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Influence of small-cluster mobility on the island formation in molecular beam epitaxy
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We study by Monte Carlo simulation submonolayer thin film growth during molecular beam epitaxy. We
carry out a variety of simulations, both with and without inclusion of the small-cluster mobility and the
detachment of one-bond adatoms from island edges, using the solid-on-solid model with the full excluded
volume of adatoms. We find that the small-cluster mobility appears to influence the scaling relation of the
island density and the scaling functions of the island size distributions. The scaling exgotefitted by the
island densityN via N~FX, F being the deposition flux, is found to vary, as the substrate temperature
increases, fromy= 1 to y= £ if the detachment of adatoms is disallowed and to a value begadhdetach-
ment is allowed. It appears from these results that there exists an intermediate region in which rate equation
analysis with small-cluster mobility is adequate before the onset@fbehavior. We also study the influences
of edge diffusion, small-cluster mobility, and adatom detachment on the scaling function.

[. INTRODUCTION is the size of clusters one atom smaller than the size of the
smallest stable islands ark] is the dissociation energy of
Molecular beam epitaxyMBE) is an important techno- clusters of size.
logical process for fabricating nanostructures of high-purity The exponenty may be determined experimentally by
crystalst— The fundamental physical processes in MBE in-studying the variation oN as a function of the substrate
volve nucleation by two or more atoms, aggregation of adatemperature and the deposition flux, using various techniques
toms on island edges, and coalescence of two or more isuch as scanning tunneling microscopy, transmission elec-
lands. These processes lead to the formation of a distributiotion microscopy, and high-resolution diffraction and scatter-
of islands with various sizes. ing. Oncey is known, the prefactoD, and the diffusion
At low temperature, adatoms diffuse slowlwith low  barrier E4; can be determined from the constawtD/F)X
hopping rat¢ on a substrate, and clusters of two or morefor various values of the substrate temperature. Thus, knowl-
atoms are immobile and become stable. The diffusion rate oéddge of the scaling behavior of the island density and the
adatoms(monomer$ depends on the temperature Via  island size distribution enables one to determine important
=Dgexp(—Egqn/kgT), Eqq being the diffusion barrier for a physical quantities in epitaxial growth. A typical valued§
monomer and, the free hopping rate per atom. An island for metal-on-metal deposition is known to be of the order of
grows in a similar way as diffusion-limited aggregation 10** (hops per atom per second
(DLA) and shows a fractal nature with a fractal dimension During the aggregation process, on the other hand, the
similar to that of DLA, i.e.,szl.Y.“‘6 As the temperature island density remains nearly constant, while the mean island
increases, monomers diffuse with a higher hopping rate angize increases. The self-similar island size distribution in
adatoms on an island edge slip along the edge, yielding edgene during such processes yields the density of islands of
diffusion. When an adatom arrives at a kink site at whichsizes, Ny, scaling as
more lateral bonds can be formed, it will become immobile.
It is known that such edge diffusion yields a geometrical ¢
phase transition of the island morphology from fractal to N~ — f(s/S), 2)
compact structures. For such submonolayer nucleation and s?
growth of islands during deposition, the power-law behavior
of the island density with deposition flux and the scaling ofwhereS andt are, respectively, the mean size of islands and
the island size distributions are of primary interest. the evolution time. This dynamic scaling relation has been
Classical rate equation analysis and the more recent deised by Family and Meakirto study the size distribution of
velopment of dynamic scaling ideas have provided powerfubiroplets of liquid and has now become the standard math-
tools for understanding the growth and aggregation processesnatical tool for the study of growing surfaces?® A great
in terms of the evolution of the cluster size distribution. In deal of effort has also been devoted to the study of the ana-
the early stage of deposition, the density of isladisn-  Iytical form of the scaling functionst=4
creases as As the temperature increases further, clusters of small size
such as dimers and trimers begin to diffuse. The influence
of small-cluster mobility has recently been investigated
with a rather simple model of “point” islands or “zero-
size” islands'®!® Classical mean-field rate equation analysis
for fixed coveraged (=Ft, F being the deposition flyx allows us to predict that the island density scales with depo-
where3=1/kgT and y=i/(i +2) & The critical island sizé  sition flux F as"’

N~(D/F) " *exd BE;/(i+2)], (1)
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N“(F/D)Z/SGXQB(Edﬁ Eg2)/5] 3 s, i.e., the rate of adsorption of monomers by islands. It is
clear thatKg is proportional to the diffusion constant of

i i — —BE . ..
if each monomer hops with the rale=Doe "t and each 5 mers and the surface area of islands of sjde., K.

dimer with D,=Dge"#%e2, but trimers and larger clusters ~DsP, with p=1/d; for fractal islands of fractal dimension

are |mmo_b|_le. . d¢ andp=1/2 for compact islands. Dividing both equations
At sufficiently high temperature, where adatom detachy,, £ anq taking a sum over all islands, one can recast the

ment becomes operative from the island edges, dimers m Quations in terms of the coverage:

dissociate into two monomers before they diffuse large dis-

tances, implying that monomer diffusion dominates dimer 1 )

mobility. The scaling relation in Eq1) thus holds for some g~ L1 2RNi— R, sPN;Ng, (6)

i>1 and the exponeny increases fromy=3 to y=3% or =2

even larger. Earlier worR*®focused on whether or not there

is an intermediate region in which the scaling relation in Eq. —=RN? (7)

(3) holds before such a transition occurs. Liu, Bonig, and do

Metiu'® argued that mobilities of small clusters significantly with R=D/F. The solution of these equations is known to be

affect the island density before the transition from1 be- readily obtained, for the point island model p&0, asN,
havior toi=2 behavior occurs. They emphasized that the _ y 54 N~R03,at early time and\ll~R‘2’30‘1’3,and N

modified scaling relation in Eq3) should be considered in _ p-1/34113 5t |ate time, and, for the compact island model,
the analysis of experimental data. On the other hand, Bartegle~ R-3¥49~Y2 andN~R~¥4(In ¢) at late timet!
et al® claimed that dimer hopping dominating dissociation For processes including dimer mobilities, the rate equa-
is not sufficient to guarantee such a scaling region before thg, < are modified as
onset ofi>1 behavior. In both studies, however, it was as-
sumed that two monomers on the same site form a dimer. dN; )
Although the authors claim that such an assumption is valid ~ —5~ =F ~KDNiN—=K(D+D3)N;N,—2KDNj
in the submonolayer regime @f<0.15, we argue that the
model is not appropriate to simulate epitaxial growth for the =F—KDN; N, (8)
coverages used.

In this work, we study, by kinetic Monte Carlo simulation ~ dN, ) )
based on the solid-on-solid model, the influences of small- —g; =~ KDN1—=K(D+D2)NiN;—KD;N,N—2KD>N;
cluster mobility and adatom detachment on island formation,

using the full excluded volume of adatoms. We focus on the :KDNf— KD,N5N, 9
density profiles of monomers and islands, on the scaling ex-

ponenty characterizing the island density versus the deposi- dNg

tion flux for various substrate temperatures, and on the scal- dt KDN3(Ns-3=Ng)+KD;N>(Ns—=Ny)

ing function of the island size distributions. We carry out a

variety of simulations both with and without dimer and tri- =KDN;(Ns_1—Ny), (s=3), (10)

mer mobilities and adatom detachment and calculate the dep . \va assumeB>D. andN. N.<N at high tempera-
sities of monomers and islands versus the coverage and tf 2 172

. ; ) SO - Sre, where small-cluster mobility is expected to be impor-
deposition flux. The island size distribution and scaling func-_ ' UsingN=3._sN, and the steady-state conditions of
tion are also calculated. ; . .

. ! ; . dN;/dt=dN,/dt=0, one obtains Eq.3) for island density

This paper is organized as follows. In Sec. Il, we review

the rate equation analyses with and without small-clustefind

mobili_ty and pr(_a_sent the scaling relations of the monomer N1~(F/D)3’5exp[—,8(Ed2—4Ed1)/5)], (11)
and dimer densities. In Sec. Ill, we present the details of our
simula}tion p_rocedure, and in Sec. IV, we present the results N,~ (F/D)*5exf 28(Eq;+ Egp)/5] (12)
and discussion. The summary and conclusions are presented _ N
in Sec. V. for monomer and dimer densities.

Il. RATE EQUATION ANALYSIS RECONSIDERED IIl. MONTE CARLO SIMULATION

Ignoring small-cluster mobility and dissociation of ada- In the usual kinetic Monte Carlo simulations, adatoms are
toms, the rate equations of the monomer denliifyt) and  deposited with a flu (atoms per second per ajean a flat

the density of islands of sizg Ng(t), can be written as substrate of a square lattice and diffuse along any one of the
coordinate directions at each step until they encounter an-

dN; 2 other adatom or an island. An adatom deposited on top of an

W:F_ZKlNl_gz KsN1Ns, 4) existing island is also assumed to diffuse, with the same

diffusion rate as a monomer on the substrate, until it encoun-

dNg ters another adatom or a step edge. It may also hop down to
at =N3(Ks-1Ns-1—KsNy), (5 a lower layer by normal diffusion. Such a walker, however,

is not considered to be a monomer, but is rather assumed as
in the early stage of deposition, whefg corresponds to the a member of the underlying island. In this procedure, since
cross section for the capture of monomers by islands of sizeur primary interest is to investigate island formation in the
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0.1 ML
FIG. 1. Typical contour diagrams of the sur-
0.3 ML face morphologies for the selected values of tem-
perature and coverage.
0.5 ML

180K 220K 260K 300K

early stage of deposition with a coverage less than 0.2 mond-= 1000 for all cases, except for calculations of the scaling
layer (ML), we ignore the Ernlich-Schwoebel barriers for function in Eq.(2), for which L=512 is used. Simulations
interlayer transport at step edges. Despite this approximatiomre carried out irreversibly until the desired coverage is
we believe that our model can be applied to higher coverageschieved. Once the desired coverage is reached, the cluster
than those of earlier works. size distributions are calculated using the well-known cluster

Small clusters such as dimers and trimers are also asabeling algorithm® The monomer densiti\;, the dimer
sumed to diffuse with a hopping rate depending on the temelensity N,, the island densitfN=X._;N, and the mean
perature and diffusion barriers. When an adatom on a sulisland sizeS=X..3SN,/=.- 3N, are then readily determined
strate encounters another adatom, the two atoms form faom the knowledge ofNj.
dimer. When an adatom encounters an island of sjzié
sticks on the island yielding an island of sige¢ 1. Similarly,
when a dimer encounters an island of sizehe island size
becomess+2. Atoms attached to island edges with one lat-  |n most of our simulations, we use a prefactor of the
eral bond may be dissociated from the islartds well as  {iffusion constantD,=10* and a deposition rat€, be-
diffusing along the edges of islandand become diffusing tween 10° and an order of 10 depending on the substrate
monomers(i.e., walkers at the cost of the dissociation en- temperature, which varies between 160 and 360 K. The tran-
ergy of dimers. sition barriers used ar&4;=0.4 eV, E4is=0.72 eV, E,

At each simulation step, one of the following transition =g ,=0.5 eV, andE ;= 0.55 eV, which are reasonable for
processes is selecte@) depositionof adatoms on a site of metal-on-metal epitaxy such as AlfAlL1),'° PY/P(100),%°
theL XL square lattice with flu¥, (b) diffusionof a mono-  and Fe/Ca11).%* Typical contour diagrams of the island
mer with the hopping rat® = Dye ™ ®¢/*e™ (hops per second morphologies for selected temperatures and coverages are
per adaton (c) edge diffusiorof adatoms on an island edge shown in Fig. 1. For simulations without dissociation or

IV. RESULTS

with the hopping ratd®.=Doe™ “¢’*eT, E, being the poten- small-cluster mobility(corresponding to the cases Bf;

tial barrier for edge diffusion(d) adatom detachmerftom = or Ey,=E,;=), we eliminate the corresponding pro-
an island with the raté® 4;=Dge S¢is’*e", Eg;s being the  cesses from the simulation procedure.

dissociation barrierte) diffusion of dimerswith the hopping In order to investigate the influence of dimer mobility, we
rate D,=Doe ™ Fa2/eT, and (f) diffusion of trimerswith the  calculate the monomer and island densities versus the cover-
hopping rateD;=Dge ™ Fes/*eT. age and the deposition flux for the following three models:

Clusters of size larger than 3 are assumed to be immobilg) only monomers diffuse(jii) monomers and dimers diffuse
throughout the simulation, although they may be dissociate@ut adatom detachment is not allowed, &iidd monomers
to smaller clusters by adatom detachment and become mend dimers diffuse and adatom detachment is allowed. In all
bile. The transition probabilities are proportional ®  three cases, edge diffusion is always allowed unless other-
N;Doe ™ Fai'keT, NeDge ™ Fe’keT, NgisDoe Edais™sT, \ise stated explicitly. We also carry out additional simula-
N,Dge Fd2/ksT andNzDoe Fas’*sT, whereN;, Ne, Ngis,  tions with trimer mobility.
N,, andN3 are the numbers of transition candidates per site
for each transition. The list of transition candidates was kept
and updated throughout the simulations. The normalized
transition probabilities can thus be readily obtained from the In order to observe the influence of small-cluster mobility
transition rates and the numbers of candidates for each traen the monomer and island densities, we plot in FigJ2
sition. and N against the coverage, for two typical values of the

The typical size of system we use in our simulations issubstrate temperaturé,=240 K andT=300 K. The solid

A. Monomer and island densities versus coverage
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103 ' ' ' ' c lowed, the island density is found to decrease more signifi-
_ cantly whereas the monomer density increases.
L The dynamical behavior dfl; andN can be divided into
104 four regimes, as in previous wolk???a low-coverage re-
gime (marked aslL) corresponding to increasing monomer
105 and island densities, an intermediate regiinieén which the
- monomer density decreases while the island density still in-
" 106 | creases, an aggregation regif#@ in which the island den-
sity is nearly constant, and a coalescence redi@ewhere
the island density sharply decreases due to coalescence. In
107 the early stage of growth, i.e., in the low-coverage regime,
the monomer and island densities are found to increase fol-
10¢ lowing a power law ad;~ 6%%*andN~ 62 The power for
the island density is slightly smaller than that predicted by
109 L . . . . the rate equation. Since the island density in the early stage
105 10+ 103 102 10 100 of deposition, obtained without small-cluster mobility, is

o known to agree fairly well with the rate equation prediction,
we believe that the discrepancy is due to small-cluster mo-
FIG. 2. Monomer and island densities versus the coverage fobility. In the aggregation regime, on the other hand, since the
selected values of the substrate temperature. The upper sets are fabnomers and dimers aggregate with the existing islands,
T=240 K and the lower sets fof=300 K, and the solid lines are the size of islands increases in time, while the number of
for model(i), the dashed lines fdii), and the dotted lines fdiii).  jslands remains constant. Thus, the distribution of island size

The density profile is divided into four different regions, indicated j5 self-similar in time and the dynamic scaling relation in Eq.
asL (low-coverage regime| (intermediate regimeA (aggregation () js expected to hold. Such a scaling relation will be dis-
regime, andC (coalescence regimedetails of which are described cussed in detail below.

in the text.
lines are the data from the modg@), the dashed lines from B. Monomer and island densities versus deposition flux
(i), and the dotted lines frortiii ). The upper sets are far We calculateN;, N,, andN versus the deposition flux,

=240 K and the lower sets fof =300 K. Although the for various values of the substrate temperature ranging from
correct definition ofN should beN=3.3Ng for (ii)) and T=180 K to as high a§ =360 K, for the modelgii) and
(iii), we useN=X_,_,N, for all models to enable us to di- (iii). The power-law behavior df enables us to test whether
rectly compare the results ¢ii) and (i) with those of(i).  or not the scaling relation in E¢3) holds before the onset of
(Note, however, that inclusion of dimers does not affect thé =2 behavior, for whichy= 3 is expected.
result appreciably except in the low-coverage regime. Figure 3 showsN at the fixed coverage o#=0.15 ML
For the low temperature af=240 K, the data fofii) and  versus deposition flux, obtained from the modgls (upper
(iii ) (dashed and dotted linesverlap one another, implying plot) and iii) (lower ploY, described earlier in this section.
that adatom detachment is not so important as to influenc&ince clusters of size larger than 1 cannot dissociaté )in
the monomer and island densities. This is expected becausie island density is defined &= ,N. At low tempera-
at low temperature, the thermal activation energy is so smalure, i.e., atfT=180 K, the slope of the plot ig=0.33 (not
that adatom detachment may not be operative. However, shown, which is about 10% larger than that in earlier work
relatively high temperature, i.e., @t=300 K, the deviation by Liu, Bonig, and Metit® and Barteltet al'® We believe
of the two curves is appreciable for bdth andN, implying  that this discrepancy is due to the excluded-volume effects of
that adatom detachment significantly affects the island deradatoms. In the earlier work, two atoms on the same site are
sity. Such differences may possibly alter the scaling behavioassumed to form a dimer, whereas, in the present model, two
of the island density versus the deposition flux. atoms on neighboring sites are assumed to form a dimer.
The influence of dimer mobility alone is not as simple asThus, the island density obtained in the earlier work must
that of the detachment of adatoms. At a very early stage ofiave been underestimated by neglecting the nucleation
the deposition, the deviation of the lines is not significant.events occurring between two monomers on neighboring
This is because the dimers will rarely encounter an island irsites. Our result is, however, consistent witk i/(i +2) for
the low-coverage regime. However, as the coverage ink=1, implying that the dimer mobility is indeed unimportant
creases, the diffusing dimers readily encounter islands anat low temperature, as we expect. It should be noted that the
aggregate with them or yield coalescence of two or moreexponent y would be x=2i/(d+d;+2i)=0.35 (for d;
islands, resulting in a decreaseNreven at the low tempera- =1.7 andi=1) if the islands grew fractally; however, since
ture of T=240 K. A close look enables one to observe theD/F is small at low temperature, the islands do not appear to
difference between the plots for the two modélsand (i)  yield fractal structure, as we can see from the morphology in
(solid and dashed lingsn Fig. 2. Such an influence is even Fig. 1. As the substrate temperature increases, the slope in-
more pronounced at high temperature, i.e.,Tat300 K, creases. Fol =240 K, the estimate ig=0.37 and, at suf-
where dimers diffuse sufficiently rapidly to encounter theficiently high temperatures such &5 280 K, the estimate of
existing islands before dissociation takes place. On the othey is nearly constant and close to 0.39. Although this value is
hand, if detachment of adatoms from the island edges is ablightly smaller than that predicted by the scaling relation in



PRB 62 INFLUENCE OF SMALL-CLUSTER MOBILITY ON.. .. 7549

1 1 1 ) 1 1
20k | 3.0 F -
4.0
30} . 2
o
» -5.0F
0 T=200K S
40 O T=240K - O T=200K
- & T=280K | 6.0k O 7=240K |
O T=320K A T=280K
=g vV T=360K < T=360K
2 50 . ' ! -7.0 ! L !
(@) T T T T T T
e) 30 -
20 -
o~ | .
/ = 5.0 /
3.0 T =4
S
o T=200K = Lol ° ]
O T=240K o 0 T=200K
40 F A T=280K ] O 7=240K
© T=340K 4 T=280K
v T=360K 90k O T=360K |
_50 1 { 1 L L L
6.0 -4.0 2.0 0.0 2.0 -6.0 -4.0 2.0 0.0 2.0
log,, F [ML/s] log,, F [ML/s]

FIG. 3. The island density versus deposition flux on a log-log  FIG- 5. The monomer densityop) and dimer densitybottom
plot for various values of the substrate temperature. The upper pldtiotted on a log-log scale for various values of the substrate tem-
is the simulation data for modéii) and the lower plot fofiii). perature, obtained for modéili).

Eq. (3), we believe it to be a good indication of the existence . In t_he IO\_/ver plot of Fig. 3, since each d'”f'er_ may be
of the scaling regime of Eq3). It should be noted, however, dissociated into two monomers, the island den§|ty is given as
that our estimate is larger by about 10% than that given ir{\IZES%3NS' (I_\lote_ that d.|mers are not_con5|de_red t(.) be
Ref. 15, presumably for the same reason as discussed befor} z_able |s_Iands in this case, however, we find that inclusion of
We also carried out additional simulations allowing both |mgrsb||n tzflcalctulatlon Ctm does no{ffieg(g :(hetr:esullt ap-
dimer mobility and trimer mobility but without allowing de- Pr€¢1a Y) C?W gmplera ure, 'he." a 7| h , the siope
tachment, and obtained results basically similar to those pré’y?fs Qstlrgate. to edp Osed.%ff) T. IS 'mg |e§ that gmno;ner
sented in the upper plot of Fig. 3, suggesting that inclusion offfUsion omlnat:as imer al usmn:n ha atobm etachment,
the dimer mobility alone is sufficient to investigate the influ- 25 We €Xpect at low temperature. As the substrate tempera-

ence of small-cluster mobilitysee Fig. 4 ture increases, such as for=240 K andT=280 K, the
estimates of the slope increase. Her 280 K, the estimate
0.42 . : — of x is continuously increasing beyond 0.4, unlike the case
o for (ii), though the rate of increase becomes smaller, as
B shown in Fig. 4. This observation is apparently different
/ from the analytical prediction of E43), suggesting that the
038 | i scaling regime of Eq.3) does not exist for modélii ). Since
we allowed adatom detachment from the island edges, our
o2 Monte Carlo model is distinct from the analytical model
With dimer mobility from which the rate equation |s.der|ved, partlcularly at high
034 } © without bond-scission temperature. In t_he rate equation analysis, once the nucle-
O with bond-scission ation or aggregation event occurs, adatoms are assumed not
With trimer mobility to be detached from the islands. Thus, we believe that a more
4 without bond-scission elaborate theory is necessary to explain the present Monte
0.30 L . L Carlo data.
160 220 280 340 400 Figure 5 shows the monomer and dimer densitie® at
TIK] =0.15 ML plotted against the deposition flux; the upper plot

is the monomer density and the lower plot the dimer density.
FIG. 4. Estimates of the scaling powgrfor various values of The scaling exponents,,, defined byN,~F”m for m
the substrate temperature, for three different models of simulation=1,2, are calculated for various values of the substrate tem-
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FIG. 6. Estimates of the scaling powers for the monomer and ° 0012
dimer densities, plotted against the substrate temperature. The synm 1.0 | T=280K 2 6=0.10
bols denote the data for the same simulation models as in Fig. 4. v e
T =336K ® 9=0.10

+ 9=0.12
perature and the results were plotted in Fig.Note that the

dimer density was calculated only for modeél) for which 0.5
the detachment of adatoms is operafjvEor the models

without adatom detachment, the estimatesypffor T<<280

K are slightly larger than the rate equation prediction in Eq. o
(112), and, forT=280 K, the results are nearly constant and 00 L

close to 2. This observation is consistent with the earlier 0.0 1.0 2.0 3.0
observation fory that the scaling relation derived by rate s/S

equation analysis is valid fof=280 K. On the other hand, ) . . . .

for the model with adatom detachment, the estimateyof FIG. 7. The scaling function given in Eq2), obtained from

simulations(a) without edge diffusion angb) with edge diffusion,
h for selected values of the substrate temperature. Small-cluster mo-
bility and detachment are not allowed in either case. The solid lines
in (b) are the analytical predictions for the critical island size for
(from bottom to topi=1, i=2, andi=3.

decreases, though rather slowly, beldwimplying that the
agreement with Eq.11) is poor. This is also consistent wit
the observation fory that the intermediate scaling region
may not exist for this model. It might be interesting to point
out that the estimates of cross the convergence value of
2 in the intermediate scaling region of E@) at a tempera-
ture of about 280 K, and, for this temperature, the estimatedre not appreciably different from each other within the
of both y; and y, are also similar to those predicted by Egs.ange of temperature selected. It should be noted that the
(11) and (12), ie., 71:§ and 72:%, respective|y_ We be- quallty of data CO”apse fol =240 K is worse than in the

lieve that this consistency justifies our simulation data. ~ other two cases. This is because dynamic scaling does not
hold for small values of the diffusion-to-deposition ratio

D/F, as is widely known. Foll =240 K, the value oD/F is
about 4x 10°, which is indeed small to expect the scaling
The dynamic scaling function defined in E®) is calcu-  relation to hold. FoiT =280 K and 336 K, on the other hand,
lated for various models, with and without edge diffusion, the values ofD/F are, respectively, 6410" and 18, and
small-cluster mobility, and adatom detachment, for selectethe data show reasonably good collapse over the range of
values of the substrate temperature. In order to observe the6=0.1 ML or even larger, depending on the cases, though
influence of adatom diffusion along island edges, we plot inve show the plots only for two typical values éfin the
Fig. 7 the scaling function obtaingd) without edge diffu- middle of the aggregation regime. Similar concerns may be
sion and(b) with it, for T=240 K, T=280 K, andT=336 K  valid for all data in the subsequent discussion.
and forF=0.01 ML/s. Detachment of adatoms from island Edge diffusion, on the other hand, results in dramatic
edges and small-cluster mobility are not allowed for this pur-<changes in the scaling function. It seems clear that edge dif-
pose. At low temperature, since adatoms diffuse relativelfusion not only yields a geometrical phase transition from
short distances before nucleation takes place, the density @factal to compact islands, but also alters the scaling func-
islands becomes large but the mean size of islands is smation. In Fig. 1b) the symbols are the simulation data and the
The distribution of island size is expected to be self-similarsolid lines are the analytical resuftor the scaling function
in time, implying the dynamic scaling relation in E@) to  for, from bottom to topj=1, i=2, andi=3. For low tem-
hold. As the temperature increases, the island density beperature, i.e., folT=240 K, the scaling function is rather
comes smaller whereas the mean island size increases. Isimilar to that of the analytical prediction for= 1; however,
deed, scaling holds as we can see from Fig);however, as the temperature increases, the peak of the scaling function
interestingly, the scaling functions for various temperaturesncreases, indicating that the scaling function depends on the

C. Scaling of the island size distribution



PRB 62 INFLUENCE OF SMALL-CLUSTER MOBILITY ON.. .. 7551

1.5 T T 1.5 T T
T = 240K © 6=0.10 T = 240K, 280K, 300K
o 0=0.12
1ok T = 300K » 6=0.08 |
. ’ v 6=0.10
L © 9=0.12 4
R o 6=0.14 R
Z T = 336K ® 6=0.08 2
0.5
0.0 :
0.0 1.0 2.0 3.0
s/S s/S
FIG. 8. The scaling function given in Eq¢2), obtained from FIG. 9. The scaling function in Ed?2), obtained from simula-
simulations for caséii), for selected values of the substrate tem- tions for modeiii ), for selected values of the substrate temperature
perature. and for6=0.1 and 0.12. Note that, since dimers can be dissociated

into two monomers, the present model is similar to thatifel.

temperature, unlike in the cases without the edge diffusion.
The scaling function foll = 280 K is similar to the analytical This is_similar to the observation by Lee, Amar, and
prediction fori =2, while that forT=336 K increases fur- Family’” from simulations of epitaxial growth of thin films
ther, although it is smaller than that fo=3. This is rather with incompatible materials. In their work, the scaling func-
surprising since the scaling function for compact islands igion was found to vary as the rates of hopping-up and
known to be similar to that for fractal islands. hopping-down processes increase. Such consecutive
We surmise that such variation of the scaling function ishopping-up and hopping-down processes are known to yield
caused by small-cluster mobility due to edge diffusion. Con-mobile dimers and trimers, and such small-cluster mobility
secutive slipping of adatoms along the island edges yield#as found to alter the scaling functions. It is interesting to
mobile small clusters such as dimers and trimers. Since thgee whether or not the scaling function varies like thati for
hopping rate of edge diffusion is given byD, =3 if the substrate temperature increases further. However,
=De 2B’k (AE,=E,—Eq;), it increases as the tempera- our data forT=336 K show that this is not the case, as
ture increases more rapidly than the rate of surface diffusioghown in Fig. 8. The scaling function is not appreciably dif-
and, accordingly, the mobility of small clusters by edge dif-ferent from that forT=300 K and appears to converge to a
fusion also increases. At low temperature, such small-clustegertain limiting value.
mobility is unimportant, yielding a scaling function similar ~ Figure 9 shows the data when both dimer mobility and
to that fori=1, as we expect; however, as the temperatur@datom detachment are allowed, for three different values of
increases, edge diffusion appears to cause mobility of smathe substrate temperature. Since each dimer can be dissoci-
clusters sufficiently large as to alter the scaling functionsated to two monomers, the present model is similar to that
The scaling region appears to be rather narrow, implying thafor i=2. (Note, however, that, since each trimer may be
the island morphology is self-similar only for a short period. dissociated to a monomer and a dimer, our model is not
Plotted in Fig. 8 are the scaling functions obtained byrigorously the same as that fo=2.) Indeed, the scaling
allowing dimer mobility (but without adatom detachment function is close to the analytical prediction for2. Data
for T=240 K, T=300 K, andT=360 K. (Note that we for various values of the temperature appear to collapse onto
plotted the data for a larger range of coverage compared with single curve, suggesting that the scaling function is not
Fig. 7, to specify the domain of validity of self-similarity of Sensitive to the substrate temperature, unlike the case without
the island morphology.At relatively low temperature]  adatom detachment. Thus, both dimer mobility and adatom
=240 K, since the dimers diffuse slowly, monomer diffusion detachment affect the scaling function significantly over a
dominates the dimer mobility and, therefore, the scalingvide range of temperature.
function is similar to that fori=1; however, the scaling
function is enhanced slightly by dimer mobility, compared
with the corresponding data in Fig(bj. Thus it appears that
the dimer mobility caused by consecutive edge diffusions is We have calculated monomer and island densities versus
already sufficient to influence the scaling function. As thecoverage and deposition flux for epitaxial growth of thin
temperature increases, the rate of dimer hopping increasefims with and without small-cluster mobility and detach-
For T=300 K, the scaling function is found to be rather ment of adatoms, for various values of the substrate tempera-
close to(though slightly larger near the peak thahat for  ture. We found that the scaling power characterizing the is-
i=2 as shown in the figure, again implying that the mobility land density versus the deposition flux increases as the
of dimers influences the scaling function. It is interesting thatsubstrate temperature increases. At low temperature, the
the scaling function is similar teor even larger tharthat for ~ scaling exponeny was found to be close tb for all models,
i =2, despite that the dissociation of dimers is disallowedwhich agrees withy=i/(i+2) for i=1, suggesting that

V. SUMMARY AND CONCLUSIONS
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monomer diffusion dominates small-cluster mobility andtachment influence the dynamic scaling functions. Assuming

adatom detachment. As the temperature increases, the expbat dimers and trimers diffuse and adatoms may be detached

nent increases. We found, at sufficiently high temperaturefrom the island edges, we found that the scaling function is

that the exponent obtained allowing dimer mobility but dis-similar to the analytical prediction far=2, independent of

allowing detachment of adatoms yielded a scaling regime irthe temperature. We also found that dimer mobility alone

which mobility of small clusters has a non-negligible effect (without detachmentalters the scaling function frorm=1

before the onset of=2 behavior. On the other hand, on behavior toi=2 behavior as the substrate temperature in-

allowing adatom detachment, we found that the exponentreases.

appears to increase continuously beyoge 2. Thus, it

seems clear that, in analyzing the experimental data, one ACKNOWLEDGMENT
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