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Growth model with disaggregation of islands having an odd number of particles
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A simple model of deposition of particles and growth of point islands in a two-dimensional substrate is
introduced and studied. The detachment of particles from islands with an odd number of particles can occur
with a probabilityP. The power-law scalings of the island, monomer, and odd island densities are analytically
obtained and verified by Monte Carlo simulations. The universality class of the model depeRdarmh the
island density exponent changes fromy=1/3 (for P=0) to x=0 (for P>0).
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I. INTRODUCTION II. MODELS

) , . We use two models. One was formulated in a previous
The fundamental physical processes in the growth of thiRyo 1 6] in connection with the growth of silicon dimer

films by deposition techniques have been studied from thenains on Si100). This model takes into account some char-
theoretical and experimental points of view. In particular, the;teristics which appear in real systems, such as the aniso-
submonolayer deposition on surfaces has attracted a gre@bpic diffusion and the inhomogeneity of the substrate.
deal of interest in recent years and scaling laws related to thgince in the present work we are interested in the detachment
formed islands have been specially addressed. These studigffects, a simplified version of that model with isotropic dif-
are important as the island density and distribution may béysion and homogeneous substrate will be used. In the fol-
used to determine a variety of important microscopic paramtowing this simplified version will be calledimer modelIn
eters in epitaxial growtf1—3]. order to obtain analytical results, a second model where is-
The recent development of analytical tools such as théands occupy a single lattice site will be introduced and ana-
scanning tunneling microscope allows us to analyze the islyzed. In thispoint island modelthe detachment rules are
land morphology generated at very low coverage. In thesdefined in agreement with those of the dimer model.
studies, semiconductors have attracted a particular interest. In both models the substrate is represented by a square
In this context the homoepitaxial growth of silicon on lattice of 3000< 3000 sites. Periodic boundary conditions
Si(100), due to its technological relevance, has been spewere adopted in order to avoid edge effects. We will assume
cially studied[4,5]. In the Si/S{100 system, deposited ada-

toms diffuse and nucleate when two of them meet forming " S
dimers in a direction perpendicular to the substrate dimers. = (@ i @ = = =
Islands form by the aggregation of new adatoms to the al-

ready formed dimer to form chains. Figure 1 schematically = ® @) ® = = =
shows a dimeA, a dimer chairB, and the possible growing " = = = mps =
sites. Dimers are very stable; their breaking probability is — i
negligible at temperatures below 400[€]. In contrast, a = ®|@® ® =
single adatom aggregated to an isldtids is the case of the - @lo ® -
particle below sitei in chain B of Fig. 1) will detach if yI Ad

another adatom does not arrivid site i) to form a new = = = = = = =
dimer within the residence time of the single adat@h x

This detachment delays the growth of islands and modifies @ = particle

its size distribution as the detached adatom can diffuse and

form a new island if it meets another diffusing adatom. .
Motivated by the detaching mechanism dgscribed above, ® = gowh ste

in the present paper we study its effects from a basic theo- rig. 1. The substratesolid squar and the growth of dimer

retical point of view. Our goal is to analyze the scaling prop-chains. Two particles that become nearest neighbors iy thiesc-

erties of the densities of islands and monomers as modifieghn nucleate forming a dimer as shown in structdveNext, par-

by detachment from islands. To obtain analytical results, Wejcles can aggregate in growth sites to finally form a chainlike struc-

introduce a simple point island model. Interestingly, it is ture B. Particles not forming dimers can detach with probabitity
found that scaling laws are radically different from those forper unit of time, as the one just below thgrowth site in the chain

a model without detachment. B. The structureéB corresponds to an island with incomplete dimers.

= ad-dimer
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FIG. 2. The island densitN against the parametd?, in log-log scales, for different detachment probabilRy(a) corresponds to
numerical results obtained from the dimer model @éndfrom the point island model, witkd=0.1 and® =0.05, respectively. One can see
similar behaviors oN versus largeR for both modelsy(i) for P#0, N reaches a constant value that depend$pand i) for P=0, N
~R™X, with y=1/3 (this result was found for other two-dimensional models with isotropic diffufferil]). The dashed straight lines have
slope -1/3.

that islands cannot diffuse and that the following processefour NN sites of the selected island at random. Particle be-
take place:(a) deposition,(b) diffusion, (c) nucleation,(d) longing to islands with an even number of particles cannot

aggregation, an@e) detachment. detach(even islands cannot break
The rules for the dimer model are as follows. Simulations start with the lattice empty and run until the
(a) Deposition: each empty site of the lattice is occu-particle density® (i.e., the mean value of particle per lattice
pied by a new particle with probability per unit of time. site) reaches a desired value. We are interested in coverage

(b) Diffusion: an isolated particléi.e., a particle not low enough to avoid the percolation regime for extended
bounded to an islandattempts to jump to any of its nearest island modeld8]. So, the employed values f& are below
neighbor(NN) sites with probabilityq per unit of timet. If 0.15. Although, for a fixed particle density, the models
the particle attempts to jump to an occupied site, the jump ipresent three variable parameters, it is expected that all pro-
not performed and the particle remains at its original posicesses depend only on the relative value of these parameters.

tion. Then, there are only two dimensionless independent control
(c) Nucleation: if, as a consequence of diffusion or parameters, which we have chosen RBs4qg/e and P
deposition, a particle arrives at an NN site in thdirection  =p/4q. Monte Carlo results were obtained averaging typi-

of a second isolated particle, these two particles nucleateally over ten samples.
forming a dimer. This dimer plays the role of a seed for the
dimer chain. _ _ _ _ lll. RESULTS
(d) Aggregation: Fig. 1 shows growth sites for differ-
ent structures. If a diffusing or deposited particle arrives at a Figure 2a) shows the island density (i.e., the average
growth site, it sticks, increasing the number of particles ofnumber of island per lattice sjt@s a function oR for dif-
the island by 1. ferent values of time-independent detaching probabiitin
(e) Detachment: each particle of an island which doedog-log scales, for the dimer model. Whé&hincreases and

not belong to a dimer can detach with probabijityer unit ~ P>0, the island density reaches a constant value, which de-
of time, but particles forming dimers cannot detach. For ex{ends onP. Let us note that there is a different behavior for
ample, the particle below thiegrowth site in the chai® of ~ P=0 than for other value o # 0, includingP close to 0. In
the Fig. 1 can detach from this island. The detached particléhe point island modeR only affects the odd islands, i.e., a
is placed on one of the NN empty sites of its original posi-particle of an odd island can separate from this island with
tion selected at random or remains at its original site if theprobability P, but if the particle belongs to an even island it
NN site selected is occupied. cannot detach. In the dimer model, islands with completed

In the point island model, an island is composedsof dimer cannot breaksee Fig. } and they are represented by
particles(s=2) that occupy a single lattice site. The rule of the even islands in the point island model. Islands in the
deposition for this model is the same as for the dimer modeldimer model, with incomplete dimers in one or both of their
Diffusion is also the same with the exception that if a particleends, are represented by odd islands in the point model. Fig-
attempts to jump to an occupied site by other particle, thesere 4b) showsN versusR for the point island model in
two particles nucleate, forming a new point island with 10g-log scales and different values Bf The behaviors oN
=2 (this is the rule of nucleation|f the particle attempts to as a function oR for different values of? and low particle
jump to an occupied site by a point island, it sticks, increasdensity for both models are similar. In what follows, for the
ing the number of particles of the island by 1(i.e., s—s  sake of simplicity, we will focus on the point island model.
+1, aggregation rule Ultimately, one particle of an island ~ Let ng(t) be the density of islandg.e., the average num-
with an odd number of particleg.e., s=3,5,..) can detach ber of islands per lattice sitevith s particles, at time. Note
from this island with probabilityp per unit of time(rule of  thatn,(t) is the monomer density at tinte The total densi-
detachment The detached particle is shifted to one of theties of even islanddlg and odd island®g are given by
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It is possible to derive a set of differential equationsrigr g, & Particle number

by analyzing all possible processes that can take place in a —
time intervaldt. Thus,

4 _'
I 1~ (ny + Ne + No) - krE - nik S ng+ p " UL, { Wﬂﬂﬂﬂﬂmﬂm

dt =2 Sodd 0 10 20 30 40 50 60 70
(2 Particle number

8 - -

FIG. 3. Even island density distributiang,s=2,4,6, 9 vs par-
r]s . — 0 . _. . e
= n.k(n o= Ny + Psiy, S=2,4,6, ..., 3) ticle number forR=10'% time-independent detaching probability

dt P=p/4g=10", and particle densityd =0.055. The inset shows the
odd island density distribution and the monomer density. Even is-
land densityNg is much greater than odd island densiky for large
ans _ nk(Ne-1)— N —png, $=3,5,7, ..., (4)  values ofR Ng=2.247x 103 while No=7.6x 107°. P only affects
dt the odd islands. Particle deposition and odd islands are the source of

monomers. These results were obtained for only one sample.
wheree is the particle deposition rate per empty site and unit

of time, p is the detaching probability from odd islands per

unit of time, andk governs the monomer attachment rate tod€POSited per sitéd® = edt). Summing Eqgs(6) and(7) one

islands. In generak depends on size islari@] but here we ~ ©btains

are dealing with point islands. In the following we consider a dN Kk

low particle density regime and thét—(n;+Ng+Ng)]=1. — =-n3. (8)
Dividing the above equations byand summing over all do e

even and odd islands in Eg&8) and (4), respectively, Eqgs.

(2)~(4) can be rewritten as Equation(8) indicates thatN grows irreversibly by nucle-

ation. An island forms when two particles meet and will

dn k K P remain as an island, since there is no detachment for even
=1--n;- —nlN + = No, (5) islands.

do ¢ The solution of these equations, fote>1, p/k<1, and

low particle density, is as follows. Whed e>1, a quasista-

dNg K p tionary regime exists in whicm; <N, dn/d® =0, [7,12
40 ;nl(”l+ No = Ng) + ;NO' (6)  and alsodNo/d®=0 for p#0 (these behaviors were veri-
fied numerically. Then, from Eq(5) we can write
dNo _k p k p
40 Enl(NE No) — No. (7) JuN-TNo=1. (9)

whereNg andNg are even and odd island densities, respec- In two dimensions and for isotropic diffusion, the attach-
tively [defined in Eq.(1)], N is the total island density, and ment rate of monomerk~ D [8], whereD is the diffusion
O=et is the particle density, i.e., the number of particlesrate constant of single particlgs unit of hops per unit of
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FIG. 4. Log-log plots of(@) the island densit\N vs the time-independent detaching probabiktyfor two different values o) and(b)
NO®~13ys @ (for different values ofP). In both casefR=102. In (a), the dashed straight line has slope 0.5, whiléhindashed lines have
slopes 1/6. These values are in accord with the exponent oflBy.For P<1, the exponent does not depend®n
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FIG. 7. Plot of numerical results of odd island denshiy
(squaresand monomer density (circles vs detachment probabil-

particle density®=0.05. The dashed straight lines have slopesity P, in log-log scales, foR=10'"° and®=0.1.

—0.5. This value corresponds to the exponenRanh Eqgs.(11) and
(12).

time). Since we defined in Sec. Il thR=4q/ ¢, k/ e~R. For

p#0, large values oR (i.e., k/ e>1), and large enough par-

ticle density,n;,No<<Ng (see Fig. 3 and thenN=Ng+Ng
=Ng. SubstitutingNg by (N-Ng) in Eq. (7) (note that
dNy/d®=0) and using EQq.(9) one obtains(k/e)n;Ng
=1/2. Then, (k/e)nyN>1 and using Egs(8) and (9),

dN/d® =p/(2kN). Integrating the previous equation from

®=0 up to the final valu®, we find

p 1/2
N ~ (E®> ~ (PO®)Y?, (10)

where P was defined in Sec. Il aB=p/4q~p/k. Thus,N
does not depend oR, for R>1 andP+#0, as seen in Fig.
2(b).

WhenR>1 andp#0 (R is proportional to the ratio be-
tween the diffusion and deposition rates is expected that
N reaches the possible maximum value, iN50/2. Al-
thoughN remains essentially constant, it dependstand
also onP. In Fig. 4a), N as a function oP, in log-log scales
for two values of® and R=10°, is plotted. ForP<1 nu-
merical results are in accord with E(LO). However, asP
increases, for low particle densitffor example, ®=0.1)

slope 0.5, as it can be seen in Figay andN tends to its
maximum value which is lower or equal /2. In spite of
this restriction,N behaves a®?'? for P<1, R>1, and low
particle densitiegsee Fig. 4b)] as Eq.(10) predicts.

From Egs.(8) and(10), n; can be determined as

E v i_< _1/2®—1/4 1/4 —1/2&—1/4
o~ (2 ~ PUART129-14 (17)

Finally, from (k/e)n{No=1/2 and Eq.(11) it follows that

NO — P_1/4R_1/2®l/4. (12)

Figure 5 shows plots afi; and Ng as functions ofR for
©=0.05, and Figs. @) and &b) show plots ofN;®~2 and
n, 03 versus® for R=10%. The influence ofP on the ex-
ponents is clearly shown. The numerical simulations confirm
the behavior oh; andNg with R(R>1) and® given in Egs.
(11) and(12).

In Fig. 7 n; and Ng are plotted againsP, in log-log
scales, for®=0.1. From the numerical results obtained for
10°<P<1073, we found the exponents —0.25+0.03 and
0.26+0.03 fom; andNg as functions oP, respectivelysee
Egs.(11) and(12)].

We showed thatk/e)n;N>1 [see paragraph above Eg.

there are not enough particles to form many islands. In thi10)]. With Egs. (10) and (11) this inequality becomes
case, numerical results separate from the straight line witequivalent toRP*¥2>1. Thus, to be consistent with our as-
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FIG. 6. Numerical results afe) No® Y3 and(b) n;®/3, in log-log scales, again®, for R=10'. These results correspond to different
values ofP: P=0 (diamond$, 107 (triangley, 107 (squarey and 102 (circles. The dashed straight lines have slopes -1/12 and 1/12 in
(a) and(b), respectively. These values are consistent with the expondRimEqgs.(12) and(11), respectively.
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sumptions, it must be stated that EqE0)—(12) hold in the  detachment is allowed. There are other models that include
asymptotic regim&> 1, R"?3<P<1, and low particle den- the disaggregation of particles from islands, for example, the
sity 0.01=0 <0.1. case in which islands with more thgnparticles are stable
The above results correspondRes 0. WhenP=0, mono- was consideredfor more details see Ref$2,9]). In this
mers cannot detach from islands and there is no differencease, forj=1 all islands are stable, fge=2 only dimers can
between the behavior of even and odd island densities. lbreak; and foj =3 only dimers and trimers can break. Con-
this caseNg~ N~ R X@* andn, ~ R @~ with y=1/3 for  sidering isotropic sticking and islands with finite size, the
R>1 and low particle density0.05<®<0.19 [7]. These island density behaves &~ R™, wherey;=j/(j+2) is the
results can be obtained takimg0 in Egs.(2)«(4) and con-  so-calledisland density exponenfhus, in this model, the
sidering dn,/d®~0 for R>1 and low particle density. breaking of island implies the increase gf (x; increases
These results are completely different from those previouslyvith ). Let us stress that, conversely, the island density ex-
obtained[see Figs. &), 4b), 5, 6a), and &b)]. That is to  ponenty of our model behaves in the opposite direction. For
say, the power-law behaviors df andn; with R and® (in irreversible aggregatioiP=0) y=1/3, andwhen detach-
the limit R—o and low particle densiy for time- mentis allowedP>0) y=0 [see Eq(10) and Fig. 2a)].
independent detachment probabili§=0 and P—0 [see In summary, a model of deposition, nucleation, aggrega-
Egs.(10) and(11)] are different. In other word< is a rel-  tion, and detachment of particles in a two-dimensional sub-
evant parameter in the sense that R0 andP>0 the strate is introduced and studied. FR¥> 0 this model belongs
point island model belongs to different universality classes.to a new universality class. In the asymptotic regiffie
The obtained Monte Carlo results can be qualitatively ex= 1) and for small enough values Bfand®, the theoretical
tended to the dimer model, as long as the mean size of theund power-law scalings for the island, monomer, and odd
islands is not too large. Then, for this model we expect thafsjand densitie§see Eqs(10)—(12)] are in agreement with

the scaling laws of Eqs(10«(12) hold, whereNy corre-  Monte Carlo resultgsee Figs. 4-J0
sponds to the island density of incomplete dimer chains.
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