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Anisotropic diffusion of In adatoms on pseudomorphic InGa;_,As films:
First-principles total energy calculations
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In the Stranski-Krastanow growth of strained pseudomorphic films, material transport by surface diffusion
plays a crucial role for the development of the three-dimensional island morphology. In an attempt to elucidate
the atomistic aspects of this growth mode, we study diffusion of a single indium adatom>a®){%&nd (2
X 3)-reconstructed subcritical JaGa;;3As(001) films using first-principles total energy calculations of the
corresponding adiabatic potential-energy surfad&s. We find that In diffusion is anisotropic, and substan-
tially enhanced compared to the conventional G@8%)-c(4xX4) substrate. Special attention is also paid to
the methodology of deriving the tracer diffusion coefficients of indium from knowledge of the PES, using the
continuous-time random-walk formalism.
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[. INTRODUCTION adsorption and desorption of As dimers or tetrant@is.is
well known experimentally that the aforementioned 3D het-
Several technologically relevant processes in semicondu@roepitaxial islands only form after a certain critical deposi-
tor fabrication are crucially affected by diffusion of adsorbedtion of InAs. For deposition of a smaller amount, a pseudo-
particles. Unfortunately, the understanding of the underlyingnorphic film is formed, usually termed a wetting lay&vL ).
physics of surface diffusion, island nucleation, and growth After a critical thicknes%,. of the WL is exceedeftypically
which is relevant for predictive modeling of processing tech-1.7+ 0.3 monolayerg$ML )], the formation of 3D islands pro-
niques and the function of materials, is still shallow. Also, ceeds very quickly, while at the same time material from the
atomic-scale experimental data are scarce. This is partly dL is consumed by this process, i.e., the wetting layer thick-
to the fact that measurements of surface diffusivity are diffi-ness is shrinking after the islands have appedse#, for
cult, and mostly performed in an indirect way, i.e., by infer- example, Ref. 1)l Thus, the island formation requires con-
ring the diffusion length from morphological quantities suchsiderable mass transfer by surface diffusion from the WL to
as island or the step densitie$While some insight has been the islands, as evidenced by several experim&nts.The
gained using direct probes, suchiasitu scanning tunneling aim of the present study is to elucidate the underlying micro-
microscopy (STM),># the relatively high growth tempera- scopic processes. As a first step in this direction, some of us
tures typically used in the molecular-beam epitédBE) of have previously investigated the effect of strain on In diffu-
semiconductors often precludes the use of such probes undsibn on the GaA®01)-c(4x4) surface®?° The latter re-
realistic conditions. In this situation, first-principles calcula- construction is present on the GaAs substrate when deposit-
tions can provide useful additional data. However, such studing under As-rich condition$??> The next challenging
ies are very elaborate, and, for example, require detailequestion concerns the In diffusivity on the WL before the
knowledge of the surface reconstruction and its evolutiorcritical thickness is reached, i.e., fK 6.
during growth. Furthermore, reconstructions with large unit Below we report density-functional-theofFT) calcula-
cells can result in a complex potential-energy surface for théions and an analysis for indium tracer diffusion on the WL.
diffusing adatom, and careful analysis of its implications for The extensive experimental data on the initial stages of InAs/
the kinetics of surface diffusion is required. GaAdq001) growth indicate that for conventional growth
The latter point is the main topic of our paper that de-rates &0.1 ML/s) substantial alloying occurs which con-
scribes a theoretical analysis of surface diffusion of indiumverts the WL into a ternary liGa, _,As(001) alloy exhibit-
atoms during heteroepitaxy of InAs on the G#@&l) sub- ing specific (1x3) or (2x3) reconstruction patterfd: %
strate. While there is a large body of literature about surfac&ased on this information, some of us have recently studied
diffusion in general(for a review, see Refs. 5 and,6sery  theab initio thermodynamics of the W[Ref. 26 and found
little is known about diffusion of indium atoms on a GaAs support for surface alloying for submonolayer InAs coverage
substrate or on a pseudomorphic@a, _,As(001) film. This  under As-rich growth conditions. Theoretical structure
material system, however, is of particular interest because analysid’ showed that the (2 3) reconstruction can be re-
allows for the spontaneous formation of nanostructiifes garded as the main building unit of such a WL. The geom-
[three-dimensional3D) islands that can be used as quantumetry parameters are in very good agreement with the experi-
dots after overgrowing them with a capping layeBoth ex-  mental x-ray analysi&?*?*Reflection high-energy electron-
perimental and theoretical investigations agree that it is théiffraction (RHEED) data, on the other hand, have been
surface diffusion of cations which is most important for theinterpreted as giving evidence for a XB) reconstruction.
surface morphology in MBE of 1lI-V compounds, whereas While DFT calculation$’ have shown that the (43) recon-
the kinetics of arsenic incorporation is dominated by directstruction has a higher surface energy than the 82 recon-

0163-1829/2004/691)/11533510)/$22.50 69 115335-1 ©2004 The American Physical Society



E. PENEV, S. STOJKO\/ICP. KRATZER, AND M. SCHEFFLER PHYSICAL REVIEW B9, 115335 (2004

struction, it is conceivable that both reconstruction patterngotential-energy surface are mapped onto the nodes and in-
are present simultaneously due to the experimental preparéerconnects of an infinite network, and we assume that the
tion conditions. In this work, we therefore employ both surface diffusion occurs via uncorrelated jumps between the
structural models of the &g, ,As(001) WL to study in- nearest-neighbor adsorption site%; of the PES, i.e,
dium adatom diffusion. “single” jumps. The rated’s; for jumps from an initial site
Technical details of the calculations are given in the fol-A; to a final siteA;, crossing the saddle poiitt,, are cal-
lowing section. Indium diffusivity on both (X3)- and (2 culated within transition state theory according to
X 3)-reconstructed IGa _,As(001) films is analyzed in

i g AE
Sec. Ill. In Sec. IV we compare it to In diffusion on the Ii=T%xp—¢), e= 1)

GaAdq001-c(4x4) surface and discuss our results. KgT’
whereAE=E(T,) —E,(A)) is the adiabatic barriekg the
Il. THEORETICAL SCHEME Boltzmann constant, and@l the substrate temperatut®r a

piscussion of the underlying assumptions see, e.g., Refs. 36

to our previous work; for a detailed description and extensiv nd 6. Frequency prt_afactorEﬂ are gstlmgted .W'th'n .the
discussion we refer the reader, e.g., to Refs. 29-31. In brie ’armonlc approxmaﬂ_on fOT the lattice vibrations with a
we first performed total energy DFT calculations using the, orce-constant matrix |?7clud|ng only the adatom de_gr_ees of
computer progranfHi9smD (Ref. 32 to determine the adia- freedom. Previous work has demonstrated that this is an
batic potential-energy surfad®ES for surface diffusion of acceptable approximation for the dynamlca_l matrix. I_ndeed,
an In adatom. Within the supercell approach, reconstructe t liiit ];?]r tthe tpa.rtlcéul%ars(;a'selo;'Ag tt)] Ota/pmg glffuzlgg on
surfaces are represented by slabs of seven atomic laye 9( ), the tests in Ref. Including between 5 aA

whose bottom Ga-terminated surface is passivated b égrees of freedom resulted It variations within only a

pseudo-H atomsZ=1.25). In the(001) plane the actual size actor of 2. Furthermore, one can expect that the ratios of
S . . prefactors come out more precisely than their absolute val-
of the supercells is (4 3), i.e., in the[ 110] direction it is a

) > < .. ues, since only processes of the same Kjnthps are con-
factor of 4 or 2 larger than the considered surface per'Od'C'tysidered Notey Eowever that accurateKJeneI?gy barriers are
This is needed to make the artificial adsorbate interacti : ' y

- S Ohore important for the following analysis as they enter the
negligible. In normal direction, the slabs are separated by g ation exponent in Eq1)

vacuum region corresponding to approximately six interlayer
distances. Equilibrium surface geometries are obtained b e energy scale set by the growth temperatitypically

atom_ic relaxation until the residual forces0.025 eV//l\z keT~60 meV) to be sufficiently smaller than the energy
keeping the bottom layer and pseudo-H atoms f'xedbarriers

Brillouin-zone (BZ) integration was carried out using a set of
specialk points equivalent to 72 points in thexll surface e1. (2
BZ. Kohn-Sham orbitals were expanded in plane waves u
to a cutoff energy of 10 Ry. The Perdew-Burke-Ernzerho
generalized gradient approximatidrwas employed to de-

The theoretical framework of the present study is identica

The applicability of the single jump description requires

s it will be shown below, for some transitions- 1, thus
violating condition(2). Hence, the actual diffusion regime is
also determined by the energy dissipation due to the fric-

scribe the electronic exchange and correlation interacéion. }ional coupling of the adatom to the substrate. Comprehen-
sive studies of different regimes are available in the

initio norm-conserving pseudopotentials are used for al
species* These were constructed using the higheand p . 6.36.38-40.. - : ST : .
states of Ga, In, and As as valence states. For In, we alslégerature, an important implication being the possi

tested including d states in the valence shell, but found that lity for an _ad_atogn to commibngerjumps given a low-to-
) . . < moderate frictiorf! Here we shall not attempt a quantitative
this does not improve performance for InAs bulk properties

: s . discussion on the frictional damping. Instead, a phenomeno-
Therefore these states were finally also “hidden” in the, ™. ; e 2
. logical approach is adopted to get some insight into the effect
pseudopotential.

: : . . . f possible ‘doublé jumps in the (lattice) random-walk
With these settings, the PES is obtained by calculating th ornr')lalism“z Further éetaﬁs are givegn in tzle following sec-
In binding energyE, on a discrete grid of point§X,Y} in tion ’
the (001 plane in the symmetry-irreducible part of the su- y - e . .
Finally, the indium tracer diffusion tensd@ is obtained
percell. As the energy zero we chose the sum of the tota| 7 : . i
energies of the slab representing the clean surface plus t??é/ solving the master equation for the corresponding net

; . : i work of sites in the long-time limitsee the Appendix$®
energy of an isolated spin polarlz_ed In ato_m. For f'Xde\O This method has been previously applied to adatom diffusion
the Z coordinate of the adatom is optimized starting from

) : tepped surfacd$, Ga diffusion on GaA@01)-B2(2
=2 A above the surface, allowing also the topmost five2h 3 g
atomic layers of the substrate to freely relax. The finaIX4)' Ref. 45, and In diffusion on Ga@01)-c(4x4), Ref.

“map” of the PES is obtained by exploiting surface symme-
tries and interpolating the calculated points with bicubic
splines®

In order to calculate the diffusion coefficient, we solve the
master equation for a Markovian random walk on a discrete Various surface phases for the WL, depending on indium
lattice. The minima and saddle points of the calculateccoverage and preparation temperature, have been reported in

IIl. TRACER DIFFUSION ON A PSEUDOMORPHIC
In 3GayzAs(001) FILM
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FIG. 1. Structural models for the reconstructions of the =C

In,sGay5As(001) surface. Shaded polygons represent the surface=
unit cell. The atomic arrangement is indicated for atoms in the

topmost four atomic layer@én, gray circles; Ga, black circles; As, [110]
open circles Side views are shown in the lower parts of the panels. T T1 Ay Ty Ts As Te A1 Ts

FIG. 2. PES for an In adatom on the,j4Ga;,5As(001)-(2x 3)
combined STM and RHEED experimertsAs mentioned in  surface, see also Table I. Two unit cells are indicated by dashed
the Introduction, we will focus on In migration under those rectangles. Overlaid on the PES plot are the topmost three atomic
conditions where alloying in the WL leads to a surfacelayers of the clean surfadef. Fig. 1).
atomic arrangement with threefold periodicity along the
[110] surface direction. More precisely, we study surfaceihe As dimers with bonds aligned {iL10] direction, and
diffusion on two idealized surfaces with aX3) and a (1 dimerizing the exposed In atoms along {10] direction.

x 3) reconstruction pattern. While these surfaces do not exn support of this structure, Kitat al*’ inferred the presence
actly represent the typical wetting layer encountered in exof |n-In bonds from spectroscopic data, by analogy to similar
periments, they allow us to address the effect of alloying onsiydies on the Ga-rich GaB01)-(4x2) surface® How-
the diffusivity by comparing to our previous results, in par- eyer, first-principles studié&! find the (1x 3) reconstruc-
ticular to those for In diffusion on GaAB01)-c(4X 4). tion to be higher in energy than the X&) reconstruction for
Our choice of the atomic structures for the grsenic-rich conditions. Concluding from these calculations,
In,Ga, ,As(00]) alloy surface was motivated by EXPETIMEN- one would not expect the (43) reconstruction as a stable
tal information using several probes. Sauvage-Sinekial. equilibrium structure under any conditions. However, experi-
and Garreatet al?® concluded from their analysis of x-ray- mental data suggest that it may be present locally on the
diffraction data that well-developed periodicity of three lat- g,iface of InGa,_ As(001) films as an element of frozen-in

tice constants if110] direction correlates with an In concen- sy ctural disorder. Hence we include this surface in our dif-
tration of x=2/3 in the first subsurface cation layer. They fysjon study.

concluded that cation ordering stabilizes ax(2) recon-

struction under As-rich conditions, and came up with the

structural model for 1§;Ga;5As(001)-(2% 3) shown in Fig. A. In adatom on Iny;3GayzAs(00D)-(2X 3)

1(a). DFT calculations”***supported this model by dem- |n this section, we will determine the tracer diffusion co-
onstrating that it is energetically preferred among severagfficients for In on the (X3) reconstructed
other surface reconstructions, and finding good agreemery, .Ga, ,As(001) surface. As a first step, we create a map of
between calculated atomic positions and those derived frofhe PES. Because of the two mirror planes in th& @ unit
the x-ray data. This (23) reconstruction is characterized cg||, only 1/4 of it needs to be sampled, and for this region,
blcontinuous top-layer rows of As dimers running along theyye yse a uniform grid of 35 points. The resulting PES is
[110] direction. In the third layer, four out of six cation shown in Fig. 2, and the energies for significant points are
positions are occupied by In and 2 by Ga atoms, the lattecollected in Table I.

preferentially occupying the site below the As dimers. The The corrugation of this PES is remarkably small: The

twofold periodicity alond 110] is due to the structural motif maximum variation of the adiabatic potential in th@01)
comprising an As dimer back-bonded to the four third-layerplane is=0.5 eV. We find three symmetry-inequivalent po-
In atoms. Very recently, reflectance-difference spectroscoptential minima and six saddle points: The energy barriers are
and RHEED experimerft§demonstrated that the §3) re-  all smaller than 0.3 eV. The adsorption site providing stron-
construction may even persist up #ig for relatively lowT.  gest binding,A;, is located between a top-layer As dimer
Hence, in Sec. Il A, we will first consider indium diffusion and the As dimer bound to the third-layer In atoms. Another

on the In,3GaysAs(001)-(2x 3) surface. Then, in Sec. Il B, adsorption siteA, appears next to a top-layer As dimer, but
a corresponding study is performed for In on thelocated in the gap between two As dimers bound to the third-
In,;3Gay5As(001)-(1x 3) surface. The (Xx3) structural Iaye_r In atoms. The troughs in the continuous As dimer row
model, Fig. 1b), was invoked to rationalize the commonly in [110] direction give rise to a shallower sife;.

observed RHEED patterns of this symmetry in the very early Similar to previous work?1%454%or a valid description
stages of InAs deposition. One can think of this model af In diffusion by the PES shown in Fig. 2, we find it nec-
being derived from the (2 3) reconstruction by removing essary to check if interaction of In with the As-As bonds can

-1.55
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TABLE I. Binding energyE,, (eV) of an In adatom at the potential mininda and saddle point$, found
on the PES in Fig. 2.

Site
Aq Az Az Ty T, Ts Ty Ts Te
Ep —-1.61 —1.56 —1.46 —1.48 —-1.39 —-1.37 —-1.32 —-1.29 —-1.27

lead to more stable binding sites for In than the minima ofculated prefactork?, . As already suggested by the PES plot
the PES. Indeed, locating the strongest binding site for @f Fig. 2, also the results of Table Il imply that the In migra-
given lateral position X,Y) of the adatom, with no other tion on the In;3Gay;5As(001)-(2x 3) pseudomorphic film is

constraints, poses a multidimensional minimization problemeypected to be strongly anisotropic. The “fag10] direc-
Relaxation starting from a given initial configuration may tion is associated with jumps between thg and A, sites

0;13/] Ieadbt(i d?caltminimum, Ievendiflja;" degreet?] of flrebeo:om and the effective diffusion barrier is determined by the higher
of the substrate atoms are relaxed. However, the global mini- . S _
mum of the binding energy for given lateral positioX,¥) of the two activation energiea £, =AEz=0.13 eV(ct.

of the adatom is required. In the case of several mirieng., ;I;]able ”)t.' S'm'la?/’ along tht?] “SIO,;N”I[.M.?] dI;ECtIO'?, agrofs;s
one for the adatom sitting above an As dimer, Figa)3 e continuous dimer row, the rate-limiting transition is from

eff __ . :
another for the adatom located inside the As dimer, Fig”t 0 As, and thusAEf;=AE5=0.3 eV. These simple

3(0)], all of them must be considered. This is why, in addi- estimates are corroborated by the analytical expressions ob-
tion to just relaxing from a starting geometry with the ada-t&ined from the random-wallRW) formalism(Appendix A).

tom above the surface, we also perform a search for further 1he 2D lattice walk by single jumps associated with the
binding sites. (2Xx3) PES is sketched in Fig. 4. Then from E@9) in

To this end, we have recalculat&y at theTs, Ts, and Appendix A, and using Eq.1l) and Table Il to evaluate the

T, sites starting from an initial geometry, Fig(cg where jump rates, we obtain the diffusion tensor. For example, for

—~ — 6 _
the corresponding As dimer is split to accommodate the Inl ~ 620 K, Di110=9%10"° cnf/s and Dy

adatom. As a result, it was found that dimer splitting indeed™ 10 “ cn/s, which gives an estimate for the diffusion an-
lowered the energy at tHE; site toE,=—1.5 eV, but such 1SOropy in this low-temperature regime,
an effect was not present for either of tlig and T¢ sites
related to the As dimers in the topmost layer. The importance
of the indium interaction with the As dimer at tAg site is ,
determined by the accessibility of the binding configuration At elevated temperature& 1) and low-to-moderate fric-
shown in Fig. 8c). However we find this process to be acti- 10N, & simple analysis on the basis of single jumps is not
vated, with an energy barrier 6£0.5 eV needed for the [ully adequate, because the potential minimurgamay no
adatom to reach the more stable configuration, Fig),3 longer serve as a trap. Indium atoms diffusing along the
starting from that of th& 5 site, Fig. 3a). The search for the trenches in[110] direction by the jump sequenc®,— A,
saddle point has been carried out by means of the ridge>A1 Will not equilibrate inA,, but continue to move to the
method® and the transition-state geometry is shown in Fig.adjacentA, site, i.e., they will effectively perform double
3(b). The calculated barrier is by-0.2 eV higher than the jumps A;—A;. Higher-order jumps(i.e., “triple” jumps)
maximum diffusion barrier on the (23) PES, Fig. 2. Thus, need not be considered, because their probabilities are expo-
for the temperatures of interest, this energy characteristic digientially small. In fact, the abundance of long jumps in this
qualifies the interaction of In with the “trench” As dimer case, if possible at all, may be substantially reduced due to
from the list of important processes when considering In surthe nonrectilinear path along the trencfies, Figs. 2 and 4.
face diffusion. Methods to work out the ratE;; for double jumps, e.g., by
The energy barrierdAE for single jumps between the po- molecular dynamics, have been described in the literature. It
tential minima in Fig. 2 are directly obtained from Table I has been fourd~*°that it obeys an Arrhenius-type law simi-
and are given in Table Il along with the corresponding cal-lar to Eq. (1), with an additional activation energfys in
excess of the potential-energy barri®E, and a prefactor

D[llo]/D[l_10]~0.l. (3)

(@) In ) ©
/ \ Ve TABLE II. Energy barriersAE (in eV, according to Table) land
/ \3 Ayl \F\ (\Y’///&\\\‘ attempt frequencieE?; (TH2) for single jumps.
K { Sorid
" N \\ \ /71\\
@ﬁ% éyg g\é &\a @ ® fi(A—Af)
(1701 _
N—(T10] 11 12 22 22 13 31 33

FIG. 3. Bonding configurations fai@) In at theT; site on the AE 0.24 008 013 0.17 0.14 029 0.18
PES from Fig. 2;(b) at the transition state, before splitting the As r?i 0.7 0.3 0.8 0.5 1.0 0.6 0.8
dimer, and(c) In splitting the As dimer.
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FIG. 4. Network of binding sites and possible single jumps for

an In adatom on the JGa;;3As(001)-(2% 3) surface used in the
random-walk formalism. There amd,=6 binding sites per unit
cell. The lattice coordinate basis {€,,e,}, and the unit cells
(dashed rectanglgsre labeled by a vector index=(n,m) with
n,m=integer.

«/T. Here, we are only interested in a qualitative estimat
of the importance of double jumps. For this purpose, we d
not discuss the temperature dependence of the prefactor,
simply introduce a phenomenologicalnknown equilibra-
tion probability «(T) in site A, that allows for a rough esti-
mate. The rates of single and double jumps starting fAom

are assumed to be(T)I',; and T'1;=[1—a(T)][,, re-

e

PHYSICAL REVIEW B9, 115335 (2004

wNe w=e |uk
B B N
e . > i

[110] Ay Ty T3 Ay T,

FIG. 6. PES for an In adatom on the,4Ga,,5As(001)-(1X 3)
surface, see also Table Ill. Two unit cells are indicated by dashed
rectangles. Overlaid on the PES plot are the topmost three atomic
layers(cf. Fig. 1).

diffusion coefficients. The shaded areas in the plot represent

the uncertainty due to the possibility of double jumps, esti-
ated by varyingx(T) between zero and unity. The lower
undary of the shaded areas corresponds to the single-jump

expressions(A9), and applies in the low-temperatufer

high friction ande~1) regime. The upper boundaries corre-

spond to the rather extreme, hypothetical case in whith

jumps along the trench il 10] direction proceed as double

spectively. Whilea=1 corresponds to the case of single Jumps. For a realistic estimate knowledge of the friction co-

be obtained by setting=0. More details are given in Ap-
pendix A.

low friction, the barrierAE,=0.08 eV is sufficiently high to
ensure equilibration of diffusing particles &, for tempera-

Figure 5 shows the temperature dependence of the tracé#fes belowT=600 K. Only at higher temperatures, contri-

X
_3 800 700 600
I I I

500

10*
“g
)
Q
10°
[1]0]
-6 1 ! | 1 I | ! ! | 1 1 | 1 1
10 12 14 16 1.8 2
1000/T (K™

butions from double jumps may become noticeable. The ac-
tual behavior of the diffusion coefficients is thus expected to
closely follow the line in Fig. 5 representing single jumps at
low temperatures, and only at higher temperatubemay

start entering the shaded region. As also expected, the wider
shaded area in Fig. 5 demonstrates the more pronounced ef-
fect of eventual double jumps d1;0; as compared to dif-
fusion along the orthogonal surface direction. It is also note-

worthy that[110] is always the faster diffusion direction,
although the anisotropy ratio varies with temperature.

B. In adatom on In,;Gay3As(001)-(1X 3)

The calculated PES for In on the Xi3)-reconstructed
surface is shown in Fig. 6. As could be expected, the main
differences to the PES in Fig. 2 are associated with the re-
gion between the continuous As dimer rows. The most stable
adsorption sited; is now positioned between the In dimers.
Another very shallow potential wel\, appears, similar to

FIG. 5. Tracer diffusion coefficients of an indium adatom on the Fig. 2, between the As dimers. The energies at significant

In,5Gay5As(001)-(2x 3) surface calculated within the random-
walk formalism (Appendix A). The lines refer to the assumption

points of the PES are collected in Table III.
Additionally, we have calculated the energy at Thesite,

that only single jumps occur, and the shaded regions indicate thBow allowing for a splitting of the In dimer. Since the dif-

maximum enhancement of the diffusivity due to double jurtgee
text for more details

ference in binding energy was small compared to the case of
an intact dimer bond, the splitting does not lead to the ap-
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TABLE IV. Activation energiesAE (in eV, according to Table
) and attempt frequencieE}; (THz) for single jumps on the
In,sGay5As(00D)-(1 X 3) surface.

TABLE llI. Binding energyE, (eV) of an In adatom at signifi-
cant sites on 15);Ga;;5As(001)-(1% 3) surface.

Site
fi(A—Ay)
Ay Az Ty T, Ts
11 12 21 22
Ep -204 —-176 —-182 -170 —157
AE 0.22 0.06 0.34 0.19
re 0.8 0.2 0.6 0.3

pearance of a new stable adsorption site. Thus, the PES in
Fig. 6 gives a valid description of diffusion, and will be used
in the further analysis.

Let us analyze now In migration on such a film. For the
PES, Fig. 6, application of the RW formalism is simpler than
for the case of the (2 3) reconstruction, as can be also see
from the network shown in Fig. 7. Analytical diffusion coef-

ficients are easily accessible, and a detailed consideration Egain we use the equilibration probabilid(T) to estimate

given in Appendix B, Eq.(B2). The prefactors for single : . )
jumps and the related energy barriers are collected in Tabltepe Importance of double jumps. The lower boundary, corre

V. Under typical growth conditions, however, from Table Egﬁ?}gg‘rg to:aoz ﬁésljltgt#i:;e&gr% r:lulii%(r?(z)? dm%gpsg S
IV it is clear that jumps “2—1" do not meet Eq(2). The In =", jump

atoms may no longer equilibrate in the shallow minimAam according to Eq(5), whereI',, has been used as an upper

on top of the As dimer rows, but rather movednelong  limit for T'11. We note that the upper boundary of the esti-
jump in[110] direction from one trench to the next. A rig- Mated diffusion coefficienD,,¢) is a factor 4 higher than
orous treatment of this situation is given in Appendix B. It is € lower boundary, because switching from single to double
worth noting that, on the basis of the above remark, one calmps increases the jump length by a factor of 2, which
simply eliminateA, from the network of binding sites. The enters quadratically in the diffusion coefflt_:lent. Applying the
task thus reduces to a RW on a rectangular lattice defined b§2Me arguments as in Sec. Ill A, we again conclude that the
the A, sites. A very similar case is that of an indium adatomactual diffusion coefficient will closely follow the single-
on the GaA&01)-c(4x 4) surface discussed in Ref. 19. In JUMP limit at low temperatures, while it may somewhat in-

analogy to the latter, the transition matrix, E43), reduces ~ Créase above that limit at higher temperatures, but remain
to a single element within the shaded region in Fig. 8. Thus we establish a quali-

tatively different behavior of a random walker on the (1
X 3) surface compared to the X3): the faster diffusion

direction is found to switch fronﬁTlO] to [110Q] upon rais-

Note thatl';;, appears also iD13q), reflecting the possibil-

ity of jump branching: from thé\, site the In atom can move

to either of the two neighboring, sites crossing the same
-, see Figs. 6 and 7.

The calculated diffusion coefficients are shown in Fig. 8.

I'(q)=2T"14(coq— 1)+ 2T 14f(q), (4

whereT y; is the rate of double jump#é;—A,—A;, and

f(q) is given by Eq.B4). It is now straightforward to apply 200 703; (K) 500 -
the formalism from Appendix A, which gives 10°E I I , 5
Diio=18a’T'y;, Dpig=3a%'y+2T1y), (5 I ]
and the diffusion anisotropy 1045 -
D - “g
O g1+ T 2Ty L (6) | i
Di11q .
107 S
-6 PR T T S TR NN TR SO SN TR T A T
107 12 14 16 18 2

1000/T (K

FIG. 8. Tracer diffusion coefficients of an indium adatom on the
In,sGay3As(001)-(1%X 3) surface calculated with the random-walk
formalism(Appendix B. The lines refer to the assumption that only

FIG. 7. Network of binding sitesN,=2) for an In adatom on
the Iny3Gay5As(001)-(1% 3) surface used in the RW formalism.

single jumps occur, and the shaded regions indicate the maximum
enhancement of the diffusivity due to double jumps.
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ing the temperature. Double jumps, if possible, contributereconstructed domains in the very early stages of InAs depo-
almost exclusively tdD ;15 and affect the actual of the  sition also should be taken into account. The presence of
crossover point. Since the frequency prefactors in Table I\Mlisorder considerably complicates first-principles calcula-
show no clear preference for one diffusion direction, thetions of a realistic WL. Yet, its effect can be assessed by
crossover must be attributed to the larger jump legibee  kinetic Monte Carlo simulations. This technique has been
surface lattice constants for double jumfs—A,—A;) in  applied very successfully to the homoepitaxy of metals, and

the[110] direction. even to the more complicated case of G&AS. Our results
are thus suitable to serve as an input to such simulations.
IV. DISCUSSION AND CONCLUSIONS Future research will therefore be focused on kinetic Monte

Carlo simulations of In diffusion on a disordered WL and

The ultimate implications of the quantitative information possible consequences for growth of quantum dots.
obtained from the PES'’s in Sec. Ill are best formulated when
comparing to the similar analysis of In diffusion on the ACKNOWLEDGMENTS
GaAdq001)-c(4x4) substrate(three As dimers per unit
cell).® In Ref. 19 it was found that the diffusion for In onthe  This work was supported by the Deutsche Forschungsge-
latter surface is characterized with an energy barrier of 0.65n€inschaft within Research Center Sfb 296. S.S. acknowl-
eV. In contrast, the rate-limiting steps on both thex(®)-  €dges support from the Alexander von Humboldt Founda-
and (1x 3)-reconstructed kxGaysAs(001) film are deter-  tion.
mined by significantly smaller barriers: on the
(2% 3)-reconstructed surface, these are 0.13 eV and  APPENDIX A: DERIVATION OF D FOR INDIUM

~0.3 eV in[110] and[110] direction, respectively. On the DIFFUSION ON In 53Gay3As(00D)-(2X3)

(1x3) reconstructed surface, diffusion is more isotropiC,  fjrst consider such temperatuFehat the condition(2) is
with energy barriers in the range of 0.2-0.3 eV for both et for all activation energies in Table II. Hence, one can

directions. Thus the typical energy scales for the potentialy,,, the 2D lattice of binding sites determined from Fig. 2

energy surfaces on the bare substrate and the pseudomorplig, the network shown in Fig. 4, representing the uncorre-

films turn out clearly different. If we define an onset tem- |5teq adatom jumps to nearest-neighbor sites. Following

perature for diffusionT™, by demanding that a single jJump Refs. 44 and 55, consider a Markovian RW on such an infi-

should occur at least once per second, i.e., nite lattice. Then it can be shown that the tracer diffusion
T* — AE[kg IN(TT=1 s )] 1, @ tensorD in Cartesian coordinates reads

—R.H.RT
the onset of In diffusion on the JpGay5As(001) film in D=B-H-B, (A1)

[110] direction occurs at a temperatuflé® about 130 K \hereB=(&,,,&,) is the transformation matrix from lattice

lower than the one on the Ga@®1)-c(4X 4) surface. For  coordinates to Cartesian coordinat®&—its transposed, and

diffusion in the[110], the onset temperature on theX3)-  H the matrix of second derivatives of the longest-living dif-

reconstructed surface is lower by even 190 K, compared téusion modey(q) in the hydrodynamic limig—O0,

the GaA$001)-c(4x4) surface. On the other hand, in all

cases attempt frequenci€® are of the order of terahertz, 1 9

and their magnitudes are uncorrelated with the barrier Hap=—~ 2 90,90 8 v(a)

heights. Thus we find no evidence for the so-called compen-

sation effecP>>? One can therefore predict a considerably Note thaty(q) is the eigenvalue of the Fourier-transformed

higher In mobility on the 15;Ga;sAs(001) film as compared ~transition rate matrix that vanishes in the lirfig— 0

to the GaA§001)-c(4X 4) substrate. The cation intermixing Ny

in the initial stages of INAs/GaAB01) heteroepitaxy thus .

renders the morphology of the growing surface perfectly Fii(Q):; e nlﬂii(“)_‘sijgl ; Iyi(n),  (A3)

suited to support substantial mass transport. This finding ap-

pears compatible with the experimental reports on In adatorwheren=(n,m) is the vector index labeling the unit cell,

migration in IMGaAs/GaAs heteroepitaxy. An extremely Fig. 4,Ny, the number of binding sites per unit cell, afiglis

long In migration length <25 um) has been derived from the Kronecker delta. In practical applications one does not

measured composition profiles by Areettal >3 during MBE  directly approach the fulN,x Ny eigenvalue problem for

growth of InGa, _,As/GaAs withx=0.1-0.22. I'(g). Instead, exploiting the smallness #fin the hydrody-
One should keep in mind, however, that our theoreticahamic limit it is justified to work out the characteristic poly-

analysis applies to indium diffusion on the ideal infinite sur-nomial of I'(q) up to terms linear iny,

faces of the respective reconstructions. As established by

various experimental techniques, the WL surface is charac- No . )

terized by a substantial structural disorder. In thex@ ngo any"=ao(q) +ay(q)y(q)+0(y9)=0. (A4)

reconstruction the As dimers sitting on the In atoms may

largely be missing, which will result locally in the §3)  Substitutingy from Eq. (A4) into Eq. (A2), an approximate

reconstruction. The coexistence of4x4) and threefold- expression foH follows:

(A2)
q=0
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(92
Hy=—5—~-—""2a . A5
B 23.1(0) ‘9qa‘9qﬁ O(q) oo ( )
For the case of the (23) lattice in Fig. 4,I'(q) reads
-3 ePly  (1+e ')y, 0 I3 I'13
e Iy, -3 0 (1+e "Iy, I'is I'13
(1+eNT,,; 0 -3, eI, 0 0
F(q): iq —ip _ ) (A6)
0 (1+e'DT,,; e '’T',, 2, 0 0
| | 0 0 —23, (1+€eNI 'y
F31 F31 0 O (1+e_'q)F33 _223
whereg=(p,q), and the diagonal terms are given by
2=+ 205+ 20;,  25=20 1+ T+ 25,  2g=T3+ o5+ as. (A7)
Now taking into account thaB= (a/ \/5)(8 (2’), wherea is the bulk lattice constant of GaAs, the tracer diffusion tensor
D 0
[110]
D= _ (A8)
( 0 D[llo])
can be obtained from Eq§A6), (A4), (A5), and(Al):
Do o Ol 1ol 13l 3a[ oal oo+ I 1a(F 12+ T50) ] a2
(MO AT 1l pp+ T1y(T 12+ Tpp) + Tag(T 1ot Top) [T 180 21+ T (T 13+ T3]
Lif Dol T+ (20 g1+ T Dal 15+ 3Tl 5 29)

D - =3
[220] [T 15021+ T3+ g [ T13+ 21 33]

Now let us consider the case where not all activation enenly 3, in Eq. (A6), 3;—3,—2T;,(cosq—1). Then the
ergies obey Eq(2). As seen from Table Il for the (23)  same previous expressions can be used to obtain the correc-
reconstruction this can readily occur for hops frémto A, tion to the diffusion coefficients.
for which the activation energy is only 80 meV. Hence, in the
simplest case, the energy dissipated by the adatom along the APPENDIX B: DERIVATION OF D FOR INDIUM
path sectionlT;—A,—T,, may be low enough as to allow DIFFUSION ON In 53Gay3As(001)-(1X3)

for double jumpsA; —A,—A; say at ratd’;;. Note that the In analogy to the case in Appendix A, consider first a
latter quantity is not directly accessible within transition statetemperature range where the fully connected network shown
theory; a practical procedure has been developed, e.9., i Fig. 7 is applicable to In surface migration on the (1
Refs. 38—40. X 3) PES, Fig. 6. The analytical procedure is now much
Following the same steps when deriving E&6) it is  simpler, as N,=2 and the corresponding Fourier-
easy to show that inclusion of termsl’;; “renormalizes” transformed transition rate matrix takes the simple form

2[T'15(cosq—1)— 2T 5] (1+eP+ed+elPrayr ,
o= (1+e P+e 9+ (PTA,, 2Ty (cosq—1)—20y,] | B1)

Using the coordinate transformation matBx= (a/ ﬁ)(gg , it is possible to obtain explicit expressions for the indium tracer
diffusion coefficients, Eq(A8), on the I3,sGay;5As(001)-(1X 3) surface,

P -~ oLl 1o+ Tog(D o+ 1'2))
D =a
[110] 2(Fyp+ Ty

Dp110=9a° 5 (B2)

(Tt o)
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The quotient of these expressions gives the diffusion anisoandT', , is the rate of the double-jump process. Corrections to

ropy

| PR PP

D
Do _gof;, Tu T2
1—‘IZl 1—‘12

9(1+

(B3)
D110

Consider now a modified jump motion including double
jumpsA;—A,—A; which may easily occur because of the
very low activation energy60 meV, see Table IVrequired
for the transition fromA, to a neighboringA; site. The cor-
respondind’(q) matrix is similar to Eq(B1) where only the

T'11(q) element is modifiedl";3(q) —T'12(q) + f(q) T 14,

f(g)=2cosp+cogp+q)+cogp—q)—4, (B4

the diffusion coefficient$B2) can be easily worked out not-
ing thatf(0)=0, qu(q)|o=0, and that mixed second de-
rivatives off also vanish in the limig—0. Hence, denoting

these correction®(®, Eq. (B2) is modified by adding, re-

spectively, the terms

2r I
(2) _gg2 1211
Diito=9a ot T
I
@ _.ot1du
D= T (B5)

*Present address: CEMES/CNRS, 29, rue Jeanne Marvig, B.
4347, 31055 Toulouse Cedex, France.
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