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Fast isotropic adatom diffusion on Ge(105) dot facets
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We investigate adatom self-diffusion on the rebonded &&$) reconstructed G&05) surface. Activation
energies for several paths are compuabdnitio by applying the nudged elastic band method and used as input
parameters for kinetic Monte Carlo simulations. We show that the RS reconstruction strongly influences

adatom kinetics, which turns out to be fast at typical experimental temperatures, alon@h@tand[501]
directions. The influence of strain on diffusion is also investigated. Our results are shown to be relevant for a
better understanding of the growth modality of Ge pyramids ¢008).
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[. INTRODUCTION top and to the lateral direction, respectively, ifl®5} pyra-

" . ) mid facet. To this goal, by following aab initio approach,
Deposition of Ge on Si substrates produces elastlc-energwe first determine the location of the adatom local minima

accumulation due to the sizable lattice misfit. Under suitablg,, ihe surface. Activation energies, relative to paths connect-
experimental conditions, strain is released via the formatiorilng neighbouring minima, are subs’equently computed. After
of thr_ee-dlmensmnql |slands_0f nanometrlc siZéue to t_he _ evaluating the corresponding rates using the harmonic ap-
poss!ble technc_)loglcal applications and to th_e faSC'”at'”Ebroximation to the transition state thedfyhTST), we run
physics underlying such phenomena, Ge(id SiGe alloys | inetic Monte Carlo simulations, ultimately yielding the dif-
grown on Si substratg$iave been the object of several ex- ggjon coefficients. While results are initiaily found for an
perimental and theoretical studi¢fier a review, see Refs. 3 || strained GEO5RS surfaceas found at the top of105}
and 4. The importance of thel05) surface in Ge/$00D)  Gg otg, the whole set of calculations is then repeated for a
systerlns was clearly demonstrated by the STM images of M@se(105)RS surface under &4% compressive strain, in or-
et al,” showing Ge huts clusters bounded (05} facets  ger to mimic the typical conditions found close to the
fast growing on S001). Since then,. severql othgr experi- Ge/s{001) dots base, where the lattice parameter ap-
mental evidences revealed how eagily05} orientations ap- proaches the Si-bulk orfe

i 4-7 i :
pear in Ge or {56, growth on S{001).""Very recentlgl/,. it The paper is organized in the following way. At the be-
has been shown thatl? rebonded-sif) reconstructionis  ginning of Sec. Il we describe the methodology used to lo-
energetically favoret'! on the Ge105) surface. In particu-  cate Ge adatom minima, and to compute diffusion barriers,
lar, it was demonstrated that the RS reconstruction actually, gec |1 A the typical geometry of the adsorption sites is
takes place at Ge pyramids facétgng that it plays a key  ranrted, while the activation energies values are introduced
role in determining the dots stability:? Such a reconstruc- i 'sec |1 B. Kinetic Monte Carlo trajectories and diffusion
tion dramatically changes the as-cut geometry, virtuallysqefficients are described in Sec. Ill. The effects of compres-
eliminating the step stucture, flattening {165 surface, and  gjy strain on diffusion is tackled in Sec. IV, while in Sec. V
causing enhanced stability under compressive stfalfif | ik the present results to observed Ge pyramid growth

the above mentioned references provide detailed theoreticgl yes and to previous modeling, before summarizing the
information about surface thermodynamics, kinetics at thep4in pbints discussed in the pape}.

RS(105 surface is still unexplored. Since kinetics often
plays a key role in determining the morphology of growing
films,1>16 understanding how and how fast atoms move at
the R$105 surface should be regarded as a crucial step Al the diffusion barriers reported in this paper were com-
towards a comprehensive microsopic modeling of the obpyted ab initio, by applying the ultrasoft pseudopotential
served dot growth modés:®”In this paper we investigate method, as implemented in thexsp codel®-2! The local
isolated Ge adatom self-diffusion on the Ge(lR(.‘BS) surface. density approximation of Ceper]ey and Alder as param-
Our aim, in particular, is to understand what is the rOIeetrized by Perdew and Zunééwas utilized. The RS recon-
played by the RS reconstruction in influencing kinetics. If strycted(105) surface configuration was considered as a pe-
diffusion at the(105) surface, as cut, is expected to reflectripdic arrangement of slabs separated by 12 A of vacuum.
the anisotropy typical of vicinal surfaces, where step crossgach slab was composed of 14 ML. All of the atoms were
ing is hindered by step barriet§jt is interesting to see how  ajlowed to relax, but the four bottom layers were kept fixed
deeply can the RS reconstruction change this scenario. I pulk positions, while dangling bonds at the lower surface
order to make quantitative predictions useful for furtherwere saturated with hydrogen atoms. We used an energy cut-
modeling, we evaluate the tracer diffusion coefficient alongoff of 200 eV. The in-plane lattice parametarwas set to
the[501] and[010Q] directions, corresponding to the base-to-a,=5.6567 A (except for the results reported in Sec. 1V,

II. LOCAL MINIMA AND ACTIVATION ENERGIES
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ample, see Refs. 9, 11, and)ldisplays an array of horse-
shoe(HS-) like structures, sketched in Fig. 1.

Notice that the surface unit celtentral rectangular area
in Fig. 1) is relatively large with respect to the one of the
2X1 Gg001), where many nonequivalent binding sites were
reportect® so that a proliferation of possible local minima is
expected. Indeed, we found 13 nonequivalent binding sites
resulting in a total of 26 sites in the cell, because of the
twofold rotational symmetry axis along tfj810] direction.
The 26 minima are indicated by stars and lett&B, ... ,M
for the first setA’,B’, ... ,M’ for the symmetrically equiva-
lent ones in Fig. 1. Few additional local minima emerged
during the calculation of the diffusion barriers. All of them,
however, turned out to be extremely shallow, and are not
included in Fig. 1. The differences in binding energy are
summarized in Table (upper row. The best adsorption sites

FIG. 1. Top view of the RS reconstructed (&@5) surface. The turn out to beB (B’) andD (D’), extremely close in energy.
central rectangular region represents the surface unit(télt22  While in Fig. 1 all minima are represented at once, and HS
% 11.31 A). Solid circles stand for surface atoms and the circle’sstructures are drawn in their unperturbed, clean surface con-
size corresponds to the atom position alghg5]. The boundaries figuration, a better idea of the adatom-surface binding can be
of the typical HS structures are drawn with thick solid lines. Theinferred from Fig. 2, where the unperturbed HS structure
adsorption sites are indicated by stars and named by capital letter@ipper paneglis shown together with the lowest-energy sites,
while possible diffusion paths are traced with dashed lines. i.e., B (central panglandD (lower pane). The presence of

the adatom inB or in D is particularly stabilizing since it

where a~4.2% reduction ira was considereg correspond- ~ saturates one dangling bond on both adjacent dimers, simi-
ing to the experimental Ge-bulk equilibrium valgeose to  larly to what happens at th@01) surface(see Fig. 1 in Ref.
the LDA one a=5.623 A), while a 4x5x1 grid of 25). WhileintheB andD configurations the adatom does not
Monkhorst-Pack points turned out to be sufficient to guaranproduce major distortions in the HS structgebanges in the
tee results convergence. In finding local minima, atomic relilting of the dimers adjacent to the adatom, though, can be
laxations, performed by using a conjugate gradient algospotted in Fig. 2 this is not the case when the sit&sC, E,
rithm, were stopped when the forces on the atoms were les¥ L are occupied, leading to a breaking in one of the bonds
than 0.01 eV/A. In order to compute the adatom diffusionof the HS structure. As it is illustrated in Fig. 3, the presence
barriers, we have used the nudged elastic bgN&B)  of the adatom inA (upper panglpulls one of the atoms of
method?® with the inclusion of the climbing-image the more distant HS towards the HS stucture to which the
refinement* which allows for accurate saddle-point energy adatom is attached with two bonds. A similar change occurs
estimates. Due to the very high number of activation energie# the E configuration, where, however, the adatom sticks to
involved in our calculations, geometry optimizations of thethe lower HS with a single bond. In (and, similarly, inC),
saddle points were stopped by using a less restrictive critedn the other hand, the adatom binds to two HS atoms, break-
rium (forces less than 0.08 eV)AStill, convergence checks ing their bond. The sizable stretching of some of the HS
performed on two randomly selected saddle-point configurabonds in the clean-surface configurafibrsurely helps in

[010]

o

—_—

— [501]

tions yielded differences in barriers less than 0.02 eV. causing the here observed bond-breaking processes.
A. Local minima: results B. Activation energies: results
In order to investigate diffusion on GH5), we first iden- In order to scan for possible jumplike diffusion mecha-

tified the adatom binding sites. We probed with a Ge adatormisms(more complex events, such as exchanges between the
the RS reconstructed @5 surface by using a X6 grid  adatom and a surface atom were not investigated have

of initial adatom surface coordinates, and by minimizing thecalculated the energy barrier along paths joining neighboring
energy of the system in each position. The geometry of theninima. In Fig. 1, dashed lines are drawn between all the
RS surface, already described in previous pagéas ex- local-minima pairs for which the activation energy was

TABLE |. Difference in energy(eV) between the various minima sketched in Fig. 1, and the best
adsorption site. Upper row values refer to the Ge in-plane lattice paratagtgrwhile the lower row reports
the results obtained ai;. The lowest-energy site B for ay=age andD for g =ag;.

En Es E. E, E E Es E4 FE E; E« E_  Ey

age 0.178 0.000 0.111 0.007 0.278 0.463 0.401 0.323 0.248 0.532 0.340 0.368 0.436
as; 0.289 0.011 0.228 0.000 0.574 0.507 0.377 0.301 0.339 0.453 0.433 0.546 0.474
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FIG. 2. Top view of the clean-surface configuratiompper
pane) and of the two deepest adatom miniBandD (labeling is
according to Fig. 1, as optimized fora=age Substrate atoms are )
represented by empty circles, the HS structures by gray circles, F!G- 3. Top view of theA (upper pane| E (centra), and L
while a black circle is used for the adatom. In representing mini-(owen adatom-minima configurations, as optimized &Fag.
mum D, where the adatom lays between two HS, the unit cell WagAtoms are @splayed following the same criteria described in the
recentered with respect to Fig. 1. Larger circles are used for atom@ption of Fig. 2.
closer to the observer. Bonds are displayed between pairs of ato
distanced by less tharn2.73 A (bulk distance~2.45 A).

"Sue to the very high number of activation energies computed
in this work, we shall not display the various saddle-point
evaluated. Barriers were computed using the NEB methoctonfigurations. Simply, we shall focus on the typical
which is described with many details in several publicationsActivation-energy values, which are reported in Tableséle
(see, e.g., Refs. 23, 24, and)26lere we simply recall that the &=age rows). The energy barrier to move from one of
the method allows one to find the saddle point separatinghe 26 minimaP to a neighborQ is indicated byEpq in
adjacent minima without knowinga priori the multi-  Table Il. The reverse barrier to move fro@ to P can be
dimensional reaction coordinate. This goal is achieved byomputed using the obvious relatid®p=Epqg—(Eq—Ep),
building a chain of images laying between the initial andwhereEp andEg, reported in Table I, are the energies of the
final minimum (which are the initial and final imageby P and Q minima. Finally, if pointP and/orQ are not re-
artificially connecting the neighboring ones with springs, andported in Table Il, but their symmetric ones &/ ,Q’), one

by finally minimizing an appropriate effective force acting should recall thatEpo=Ep o and Ep q=Epq. These

on each image. In our NEB calculations, the chain of statesimple rules allow one to know the barrier values for every
was initialized by linearly interpolating the initial and the path indicated in Fig. 1. As is clearly seen in Table Il, the
final configurations. Depending on the path length, five oractivation energies for the individual mechanisms are distrib-
seven NEB images were used. After convergence of the NEBted over a wide range of values, ranging from several meV
procedure, due to the complexity of thiE0O5RS geometry, to eV. This lack of uniformity reflects the complexity of the
diffusion paths between adjacent minima generally turnedRS(105 unit cell, already evident from the local-minimum
out to be nonlinear. Similarly, saddle-point configurationsanalysis. In the next section, we shall model long time-scale
were not found in symmetric positions between the minimaadatom diffusion by KMC simulations. The trajectory analy-
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TABLE Il. Activation energiegeV) for adatom diffusion between neighbouring sites at mthas. and g =ag;.

EDH EDK’ EDE EDB EBA EBI EBE’ EBC EBL EJG E.JI EJK EJE’
age 0517 1.019 0534 0789 0677 0.696 0.706 0582 0.582 0.238 0.030 0.242 0.495
a5, 0.690 0728 0.610 0.860 0.904 0.948 1757 0.736 0.736 0.253 0.102 0.137 0.524

Er Ere  Emwr Erc Eae  Eac Eai Ewer  Ewmk EmL Enk Ene Enl EcL
age 0.126 0.281 0.444 0.098 0.358 0.132 0.327 0.308 0.061 0.181 0.327 0.091 0.310 0.473
agj 0.177 0.302 0.553 0.059 0.412 0.254 0.203 0.337 0.116 0.352 0.354 0.084  0.799 0.630

sis will help in revealing which of the events displayed in pane), T=700 K (centra), and T=800 K (right), a typical
Fig. 1 are more relevant in determining adatom diffusion. temperature used in Ge dots growth oi081).° In the fig-
ure, the size of the portion of the cell represented is scaled in
1. KINETIC MONTE CARLO SIMULATIONS order to show the whole trajectory. As it is particularly clear
in the T=800 K case, where a larger number of events is
Once the activation energies for individual processes ardisplayed, diffusion appears to be rather isotropic. The over-
known, the corresponding diffusion rates can be immediatelyll trajectories are given by the combination of many differ-
evaluated using hTST. In particular, H; is the activation ent atomic mechanisms. While it is impossible to relate the
energy for a given mechanisim the corresponding rate; diffusive process to a single path, some general features of
can be estimated using the Arrhenius relation the atomic motion can be inferred. Atoms move by repeat-
0 edly entering and exiting from the HS structures, while po-
vi = v; exp- E/kgT), (1) sitions within the trenches separating such structures are
Where V? iS a frequency prefactoﬂ: the Substrate tempera_ rather. rf:lre. Th|S beh.aVior can be undeI‘StOOd by |00king at
ture, andkg the Boltzmann constant. In the present calcula-the minima locatior(Fig. 1), at their energyTable ) and at
tions, we have estimated the diffusion rates by using théhe typical barrier¢Table I)). Local minima are concentrated
activation energy Va'ues reported in Table (gee thea‘“ N the Close S.Urround"]g -and II’ISIde HS S_trUCturES, Where the
=age row), and by setting all frequency prefactar$to the adatom can fill more easily surface dangling bonds. Once the
standard value of #8s7! (a popular choice in modeling dif- adatom reaches the best adsorption 8éhe lowest barrier
fusion at semiconductor surfaces, see Refs. 27 ang 28Mechanism corresponds to a jump into the HS structure, for
avoiding computationally expensive prefactor evaluations. Ir£xample, to sitd, from where it easily reacheld. At this
the presence of several alternative diffusion paths charactePoint exiting and reentering in the HS is extremely easy.
ized by very different activation energiésee Table I, the ~Moving from M to K only requires to surmoungyy
simple knowledge of the individual rates does not allow one™ 60 meV. The reverse path is also characterized by a very
to understand the overall diffusive behavior of the systemlow barrier (Exy~0.16 eV}, so that KMC trajectories are
Trajectories representative of the state-to-state dynamics afdaracterized by lonl —K— M sequences. In this event,
needed. In order to generate such trajectories, we have simthe adatom moves from one minimum to the other without
lated adatom diffusion across several unit cells by pluggingreaking bonds, displaying a rotationlike motion around one
the individual rates into a kinetic Monte CariMC) code.  ©Of the HS bondgsee Fig. ). As is clear from Table II, other
KMC is nowadays considered to be a standard simulatiogimilar low-barrier events take place. Notice, however, that
technique. Seminal works on KMC can be found in Refs. _
29-31. Here we quickly summarize some general apsects g -. I
KMC simulations which we exploited in our calculations. In | -,
each states visited by the system, a list of possible mecha- |. -
nisms and rates to exit frois provided. Ify; =317 is the

NN AN AN AN AN AN AN
g”gngg'?g,)gogqg":}
AR NI NCI
i A ATy

total rate for diffusing out ofS, a probability pi=1/ vy, is AV XA 2,350
assigned to each individual mechanism that can take the sys = -* RN

tem out ofS. Once one of the possible mechanisms has beer ' ] - ]
chosen with the correct statistical Weigﬂpf), the system is T=600K T=700K T=800K
moved into a new state determined by the particular mecha- g, 4. Adatom KMC trajectories at three different tempera-
nism, the simulation time is advanced by extracting the espyres: 600(left), 700 (centra), and 800 K(right pane). The simu-
cape timet from the distributionf(t)dt=vgexp—(vg)dt,  lation time is of 0.1us. Surface atoms composing the HS struc-
and the procedure is repeated until the desired time scale igres, oriented as in Fig. lthe vertical direction is[010], the
reached. If the list of rates is complete, and rates are cOMhorizontal[501]) are represented with full circles. The adatom tra-
puted exactly, KMC simulations allow one to simulate exactjectory is traced with a solid linéred, in the electronic version of
state-to-state dynamics. the paper. A thicker line is used when multiple transitions between
In Fig. 4, we show three typical KMC trajectories corre- the same pair of minima occurrgdot visible atT=800 K, due to
sponding to a temporal evolution of Ouls, atT=600 K (left  the very high number of processes displayed
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such events, although very frequent, do not allow for a truly T=800K; projected mean square displacements
diffusive motion, which requires the adatom to move be- y - y y y y T
tween different HS, surmounting higher barrigsich as

Ega Egi, OF Epg).

The above observed isotropic diffusive behavior is an im-
portant consequence of the RS reconstruction. (L&) sur- <
face, as cut from the bulk, is a typical vicinal surface char-T
acterized by a set of parallel steps. Diffusion across the
steps is likely to be slower since step barriers need to be
surmounted(see, e.g., Ref. 16 So, in the absence of the
reconstruction, one would predict tti@10] direction (verti-
cal in Fig. 4 to be preferential for atomic motion. As explic-
ity demonstrated by our results, the RS reconstruction
changes completely the diffusion scenario. In order to clarify
further this issue, we have computed the adatom diffusion

coefficient in thegf010] and[aJl] directions. To this goal, we
have estimated the time-dependent mean square displac Diffusion coefficients
ments(X?(t)) and({Y?(t)) as projected onto thg@10] (Y) and

[501] (X) directions by averaging over>310° independent 20 }
KMC simulations at different temperatures(T
€[700,1000Q K). We then extracted the diffusion coeffi- 1
cients by using for both directions the one-dimensional Ein-
stein relatiorDy=lim,_..(X?(t))/ 2t (an analogous expression
holds for Dy). In the KMC simulations, the initial atomic
positions were randomly drawn from a Boltzmann distribu- 3~
tion based on the minimum-energy values of Table I, while a | D
few thousands extra thermalization steps were run before re © . :
cording the trajectories. The diffusion coefficients are re- Y ([010] direction)

o <X2(t)>

<YZ0)>

cm2(1
S = N W A i NN 00O

0o 2 4 6 & 10 12 14 16
time (ns)

DX ([501] direction)

s(10°)

N WA 0O

ported in Fig. Xlower pane), together with the mean square L
displacements at=800 K (upper pangl As is clear from P S S S
the figure,Dy~ Dy. In particular, the data are almost per- 115 12 125 13 135 14 145 15 155 16 165 17
fectly fitted by the Arrhenius relations 11603/T(K)
Dy(cm?/s) ~ 0.026cn¥/s)e O'GZeV)XTl(,i)GOKK/ev) FIG. 5. Upper panel: mean square displacements ajoag]
(Y) and[501] (X), as obtained by averaging ovex30° indepen-
0.64eV)x 11 603K/eV) dent KMC simulations aT =800 K. Lower panel: diffusion coeffi-
Dy(cn?/s) ~ 0.032cnr/s)e T(K) . (2 cients along the two directions. A logarithmic scale is used for the

_ vertical axis. Solid lines represent best-fits using the Arrhenius law
Thus, the effective barriers for diffusion in th601] and in  [Eq. (2)].

the [010] directions turn out to beksy;;~0.62 eV and
[019 direct urm ou 1501) greater than the thermal energlsT), so that the overall

E[Ol‘)]~o'64 ev, respect!vel){. Our results, thus, quantlta_dif‘fusive process can be considered as a sequence of rare,
tively demonstrate that diffusion at ti€05RS surface tends ,ycorrelated events. In practidg/ (kgT) ratios of the order

to be isotropic, at variance with what occurs at 1081) ot —4-5 are sufficient to guarantee the validity of hTST.
surface®? The actual value of the effective diffusion barriers At the highest temperature considered in our simulations
is also interesting, since it shows that diffusion at theT=gpgo K) rates for events with barriers 0f0.3 eV or
(105RS surface is as fast as diffusion along the fast directiomigher should therefore be estimated correctly, while, for
(i.e., along the dimer rowson a Gg001) c(4x2) surface lower barriers, deviations from hTST should be expected.
under a~4% compressive straftf,i.e., under conditions re- Some mechanisms with very low activation energies were
sembling a Ge wetting layer on(8D1). Therefore, we con- found, but they were shown to simply cause local motion
clude that adatom diffusion on tli#05RS surface is an easy around the HS structures, without producing any real diffu-
process at experimental temperatu(@s= 700 K), display-  sive event. The effective diffusion barrier for adatom motion,
ing typical diffusion coefficientgsee Fig. % of the order of indeed, turned out to be0.6 eV, indicating that the set of
1076 cn¥/s. relevant events leading to diffusion falls well within the va-
In the present section we have presented hTST-based ddity range of hTST. Finally, we would like to point to the
timates of the diffusion coefficient, and KMC trajectories reader the work of Penest al,3® where an approach alter-
illustrating the typical diffusive behavior for an isolated Ge native to KMC is used, yielding an analytical expression for
adatom on the GRO5RS surface. Here we recall that hTST the diffusion coefficient. In Ref. 33, however, the number of
provides excellent estimates of the rates when&yer much  elementary mechanisms was much smaller than in the
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TABLE Ill. Binding energiegeV) for the various adatom local minima computed at bsthace anda,=ag;. Energy values are evaluated
by subtracting the total energy of the various configurations to the energy of the clean surface, at the two different lattice parameters.

A B C D E F G H | J K L M

age —4.332 -4510 -4.399 -4503 -4.232 -4.047 -4109 -4.187 -4.262 -3.978 -4.170 -4.142 -4.074
agy —4.246 -4.524 -4307 -4535 -3.961 -4.028 -4.158 -4.234 -4.196 -4.082 -4.102 -3.989 -4.061

present case, and a direct extension of the their calculatior®ower panel of Fig. 2 As a consequence, by reduciagto
to our system appears highly nontrivial. ag; one enhances the stability of such bonds.
While common sense would suggest binding energies to
be minima at the bulk lattice parameteg,), the observation
IV. DIFFUSION UNDER COMPRESSIVE STRAIN of an opposite trend occurring at some sites is not new. Van
__ de Walleet al, already observed compression-enhanced ad-
We have presented our results for adatom self-diffusionsorption sites stability on the @01), c(4 X 2) reconstructed
on G&105RS, at the Ge lattice parametta=ace). It is  syrface?® We believe that in both the present case and in Ref.
important to recall that in three-dimensional Ge dots on25, the odd trend in the binding-site energetics is linked to
Si(001), the average lattice parameter changes along the date complexity of the surface reconstruction, which is char-
starting from a value close to the typical Si one at the baseacterized by a local atomic configuration remarkably differ-
and expanding towardag.® Therefore, the results reported ent with respect to the bulk one. While the total energy of an
in the previous section should be regarded as representatiuinite substrate with a surface obviously reaches its mini-
of diffusion at the pyramids facets close enough to the apexnum value at the bulk lattice parameter, in the presence of
In order to check whether compression significantly affectssurface reconstructions involving major rebonding, addi-
diffusion, we have repeated our calculations @tag  tional isolated adatoms cannot be considered as representa-
=5.431 A, i.e., by considering &4% compression of the tive building blocks for adding a new monolayer to the sub-
in-plane lattice parameter, which should be representative ditrate. As a consequence, the energetics of the single adatom
the typical situation encountered in the proximity of the does not necessarily reflect the thermodynamic of the whole
pyramid basé4 Since our aim here is simply to understand if system. Additional work investigating lattice-parameter de-
the qualitative featureg¢fast and isotropic diffusionfound ~ pendent ad dimers and ad islands binding energies is surely
for a;=ag, still hold, in repeating the calculations fa;  needed in order to further clarify this issue.
=ag; we tried to save some computational time. In particular, While at the lowest-energy minin@ andD), the lattice-
we did not perform the whole local-minima search describedarameter reduction does not cause major rearrangements, in
in Sec. Il A. Simply, we reconverged af=ag; the 13 non- some of the other configurations qualitative changes are ob-
equivalent minima position found fa=age The relative served when passing froe=age to 8 =ag;. For example, in
energiegcomputed with respect to the best adsorptionBite minimum A the reduced lattice parameter prevents the pre-
for a,=ag;, while siteB was slightly favoured a,=age) can  Viously discussed adatom-induced dimer breakcmmpare
be found in the second row of Table I. the upper panel of Fig. 3 with Fig.)@&nd, in turn, the for-
The results reported in Table | allow one to capture strainmation of an additional bond between the adatom and the
related changes in energy differences among minima consurface. As a consequence, the binding energy atAsile-
puted at the same lattice parameter. In order to directly comereases afy=ag; (see Table Il). Somewhat similar changes
pare the binding energy at the various sites for the twaare observed also at sit€s E, andL, and in all such cases
lattice-parameter values, we computed the difference behe minima are deeper f@=ag.
tween the total energy of the slab containing the adatom at a After reconverging the 13 nonequivalent minima configu-
given site and the total energy of the clean surfdoeth  rations at a=ag, we also repeated the whole set of
terms being evaluated at the samevalue). Results are re- activation-energy calculations described in Sec. Il B. In order
ported in Table I13° The table shows that the trend in the to save computational time, saddle points were optimized
adsorption energies vs lattice parameter depends on the agsing a 23X 1 grid of Monkhorst-Pack points. We verified
tual site. While for most of the sites the energy éprag.is  for two saddle-point configurations that the use of a larger,
lower than the corresponding one f=ag;, this is not what  4X5X1 grid, did not change in any significant way the
happens at the best adsorption sitBsand D) where com-  estimate of the diffusion barrier. The various activation ener-
pression seems to enhance stability. This energy loweringies are reported in the second row of Table Il. Comparing
can be qualitatively explained in terms of bond stretching. Insuch values with the ones obtainedagt ac, (first row of the
both B and D configurations the adatom binds to two HS same tablg we notice that mostbut not al) barriers are
atoms. Fora,=ag,. these bonds tend to be stretched. Forraised by the compressive-strain action, in qualitative agree-
istance, in minimunB, the length of the bond between the ment with the results of van de Walkt al. on Ge adatom
adatom and the HS atom on its right sieee the central diffusion on G€001).2> KMC simulations, repeated using the
panel of Fig. 2 is ~3.5% expanded with respect to the bulk whole set of theg =ag; results, confirmed this observation,
distance. A similar expansion characterizes also the length d¢ading to an estimate dsy;;~0.72 eV (~0.1 eV higher
the bond between the adatomDnand the HS atom to its left than the result obtained & =age) and Ejp;q~0.67 eV (
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characterize the dome geometry. A very detailed, atomic-
scale evidence for such a transition path is provided in Ref.
39, where STM images demonstrate a progressive step
bunching taking place close to the pyramids apex, eventually
leading to the transformation betweéh05} and domelike
steep facets. The above reported evidence suggests that pyra-
mid growth proceeds from top to bottom: a critical nucleus is
created at the topmost regions, while facets are completed
afterwards by a fast step-flow process. In order to justify
such an evidence, one needs to assume surface diffusion to

be fast in the base-to-tap501]) direction, since new mate-
rial is observed to climb the facets and to easily reach the
upper regions. The results presented in this paper provide a
theoretical justification for such an assumption. Notice that,
A; Si lattice parameter in the absence of the actu@l05} facets reconstruction, a
fast facet-climbing process would be hardly justified. Indeed,

FIG. 6. Top view of theA adatom configuration, as optimized facets would display a staircaselike geometry, and motion
for a;=ag;. Atoms are displayed following the same criteria de- towards the apex would involve a repeatedow) step-
scribed in the caption of Fig. 2. The black arrow indicates the bond:rossing process. The model of Ref. @@iblished before the
that for aj=ag, breaks(see the upper panel of Fig),3wvhile the RS reconstruction was demonstrated to characterize the dots
gray one is used to emphasize that no bonds are formed between tfacet§) was based on this picture, and predicted a
adatom and the gray atom of the HS structure, at variance with thbottomside-up growth mode, at variance with the recent re-
& =3age Case. sults of Refs. 38, 39, and 41.

In this work we have investigated adatom self-diffusion at
~0.03 eV higher than &, =ag,). It might be worth noticing the G&105) surface, reconstructed following the RS model.
that on fcc metal surfaces an opposite trend has beeRased onab initio estimates of various atomic diffusion
predicted?®3” demonstrating that the dependence of the adapaths and on KMC simulations, we have shown that diffu-
tom jump barrier on the lattice parameter is strongly systengion at typical experimental temperatures is an easy process,
dependent. almost equally fast along tH&01] and[010Q] directions, par-

To this end, a~4% compressive strain tends to slow ticularly relevant for modeling Ge pyramids growth on
down diffusion in both[010] and[501] directions, the effect Si(001). In eliminating the typical step structures of the as-
being more pronounced along the latter. Changes in barrier§ut (105 surface, the RS reconstruction makes it easier for
however, are not particularly significant at the typical experi-adatoms to reach the topmost regiong b5} Ge pyramids
mental temperatures, and the overall picture of fast and agrown on S{001), where nucleation of a new facet seems
most isotropic diffusion is likely to hold for any compressive favored from a thermodynamic point of view. Hence, the
strain in the rangé4—0 %9, i.e., along the whole Ge pyramid Present calculations provide theoretical support to the recent
facet in Ge/Si001) systems. experimental evidences of a top-to-bottom pyramid growth

mode. More work, however, is surely needed in order to

build a satisfactory atomistic model of kinetics at Ge pyra-

V. CONCLUSIONS: INFLUENCE ON PYRAMID GROWTH mids, including a comprehensive analysis of dimers and
MODES larger islands stability and mobility at the.05} facets.

Ge three-dimensional islands grown on((®il) are well
known to display a bimodal behavior. The coexistence be-
tween small {105} pyramids and largedomeshas been Computational support from the CINECANFM project
clearly demonstrated in two seminal experimental papérs. “Iniziativa Calcolo Parallelo 2004"and CILEA (within the
Recently, Seifert and co-workéPsprovided a simple expla- L-NESS enterprise supercomputing facilities is gratefully
nation for the pyramid-to-dome transition: néw05} layers  acknowledged. L-NES8 aboratory for Nanometric Epitax-
preferentially nucleate at the topmost regions of the pyramidal Structures on Silicon and Spintronjds a joint research
facets, due to the lattice parameter expansion towards the Genter of Politecnico di Milano and University of Milano-
bulk value. Hence, material tends to accumulate in such reBicocca. We wish to thank our student S. Cereda for techni-
gions, facilitating the formation of the steeper facets whichcal support.
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