-A,-T, with ratesI';; andT'1;, respectively. In-
inhomogeneously strained surface by performing DFT calcudeed, once the In adatom has reachedAhsite it needs to
lations with a locally adjusted lattice parameter. Accordingly,overcome a barrigE(T,) — E(A,) of only 0.1 eV in order to
to investigate the influence of strain on surface diffusion, themove towards a neighboring; site. As E(T,)—E(A,)
lateral lattice constard was uniformly changed in the range <2k,T for typical growth temperatures, the adatom is un-
of 8% around its valuey, calculated for the unstrained |ikely to equilibrate at the shallow weh, before it escapes.

material, thus defining the isotropic surface strain tensor < it is justified to use a single rafa_l for the whole path
Eqp= €045, With e=alag—1, 5,5 being the Kronecker T-A.-T

delta, .relaxing ag_ain. the system as already explained and’® Ef?ectzive diffusion coefficients can now be extracted by
recording the In binding energy for the relevant sites on th pplying the continuous-time random walkCTRW)

PES. Itis important to note that any change of the Supercef - ic1239Th s it is easily worked out that the diffusion
volumeV is accompanied by a change in the quality of the

plane-wave basis set. To account for this effect we have cof€"SOr in Cartesian coordinates|{110], y|[110] ) reads
rected the calculated total energy of the supercell

Etot(Ecut,V) 3;;lccording to the scaling hypothesis by Rig- D .= Duig O >=4a2 I'y+4ary 0 ) @
naneseet al. p 0  Dpig 0 I
[l. INDIUM DIFFUSION ON GaAs (001)-c(4X4) The factor 4 in front 011"“11 is partly due to the fact that there

exist two equivalentT,-A,-T, paths across the block of
three dimers. Another factor 2 enters because the In adatom
The mapping procedure resulted in the PES shown in Figiravels in[ 110] direction/2-times longer distance to reach a
1 and the binding energies of the In adatom at the adsorptioneighboringA; site than along the path crossing the saddle
sites A;) and saddle pointsT{) are given in Table |. The In  T,. Equation(4) thus implies that an isolated In adatom mi-
adatom, like Ga/GaA801)-c(4x4) (cf. Ref. 13 and Table grates slightly faster irf110] direction, across the dimer
I), preferentially adsorbs at the fourfold coordinated hoIIoerWS, than along the dimer rows [rflO] direction, with
site A; (the missing dimer positionwhere it interacts with . . =
the d;n(gling bondg of the specon%nlayer As atoms. Two othe?ISOIOPY 1atioD110)/Dirigp=1+41'4,/T'y;. The related
very shallow minimaA, are located in between the center diffusion barriers, entering the ratd%;, andI';; are AE
and the two edge dimers. Jumps between the adsorption sites0.65 eV andAE=0.8 eV/[cf. Fig. 1(a), and Table ].AOne

occur thrOL_Jgh four sy_mmetw-mequwalent saddle pomnts gets a rough estimate for the contribution of tA@<—2>A1
with T, being lowest in energy.

Within transition-state theor§f the hopping rate between channel by assuming that? andT'{9 differ inessentially.
sitesA; andA;, crossing saddle poiri,, is given by the Thus, e.g., al =450 °C, Dy110)/Dy110) would exceed unity
ratio of the partition functions of the system with the adatomPy about 50%. At sufficiently low temperatures, however,
at the equilibrium siteZ,=Z(A,), and at the saddle point, ©ne should includé\, in the 2D network of sites and con-

A. Potential-energy surface

Z=2Z(T)), sider branching of the diffusion pathways towards neighbor-
ing Ay or A, sites. Although an analytic result f@,; can
1 kgT Z, still be derived in this case within the CTRW formalism, the
o 7 Z oy expressions are rather cumbersome and one has to seek for

simplifications requiring knowledge of dll;; rates.
wheret: is the Planck’s constant. In the conventional case of In comparison to the results by LePageal!® (Table |
an elastically relaxed surface the Helmholtz free endfgy for Ga/GaAs(001)(4x4), In appears to diffuse on a less-
= —kgTInZ is the proper thermodynamic potential. Equationcorrugated PES. Thus, for example, at thesite, being the

1 can be cast into the well-known Arrhenius form most stable for both In and Ga, the In adatom is9.8 eV
) less bound than Ga. Furthermore, ti{d X 4) PES provides
Lyi=T%exp{—[E(TW) —E(A)1/ksT}, (2 two additional adsorption sites for Ga as compared to In:
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between the edge dimer¥{in Fig. 1) as well as in between 0.5
A; and the center dimer alofd10] (cf. Fig. 2 of Ref. 13. [ ____
At the T, site, which is a stable adsorption site for Ga, the i
latter is by 1.0 eV more strongly bound than In. These dif- :
ferences can be easily rationalized in terms of the differences ¥ F----
in the cation-As bond strength in the corresponding binary Y R
compounds(GaAs,InAg and the larger ionic radiuR,, of m“ ’
indium#° we note however that part of the differences is to N "
be attributed to the use of the local-density approximation in -1 _‘__fyg%g\__%__q‘g&)
Ref. 13. The cohesive energy per cation-As pair is lowest for S
InAs (EM$=6.20 eV) as compared to GaAsE{:S — [T77C
=6.52 eV) and AlAs E24°=7.56 eV), see, e.g., Ref. 41. -15 f
The barriers for diffusion of group-lll cations on the GaAs 0

surface follow the trend given by the binding energies, as has Z1n (A)

been also observed in a first-principles study of Ga and Al

diffusion on the GaA@O01)-52(2x 4) surface-? FIG. 2. Binding energy of an In adatom interacting with the
' center As dimer as a function of tzecoordinate of the adatoi, .

The latter is measured from tlzecoordinate of the center dimer for
the bare surface. Arrows indicate the order in which the calculations
were performed: adsorptiortY) and desorption ¢ ).

B. Interaction of indium with As-As bonds

Since thec(4X4) reconstruction represents d@gouble
layer of arsenic, of which the top As atoms form As dimers
(Fig. 1), the incorporation of In into the cation sublatticef
requires the topmost arsenic layer to be eventually replace

by In atoms. One obvious way how this incorporation couldCoordinate of the adatom and the As-As midpoint are held

Ioncgé;'tsogy Iigl:tg:guﬁgfahritgz_cﬁr? bgfng:t'erlser?g;(t'o?t \i';'tt::rlf_ixed while relaxing the remaining coordinates of the system.
. ' 9 priaxy, As a result, it becomes evident that the adatom, approaching
fore important to study such processes. Furthermore, Kle

Ruggerone, and Schefftér have pointed out for Ga/ ﬁ’qe dm;)er, dfwgt .goesl throtught a t?'nz'rglémAEfb Fv_wth 3tg)e
GaAdq001)-B2(2x 4) that the adatom interaction with the imer bond being almost intactd 2. ). Fig. '
surface As dimers has important consequences for the cation

diffusivity, since the broken As-As bond provides a very (b) g (©)
stable adsorption site for Ga. The underlying mechanism has / @ ‘
been identified to be the replacement of the rather weak sur- N4 \ 7 //_\\\.
face As-As dimer bond by stronger cation-As bonds, cf. Ref. @ /f /\@f N
12. For a valid description of In diffusion by the PES shown \ / \1’@ ~ @=
in Fig. 1, we therefore have to check if reaction of In with W \\_// \0,//
the As-As bonds can lead to more stable binding sites for In
than the minima of the PES.

We first sampleE,, as a function of the adatom height,
above theT, site, see Fig. 2. We perform a series of calcu-
lations for various values of;,, where in each calculation
the adatom is kept fixed, while the substrate is allowed to
freely relax. In subsequent calculations of the series, the ge-
ometry of the substrate atoms from the previous calculation
is used as input. We find that the outcome of such a series of
calculations depends on the initial geometry. While a set of
data points modeling adsorption, starting frafp,=3 A
above the closed dimer, shows an energy minimunZ at
=2.7 A, a series of calculations for desorption, starting
from an adatom incorporated in between the As dimer atoms
at Z,=0.5 A, finds a minimum atZ,=1.3 A. Both
minima have nearly the same depiy~—1.2 eV. The cor-
responding bonding configurations and total valence electron g 3. (a) Binding energy of an In adatom interacting with the
densities are shown in Figs(t8 and 3c). The discontinuity  center As dimer as a function of the As-As distantand the In
and hysteresis ik, seen in Fig. 2 due to the dimer opening height above the midpoint of the dim&,, as indicated in the
or closing indicates that the information gained from #¢  insets.(b) and(c): Bonding configuration and the valence electron
coordinate alone is insufficient for building up a completedensity in the plane containing the adatom and the dimer for the two
picture of the adatom-dimer interaction. deeper minima of,, .

Therefore we have subsequently imadggdin a 2D con-
igurational space including also the As-As distarteln
ese calculations, botd and the distance between tlze

Zn (R)
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FIG. 5. (a) Binding energyE,, as a function of strais for an In
adatom at thed; and T, sites;(b) diffusion barrierAE=E(T,)

_ _ _ ) _ —Eu(A;) as a function ofe. Full curves on both panels represent
FIG. 4. Different bonding configurations of an In adatom inter- |east-squares polynomial fits to the calculated points.

acting with the edge As dimer; atomic positions in the topmost two
atomic layers are showfin: shaded circle, As: empty circlega)
In adatom sitting above the closed edge dimer, similar to Rig. 3
(configuration corresponding to tHB; site). ¢ indicates the As-
In-As bond angle(b) In adatom splitting the dimer, similar to Fig.
3(c); (c) In adatom splitting the dimer back-bond.

tive in this section is to analyze the influence of surface
elastic strain on thé';; rate. A nonvanishing strain field in
the substrate results in a different equilibrium configuration
of the topmost atomic layers. Consequently, both the surface
phonon spectrum and the PES will experience changes af-
Upon further push towards the surface the In adatom splitfecting in turn both the frequency prefactor and activation
the dimer bond, overcoming a barrier 6f0.35 eV, and energy in the exponential in E¢R). The net effect of strain
stays shortly within theZ,, channel in a second shallower is thus determined by the interplay between the latter two
feature of the PES. The formation of directed In-As bondseffects. One may expect, however, that the dominant contri-
[see Fig. 8)] gives rise to a third minimum oE, at (Z;,  bution comes from variations in the diffusion barriaE
=1.3d=5.1A). _ . _ =Ep(T1)—Ep(A,), for it enters an exponential. This moti-

In a similar way, we analyze the adatom interaction withyated us to concentrate mainly on the strain renormalization
the edge dimers in the(4x4) unit cell, Fig. 4. Since the ot AE, but our approach allows for the influence I to

edge dimer has only one neighbor, the second-layer As atonyg, 5150 incorporated without detailed knowledge of its func-
are expected to relax more efficiently. Indeed, comparing;,,4 dependence on strain.

similar bonding configurations for the In atom at the center For each particular value of the In adatom is placed

d|m_er, Fig. 3c), and at the edgg d|n_1er, Flg(b}, we find above theA; andT, sites and the same relaxation scheme as
Ep=—1.3 eV for the latter, which is only slightly lower for mapping the PES, Sec. Il A, is applied to obtain the
than E,(T3). A third possibility, where In attacks the outer respective binding energsy(e). The calculated values are

backbond of an edge dimer, is shown in Fi¢c)4 This con- L : . .
figuration results m%b: —1.25 eV. @) shown in Fig. 5. Interestingly, we find thAtE(e) is a mono-

It is now clear that additional binding sites for In, related tonically decreasing function for any tensile strain>0)
to broken As-As bonds, are energetically higher than adsorggMPployed in the calculations, Fig(k5. To be specific, this
tion on the PES of Fig. 1, and are therefore not substantiallp€havior has its onset at3% compressive strain, where
populated in equilibrium. Thus, the mechanism operating irAE reaches a maximum of 0.68 eV. Applying larger com-
the case of Ga/GaAB01)-B2(2x4) is absent in the In/ Pressive strain Iead§ to a reduction &, with the AE(O)
GaAg001)-c(4x 4) system. Indeed, the more bulky In ada- value recovered again fer= —0.06. The nonmonotonic de-
tom with an ionic radiu® Ry, larger than that of Ga, when Pendence on strain can be rationalized by inspecting the
inserted into the As dimer, introduces substantial elastic disEs(¢) curves, given in Fig. @). While for e<0 E, at the
tortion of the dimer As backbonds that cannot be energetiddsorption siteA; follows a linear law with a slope of
cally compensated by the gain due to rehybridization. Note~ 3.8 €V, the binding energy at the saddle pdiptcontains,
that even in the case of an open dimer the In adatom residédthough small, nonlinear terms in strain which do not cancel
1.3 A above it, Fig. &), which implies an As-In-As bond in the evaluation ofAE. For an inhomogeneously strained
angle $=125°, while the Ga adatom is incorporated almostsample, the pronounced strain dependende,dbr boththe
collinearly with the two As atom¥ ¢=175°. In summary, adsorption site and the saddle point will introduce a position
our analysis justifies the use of a single P@E®. 1) for In  dependence oAE. This finding complies with none of the

diffusion in the CTRW formalism. two limiting scenarios of changes &E discussed in the
literature®® where only eitheE,(A;) or Ey(T,) contributes.

C. Effect of strain We would also like to emphasize that the commonly em-

loyed linearit§® for the strain dependence of the diffusion

The foregoing discussion allows us to single out the mai ) . Lo .
going T, g arrier S(AE(g)) is not justified in the case of

route for the adatom migratioms ;< A,. Hence, the objec- In/GaAs(001)e(4X4), as clearly seen from Fig(ly. Thus
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one needs to go to higher order termseino adequately
describe the observef(AE(e)) behavior. It is also impor-
tant to point out that strain does not change qualitatively the
discussion about the interaction of the In adatom with As-As
bonds, based on the PES in Fig. 3. Extensive tests over the
entire range of strain considered here were carried oUfor

of In at the two stable minima, Figs(l3 and 3c). We found

that the binding configuration of Fig. (I3 was always
slightly preferable over the one in Fig(c3, but the strongest
binding site for In remains to bA;.

Up to now, the reports in the literature about the effect of
strain on the diffusion barrier are scarce. A slight lowering of
the diffusion barrier upon tensile straia¥ 3.5%) has been
reported for Ag self-diffusion on a A@11) slab within the
effective-medium theor§? The first-principles treatment of
the same systelfihas found instead a linear increase of the
barrier W|th Strain. For SemicondUCtOI’S, a IOWering Of the FIG. 6. The D/Dozl isosurface in the 3D parameter space
diffusion barrier upon tensile strain has only been reporteqe, 5T, T). The view point is from the side wherB/Dy<1.
for Si adatom and dimer diffusion on (8D1),*~?*although  Points beyond the isosurface correspond to enhanced diffusivity
the underlying binding trends inferred from the MD D/Dy>1.
simulationé* are opposite to those shown in Figab

Given the strain dependence of the diffusion barrier de-  Ajthough it is possible to obtainsT(® from first-

scribed above, the basic question arises whether diffusioprinciples calculations, it is difficult to get an estimate that is
limitations can be observed in the growth kinetics of INAs Onpetter than a factor of 2 with reasonable computational effort.
reduced for relevant material parameters and growth Condi‘ollowing analysis. Thus the right-hand side of E@) is a
tions. function of three parameters; 6T'(°), andT. The region in

As the substrate around an InAs island, e.g., of pyramidaharameter space where strain-induced growth limitations can
or truncated pyramidal shape, is under compressive strain, ghe expected is defined by the requirement

Ref. 15 and Fig. 8, an indium adatom approaching the island
samples thes<0 branch ofAE(e). This branch is accu-
rately described by

D(e;I'®,T)/Do<1. @
2 Figure 6 represents the isosurfabéDy,=1 in the 3D pa-
.+ €<0. (9  rameter space of, 6T, andT. We note that the reduction
) _ o _ in diffusivity due to positive(AE), especially for lower
Equation(5) gives the excess diffusion barrier over the onetemperatures, persists even &7(®>1, i.e., in presence of
for the unstrained surfac®E(0), parametrized by the maxi- the so-called compensation effé&tHowever, for a very
mum excesPE =30 meV, and the strain value at which strong compensation effectSF(O)(s)>6F(C°)22, no de-

it occurs, s ma,= —3%. On the basis of ES), one can writé  ¢rease inD in the relevant range of and T values can be
a rather general expression for the diffusion coefficient tak'expected.
ing account of the effect of strain, Finally, we have performed DFT calculations to obtain an
S(AE(e)) estimate of'{3(—0.04), using the harmonic approximation
————|, (6) forthe lattice vibrations and a force-constant matrix involv-
keT ing only the degrees of freeddfof the In adatom. This
whereD,=const is the value db for the unstrained surface, estimate indicates-70% increase of the prefactor for 4%
sTO=T0O)(£)/T©)(0) is the reduction or enhancement fac- compressive strain. In this case one cannot expect more than
tor of the attempt frequency (), and Z=Tre,z is the a few percent maximum reduction Bf which would in turn
relative change in the surface area. make diffusion limitations for the specific example of the
A first estimate of the expected reduction®fwithin the =~ GaAs(001)e(4x4) surface rather unlikely.
typical temperature range 350-500 °C used for InAs deposi-
tion on thec(4 X 4)-reconstructed GaA801) substrat&’ can
be obtained by inserting Ed5) in Eq. (6), setting 6T'(®
=1. The resulting reductior (& mad/Do=0.6, turns out to It is interesting to discuss the impact of strain on the
be small due to the smallness & .. As a consequence, growth kinetics of both 2D and 3D arrays of self-assembled
changes of the prefactor due to the effect of strain on latticestrained islands in a morgeneralcontext. As already men-
vibrations are equally important in determining the straintioned in the Introduction, for these two situations different
renormalization of the In diffusivity on the GaAs(00&j4 regimes of strain are realized, and we address them sepa-
X 4) surface in the relevant temperature regime. rately.

S(AE(2))= 5Em3{1—(®+ 1

D(g)=DO(1+28)5r<°>(g)ex;{

IV. CONSEQUENCES FOR GROWTH
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A. Growth on a capping layer with buried islands Aspect tatio s°h /__7? 1
In analogy to the previous discussion one can also con- | | ©=%" / //

sider diffusion in the regime of tensile strain>0. This situ- }lo.l > / 0.9
ation is pertinent to the heteroepitaxial growth of 3D arrays m7 / ks
of vertically self-organized QDs. When a 2D sheet of QDs is Mol 08%
completed and capped by a spacer GaAs layer, the GaAs 28”5 /// S
lattice is expanded in the regions above the buried InAs QDs. % 0.7
We consider the onset of In deposition onto the spacer layer |81
before nucleation of the first new islands. A stationary con- m 0.6
centration of adatoms on the surface builds up by the equi- 20 16 12 0 10 20 30 40
librium between supply from an atomic In beam source and width s (nm) distance (nm)

loss due to evaporation of In. However, the concentration . o .
may vary laterally along the surface. In the stationary state FIG. 7. Strain renormalization db(x), according to Eqs(6)

the local concentration(r)) is given by local equilibrium, and(8), versus island size within the 1D flat-island approximation
at T=450°C and absence of compensation efféit(®’=1. D.,

n(ry)=noexd — U(r”)/kBT], refers to the asymptotic value Of at infinitely large distance from
) o _ the island. The tilt angle of the island side facetgiandh is their
whereU(r|) is the binding energy of the In adatoms at site height. The island/substrate system is assumed to be InAs/GaAs.
A;, andr| is the coordinate within the surfackl(r)) is a
function of local strain, as given bgy(s(r))) in Fig. 5@. .14 can be about 20—30 % more effective in hindering the

As can be seen from this figure the binding strength in- datom migration provided thab substantial compensation
creases with increasing strain. Thus, the local concentratiofl 9 p P

- - (0) i
of adatoms, and hence the nucleation probability for a nevgiectfrom the r prefactgr IS present. Consequently, as
island, is increased in the region above a buried island wher@n9 as the islands grow via strain-dominated surface mass

the capping layer surface is under tensile strain. Our calcuf@nsport and the last-mentioned condition is met, the com-
lations, thus, provide a microscopic foundation for the fre-Pressive strain field may lead to retarded growth of the larger

quently made assumptitt® that it is easier to nucleate an 1Slands. _ o
InAs island on those regions of the capping surface where Consider now two islands of characteristic sizeands,,

the GaAs lattice constant is widened up and thus mordVith S;>S,, separated by a distante>s, sy, Fig. 8. Supply
closely matches the InAs lattice constant. of adparticles to the surface is maintained by a stationary

flux Fo. One may ask then, what is the steady-state adparticle
density distributiom(x) at the surface, and how does it af-
fect the diffusional currents of single adatoms toward the
The conditions under which kinetic growth limitations jslands, —j, and j,? This is a standard problem in
can be expected were discussed already in Sec.[8e€ Eq.  kinetics*®“° however, we require it to be solved for a spa-
(7) and Fig. @. Itis interesting to illustrate the possible con- tially varying migration potential(x) due to the presence
sequences of such limitations for the island sizes. This i%f strained islands. Again, we can exploit the results obtained
pursued here within the framework of a simple model prob-in Sec. 11l C, identifyingU (x) with E(s(x)) for the adsorp-
lem based on the flat-island approximatibnOne might tion siteA,. From Fig. %a) it becomes clear that a compres-
think, for instance, of adatom diffusion towards the extendedjve strain of a few percent significantly weakens the binding
edge of a quantum wire. of the In adatom at thd, site. Thus the coherently strained
As a first step we address the strain renormalization of thgsjgnd gives rise to a repulsive potentld(x) that amounts
adpal’ticle d|ﬁUS|V|ty due to an isolated island. The Strainto a feW tenths Of an eV. The time_dependent Sing'e_atom
field it creates in the underlying substrate surface, within tthensity n(x,t) satisfies a Smoluchowski-type equafioi
adopted model, has the form that takes explicit account of the field of force duelt¢x),

P,(x)
Qa(x)

0.04

The island geometryheighth, width s, and the tilt angle of \/
the side facet®)) completely determines the coefficients in 002
the second-order polynomial,(x) andQ,(x), whereas the 25 25 50 - 160
elastic properties of the material systéeng., Poisson ratio, 5 ' 5 x
shear modulus of the substratmter the prefactow. ]

To assess quantitatively the role of diffusion limitations,
we insert the numerical values foE,,,, and &, Obtained
in Sec. Il C. For three islands of different size Fig. 7 shows
the spatial dependence Df(x) obtained by inserting Ed8) FIG. 8. Strain fields(x) at the substrate surface, according to
into Eq. (6), for ST(®=1 andT=450°C. As seen from the Eq. (8), for two 1D islands of widths, ands, whose edges are
short-range behavior of the diffusion coefficient, the largerseparated by distande The island/substrate system is InAs/GaAs.

B. Diffusion limitations in island growth kinetics

e(X)=7ln . (8) e(x)

-0.02 |

-0.04 distance (nm)
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on n du(x) dence of the diffusion barrier for an indium adatom on the
D(X)<a_x tiT T) +Fo (99  GaAs(001)e(4x4) surface. The In interaction with the sur-
B face As dimers was also given due account. A simple 1D
In the simplest case, when the island edges act as perfe@todel problem was employed to demonstrate that the strain-

sinks, i.e.,n(0)=n(L)=0, the stationary solution reads as limited diffusion contains an archetype of self-limiting
growth of strained islands. We note that the self-limiting ef-

, fect is an intrinsic feature for a system with spatially varying
n(X)=Foe_U(x)/kBTJ' —eV0STdy',  (10)  diffusion coefficients, as indicated by Eqdl) and (12),

0 D(x') bearing reduction within a certain operative range of strain
with 0<x,<L being the position between the two islands values. For the lattice-mismatched heteroepitaxy of semicon-
where the total adparticle current Vanish'egxo)oc_vmxo ductor nanostructures, the strain effect will give rise to a

on o

- ox

xXg— X'

-0 significant repulsive interaction between a strained island
’ and an adatom diffusing towards the island. Moreover, the
L1 el ox diffusivity will be reduced as well, but a very accurate treat-
Xo ——dx ——dx, (11 ment is needed to assess its reduction. Our atomistic calcu-
0 D(x) 0 D(x) lations yielded a maximum increase of the In diffusion bar-

rier on GaAs(001)(4x4) of 30 meV for compressive
misfit strain. Since this value is of the orderlgfT, conclu-
sions about the relevance of this effect would require as well
an accurate calculation of the prefacisf, which is beyond
(120  our present goal.

Finally, we would like to comment on other possible ex-
Without the effect of strain, the adatom density has atensiong of .the work presenteq hgr_e. The djscussion pre-
simple parabolic profile, sented in this paper refers to dlﬁqs!V|ty50f a smgle adatom,

the so-calledtracer diffusion coefficient® (sometimes de-
Fo noted in the literature a@®*). Our microscopic results could,
No(X) = 55~ (2Xo=X)X (13)  however, serve as an input, for example, to Monte Carlo
0 simulations in order to shed more light on the effect of strain
with its maximum being exactly at the midpoint between theon adatom diffusivity. Experimentally, the self-assembled co-
two islandsxy,=L/2. The strain renormalization of diffusion herent islands are usually grown on a wetting layer, and thus
shiftsxq towards the bigger island, thus reducing the particlethe In adatoms, in fact, diffuse on an InAs wetting layer or
current reaching this island. This simple 1D model problemon one of mixed(In,GaAs composition. Therefore the
demonstrates that the smaller island will grow faster, uqtil  In/GaAs(001)e(4x4) system used here is suitable for
gets shifted back towards the midpoint when the sizes of thenodeling the arrival of the first In atom to the GaAs surface
two islands have become equal. As a consequence, the strain-the initial stages of InAs deposition, but the results cannot
limited adatom diffusion will tend to equalize the island sizesbe taken over directly to the later stages of island growth.
by controlling the capture areas for the two islands competFuture research will therefore have to consider diffusion on a
ing for the deposited material. We note, however, that thisvetting layer and possible account of alloyitfg.
effect will be reduced if a compensation from the frequency

prefactorl’(©) is operative. ACKNOWLEDGMENTS
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