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Scaling of submonolayer island sizes in surfactant-mediated epitaxy of semiconductors
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We study submonolayer island size distributions in the epitaxy of Si and Ge on(ttie)Siurface with Bi
as a surfactant. We show that sizes of Si islands at different growth temperatures scale to a standard scaling
function that peaks at the mean island size. Size distribution of Ge islands demonstrates qualitatively different
behavior: With the decreasing temperature the most probable size in the population of Ge islands shifts towards
small island sizes so that the peaked scaling function degenerates to a decreasing one. The observed scaling
phenomena are found to be inherent to the mechanism of growth which involves exchange and de-exchange
processes of deposited atoms with the surfactant and the strong passivation of step edges in the presence of the

surfactant.
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INTRODUCTION observation of a multipeak island size distribution when

Experimental investigations of density and size distribu—sftable islands of magic sizes gxPé‘tAddnmnaIly, transi- ,
tion of submonolayer island populations yield qualitative andtlon from a peaked scaling function to a decreqsmg one W'th
in certain cases even quantitative information regarding miIhe Increasing groth tempe;rature was Pred'CtEd theqretl-
croscopic mechanisms that determine the growth of the sy&ally forlési/g,tems with prominent desorption of deposited
tem under scrutiny. One particular type of information isParticles.> _ _ _
whether the studied growth system clasifies within a standard !N surfactant mediated epitax$ME)*~** particles of the
growth model or not. In the standard growth motakoms deposited material arrive at a surface, where a monolayer of
arrive at a substrate with a flkand diffuse on the substrate another species, so called surfactant, is adsorbed. This modi-
with a temperature dependent diffusion r&ie No desorp- fies the growth scenario compared to the growth without
tion of atoms from the surface is allowed. When two or moresurfactant, allowing, e.g., layer-by-layer growth of relaxed
diffusing atoms meet a two-dimension@D), one mono- layers in highly strained Ge/Si heteroepitd®y® Therefore
layer (ML) high island nucleates and grows further by the SME systems are good candidates to have a behavior differ-
diffusion limited capture of adatoms. In this way a popula-ent from that predicted by the standard growth model. In-
tion of 2D islands covering a fractiofiof the surface devel- deed,y>1 was measured in submonolayer growth of Ge on
ops. In the precoalescence regime of growth the island popuhe Pb-covered 8i11) surface?? Meanwhile, no measure-
lation is characterized by the island size distributhn For  ments of the island size distributions in SME have been re-
various amounts of deposited material expressed in terms @forted so far.
the surface coverag® N scales onto a single functidifx): In this work, we present the first experimental study of

N, = 61(S)2F(s(S)), (1) submqnolayer i§land .size distributions in SME. We use a
scanning tunneling microscog&TM) to observe the mor-
where (s) denotes the mean island szén the standard phology of Si and Ge layers grown on(811) by SME with
growth modelf(x) is a peak function with a peak a&12°  Bj as a surfactantBi-SME). We find scaling oN; according
In addition, the total island density is a power law oF and  to Eq. (1) for both Si and Ge. For Si, a standard scaling
D:! function is observed. For Ge, a scaling function with a peak
No (F/D)X, 1/3<y<1. 2) strongly shifted tc_)war_ds small island sizes is found. T_his
nonstandard scaling is temperature dependent: for higher
When the above conditions are met, predictions of the startemperatures, the scaling function approaches the standard
dard growth model can be used to measDhreand other one. We demonstrate, that the observed scaling phenomena
model parameter’’ can be explained considering exchange and deexchange pro-
On the other hand, the experimentally observed deviationsesses of deposited atoms with surfactant and the passivation
from the behavior predicted by Eq4) and(2) can be used of step edges in the presence of surfactarfor this pur-
to identify important growth mechanisms beyond the stanpose, we perform kinetic Monte Carf&MC) simulations of
dard model. Examples include observations of growth witha generalized diffusion—de-exchange—passivati@DP)
x=0 in systems with post-depositidar displacivé'°nucle-  model of surfactant mediated epitaédin terms of the DDP
ation, occurrence of a decreasing scaling functidr) model, stronger passivation of the step edges for Ge atoms
caused by these mechani$m8or by a strong anisotropy of than for Si atoms is required to obtain the experimentally
the surface structuré, growth with y>1 in systems with observed difference of the submonolayer scaling in Ge and
hindered incorporation of atoms into the islafé$3and the  Si Bi-MBE on the S{111) surface.
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EXPERIMENT

Experiments were performed in an ultrahigh vacuum
chamber with a base pressur@ X 107 Torr. Si(111) sub-
strates doped to % 10'° cm 3 Sb were resistively heated by
passing dc current. Standard flashing procedure yielded clea
Si(111) 7 X7 surface. This surface was kept at 500 °C and
terminated by Bi evaporated at a rate 1 BL/mih BL
=1.56x 10 atoms/crd) from a Knudsen cell. After Bi ter-
mination, substrate temperature was set to a desired level an
Ge or Si was deposited from a graphite or tantalum crucible,

respectiyely, both heated by el_ectron bombardment_. B_i was RaC + O0CEL R
codeposited at a rate 1 BL/min and the characteristic Bi- 4 » 010BLf o + 0.16BL
induced y3X V3 surface structure was maintained during q>1 o2 * 020BL[ At * 0.20BL
L\, 10 ’ D « 440°

growth. -~ . Ge 480°C A\ Si440°C

Scaling of Ny was studied for layers grown at /\% BEATY D:h O O20BLE g8 N O 020BL
F=0.2 BL/min and# from 0.06 BL to 0.2 BL. Substrate > I ;
temperatures were set to 440 °C for Ge layers and 480 °C I

for Si layers to obtain a comparable island density in both Ok
systems. Typical surface morphology of a Ge and a Si layel
is shown in Figs. (a) and Xb). Surface morphology of the
Ge layer distinctly differs from that of the Si layer: islands of
different sizes, among them many small islands are observe: 2,
in the Ge layer, whereas in the Si layer the island sizes are >
more uniform. =z
This observation is further supported by a comparison of

2

the island size distributions for Ge and Si that are shown 0 e

in Figs. Xc) and Xd), respectively?® In both cases, we ob- 0 1 ri<r>

serve a fit of the rescaleN; for different # onto a single

scaling function. The scaling function peakssat(s) for Si, FIG. 1. (Color onling Morphology of(a) Ge layer,(b) Si layer

however, the peak is found a0.2s) for Ge. Thus, Ge 9roWn by BI-SME on the $111) surface. ¢=0.2BL, F
=0.2BL/min. T=440 °C for Ge,T=480 °C for Si. Image width is

SME on Bi-terminated $111) is not described by the stan- 210 nm in(a), 140 nm in(b). (¢), (d) Corresponding plots of the

dard nucleation model. For both Ge and Si, additional meaFescalech for various § (closed symbols measurement o for

surements were performed at complementary temperatur%gm

o . ; plementary temperaturéspen symbols (e), (f) Correspond-
480 °C for Ge and 440 °C for SI..Tht.ese revgal, tNatfor ing rescaled nearest neighbor separation distributign of islands
Ge approaches a normal one with increasing temperatulig Ge and Si layer. Lines represent guides to the @e. 42.
[Fig. 1(c)]. Ng for Si does not changpg-ig. 1(d)].

rather sensitive to the spatial correlations of the islanty 2 BL andT to 440 °C for both Ge and Si. We obtain simi-

locations® A measure of the spatial arrangement of islandsar  values y%4°°°=0.37+0.02 for Ge and %0 °C
in the experiment is the nearest-neighbor separation distribu= 36+0.02 for Si, within standard limits fox.

tion N(r).2” This quantity represents the density of islands The observed nonstandard scaling in Bi-SME of Ge on
having its nearest neighbor at a distamcét scales adN(r)  sj111) differs from all observations of nonstandard sub-
=Ng(r/{r)) where(r) denotes a mean distance to a nearest
neighbor. Rescaletli(r) for Ge and Si are shown in Figs.
1(e) and 1f). In contrast to the Si case the rescah(@) is
asymmetric for Ge with the peak shifted toward smaller is-
land sizes. This is an indication of a certain loss of spatial
correlatior” between Ge islands compared to Si islands. The
islands can nucleate at smaller relative separations in the G
layer than in the Si layer. A similar effect can be observed at
preexisting step edges on the(Hil) substrate, as seen in
Fig. 2. Islands can nucleate very close to the step edge in th
Ge layer[Fig. 2@)]. On the contrary, in the Si layer a pro-
nounced denuded zoffdree of islands appeai&ig. 2b)].
To complete the experimental picture of Ge and Si Bi- FIG. 2. Island population near a step edgéanGe layer,(b) Si
SME on the Sil1l) surface, we measured the expongrif  |ayer grown by Bi-SME on the §i11) surface.=0.1 BL, F
Eq. (2). The value ofy for Ge and Si was determined from =0.2 BL/min, T=440 °C for Ge,#=0.08 BL, F=0.2 BL/min, T
values ofN obtained at five different settings &. F was =480 °C for Si. Image width is 230 nm i@), 130 nm in(b).
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monolayer scaling mentioned above. The observed scaling diffusion exchange de-exchange
function for Ng is not multipeak* Rather, it can be approxi- B . .
mated by a decreasing functigRig. 1(c)]. Such a behavior Zﬁ‘f)j — .
cannot be related to post-deposifiar displacivé'® nucle- ] ﬁ:k 714\ (& Z
ation, because a nonzero exponeff’ ““is observed. Argu- P | PR PR
ments on pronounced anisotrdpydo not apply to they3

X 3 structure of the Bi-terminated 3il1) surface. A tran-
sition between the peaked and decaying scaling functions
due to desorptio*®can be excluded as the expected tem- gy 3 (Color onling Growth processes considered in the DDP

perature dependence for this desorption-induced phenomyogel of SME(Refs. 23 and 2¢ Related activation energies of

enon is opposite to that observed in our study. these processdsy, Ee,, Eqex generally differ for material atoms in
We will not consider eventual strain contributions to the plane and material atoms at step edges.

scaling phenomena observed in our experiments. The strain
contributions to submonolayer island scaling have so faalso been demonstratétithat assuming a proper strain de-
been detected only in semiconductor heteroepitaxy on supendence oEg, at step edges, the experimentally observed

faces with pronounced anisotropy, in particular, by evaluattransition from 2D growth at low temperatures to 3D growth
ing the distribution of projections of island sizes onto two at high temperaturé$can be explained.

[] material [T] surfactant

nonequivalent direction®:3° In addition, the observed dif- To study scaling of submonolayer island size distributions
ference between the rescalidof a strained systerfGe on  we generalized the DDP model in terms of the well estab-
Bi-terminated Si111)] and an unstrained systef8i on Bi-  |ished bond-counting KMC scheme of epitaxial growth,
terminated Si111)] is much larger than the effects of strain which is well suited for such purposes. In this scheme, the
on the scaling oN; predicted for isotropic systeni&:2 activation energy of a growth process for a particular atom
depends on a numbaerof its nearest lateral neighbors. Thus,
DIEEUSION—DE-EXCHANGE—PASSIVATION in the DDP model, the activation energy for diffusit(ggl of
MODEL OF SME atoms on top of the surfactant becomgs=Eg+nyE,",

where E; is the activation energy for hopping of a single

The deviation of the scaling observed in Bi-mediatedatom on top of the surfactant, am@pE}?” is the increase of
growth of Ge on Sil11) from the predictions of the standard the binding energy of an atom before a hop dueg near-
growth model justifies a search for additional atomic-scaleest lateral neighbors. Additional energy barriers to hopping
processes which could contribute to the observed scalingf atoms across the step ed¢femre not considered. For sim-
phenomena. In the following, we will study the scalinghyf  plicity, no difference between surfactant and material neigh-
in the diffusion—de-exchange—passivation model of SMEbors on top of the surfactant is made. The activation energy
proposed in Refs. 23 and 24. for exchangek,, is kept constant independent mf,,, which

The DDP model assumes three basic processes that hagnsures the passivation of the step edges in the DDP
pen during the SME growtkFig. 3): diffusion of deposited model?324
atoms on top of the surfactant, exchange of material atoms Due to incorporation below surfactant, atoms increase
with surfactant to incorporate below the surfactant layer, andheir binding energy byE;.+ni,cEn° with respect to single
de-exchange of material atoms with surfactant atoms to geitoms on top of the surfactant. The linear tempE, ' rep-
back on top of the surfactant. Processes are considered to hesents the step edge contribution to the binding enexgy,
thermally activated with ratesg; having an Arrhenius form is the number of nearest neighbors of an atom that are incor-
vi=vy exp(—E;/kgT), where v, is the common prefactor of porated below surfactant. The de-exchange happens with an
the order 18 s7%, kg is the Boltzmann'’s constarif,tempera-  activation energfgex=Eex* Einc+NincEn°— NiopEr” Which ac-
ture, andg; the activation energy of thieh process wittgp, counts properly for the difference of binding energies of an
Eex Edex Standing for diffusion, exchange and de-exchangeatom that is determined bw,. before andn, after de-
processes, respectively. Generaly,> E,, t0 account for exchange.
the increase of the binding energy of single material atoms We employed an unrestricted solid-on-solid simulation
upon incorporation. Important is a definition of the behaviorscheme on a square lattice with a periodic boundary
of material atoms at step edges. In the DDP model, not onlgondition®4 Simulation events have been selected with a
terraces but also step edges are passivated, i.e., incorporatistandard algorithr* To save the computation time we et
of atoms into step edges does not happen automaticalland T to values that yield island sizes approximately 20
Upon incorporation of an atom at the step edge, its bindingimes smaller compared to those in the experiment. The pa-
energy increases more than that of an atom on the terraceameterst, E,,, andE;,. determining the behavior of single
Accordingly, E4ex at step edges is larger th&g,, for staying  atoms in the DDP model have been selected in accord with
alone atoms. ab initio calculations of the activation energies for hopping,

The above described DDP model was used to show, thaixchange, and de-exchange of single Si and Ge atoms on the
the island densityN in SME depends on a combination of As-terminated $i11) surface®®
Ep, Eexw Egexn’? rather than orEp only as is in the standard ~ The major qualitative predictions of Ref. 35 can be sum-
model! Thus, observations ol in SME are not directly marized as follows. First, the activation energisor hop-
related do théE, as was expected in earlier works?! It has  ping are equal in both systeni8.25 e\j. Second, the acti-
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vation energyE,, for exchange of a single Si atof@.27 e\j

is close to the hopping barrigs, i.e., Si atoms easily incor-
porate under the surfactant layer. In contrast, Ge atoms hav
to overcome a significantly higher exchange barrier
(0.71 eV} and therefore they can stay longer on top of the

Egex=Eext Einc are, in fact, comparable for both materigls
1.07 eV for Si and 0.9 eV for GeAssuming a similar quali-
tative behavior on the Bi-terminated ($11) surfacé® we
used two different sets of parameters in our KMC simula-
tions of Si and Ge depositiolEs=0.3 eV, E.,=0.3 eV, Ej,¢

=0.3 eV for Si, andEs=0.3 eV, E.,=0.5 eV, E;,;=0.1 eV Ge320K -+ 0.06 BL SI400K - 0.8 BL
for Ge. The binding energieE°® and E/', as well as the . s 0I10BL[ 4 0.16BL
attempt frequency, were set to be equal for both materials @1 B -+ & D0208L [ A * 020BL
with E"°=0.25 eV,E°P=0.05 eV3” andy,=2x 1022 s To  «y [ o GeImK T iy SIs40 K

0.20BL | 0.20 BL

mentally observed difference in scaling Nf in Ge and Si s
Bi-SME on S{111), the activation energies in our KMC 0' =)
simulation differ only in the activation energy of exchange 0
E., for Ge and Si parameters. -

It should be emphasized that in our study we concentratec [ : [
on the qualitative scaling behavior and did not intend to [ : [
reproducequantitative features. Therefore, the parameters E -
listed above cannot be regarded as a fit of the DDP model t¢ & |
the experimental data. Still, a considerable agreement witt &
the experiment is achieved. [

In Figs. 4 and 5 results of the KMC simulation of the 0
DDP model are presented. Simulations were performed a. 0
F=0.2 BL/s,T=320 K for Ge parameters, afdd-400 K for . . .
Si parameters. At these temperatures, the model yields ti]gtiFIG' 4. (Color onling Morphology obtained from KMC simu-

) - . 0 lations of the DDP model of SMEa) Ge parametergh) Si param-
island density that differs by less than 10% for both materi eters.§=0.2 BL, F=0.2 BL/s.T=320 K for Ge,T=400 K for Si.

alsd gswll thc? explerlment, to obtain _Slnglar densr:tlehs Of_ Gglmage width is 150 lattice unitgof 512). (c), (d) Corresponding
an | islands, a lower temperature in Ge growth than in blots of the rescaledlls from simulation at variou® (closed sym-
growth must be used. bols), simulation ofNg for complementary temperaturgspen sym-

Figures 4a) and 4b) show the morphologies obtained g (e), (f) Corresponding rescaled nearest neighbor separation
from the simulations with the two sets of parameters. IngjstributionN(r) of islands obtained from simulation for Ge and Si

agreement with experiment, a more regular pattern of islandsarameters. Lines represent guides to the (Rg. 42.
is observed with Si parameters.

Figures 4c) and 4d) show the rescaled island size distri- simulation(Fig. 5), showing no denuded zone for Ge param-
bution N; obtained from simulations with Ge and Si param- eters[Fig. 5a)], and a pronounced denuded zone for Si pa-
eters at differen®. Scaling ofNs with ¢, characterized by a rametergFig. 5b)].
decreasing scaling function for Ge parameters at 320 K and a Finally, values ofy have been measured in the simulation

normal peaked scaling function for Si parameters at 400 K ior Ge parameters at 320 K and Si parameters at 34§ K.
obtained in agreement with experiment. Simulations at

complementary temperatures of 380 K for Ge and 340 K for
Si reveal that a normal scaling behavior with a peaked size
distribution of Ge islands is recovered with the increasing
For Si parameters, no significant changeNof within the
temperature interval comparable to the experimental one is
observed.
Figures 4e) and 4f) show the rescaled nearest-neighbor
separation distribution of island¥(r) obtained from simula-
tions with Ge and Si parameters. In agreement with the ex
periment, the rescaled(r) for Ge parameters is biased to-
wards small island separations, while for Si parameters, the
I’escaledN(S) is Symmetric. This indicates nucleation of is- FIG. 5. Island population near a step edge as obtained from
lands at smaller relative separations in the simulation witlKkMC simulations of the DDP model of SMEa) Ge parameters,
Ge parameters than with Si parameters. The appearance @f Si parametersf=0.1 BL, F=0.2 BL/s. T=320 K for Ge, T
the denuded zones has also been reproduced correctly in thd40 K for Si. Image width is 150 lattice unitsf 256).

clearly identify one of the possible reasons for the experi- 9 [
2

r<r>
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was determined from a dependenceNobn F for 5 values  netics in the Kolmogorov-Avrami modé?;** which, indeed,

of F between 0.1 BL/s and 2 BL/s. We obtaij zeo K predicts a decreasing power-law scaling function for island

=0.41+0.02 in good agreement with experiment.sizes?’ The asymmetric shape of the nearest-neighbor sepa-

X310 %=0.28+0.02 underestimates the related experimentaiation distributionN(r) as observed in our experiments for

value, however, is still near the lower limit predicted theo-Ge islands was also proposed to be a signature of the growth

retically for y in the standard growth modgEq. (2)].%8 mode with the uniform adatom densft.
Another signature of the growth mediated by the incorpo-
DISCUSSION ration kinetics could be a flux dependence of the total island

density with the exponeng>1.1* However, both for Si and

Results of our KMC simulations of SME allow to formu- Ge our study revealeg<<0.5, i.e, lower than the lower limit
late new implications of the DDP model. Particularly, underpredicted for this case by the thedfyThis shows that the
certain conditions, the DDP model yields a nonstandard deisland size distribution is more sensitive to the actual regime
creasing scaling function for the distributidf of submono-  of growth than the total island density.
layer island sizes. This nonstandard scaling behavior is tem- As the deposition temperature increases the role of the
perature dependent: at higher temperatures, the island siexchange barrier vanishes and the kinetic regime of the is-
distribution N5 obeys the normal scaling with a peak st land growth can change to the diffusion oiién accord, the
=(s). The appearance of the decaying scaling function in thatandard peaked island size distribution recovers, as ob-
DDP model is accompanied by the narrowing of denudedserved in our experiments and reproduced by KMC simula-
zones around step edges and islands. tions. A similar temperature transition from a decreasing

In order to understand the origin of the nonstandard scalscaling function forNg to a standard one was predicted for
ing behavior we recall that it was observed in our simula-epitaxy with desorption of atoms from the surfa€é®How-
tions using the Ge parameter set only, while with the Siever, the decreasing scaling function occurs at high tempera-
parameters the standard peaked scaling function was reprt#res in this case. This is caused by the fact that the desorp-
duced at all considered temperatures. The main difference dion influences the adatom density that becomes constant at
the two sets of parameters is the value of the activation erhigh temperature¥®
ergy E., needed for incorporation of the deposited atoms
below the surfactant layer via the exchange process. In com- CONCLUSIONS
parison with the barrier to diffusion of deposited atoms on

top of the surfactantEe(Ge) >En4Ge for Ge, while In this work, we present the first experimental study of

o : R submonolayer island size distributions in surfactant mediated
Eeu(Si) =Enod S for Si. This means that almost every hop of epitaxy (SME). We find scaling of island sizes to a standard

a Si atom on top of the surfactant is followed by an scaling function in Bi-mediated SME of Si on($11). On

exchange/de-exche_mge event. Therefore, Si atoms ree}chlﬂge contrary, distribution of island sizes in Bi-mediated SME
the step edge position will exchange and attach to the Si ste Ge on Si111) scales to a nonstandard scaling function

edge with a high probability. On the contrary, Ge atoms o ith a peak that is strongly shifted towards small island
top of the surfactant make many hops before an exchang%/

Izes. This nonstandard scaling in Ge SME is temperature
de-exchange everit=5000 hops before an exchange eventdependent. For higher temperatures, the scaling function ap-
for single atoms and Ge parameters at 320 Khis causes roaches the standard one
that Ge atoms reaching the step edge position can leave tre Using kinetic Monte Cario simulations, we demonstrate
position with much higher probability than to exchange andthat the observed scaling phenomena ca,n be explained cc;n-
attach to the step edge. In other words, in the DDF.) model thS’dering exchange and de-exchange processes of Ge and Si
step edges W'th. the Ge_parameter set are passivated MUEtbms with the surfactant layer and a passivation of step
stronger than with the Si parameter set. Therefore, the norb'dges on the &i11) surface due to the presence of
standard scaling phenomena in the DDP model can be =

ded It of the st vation of step ed rfactan£®?* The different scaling phenomena in Bi-
garded as a resuft of e strong passivation ot step €dges (e diated SME of Ge and Si on($i1) can be explained
the presence of surfactant.

Th . fthe st ¢ q ivati considering a stronger passivation of step edges for the Ge
. € main consequence of e strong step edge passivaliQy, ¢ 4, the Bi-terminated (@i11) surface than for Si atoms.
is the transition from growth limited by the surface diffusion

to growth limited by the attachment kineti#sIn the latter

case the adatom distribution between step edges becomes
uniform3® Therefore the nucleation of new islands occurs We would like to thank Neelima Paul for fruitful discus-
with equal probability across the surface and no correlatiorsions and Helmut Stollwerk and Peter Coenen for the tech-
in the island locations is observed. In this situation the nuclenical assistance. The stay of S.F. and J.M. in Germany was
ation kinetics resembles in many respects the nucleation kisupported by the Alexander von Humboldt Foundation.
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