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Effect of monomer evaporation on a simple model of submonolayer growth
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We present a model for thin-film growth by particle deposition that takes into account the possible evapo-
ration of the particles deposited on the surface. Our model focuses on the formation of two-dimensional
structures. We find that the presence of evaporation can dramatically affect the growth kinetics of the film, and
can give rise to regimes characterized by different “growth” exponents and island size distributions. Our
results are obtained by extensive computer simulations as well as through a simple scaling approach, and the
analysis of rate equations describing the system. We carefully discuss the relationship of our model with
previous studies of the same physical situation, and we show that our analysis is more general.
[S0163-182696)09448-9

The growth of nanostructures and thin films prepared byin the sense that they avoid the mean-field approximations of
atomic deposition is recognized to be both a standard and mathematical rate-equation approach&s?* We find that a
promising way to prepare materidis' Several modefs®  careful consideration of the downward transport of mono-
have led to a good understanding of the growth properties imers from islands Ieags 1t90 results that significantly differ
the simplest cases, when only a limited number of physicaffom previous ;tud|e35?' -
ingredients are included in the simulations: Deposition, dif- Evaporation is of course not the only process that needs to
fusion, and aggregation, as in the DDA mo8iél.drawback be added in order to describe most of the film growth experi-
of this conceptual simplicity is that the range of experimentalMents better. Other candidates include interlayer transport,
situations accurately described by these models is limited. particle dissociatiortif the incident particles are molecules
is actually limited to(beautifully) artificial experimental set- ©F clusters rather than atoimer intricate chemical interac-
ups where great care is taken to avoid complicati@us- tions between adatoms and the surféfoe a taste of the real
tamination, surface defects, etc; see, for example, Refs. 10arowth world; see, for example, Refs. 22 and).2Bhese
12). Clearly, many(technologically interesting experimental effects are less pervasive than evaporation, but, nevertheless,

situations are much more complex. Progress toward their urshould eventually be considered, keyed to specific experi-

derstanding demands the inclusion of processes that hayBental systems. _ _
been left out of the first models. For example, including re- ~ The paper is organized as follows. Sec. I briefly presents

versible aggregatidfi allows us to understand the saturation the model and discusses some of its approximations. Then, in
of island density before island-island coalescence, and pro2€C: |l, we give a rapid overview of the growth of the films
duces compact islands. In this paper we show the effects dfhen evaporation is taken into account, and try to give a
including evaporationof the atoms from the surface. physical intuitionof what is going on. After this, Sec. Ill
Evaporation, i.e., the possibility of desorption of adatomsPresents a simplscalingapproach which gives the behavior
from the surface, is a feature that should be observed for ar§f the saturation island density as a function of the param-
system at high enough temperatures. In this sense, it is @€rs- This scaling approach is completed in Sec. IV by a
phenomenon that is as general as the rest of the ingredierflOre rigorous approach based on a careful analysis of the
of recent models of film growth, and is capable of COm__rate equationf the s_ystem. Secthn \ cpnﬁrms the preced-
pletely changing the quantitative behavior of the systen{nd results by extensiveomputer simulationsf the model.
(scaling dependence of island density on the deposition p£lnally, in Sec. VI, we dISCLi.;igur results and the differences
rameters, island size distributions, gfdloreover, the effects TOM previous approaches:
of evaporation have already been studied

experimentally:*~® Thin-film growth models which include l. PRESENTATION OF THE MODEL
evaporation have already been studied using a mathematical
analysis of rate equatioris>1"~1*Computer simulations of In this work we will describe the properties of a still over-

such models, aiming at a quantitative analysis of scaling resimplified submonolayer thin-film growth model which in-
lations or island size distributions have, to our knowledgecludes the four most important physical ingredients of these
never been carried out. The point is that computer simulasystems:

tions represent an “exact” way of reproducing the growth, (1) Deposition We will assume that atoms are deposited
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at randomly chosen positions of the surface at a fuger  detected in the first stages of the growth, since in the subse-
unit surface per unit time. quent stages additional processes can be invaaeditional

(2) Diffusion Isolated adatoms can move in a randomdiffusion paths, interlayer transport, geometrical details of
direction by one diameter, or one lattice spacing, which wethe lattice, eto.
will take as our unit length. We denote bythe characteristic
time between diffusion steps.

(3) Evaporation Isolated adatoms can evaporate off the
surface at a constant rate. We denoterpyhe mean lifetime Before going into the details of the calculations and their
of a free adatom on the surface. As an approximation, weonfirmation by computer simulations, we present a simple
will assume that the these desorbed atoms do not return foicture of the growth mechanisms of the submonolayer
the surface. It is useful to definés= /D 7, the mean diffu-  structures under consideration. For simplicity, here we only
sion length on the substrate before desorption. consider the cas& =1, i.e., irreversible aggregation, and

(4) Aggregation.If two adatoms come to occupy neigh- we neglect the particles deposited on top of the islgdes
boring sites, they stick to form an island. We will mainly spite the apparent lack of generality of this last hypothesis,
consider the case of irreversible aggregation, but a more geithe results obtained here are quite general, as we show in
eral analysis of reversible aggregation, assuming for simplicSec. V).

II. QUALITATIVE DESCRIPTION

ity the existence of a critical size* below which islands The qualitative evolution of the system is essentially as
tend to dissociate is given. In any case, islands are assuméallows. The system initiates as a clean empty surface.
to be immobile and do not evaporate. Monomers are then deposited at a constant rate on the sur-

In the following, we callparticlesor adatomshe isolated face and are allowed to diffuse and/or des¢elaporate
atoms(or monomersthat are deposited on the surface, andWhen two (or morg monomers meet, they aggregate irre-
islands a set of connected particledhus excluding the versibly to form a static island. As more of these encounters
monomers Some remarks on the assumptions of this simpleoccur, the island density increases with time, and islands
model regarding its connection to the experiments are nowecome larger by capturing adatoms. At some point, islands
addressed. are so large that they start touchifgpalescing and mono-

(a) Second layerWhen a particle “falls” on top of an mers are rapidly captured. These two effects lead to a satu-
island, we assume that the particle deposited on the secomdtion in the number of islands. Interestingly, the saturation
layer moves and evaporates essentially as any other particlis, attained when the surface coverage reaches a value close
except that its diffusion constant and evaporation rate nowo 0.15, independently of the parameter values. This last
correspond to the process occurring on a substrate of thgoint is discussed in detail below. We now turn to a more
same element as the deposited particles. Practically, thdetailed discussion of the evolution of the systems in two
mean diffusion length on thisland before desorption, de- limiting cases : complete condensati@vaporation is neg-
fined asx% = \/D* 7, where the asterisk indicates the valuesligible) and strong evaporation.
on the island, can be different frodds. As the simplest First consider the situation where evaporation is negli-
scenario, we assume that when the particle reaches the bdfble. This means that atoms deposited on the surface almost
der of the island, it immediately jumps down and increasedi€ver evaporate before aggregatiaffer this, they are safe
the area of the island. We discuss when this effect can b&ince islands do not evaporatéThis situation can be ex-
ignored without affecting the scaling results, which leads taPected to happen whexis>/" whereXs= D is the ada-
applications to situations in which downward transport oftom diffusion length on the substrate before desorption and
monomers from islands is highly improbable. This could be”” is the typical distance between islands. Figuf@ shows
the case whefi) there is a barriéf at the edges of théirst  the evolution of the monomer and island densities as a func-
layen clusters which prevents single particles from “fall- tion of deposition time. We see that the monomer density
ing” on the substrate, and/di) particle diffusion on the rapidly grows, leading to a rapid increase of island density
second layer is much smaller than diffusion on theby monomer-monomer encounter on the surface. This goes
substraté>2° on until the islands occupy a significant fraction of the sur-

(b) Island diffusion In this model we neglect the possibil- face, roughly 1%. Then islands capture rapidly the mono-
ity of dimers, trimers, or larger islands to diffuse on the mers, whose density decreases. As a consequence, it be-
substrate. Island diffusion has been observed irfomes less probable to create more islands, and we see that
experiment®~2"and molecular-dynamics simulatioffsThe  their number increases more slowly. When the coverage
effects of island diffusion on the growth of thin filmg&thout ~ reaches a value close to 15%, coalescence will start to de-
evaporationhave been addressed in Refs. 5, 8, 20, 21, 29rease the number of islands. The maximum number of is-
and 30. While these effects are significant since they chang@ndsNpax is thus reached for coverages around 15%. Con-
the growth exponents, they do not fundamentally modify thecerning the dependence bif,,,, as a function of the model
growth mechanisms. We assume that the same is true whéarameters, the DDA and related models have shown that the
evaporation is included. maximum number of islands per unit area formed on the

Here we study théirst stages of the growth, roughly until surface scales &~ (F/D)", or / cc=(F/D) /651819
the number of islands on the substrate saturates. The reaswthere CC stands for complete condensation. These values
for this is that it is in this stage that such a simplified modelare independent of,, since evaporation is not significant.
can be of some help to experimentalists who want to under- When 7, decreases(i.e., as the evaporation rate in-
stand the microscopic processes present in their experimentyeasel Xg decreases, and eventually becomes smaller than
These fundamental microscopic processes are most easifycc. In this regime, evaporation is going to alter signifi-
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FIG. 2. Schematic capture zone for an island in presence of
) ‘stickin atom evaporationX¥ stands for the mean length before desorption
-2 for an atom diffusingon topof an island, whereaXg corresponds
to the same parameter on the subst(ate text The sizes of the
capture zones were justified in Sec. IV.
-4 - %; see Fig. 2 The other monomers evaporate before
I et reaching the islands. As in the case of complete condensa-
< monomers tion, when the islands occupy a significant fraction of the
W surface, they capture rapidly the monomers. This has two
-6 ‘ ‘ effects: the monomer density starts to decrease, and the stick-
-3 -2 -1 0 ing coefficient starts to increase. Shortly after, the island den-
(b) log,, ( Ft (ML)) sity saturates and starts to decrease because of island-island
coalescence.

FIG. 1. Evolution of the monomer and island densities as a If 7¢ is further decreasegreciselyr,<r, i.e., the time a
function of the deposition timén monolayersfor different limits: ~ particle remains on the surface is less than the time it needs
(a) Complete condensatiof,=10 8, and7,=10'"° (r=1). These to move, then, clearly, diffusion plays no rolg' Xs<1").
values meanXs=10" and /cc=22. (b) Important evaporation, In this situation, islands are formed biirect impingemenof
F=108 and 7,=600 (r=1). These values meaks=25 and incident atoms as first neighbors of adatoms, and grow by
/'cc=22. In(b) the “sticking” curve represents the total number of direct impingement of adatoms on the island boundary. This
particles actually present on the surfdtiee coveragedivided by  sjtuation, although apparently uncommon, is not physically

the total number of particles sent on the surfaee) (It would be 1 impossible, and it also allows us to test our predictions over
for the complete condensation case, neglecting the monomers that|arger range of parameters.

are deposited on top of the islands. The island density curve has
been shifted vertically by+1). The solid line represents the con-
stant value expected for the monomer concentration, while the
dashed line corresponds to thieear increase of the island density In this section we present simple scaling arguments that
(see text allow us to find the dependence of the maximum island den-
sity Nmax @S @ function of the deposition parametéfisix
cantly the growth dynamics, as shown in Figb)l The main  F, diffusion time 7, and evaporation time,). These argu-
point is that now the monomer density becomes roughly anents were originally formulated in Ref. 5 for the special
constant since it is now mainly determined by the balancing case of deposition without evaporation on a high-symmetry
of deposition and evaporation. As expected, the constarterrace. Here the argument is extended to the case of non-
concentration equals 7, as shown by the solid line. Then negligible evaporation. We recall that the atomic size is
the number of islands increases linearly with tiftlee island  taken as the length unit. For simplicity, in this section we
creation rate is roughly proportional to the square monomeneglect the effects of deposition on the second layer: they
concentration We also notice that only a small fraction will be studied in great detail in Sec. IV. We will show there
(1/200 of the monomers effectively remain on the substratethat the regime studied in this section corresponds to a large
as shown by the low sticking coefficient value at early timesrange of physical situations.
[the sticking coefficient is the ratio of particles on the sub- The first stage of the argument requires a determination of
strate (the coverageover the the total number of particles the nucleation rate per unit surface and time,, /. A nucle-
sent on the surface~t)]. This can be understood by noting ation event takes place when two adatoms meet. This hap-
that the islands grow by capturing only the monomers thapens with a probability per unit timeDp?, where
are deposited within their “capture zoneftomprised be- D=1/(4r) is the adatom diffusion constant, apcthe ada-
tween two circles of radiuR and R+ Xg if we neglect tom density. Thus

Ill. SCALING ARGUMENTS
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1 ) From Eq. 2 and (6), one finds
——~Dp". (D F2re(1+Xg)2~F(1+XgN? or
nuc
~ 2/3 2/3
Another, independent equation can be written down to N~ (F 7)1+ Xg) ™™ )

relate the nucle?tion rate and the island denbitylt states For a comparison with previous results, it may be worth it

that in the area’s=1/N occupied by an island, only orten (5 rederive Eq(7) for any value ofi*. The nucleation rate

averagg nucleation event takes placduring the time ¢ (gads; for any*, (F+Dp)N;«, whereN;« is the density of

needed for the growing islands to come into contdttus  yitical nuclei (clusters of size*). Following Refs. 18 and
1 N 19, we assume thatN;» satisfies Walton's relation

= 2 Nis~p'". Inserting into Eq. (6) vyields e
e e F(Fro)"(1+Xg2 Finally, using Eq. (2) vyields

The timet, is readily computed by knowing the growth F(F7.)!" (1+ Xg)2~F(1+Xg)N32 or

velocity of an island, which in turn requires the knowledge

of the adatom density. We consider in the following the situ- N~ (Fre)2"B(1+Xg)?2. (8

ations of interest for this paper.

Note that the validity of Walton's relation in the presence

A. No evaporation, compact two-dimensional islands of strong desorption is highly hypothetical. It is a point
) ) ] which we reserve for future work. In the rest of the paper, we
The adatom density results in this case from a balancgmy consider the casé*=1. In Sec. IV, the results for

between deposition at a rate and capture by the stable jx =1 are derived by a more rigorous rate-equatioap-
islands at a rat®pN, so that proach.

~F/(DN)~F/Z/D. 3
P ( ) s ® C. Crossover scaling
The area of an i§land of linear ;si&increaszes by2(:apture Here we will derive an approximate analytic expression
of all adatoms falling in an are&s so thatR*~F/;t. At for the crossover scaling function connecting the complete
t=t., R=/, and thug.~1/F. Using Eqgs(1) and(2), one  condensation, diffusion and direct impingement regimes de-

finds Dp?~FN. From Eq.(3), N=<F/2/D, or'819 scribed previously. In other words, we will compute the
1 maximum island densit\N,,,, as a function ofF, r, and
N%(E) 4) Te. We will then show that, if we measure all lengths in
D/ ° terms of Xg, NpadF,7,7e) iSs a function of its arguments

) - only through a special combination: X2Nma=
The values c_arrequr:ds to the special %?8’%— 1 of the gem(.xéNean, WhefeNevapZ[(1+Xs)FTe]2/3, andgeyaX)
general formula*/(2+i*) for the exponent: satisfies

1/2

B. Strong evaporation X for x—o

geva;{ X) -~ (9)

Strong evaporation means the adatoms are more likely to x for x—0
disappear due to desorption, with probabilityr.lper unit ] ]
time and site, than to be captured by an island. Therefore, the T0 do this, we assume that the islands are large enough
adatom diffusion length before desorptiokg= D7, is with respect to the atomic size that we can neglec_t th_e cur-
shorter than the average island-island distante, In this ~ Vature of their boundary. Then the adatom density in the
case, the adatom density results from a balance betwedfdion between two islands, whose edges are at a distance

deposition and desorption at a ratér,, so that /', obeys the equation

p

_,
Te

~ ~FE X2 .
pNF’TeWFXS/D. (5) p=F+DV2p— (10)

A growing island is only able to capture the adatoms fall- . . : . .
ing at a distance smaller than the adatom diffusion IengtPfV',th the boundary cond|t|on§(i//2)=0 (the origin being
before desorptionXg (see Fig. 2. If Xgis smaller than the midway between the islaniis )
island sizeR, the island will capture the adatoms falling  In the quasistationary approximatiopr~0, and Eq.(10)
inside an annulus of widtkXs around its border, as well as can be solved. The solution reads
those directly impinging on its edge. Since the area of the
annulus is =~RXs if R>Xg, at time t one has p(X)=Fr1
R~F(1+Xgt. At t=t., R=/;, and thus
to~/sI[F(1+Xg)]=1[FNY%1+Xg)]. Direct impinge-
ment is also important for nucleation, so that E#) be-
comes

COSH kX)

1= coshk/12)

, 11

where k= 1/Xg
This formula is needed to compute the nucleation rate
Dp2. The latter is a mean-field quantity, independentof
F+Dp)p~FE(1+X2)p~F2r(1+Xo)2, 6 Thus Ie.t_tmgx=0 in Eq. (1)—since _the highest nucleation
( pIpP=F( s)p el s © probability is at the terrace centre, given the symmetry of our
where we also used E). problem—one finds
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_edq _oF sinkP(«/14) 1 ciD (1+Xg)? sintP(k/14)]?
P=ET 2" costix/12) |~ <" Tcostk/12) (12 ( pIp= Te Te'costk/12) | ° (19
where we used the identity cosh 1=2sint?(x/2). Finally, Egs.(17) and(19) yield
The next task is the determination of the total island den-
sity N. Its time variation is simpleN increases each time an (1+Xg)? sinfP(k/14)]?
island is nucleated, so thaN][1=Dp2. On the other hand, Te Te cosh k/12)

N decreases when two islands touch and coalesce. Following

. — g 2
previous authors’*® we write (N),= — (d.4/dt)N2, where ~F(1+Xg)/ tanh(x//2)Nias (20)

A~R? is the average area of an island of linear $keThis e N L2
; _or, letting /=N, 5
means that coalescence results from binary encounters of im-
mobile islands, whose area increases at a datédt. Col- N=Y2/2y12
ing (\ ), yi L1 Xg)(F ro) | SO ma ) 2 N 2N
lecting (N); and (N), yields ( s)(F7e)~ SINF(xN_ 772 anh(« Nz, 72) Niase
N=Dp? dA N2 (13 o
Bt TR This is the announced crossover scaling formula, in im-
plicit form. It can be cast in the form
By definition, N,,.x, Which is what we are interested in, o 12
satisfiesN=0. This means that the maximum of the island 3 cost kN p72) 1
density can be found by balancing the nucleation rate against (1+Xg)Xs(F7e)~ sian(KNr;;x”m) tanh(«Nmay 12)
the coalescence rate, and that the balance is reached when )
the island sizeR~/". One can thus write X (X&Nmaw *2, (22)
dA or
Dp2~(W NZ o (14) .
" <1+xs>x§( 5) = fevad XsNima (23
The growth rate of an island can be computed assuming
that its radius is large with respect to the atomic size. Onavhere
can then treat the island edges as straight steps, which yields )
1
dR , Cosr(ﬂ 1
gt~ FXstank k/12). (15 fevad X) = T+ | tanh = x3. (24)
sinhz(ﬁ
Sinced A/dt~RdRdt, one finds
Letting Nevap:[(1+XS)FTe]2/3, and invertingf, one finds,
dA ised
—lre ~FXs/ tant(x/12). (1 &S Promised,
XéN max— gevar( XéN evap) . (25
Note that the two limits q.4/dt)|g-,~F/? and
(dA/dt)|R:/~F/XS are well re-prOdU(-:Ed fok/<1 and IV. RATE EQUATIONS
for k/>1, respectively. In fact, in the limiXs—0, the area _ _ _ o
increase iF R, due to direct impingement. In order to inter-  In this section we will study the model taking into account

polate all the way through to this regime, we finally write the particles deposited on top of the islands with their spe-
cific diffusion and evaporation parameters. We will show

dA , , that, for a large range of parameters, the exponents are the
ar ~F(1+Xg)/ tani(k/12). (17)  same as those predicted by the preceding analysis. We use a
R=/ “rate-equation” approach which has been shown to give a

good description of the submonolayer regifriie-’ 13 For

the sake of completeness, we include a detailed calculation
N 7 bof the cross sections for monomer capture. These cross sec-
Impingement of a beam atom on a nuc_leus, which is defions have also been calculated in Refs. 9, 15, and 17, for
scribed byFp. Then, the nucleation term in E¢L4) reads example.

We will not keep careful track of many of the numerical
geometric constants. The rate equation describing the time
evolution of the densityy of monomers on the surface will
be, to lowest relevant orders I,

In the limit where the diffusion lengtiXg becomes very

sint?(k/14)

, SiNtP(k/14)
Te cosik/12)

Scoshk/12)

(F+Dp)p~F[l+

In fact, a simpler approximate expression will be used, which q
reproduces the correct limiting behavior at large and small d_p:F(l_ 0)— ﬁ—Fp—Za'op—(TiN. (26)
XS: t Te
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The first term on the right-hand size denotes the flux ofsubject to the boundary conditid®(r =R)=0, whereP(r)
monomers onto the island free surfacei$ the island cov- is the monomer concentration at positionand D is the
erage discussed belopwThe second term represents the ef-diffusion constant of the monomers. The solution is given by
fect of evaporation, i.e., monomers evaporate after an aver-
age timer,. The third term is due to the possibility of losing
monomers by the effect of direct impingement of a deposited

Ko(R/Xs)
monomer right beside a monomer still on the surface to form

_ 1/2 ; & ioti
an island. As discussed above, this direct impingement terrﬁ/ihterﬁ XSIr(E/)ﬁe)d bcan t;ﬁ ';je;tlfr'eg ?Sr theVCharra%te:S“%d
is usually negligible, and indeed will turn out to be very slance traveled by a monomer belore evaporation, a

small in this particular equation, but the effect of direct im- Ko(x) is the modified Bessel function of order zero. We can

pingement plays a crucial role in the kinetics of the system jfewrite Eq.(3D) as
the high evaporation regimes. The last two terms represent Ko(r/Xg)
. . 0 S
the loss of monomers by aggregation with other monomers P(r)=p< 1- KI(RIXQ
and with islands, respectively. The facterg ando; are the of s)
cross sections for encounters, and will be calculated belowwherep is the monomer density appearing in the rate equa-

Ko(r/Xs) 31)

P(r)=Fre(l—

: (32)

The numbem of islands will be given by tions, so thaP(r)— p far from the islands. This, again, is a
mean-field way of including the effects of the other islands
dN in the flux of monomers into the island in consideration. The

Gt PPt oop, @7 ¢ross sectionr; can then be calculated as the total diffusive

flux of monomers into the boundary,
where the first term represents the formation of islands due to

direct impingement of deposited monomers next to mono- —2-RD ap 2D R Ky(RIXg) 33
mers already on the surface, and the second term accounts 7~ <™ dr/ . TP Xs) Ko(R/Xg) "
for the formation of islands by the encounter of monomers ) ]
diffusing on the surface. The cross section for monomer-monomer encounigyss

For the island coverage, i.e., the area covered by all the obtained from the same formula, replaciRgby the mono-
islands per unit area, we have mer radius, and by 2D, as corresponds to relative diffu-

sion.
The rate equations, with explicit expressions &rand
rTi 2[Fp+oep]+oN+IN. (28) o, are still too complicated to solve exactly. At best we can

focus on extreme cases. The first step then is to evaluate the
treme values ofs; for the case in whichR>Xg and
<Xg. Using the known asymptotic values of the Bessel

functions, and once again omitting numerical constants, we

The term in brackets represents the increase of covera
due to formation of islands of size @e., formed by two
monomers either by direct impingement or by monomer-
monomer aggregation. The next term gives the increase 3}ave
coverage due to the growth of the islands as a result of DpR

monomers aggregating onto them by diffusion, and the last for R>Xg,

term represents the growth of the islands due to direct im- o~ Xs (34)
pingement of deposited monomers onto their boundary, or ' Dp

directly on the island. The estimation of the value Jofs In(X</R) for R<Xs.

carried out below. The total surface coverage is given by i o o

0+ p~ 6, except at very short times. From here on we will neglect the logarithmic variations ap-

The next step in the analysis consists in estimating th@€aring in the cross section. To evaluatewe note that the
cross sectionsr, and o;. This is done by evaluating the Monomer r§d|us is a small constd(itt is usually taken as
diffusive flux of monomers into a single solitary island rep- half the unit of length so that, for all values oKs, to a
resented by an absorbing disk of radiBscentered at the 900d approximation we have
origin (throughout this analysiR stands for the typical is-

land radiu$. The typical radiuRR of the islands will be taken 7o~ Dp. (39
to be Formally, the diffusive cross section for monomers should
vary in the caseXs<<1, but this is of no consequence, since
g\ 12 in that regime the contributions from diffusion are negligible.
R~(N (29 Now we turn to the evaluation of the direct impingement

flux J. As was the case above, an exact evaluatiod of
rather difficult, as it results from the solution of a moving
r12)'oundary problem. Thus, once again, we must resort to a
W%uasistatic approximation.

The fluxJ will consist of two terms}J,, the contribution
due to direct impingement at the exterior boundary of the
2P 1P 1 islar_ld, i.e.,o_n the substrate; anx_lli , the contribution due to

(74_ - _) +F—=P(r)=0, (30) particles falling on the island, diffusing to the boundary, and
ar roor Te “falling” over the edge to increase the size of the island. We

The cross sections are evaluated in the quasistatic a
proximation, which consists of assuming thRtdoes not
vary in time and that the system is at a steady state. Thus
have to solve the equation
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will continue to assume that the islands are compact, thus thextreme incomplete condensatiotf we assume that the dif-
contribution due to direct impingement at the boundary willfusion length on the islands is also much less than 1, then

be given byFR (where we have omitted geometrical con- Eq. (28) becomes

stant3. To evaluate the second contribution, we must solve 4o

aT~FRN~F(m®”% (41)
where we have neglected the increase of coverage due to the
subject to the boundary conditioR(r=R)=0. We recall formation of small islands in E428), as most of the cover-
thatD* and7¥ represent the values of the diffusion constantage is due to the large islands. The number of islands evolves
and evaporation time of the particles on a substrate of th@&S
same species(clearly, for homoepitaxy, D*=D and N~FE2rt (42)
75 = T¢). The boundary condition corresponds to the simplest e

situation, in which there is no barrier at the edge of theSolving for 8, we obtain

island, and every particle reaching the boundary falls. The 4 .3

increase in coverage will be given by the total flux accross O~F"7et”, (43)

the barrier, i.e.J;~—RD*(gP/dr). In writing this equation Now comes a crucial assumption, namely, that coalescence
we have assumed that no nucleation occurs on top of thgccurs when the coverage reaches a fixed constant value, say
island, for this to be the case, we must require thaty —1 ang that this value is essentially independent of the
Pmax<1 on the island; which will be the case for small getajls of how the surface is covered. Thus the timet

9’P 1 9P 1
——+F—;;HO=0, (36)
e

*
ar% o r oor

enoughF. ) _ _ which coalescence occurs will be
The solution to the above equation can be readily found,
and from it we find that to~(F4ry) 13 (44)
L(RIX?) Since the number of islands is a monotonically increasing
Ji~RX F(—*) (37)  function of time up to the time of coalescence, we can esti-
lo(R/Xs) mate the maximum number of islands on the surface as

R~ . .
where Xs=\D* e is the typical d|§tance a monomer can N o~ N(to) ~ (F )23 (45)
diffuse on an island before desorption, dng¢x) and!(x)
are modified Bessel functions. Again, using the known prop- If, instead, we consider the case in whirk X¥>1, and
erties of Bessel functions, we can distinguish two limiting X <1, then island formation will still only occur via direct
behaviors: impingement, but the increase of coverage will be primarily

5 . due to monomers landing in the capture zamghe islands.

{FR for R<X§
‘]iN

38) In this situation, we will have
FRX{ for R>X§.

de
i XEFRN, (46)
A. High evaporation regimes

We are now in a position to analyze the limiting cases of2d: again,
the system described by the rate equations. First we consider N~F27rt 47)
the behavior brought about by the presence of evaporation. e
We define the high evaporation regimes as the systems ifnom which we obtain
which all but the first two terms on the right-hand side of Eq.

(26) are negligible. Then, since the coverage is small, we O~FAreXits. (48)
have The coalescence time can be estimated as above, leading to a
dp p maximum number of islands that scales as
T F (39 -
Te Nimax=N(te)~(F 7eXs ). (49)

andp reaches a steady state vajie F 7. in a time of order  |f e instead consider the case of extreme mismatch between
7e. Thus, as mentioned above, the high evaporation regimage materials, siXs<1 butX%>R throughout the evolution
are characterized by having a constant monomer de(@ity  of the system, the capture zone on the islands becomes the

ter an initial transientthroughout most of the evolution of \yhole island, at which point the coverage increases as
the system. Under these circumstances, @F) becomes

trivial, and predicts that the number of islands at timis de
given by T Fa, (50)
N~F27[ 1+ X3]t. (400  where we usetl R>~ 4. Coalescence then occurs at at a time

t.~1/F, and the maximum number of islands at that time
If the evaporation rate is very high, so thét<1, then il be

even the smallest islands at the earliest stages of evolution
will satisfy the relationR> X (will refer to this situation as Nmax~ F 7e - (52
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Different and more interesting regimes exist for the situ-7, at which this condition never holds,
ation in whichXg>1, still in the high evaporation regime,

2563

i.e., when
Xs~Rmax, Where the maximum island si#&,,,, can be es-

i.e., the evolution of the monomer density is still essentiallytimated through
controlled solely by the deposition and evaporation. This re-

quirement actually limits the value &fs. The upper bound

for the range ofXg in which this situation prevails is dis-

cussed below. First we consider the case in which eventuaIIX| ] ) ] N
as well. In this situation, the increase in coverage istiénce the evaporation time above which the condition

R>X§

6. |12
Cc — — —
J ~ 7 V2~ 3p -1

Rmax™ ( m (59)

due mainly to the particles deposited within the capture zon&>Xs never holds is such that

of the islands, which we assume to be relatively large.

For times long enough for these conditions to prevail, the

evolution of the coverage will be given by

de .
gt~ (XstXHRFN, (52

and the number of islands will evolve as
(53
Thus, solving for the coverage, we find that

O~ F*XE(Xgt+ XE) 27t (54)

XS: ( D Te) 1/2__ RmaXN T; 1/2F - 1/3D - 1/6; (60)

that is,

ng)N(FDZ)ilB:/CCZT. (61)

For evaporation times abovel?), the monomers are ex-
pected to travel distances much longer than the largest typi-
cal island sizes. At this point it is important to realize that
our criterion for the onset of coalescenée; 1, is equivalent

to the requiremenR~/, where/~N~2 s the typical dis-
tance between islands. Thus, for evaporation times much
larger thana-ff), a great part of the evolution of the system
takes place with the monomers traveling distances which are
greater than the interisland distances. During this phase we

Once again we assume that coalescence becomes importaiXhect the effects of evaporation to be negligible. In effect, if
at a value of¢ of the order of unity, so that the coalescence ; - 72 | the kinetics of the monomer density is no longer

time in this regime will be given by

te~ (FAXE(Xst X&) 2725, (55
and the maximum number of islands will be given by
FX37, | 23

Xt X§

(56)

Nmax™

Note that ignoring the particles that land on the islands,

determined solely by the evaporation, but rather, it is even-
tually determined by the aggregation processes.

At very short times the number of islands is expected to
be very small. Therefore, in the early stages of evolution,
they cannot affect the monomer density. Thus the early
stages of evolution are expected to be similar to those of the
previous regime, for example,
N~F2X3ret,  0~F3Xaret?.

p~Fre, (62)

i.e., takingX§ =0, as if there was an infinite edge barrier, This situation is expected to hold until the number of islands

yields the same scaling as would be expectet;i X% , and

is large enough, so that the tewnN is no longer negligible

also the same scaling as would be expected in homoepitaxyshen compared t&. That is, until a timet,,, such that

where Xs=X¢ . Thus, ignoring these “second layer” par-
ticles is not crucial for the calculation of the exponents, at

least for a large range of the values of the parameters.
If we now assume that eventuallR>Xg, but that
X$>R, then once again the coverage will evolve as

de

—~F6.

T (57)

Coalescence then occurs at at a tige 1/F, and the maxi-
mum number of islands at that time will now be given by

Nmax~ F 7eX3. (58)

oiN~DF3X472t,,~F, (63
from which we obtain
txxw(szgTe)il- (64

As expected, the number of islandstat is N(ty,)~ 1/X2,
indicating that evaporation effects “turn” off once the typi-
cal interisland distance is smaller th&g. For times beyond
tyx all evaporation effects become negligible, and our rate
equations reduce to those given by Tafar a system with-
out evaporatior(plus the direct impingement terms that are
negligible in this limiy for which the results are well known.

This is the result obtained by Venables, as we discuss belowhat is, the time at which coalescence occurs is given by

(Sec. V).

B. Low evaporation rates

t.~1/F (65

and the maximum number of islands nucleated on the surface

If 7o is further increased, then the system does not react$

the regime characterized in Sec. IV A. As mentioned above,

this regime holds as long &> Xg beyond certain point in

the evolution of the system. We can estimate the value of

F 1/3
) . (66)

Nmaxw ( 5
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We can now summarize now the various regimes ob<hange significantly the results.
tained. There are three principal regimes which are spanned The program actually consists of a repeated loop. At each
as the evaporation time, decreases. We call them, in this loop, we calculate two quantitie®y.e,=F/(F+p[(1/7e)
order, thecomplete condensatiorgime where evaporation +(1/7)] and pgis=(p/7)/(F+p[(1/7s) +(1/7)]) that give
is not important; thediffusion regime where islands grow the respective probabilities of the three different processes
mainly by diffusive capture of monomers; and, finally, the which could happen: depositing a parti¢teposition, mov-
direct impingementegime where evaporation is so impor- ing a particle (diffusion) or removing a particle from the
tant that islands can grow only by capturing monomers disurface(evaporation More precisely, at each loop we throw
rectly from the vapor. Within each of these regimes, there ara random number p (@p<1) and compare it t@g, and
several subregimes characterized by the value®f the  pgi. If p<pgrp, We deposit a particle; > pgropt Pair» We
desorption length on top of the islands. We useremove a monomer, otherwise we just move a randomly cho-
/cc=(F7) Y8 the typical island-island distance when theresen monomer. After each of these possibilities, we check
is no evaporation, anR,,., as the maximum island radius, whether an aggregation has taken place and go to the next
reached at the onset of coalescence. loop (for more details, see Ref).8

Complete condensatiois> /"¢

A. Checking the assumption: constant coverage for saturation

13,13
N~ F57 for - any Xs. 67) A major assumption made in the theoretical treatment is

that the maximum of the island density is reached when the

Diffusive growth 1<Xg</cc: : X
g ssrcc coverageattains a constant value. We note that this assump-

(I:Xé_e)z/a(XSJr X’S‘)*2’3 if X:<Rpax (3 tipn is equivalent t'o the one usgd in th(za sqaling anqusis,
max™ , . since, for compact islandg~N=7R“~ (R/1)~. It is essential
FreXs if XS>Rmax (b), then to check this assumption first. Figurgs)33(c) show

(68 that this it is justified, sincé,,,,x, the coverage at which the
With R (Xs+ X§)1/3(Fxé7_e)—1/3, which for the cross- Maximum island density is reached, does not vary systemati-

over between regimes gives (3 and (b): cally with F, 7., or e. € is defined as (& XS)Xg(F/D) and

X% (crossover)v(Fxére)*l’z. indicates the importance of evaporatioex1l means that
Direct impingement growtis<1: evaporgtion is significant, while>1 .indicates that we are in
the regime of complete condensati@mee Eq.(23)].
(Fr)?® if Xi<1 (a) In the nonevaporation case, it has also been recognized

o3k 23 . that 6, is independent of the flux or diffusion rate’ Ac-
Npma~ | (F7e)™"Xs if 1<Xs<Rmax (b) tually, Villain and co-workerdused this criterion to find the
Fre if X{>Rpa (€, flux and diffusion dependence ®f,... We think that the

(699  combination of two effects can lead to a constapi,. First,

, Bk LD s at coverages close to 0.15, islands occupy enough surface to
With Renax~ (F 7¢) X5 ™, which for the crossover between captre rapidly the landing monomers, which prevents nucle-
regimes  gives (@ and (b): Xg(crossover)  ation of islands. Second, at this coverage, islands begin to
(Fre) M2 touch and coalesceR(~ /), thus starting the decrease in is-

We note that these equations agree with the scaling analyyng density. We note tha,,, is not constant when large
sis presented aboV€&qs.(4) and(7)] in the appropriate sub- isjands are allowed to move, even in the nonevaporation

regimes KE<Xg). casée®
Having confirmed our main assumption, we now turn to
V. COMPUTER SIMULATIONS the evolution of the maximum island denshty,,, as a func-

. . . tion of the different parameteis and 7, (remember that we
In the following subsections we test the assumptions angy e =1 as the time scale of our problem

predictions of the analysis given in the preceding sections in

the special casg* =1, and no contribution from atoms de- B. Checking the crossover scaling

posited on top of the islands. As we stressed above, the ex- o o ) )

ponents observed without contribution from the second layer Before looking in detail into the different regimes pre-

are the same as those observed for a large range of paraficted by Eqs(67), (68), and(69), we summarize our simu-

eters. We also show results that are not attainable from thi€tion results in Fig. 4. We show thegdl our data(more

mean-field calculations, namely, the island size distributionsthan 200 pointsfor N,y as a function of the parameters.
Our computer simulations generate submonolayer struco_ur scaling an_aIyS|s predicts that the data should fall into a

tures using the four processes included in our mesiet the ~ Single curve, given by Eq23). We see that the data remark-

introductior). Here we taker=1 as the time scale of our @Ply confirm our analysis, over more than 20 orders of mag-

problem. The monomer diffusion coefficient is then given bynitude. This gives us confidence on our entire approach and

D=1, We use triangular latticesix directions for diffusion 'S Predicted exponents, which we now turn on to check in

of sizes up to 2008 2000 with periodic boundary conditions Mere detail.

to avoid finite-size effects. For simplicity, in these simula-

tions, the atoms deposited on top of existing islands are not

allowed to “fall” on the substrate. We have checked that The object of this section is to check that the results sum-

allowing the atoms to fall down the substrate does noimarized in Eqs(67), (68), and(69) are correct.

C. Checking the exponents
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0.0 ‘ ‘ ‘ -20 -10 0 10
-15 -10 -5 0 5 log,, €
(@) log,, (Flux)
FIG. 4. Universal function, rescaling all our data. As predicted

0.4 ‘ ‘ ‘ ‘ ‘ by Eg.(23), the normalized island density,,,X3 follows a single
curve as a function of the evaporation parameter
e=(FID)X>(1+Xg). The solid curve shows the function pre-
03 e @ . - dicted in the texfEq. (24)], while the circles represent the results of
. ’. o the computer simulations.

1. Scaling of the maximum island density
as a function of incident flux

Figure 5 shows the evolution of the maximum island den-
sity as a function of the flux for different evaporation times.
Each of these curves is different from the others, since they
correspond to different evaporation times. However, accord-
ing to our preceding analysis, they should all present a tran-
(b) log,, t sition from the low evaporation regime to the high evapora-

¢ tion regime. This can be detected by a change of slope, from
0.4 : , ‘ ‘ Nmax~ F22 in the high evaporation regime 8,,,,~ FY° in
the low one[Egs. (689 and (67)]. Of course, this regime
change does not occur for all the curves at the same value of

03 | « ® ] the flux, since the parameter that determines that change is
.?g. not the flux but ratheX3=r7,/7. Figure 5 shows that our
-1 .
2 ¥
-2 | .
*
§-3 o5
z =3
o 22
© g4 +13
«1
FIG. 3. Coverage ) at which the island density reaches its -5 v03
maximum. The different figures show theon) evolution of 6., VS * 0.1
(a) the fluxF, (b) the evaporation time,, and(c) the evaporation -6 .
parametere. The solid lines indicate our assumption, namely, that -13 -1
the maximum island density is reached at a constant coverage. The log., (Flux)

dashed lines show lineéits of the data. In all these graphs, there is

no significative evolution of the coverage at saturation as a function FIG. 5. Evolution of the maximum island density as a function
of the deposition parameters, as can be seen in the coefficients of the flux for different evaporation times. The number next to each
the fits: (@) 6na=0.13—-0.000 85 logy(F); (b) 6a=0.15— symbol corresponds to the I value for that sefremember that
0.000 69 logo(7e); (€) Hmax=0.14—0.0012 logy(e). We only  r=1). The solid lines show the expected values for the exponents:
notice an increase of the fluctuations when the evaporation becomésfor low values of the fluxevaporation is significaptand 5 for
important, since the systems contains only a few islands. Theskigher valuegcomplete condensati@nThe dashed line shows the
fluctuations are due to the fact that each point in the figures repreprediction of other authorsNi.,~F? for low fluxes. See the
sents a single run, with no averaging. discussionSec. V| for details.
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FIG. 6. Maximum island density as a function of the evapora-  F!G- 7. Dependence of the maximum island densify, on
tion time for different fluxes. The number next to each symbolF 7e N the direct impingement regimeXg=<1). The solid line
corresponds to the In(&} value for that set. The solid line shows SNOWs our predictiofiNpa,~(F 7¢) = for extremely low evapora-
the expected value for the exponeifor low values ofr, (evapo- ~ ton times, Eq(69a]. We see that our prediction remarkably fits the

ration is significant The dashed line shows the exponent expectedat@ over more than six orders of magnitude. The numbers indicate
for the intermediate regime. the values of logarithms of the evaporation timeor the fluxF for
the different sets of data.

predictions are correct, at least concerning the flux evolution D. Island size distributions
of the maximum island density. We now turn to the other

. o Island size distributions have proven very useful as a tool
variable, the evaporation time.

for experimentalists to distinguish between different growth
mechanism&>32 By the sizeof an island, we mean its total
2. Maximum island density as a function of evaporation time  number of monomers or mass. Unfortunately this informa-
éion is beyond the reach of the simple mean-field rate-
equation analysis presented abSwgevertheless, the distri-
butions can be obtained from the simulations. Figure 9

In Fig. 6 we show the dependence of the maximum islan
density on7,. We notice that for high enough evaporation

times, the island density tends to become roughly constanfy, v the evolution of theescaled32 island size distribu-

as predicted by our calculations. For lower valuesmof  ions as a function of the evaporation parameter

Nimax changes rapidly. Our analysis predicts two regimes: for._ (1 . x ) x3(F/D). Itis clear that the distributions are sig-
1<7,<F % we expectN .~ 7e, [EQ. (683], while for

o ) - 'Y nificantly affected by the evaporation, smaller islands be-
7e<1, we expecNma~ 7" [Eq. (693]. This last regime is  coming more numerous when evaporation increases. This
clearly seen for the curve obtained for a fld=10"°  {rend can be qualitatively understood by noting that islands
(squares, solid line The intermediate regime is difficult to are created continuously when evaporation is present, while
see because of the crossovers with the two other regimegucleation rapidly becomes negligible in the complete con-

However, taking a very low value for the fluFE10 ™, densation regime. The reason is that islands are crésped
filled triangles, we can see that the slope in this intermediate

regime is close to 1dashed ling 1
3. Direct impingement regime _5 0!
(3
We have also checked the exponents obtained when £
Xg<1, in the direct impingement regime. Equati¢9a § -1t
predicts that the maximum island density scales with the o
productF 7, with an exponeng. This is confirmed by our 5 o |
computer simulation$Fig. 7), over more than six orders of 2 -
magnitude. ()
-3 r
o
4. Condensation coefficient at the maximum island density °
A last test for the analysis is presented in Fig. 8. We show '4_10 0 16
> I i ) .
that the dependence of the sticking coeffici8rat the satu log, [F X5 (14X.)]

ration island density $= 6, /Ft.) follows Eqgs.(55), (44),

and (625)- B)Z constructing an evaporation parameter giG, g. Evolution of the sticking coefficient at the maximum
n=FXg(1+Xg), we can group all the regimes in a single jsland density as a function of the evaporation parameter
curve: for the complete condensation regir8e; 7°~1; for ~ Fx(1+x%). The solid lines represent our predictiof&gs. (55)

the othersS~ 5*2. and (65)]. See the text for details.
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3 ‘ 1 1
0 -4.9 (-8, 1) —=—+DN, (70)
2 ®-39(-7,1) T Te
o *-2.9(-6,1) and the adatom density reads
o | ¢ ©=2(-8,2) |
A c11(o5 pmFrm e 7
‘\‘g &) . \:‘+4(—8,4) 1+D7'eN
T | - . *j ('2’ 3-3) This is Eq.(6.2) of Ref. 19.
L - : _x:lo(gv; lrationﬁ At this point, the incorrect assumption is made that the
P rate of growth of the area of an island of radiRsreads
> dR?/dt~Dp~FDr./(1+D7,N) throughout the strong
0 P evaporation regimécf. Sec I\V). Then writing
0 1 2 2

. dR
sls,, Dp" "~ —-N?~DpN?, (72

FIG. 9. Rescaled island size distributions for different values of
the evaporation parameterand different coverages between 0.05
and 0.2.p(s/s,) represents the probability of finding an island = i*
containings monomers when the average sizesjs= 6/N. If ng is N2(1+X2N)i*~(—xz) _ (73
the number of islands containing s monomers, we have s D"s
p(s/sy)=stns/N;, whereN;, is the total number of islands. The L .
solid line srrqows the size distribution obtained without evaporation.ThIS 1S ,Eq' _*(6'12) of Ref. 19, and it leads to
The first number next to each symbol corresponds & The two ~ N~(F/D)""/2X_" in the “incomplete condensation,”
other figures correspond toHnand Inr,, respectively {=1). X§N<1.

On the other hand, Venables, Spiller, and Haokem ac-
tially) homogeneously in the last case, because the positiongally study(though it may not be easily guessed by reading
of the islands are correlatethrough monomer diffusion  their papersthe regime wherall the particles deposited on
leaving virtually no room for further nucleation once a smalltop of the islanddmmediatelyfall on its border, thus con-
portion of the surface is covered{-0.05). In the limit of  tributing to increasing its radius. This corresponds to the sub-
strong evaporation, islands are nucleated randomly on thegime described by Eq68b). Our prediction agrees with
surface, the fluctuations leaving large regions of the surfacenheir result in the “extreme incomplete” regin{esee Table |
uncovered. These large regions can host islands even fef Ref. 1§. This regime applies only if diffusion and/or de-
relatively large coverages, which explains that there is a&orption are different on the substrate and on top of islands,

one findsp'* ~N2, or

large proportion of smallg<s,,,) islands in this regime. which cannot be the case in homoepitaxial situations. In het-
eroepitaxial growth, on the other hand, the substrate and the
VI. DISCUSSION islands of the first monolayer are chemically different, and

. i assumption of Ref. 18 may apply; however, it is a special
_ Other authors have analyzed similar mean-field rate equasjy,ation, not the general rule. The origin of their “initially
tions to find the growth dynamics and maximum island denjncomplete” regime is more mysterious. We try in the fol-
sity in the presence of evaporatibit’~1°In what follows, lowing to understand its origin.

we discuss the relationship between our work and the pre- \y/e now show that the assumption of Ref. 18, concerning

ceding studies. In fact, a distinction must be made betweeg,q 41oms falling on top of an island, leads to an equation for
the result of Stoyanov and Kaschiev, and that of Venablesy,e maximum island density, Eq2.17) of Ref. 18. In our

Spiller, and Hanbeken. _ .. _notations, the latter reads
Stoyanov and Kaschiev consider that atoms may diffuse

on top of an island, with the same diffusion length as on the
substrate Xs= Xg in our notationg This corresponds to the
regimes described by Eq&7) and (68a (they do not con- where #=R?N is the deposited dos@overage and 6, its
sider the direct impingement regimedowever, their result value at coalescence.

in the regime where evaporation is important is Assume that an island grows by capturing all atoms fall-
N~ (F 76) 2, different from our predictionsee both Egs. ing on top of it, plus those diffusing to it. Then the rate of
(689 and (69b)], which are clearly supported by our simu- growth of the island area is

lations(see, for example, Fig.)5As shown in the following, =2

we think that the difference from our result stems from over-

looking the fact that only the adatoms falling at a distance W%FRZJF Dp~F6/IN+Dp, (79

X from the island edge contribute to the rate of growth of oy i

the island: in other terms, their capture cross section is notNered=R"N is the deposited dose, or coverage.

N(L+X2N)" (6o+X2N)~(F/D)" X4 (79

appropriate. From Eq.(71) and the nucleation rate, one finds
Stoyanov and Kaschiev assume, as we do, that the diffus- %
ing adatoms have two possible fates: either to evaporate or to 1

~Dp"*1~D (76)

F’Te i*+1
N

be captured by an island. Their lifetime is thus Thuc 1+D7e
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Letting Eq.(76) equal @R%/dt)N? [cf. Eq.(72)], one has A crossover between Eg&l) and(83) is thus expected: it
has been actually found by Pimpinelli and Peiia.

Te ) Bales* considered the crossover scaling of the island den-
m'\' (7D sity at low coverage. His result for the regime of dominant
) - _adatom capture by steps, E) of his paper, is found
wherefy<1 is the coverage at coalescence. Rewriting yleldS(Within logs by letting t.=t=6/F andi*=1 in Eq. (82

above,

EFr i*+1
e
D —1+DTeN) ~FOoN+D

(FID)™ X4
® —~[0o(1+X2N) + X2NIN=~( 6o+ X2N)N,

(1+XZN)' P
(79 NNB/ 0. (84

which immediately gives Eq.74).

We now turn on the relation of our crossover scaligc. Note that this cannot be obtained by replackgby / in
IlIC) to recent work by Bale! Recently, the crossover our result, Eq(7) above. It is however obtained by replacing
scaling of the island density between different growth re-X by / in Venables’ result. This is because Venables does
gimes on vicinal surfaces(without evaporation was ad-  not take into account the crucial phenomenon which occurs
dressed by Bale¥,and by Pimpinelli and Peyf&.In particu-  during evaporation—namely, that only the adatoms falling
lar, Bales claims that “when atoms desorb from the surface &ear or at the step edge can contribute to the island growth.
crossover scaling form identical to,” his result “is satisfied To neglect this is correct within Venables’ assumptions, as
with” the distance between surface steps “replaced by thevell as on a vicinal surface without evaporation, where the
average distanceXs; a monomer will travel before latter mechanism is replaced by adatom capture by steps.
desorbing.®* Our crossover scaling does not therefore coincide with

We argue that Bales’ claim is not true, as it stands. To seBales’, and Bales’ result$, however modified, do not de-

this, we need consider what happens on a vicinal substratgeribe homoepitaxial growth with desorptiokd= XE).
We do this using the argument of Sec. Ill. Of course, com-

petition between two length scales occurs in this case, too,
the two lengths being the adatom diffusion length before VIl. SUMMARY AND PERSPECTIVES
C’?‘pt“Fe by an |sI§md/;S, and the step-step distance When By combining different mean-field analysis and extensive
/'s</, the diffusing adatoms behave as though they were oRompyter simulations, we showed that the presence of
a flat substrate, and the island density is still given by Edgyaporation has important effects on the growth of submono-
(4). In the opposite case s>/, the adatom density is fixed |5 6r films. We investigated the different regimes that arise
by capture at steps, so thatan be found by replacings by \yhen the growth parameters are varied, and predicted the
7 in Eq. (5), in agreement with Bales’ statement: behavior of several experimentally accessible quantities such
p~F/2ID. (79 8 the island size distributions, the maximum island density,
and the time at which this maximum is reached. In some
However, since evaporation is now neglected, an islang@ses, by measuring these last two quantities we can infer the
grows by Capturing all adatoms diffusing to its border. Thisvalues of both the eVaporatK)n and the diffusion t|meS, which

means the island average radius grows as are difficult to obtain otherwise. For example, if the experi-
ments are carried in the intermediate regifaed this can be
R~/\JFt, (80)  checked from the sticking coefficionty using Eqs(683

and(55), we obtainedr=F2(t;Nma) > and 7e=t Npma>. We

and, sinceR~/s att=t;, one has also showed that our model is more general than previous

/2 studies of growth in presence of evaporation.
—%FﬁwF/ZN. (81 Future directions of study should include more realistic
te ‘s hypotheses for a direct comparison with experiméhts

garticular, we are presently extending our analysis to the case
of three-dimensional growtki.e., leading to cap-shaped is-
landg and the influence of defects on the surface which

In the regime of dominant adatom capture by steps th
island density at saturation is found from

. N could act as nucleation centers.
Dp" tlx —, (82
te
and thus ACKNOWLEDGMENTS
* 1 We wish to thank M. Meunier and C. Henry for helpful
F . discussions, and Ph. Norés for a critical reading of the
N~| =/ . (83 .
D manuscript.
*Electronic addresses : jensen@dpm.univ-lyonl.fr tum Electronic Devicesedited by F. Capass@pringer-Verlag,
TElectronic address: hernan@ce.ifisicam.unam.mx Berlin, 1990Q.
*Electronic address: pimpinelli@ill.fr 2A.-L. Barabai and H. E. StanleyFractal Concepts in Surface

1special issue of Phys. Today Februab®90; Physics of Quan- Growth (Cambridge University Press, Cambridge, 19095



55 EFFECT OF MONOMER EVAPORATION ON A SIMPLE ... 2569

33, Villain and A. Pimpinelli, Physique de la Croissance Cris- 20p_ Jensen, A.-L. Baraba H. Larralde, S. Havlin, and H. E. Stan-

talline (Eyrolles, Grenoble, 1995 ley, Fractals4, 321(1996.

4p. Jensen, La RechercB&83 42 (1996. 21p_Jensen, L. Bardotti, A.-L. BarakiaH. Larralde, S. Havlin, and

5J. Villain, A. Pimpinelli, L.-H. Tang, and D. E. Wolf, J. Phys. H. E. Stanley, irDisordered Materials and Interfacesdited by
(France | 2, 2107 (1992; J. Villain, A. Pimpinelli and D. E. H. E. Stanley, H. Z. Cummins, D. J. Durian, and D. L. Johnson,
Wolf, Comments Condens. Matter Phyis, 1 (1992. MRS Symposia Proceedings No. 4(Materials Research Soci-

SL.-H. Tang, J. Phys(France | 3, 935 (1993 ,, Y, Pittsburgh, 1996 _

73. W. Evans and M. C. Bartelt, J. Vac. Sci. Technol12 1800 For recent experimental results, see, for exampleplution of
(1994: J. G. Amar, F. Family, and P.-M. Lam, Phys. Rev5@& Epitaxial Structure and Morphologyedited by A. Zangwill, D.
8781(’1994) For a review. see Refs. 2 and 3 Jesson, D. Chambliss, and R. Clarke, MRS Symposia Proceed-

ings No. 349(Materials Research Society, Pittsburgh, 19@5
Disordered Materials and Interfaces—Fractals, Structure and
Dynamics edited by H. E. Stanley, H. Z. Cummins, D. J.
Durian, and D. L. Johnson, MRS Symposia Proceedings No. 407
(Materials Research Society, Pittsburgh, 1995

Zproceedings of the 14th European Conference on Surface Science

8p. Jensen, A.-L. Baraba H. Larralde, S. Havlin, and H. E. Stan-
ley, Nature368 22 (1994); Physica A207, 219 (1994; Phys.
Rev. B50, 15 316(1994.

9G. S. Bales and D. C. Chrzan, Phys. Rev5® 6057 (1994.

10y, W. Mo, J. Kleiner, M. B. Webb, and M. G. Lagally, Phys.

., Rev. Lett.66, 1998(1991. (September 1994)Surf. Sci.331-333(1995].

H. Rader, E. Hahn, H. Brune, J.-P. Bucher, and K Kern, Nature24g | “schwoebel, J. Appl. Phy40, 614(1969; R. L. Schwoebel
366, 141 (1993; H. Brune, C. Romainczyk, H. Rier, and K. and E. J. Shipsey, J. Appl. Phy&7, 3682 (1966 J. Villain, J.
Kern, ibid. 369, 469 (1994; H. Brune, H. Rdler, C. Boragno, Phys.(France | 1, 19 (1991).
and K. Kern, Phys. Rev. Let?.3, 1955(1994. 25, Bardotti, P. Jensen, M. Treilleux, B. Cabaud, and A. Hoareau,

12R. Q. Hwang, J. Scfider, C. Gunther, and R. J. Behn, Phys. Rev.  Phys. Rev. Lett74, 4694(1995; L. Bardottiet al, Surf. Sci(to
Lett. 67, 3279(199)); T. Michely, M. Hohage, M. Bott, and G. be publisheg

Comsa,ibid. 70, 3943(1993. 26p_ Melinonet al. Int. J. Mod. Phys. B9, 339 (1995.
13C. Ratsch, A. Zangwill, P. Smilauer, and D Vvedensky, Phys.?’G. L. Kellogg, Phys. Rev. Let{73, 1833(1994, and references
Rev. Lett.72, 3194(1994. therein.
V. N. E. Robinson and J. L. Robins, Thin Solid Filmg, 255  28T. J. Raeker and A. E. DePristo, Surf. S817, 283 (1994.
(1972. 23, Liu, L. Bonig and H. Metiu, Phys. Rev. B2, 2907(1995.
5\, J. Stowell, Philos. Mag26, 361 (1972. 30M. C. Bartelt, S. Gunther, E. Kopatzi, R. J. Behm, and J. W.
M. Meunier, Ph.D. thesis, Universitdix-Marseille, 1995; M. Evans Phys. Rev. B3, 4099(1996.
Meunier and C. R. Henry, Surf. S807, 514 (1994. 31G. Zinsmeister, Vacuurii6, 529(1966); Thin Solid Films2, 497
173, A. Venables, Philos. Mag7, 697 (1973. (1968: 4, 363(1969; 7, 51 (1971.
183, A. Venables, G. D. T. Spiller, and M. Harntken, Rep. Prog. 32J. A. Stroscio and D. T. Pierce, J. Vac. Sci. TechnolL B1783
Phys.47, 399 (1984. (1994.

195, stoyanov and D. KaschieGurrent Topics in Material Sci- *A. Pimpinelli and P. Peyla, Int. J. Mod. Phys(® be publisheg
ence edited by E. KaldigNorth-Holland, Amsterdam, 1981 34G. S. Bales, Surf. ScB56, L439 (1996.



