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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.
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The growth of nanostructures and thin films prepared
atomic deposition is recognized to be both a standard a
promising way to prepare materials.1–4 Several models5–9

have led to a good understanding of the growth propertie
the simplest cases, when only a limited number of phys
ingredients are included in the simulations: Deposition, d
fusion, and aggregation, as in the DDA model.8 A drawback
of this conceptual simplicity is that the range of experimen
situations accurately described by these models is limite
is actually limited to~beautifully! artificial experimental set-
ups where great care is taken to avoid complications~con-
tamination, surface defects, etc; see, for example, Refs.
12!. Clearly, many~technologically! interesting experimenta
situations are much more complex. Progress toward their
derstanding demands the inclusion of processes that
been left out of the first models. For example, including
versible aggregation13 allows us to understand the saturati
of island density before island-island coalescence, and
duces compact islands. In this paper we show the effect
includingevaporationof the atoms from the surface.

Evaporation, i.e., the possibility of desorption of adato
from the surface, is a feature that should be observed for
system at high enough temperatures. In this sense, it
phenomenon that is as general as the rest of the ingred
of recent models of film growth, and is capable of co
pletely changing the quantitative behavior of the syst
~scaling dependence of island density on the deposition
rameters, island size distributions, etc.! Moreover, the effects
of evaporation have already been studi
experimentally.14–16Thin-film growth models which include
evaporation have already been studied using a mathema
analysis of rate equations.3,15,17–19Computer simulations o
such models, aiming at a quantitative analysis of scaling
lations or island size distributions have, to our knowled
never been carried out. The point is that computer simu
tions represent an ‘‘exact’’ way of reproducing the grow
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in the sense that they avoid the mean-field approximation
mathematical rate-equation approaches.9,20,21We find that a
careful consideration of the downward transport of mon
mers from islands leads to results that significantly dif
from previous studies.15,17–19

Evaporation is of course not the only process that need
be added in order to describe most of the film growth exp
ments better. Other candidates include interlayer transp
particle dissociation~if the incident particles are molecule
or clusters rather than atoms! or intricate chemical interac
tions between adatoms and the surface~for a taste of the rea
growth world; see, for example, Refs. 22 and 23!. These
effects are less pervasive than evaporation, but, neverthe
should eventually be considered, keyed to specific exp
mental systems.

The paper is organized as follows. Sec. I briefly prese
the model and discusses some of its approximations. The
Sec. II, we give a rapid overview of the growth of the film
when evaporation is taken into account, and try to give
physical intuitionof what is going on. After this, Sec. III
presents a simplescalingapproach which gives the behavio
of the saturation island density as a function of the para
eters. This scaling approach is completed in Sec. IV b
more rigorous approach based on a careful analysis of
rate equationsof the system. Section V confirms the prece
ing results by extensivecomputer simulationsof the model.
Finally, in Sec. VI, we discuss our results and the differen
from previous approaches.15,17–19

I. PRESENTATION OF THE MODEL

In this work we will describe the properties of a still ove
simplified submonolayer thin-film growth model which in
cludes the four most important physical ingredients of th
systems:

~1! Deposition. We will assume that atoms are deposit
2556 © 1997 The American Physical Society
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55 2557EFFECT OF MONOMER EVAPORATION ON A SIMPLE . . .
at randomly chosen positions of the surface at a fluxF per
unit surface per unit time.

~2! Diffusion. Isolated adatoms can move in a rando
direction by one diameter, or one lattice spacing, which
will take as our unit length. We denote byt the characteristic
time between diffusion steps.

~3! Evaporation. Isolated adatoms can evaporate off t
surface at a constant rate. We denote byte the mean lifetime
of a free adatom on the surface. As an approximation,
will assume that the these desorbed atoms do not retur
the surface. It is useful to defineXS5ADte the mean diffu-
sion length on the substrate before desorption.

~4! Aggregation.If two adatoms come to occupy neigh
boring sites, they stick to form an island. We will main
consider the case of irreversible aggregation, but a more
eral analysis of reversible aggregation, assuming for simp
ity the existence of a critical sizei * below which islands
tend to dissociate is given. In any case, islands are assu
to be immobile and do not evaporate.

In the following, we callparticlesor adatomsthe isolated
atoms~or monomers! that are deposited on the surface, a
islands a set of connected particles~thus excluding the
monomers!. Some remarks on the assumptions of this sim
model regarding its connection to the experiments are n
addressed.

~a! Second layer. When a particle ‘‘falls’’ on top of an
island, we assume that the particle deposited on the se
layer moves and evaporates essentially as any other par
except that its diffusion constant and evaporation rate n
correspond to the process occurring on a substrate of
same element as the deposited particles. Practically,
mean diffusion length on theisland before desorption, de
fined asXS*5AD* te* , where the asterisk indicates the valu
on the island, can be different fromXS . As the simplest
scenario, we assume that when the particle reaches the
der of the island, it immediately jumps down and increa
the area of the island. We discuss when this effect can
ignored without affecting the scaling results, which leads
applications to situations in which downward transport
monomers from islands is highly improbable. This could
the case when~i! there is a barrier24 at the edges of the~first
layer! clusters which prevents single particles from ‘‘fa
ing’’ on the substrate, and/or~ii ! particle diffusion on the
second layer is much smaller than diffusion on t
substrate.25,26

~b! Island diffusion. In this model we neglect the possibi
ity of dimers, trimers, or larger islands to diffuse on t
substrate. Island diffusion has been observed
experiments25–27and molecular-dynamics simulations.28 The
effects of island diffusion on the growth of thin filmswithout
evaporationhave been addressed in Refs. 5, 8, 20, 21,
and 30. While these effects are significant since they cha
the growth exponents, they do not fundamentally modify
growth mechanisms. We assume that the same is true w
evaporation is included.

Here we study thefirst stages of the growth, roughly unt
the number of islands on the substrate saturates. The re
for this is that it is in this stage that such a simplified mod
can be of some help to experimentalists who want to und
stand the microscopic processes present in their experim
These fundamental microscopic processes are most e
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detected in the first stages of the growth, since in the sub
quent stages additional processes can be involved~additional
diffusion paths, interlayer transport, geometrical details
the lattice, etc.!.

II. QUALITATIVE DESCRIPTION

Before going into the details of the calculations and th
confirmation by computer simulations, we present a sim
picture of the growth mechanisms of the submonola
structures under consideration. For simplicity, here we o
consider the casei *51, i.e., irreversible aggregation, an
we neglect the particles deposited on top of the islands~de-
spite the apparent lack of generality of this last hypothe
the results obtained here are quite general, as we sho
Sec. IV!.

The qualitative evolution of the system is essentially
follows. The system initiates as a clean empty surfa
Monomers are then deposited at a constant rate on the
face and are allowed to diffuse and/or desorb~evaporate!.
When two ~or more! monomers meet, they aggregate irr
versibly to form a static island. As more of these encount
occur, the island density increases with time, and isla
become larger by capturing adatoms. At some point, isla
are so large that they start touching~coalescing!, and mono-
mers are rapidly captured. These two effects lead to a s
ration in the number of islands. Interestingly, the saturat
is attained when the surface coverage reaches a value
to 0.15, independently of the parameter values. This
point is discussed in detail below. We now turn to a mo
detailed discussion of the evolution of the systems in t
limiting cases : complete condensation~evaporation is neg-
ligible! and strong evaporation.

First consider the situation where evaporation is ne
gible. This means that atoms deposited on the surface alm
never evaporate before aggregating~after this, they are safe
since islands do not evaporate!. This situation can be ex
pected to happen whenXS@l whereXS5ADte is the ada-
tom diffusion length on the substrate before desorption
l is the typical distance between islands. Figure 1~a! shows
the evolution of the monomer and island densities as a fu
tion of deposition time. We see that the monomer dens
rapidly grows, leading to a rapid increase of island dens
by monomer-monomer encounter on the surface. This g
on until the islands occupy a significant fraction of the s
face, roughly 1%. Then islands capture rapidly the mo
mers, whose density decreases. As a consequence, i
comes less probable to create more islands, and we see
their number increases more slowly. When the cover
reaches a value close to 15%, coalescence will start to
crease the number of islands. The maximum number of
landsNmax is thus reached for coverages around 15%. C
cerning the dependence ofNmax as a function of the mode
parameters, the DDA and related models have shown tha
maximum number of islands per unit area formed on
surface scales asNmax.(F/D)1/3, or l CC.(F/D)21/6,5,18,19

where CC stands for complete condensation. These va
are independent ofte , since evaporation is not significant.

When te decreases~i.e., as the evaporation rate in
creases!, XS decreases, and eventually becomes smaller t
l CC. In this regime, evaporation is going to alter signi
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2558 55JENSEN, LARRALDE, AND PIMPINELLI
cantly the growth dynamics, as shown in Fig. 1~b!. The main
point is that now the monomer density becomes roughl
constant, since it is now mainly determined by the balanci
of deposition and evaporation. As expected, the cons
concentration equalsFte , as shown by the solid line. The
the number of islands increases linearly with time~the island
creation rate is roughly proportional to the square monom
concentration!. We also notice that only a small fractio
~1/100! of the monomers effectively remain on the substra
as shown by the low sticking coefficient value at early tim
@the sticking coefficient is the ratio of particles on the su
strate~the coverage! over the the total number of particle
sent on the surface (Ft)#. This can be understood by notin
that the islands grow by capturing only the monomers t
are deposited within their ‘‘capture zone’’~comprised be-
tween two circles of radiusR and R1XS if we neglect

FIG. 1. Evolution of the monomer and island densities a
function of the deposition time~in monolayers! for different limits:
~a! Complete condensation,F51028, andte51010 (t51). These
values meanXS5105 and l CC522. ~b! Important evaporation,
F51028 and te5600 (t51). These values meanXS525 and
l CC522. In ~b! the ‘‘sticking’’ curve represents the total number
particles actually present on the surface~the coverage! divided by
the total number of particles sent on the surface (Ft). It would be 1
for the complete condensation case, neglecting the monomers
are deposited on top of the islands. The island density curve
been shifted vertically by~11!. The solid line represents the con
stant value expected for the monomer concentration, while
dashed line corresponds to thelinear increase of the island densit
~see text!.
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XS* ; see Fig. 2!. The other monomers evaporate befo
reaching the islands. As in the case of complete conde
tion, when the islands occupy a significant fraction of t
surface, they capture rapidly the monomers. This has
effects: the monomer density starts to decrease, and the s
ing coefficient starts to increase. Shortly after, the island d
sity saturates and starts to decrease because of island-i
coalescence.

If te is further decreased~preciselyte<t, i.e., the time a
particle remains on the surface is less than the time it ne
to move!, then, clearly, diffusion plays no role~‘‘ XS<1’’ !.
In this situation, islands are formed bydirect impingementof
incident atoms as first neighbors of adatoms, and grow
direct impingement of adatoms on the island boundary. T
situation, although apparently uncommon, is not physica
impossible, and it also allows us to test our predictions o
a larger range of parameters.

III. SCALING ARGUMENTS

In this section we present simple scaling arguments
allow us to find the dependence of the maximum island d
sity Nmax as a function of the deposition parameters~flux
F, diffusion time t, and evaporation timete). These argu-
ments were originally formulated in Ref. 5 for the spec
case of deposition without evaporation on a high-symme
terrace. Here the argument is extended to the case of
negligible evaporation. We recall that the atomic size
taken as the length unit. For simplicity, in this section w
neglect the effects of deposition on the second layer: t
will be studied in great detail in Sec. IV. We will show the
that the regime studied in this section corresponds to a la
range of physical situations.

The first stage of the argument requires a determinatio
the nucleation rate per unit surface and time, 1/tnuc. A nucle-
ation event takes place when two adatoms meet. This h
pens with a probability per unit timeDr2, where
D51/(4t) is the adatom diffusion constant, andr the ada-
tom density. Thus

a

hat
as

e

FIG. 2. Schematic capture zone for an island in presence
atom evaporation.XS* stands for the mean length before desorpti
for an atom diffusingon topof an island, whereasXS corresponds
to the same parameter on the substrate~see text!. The sizes of the
capture zones were justified in Sec. IV.
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1

tnuc
'Dr2. ~1!

Another, independent equation can be written down
relate the nucleation rate and the island densityN. It states
that in the areal s

251/N occupied by an island, only one~on
average! nucleation event takes place,during the time tc
needed for the growing islands to come into contact. Thus

1

tnuc
'
N

tc
. ~2!

The time tc is readily computed by knowing the growt
velocity of an island, which in turn requires the knowled
of the adatom density. We consider in the following the si
ations of interest for this paper.

A. No evaporation, compact two-dimensional islands

The adatom density results in this case from a bala
between deposition at a rateF and capture by the stabl
islands at a rateDrN, so that

r'F/~DN!'Fl s
2/D. ~3!

The area of an island of linear sizeR increases by captur
of all adatoms falling in an areal s

2 so thatR2'Fl s
2t. At

t5tc , R'l s , and thustc'1/F. Using Eqs.~1! and~2!, one
findsDr2'FN. From Eq.~3!, N'Fl s

4/D, or5,18,19

N'S FD D 1/3. ~4!

The value1
3 corresponds to the special casei *51 of the

general formulai * /(21 i * ) for the exponent.5,18,19

B. Strong evaporation

Strong evaporation means the adatoms are more likel
disappear due to desorption, with probability 1/te per unit
time and site, than to be captured by an island. Therefore
adatom diffusion length before desorption,XS5ADte, is
shorter than the average island-island distance,l s . In this
case, the adatom density results from a balance betw
deposition and desorption at a rater/te , so that

r'Fte'FXS
2/D. ~5!

A growing island is only able to capture the adatoms fa
ing at a distance smaller than the adatom diffusion len
before desorption,XS ~see Fig. 2!. If XS is smaller than the
island sizeR, the island will capture the adatoms fallin
inside an annulus of width'XS around its border, as well a
those directly impinging on its edge. Since the area of
annulus is 'RXS if R@XS , at time t one has
R'F(11XS)t. At t5tc , R'l s , and thus
tc'l s /@F(11XS)#'1/@FN1/2(11XS)#. Direct impinge-
ment is also important for nucleation, so that Eq.~1! be-
comes

~F1Dr!r'F~11XS
2!r'F2te~11XS!

2, ~6!

where we also used Eq.~5!.
o
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From Eq. ~2! and ~6!, one finds
F2te(11XS)

2'F(11XS)N
3/2, or

N'~Fte!
2/3~11XS!

2/3. ~7!

For a comparison with previous results, it may be worth
to rederive Eq.~7! for any value ofi * . The nucleation rate
reads, for anyi * , (F1Dr)Ni* , whereNi* is the density of
critical nuclei ~clusters of sizei * ). Following Refs. 18 and
19, we assume thatNi* satisfies Walton’s relation
Ni*;r i* . Inserting into Eq. ~6! yields 1/tnuc'
F(Fte)

i* (11XS)
2. Finally, using Eq. ~2! yields

F(Fte)
i* (11XS)

2'F(11XS)N
3/2, or

N'~Fte!
2i* /3~11XS!

2/3. ~8!

Note that the validity of Walton’s relation in the presen
of strong desorption is highly hypothetical. It is a poi
which we reserve for future work. In the rest of the paper,
only consider the casei *51. In Sec. IV, the results for
i *51 are derived by a more rigorous rate-equation31 ap-
proach.

C. Crossover scaling

Here we will derive an approximate analytic expressi
for the crossover scaling function connecting the compl
condensation, diffusion and direct impingement regimes
scribed previously. In other words, we will compute th
maximum island densityNmax as a function ofF, t, and
te . We will then show that, if we measure all lengths
terms ofXS , Nmax(F,t,te) is a function of its arguments
only through a special combination: XS

2Nmax5

gevap(XS
2Nevap), whereNevap5@(11XS)Fte#

2/3, andgevap(x)
satisfies

gevap~x!;H x1/2 for x→`

x for x→0
. ~9!

To do this, we assume that the islands are large eno
with respect to the atomic size that we can neglect the c
vature of their boundary. Then the adatom density in
region between two islands, whose edges are at a dist
l , obeys the equation

ṙ5F1D¹2r2
r

te
, ~10!

with the boundary conditionsr(6l /2)50 ~the origin being
midway between the islands!.

In the quasistationary approximation,ṙ'0, and Eq.~10!
can be solved. The solution reads

r~x!5FtF12
cosh~kx!

cosh~kl /2!G , ~11!

wherek51/XS
This formula is needed to compute the nucleation r

Dr2. The latter is a mean-field quantity, independent ofx.
Thus lettingx50 in Eq. ~11!—since the highest nucleatio
probability is at the terrace centre, given the symmetry of
problem—one finds
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2560 55JENSEN, LARRALDE, AND PIMPINELLI
r5FtF12
1

cosh~kl /2!G52Ft
sinh2~kl /4!

cosh~kl /2!
, ~12!

where we used the identity cosh(x)2152sinh2(x/2).
The next task is the determination of the total island d

sity N. Its time variation is simple:N increases each time a
island is nucleated, so that (Ṅ)15Dr2. On the other hand
N decreases when two islands touch and coalesce. Follow
previous authors,17,19 we write (Ṅ)252(dA/dt)N2, where
A'R2 is the average area of an island of linear sizeR. This
means that coalescence results from binary encounters o
mobile islands, whose area increases at a ratedA/dt. Col-
lecting (Ṅ)1 and (Ṅ)2 yields

Ṅ5Dr22
dA
dt

N2. ~13!

By definition,Nmax, which is what we are interested in
satisfiesṄ50. This means that the maximum of the isla
density can be found by balancing the nucleation rate aga
the coalescence rate, and that the balance is reached
the island sizeR'l . One can thus write

Dr2'S dAdt D
R'l

Nmax
2 . ~14!

The growth rate of an island can be computed assum
that its radius is large with respect to the atomic size. O
can then treat the island edges as straight steps, which y

dR

dt
'FXStanh~kl /2!. ~15!

SincedA/dt'RdR/dt, one finds

dA
dt

uR5l 'FXSl tanh~kl /2!. ~16!

Note that the two limits (dA/dt)uR5l 'Fl 2 and
(dA/dt)uR5l 'Fl XS are well reproduced forkl !1 and
for kl @1, respectively. In fact, in the limitXS→0, the area
increase isFR, due to direct impingement. In order to inte
polate all the way through to this regime, we finally write

dA
dt U

R5l

'F~11XS!l tanh~kl /2!. ~17!

In the limit where the diffusion lengthXS becomes very
small, the nucleation probability is also determined by dir
impingement of a beam atom on a nucleus, which is
scribed byFr. Then, the nucleation term in Eq.~14! reads

~F1Dr!r'FF11XS
2 sinh

2~kl /4!

cosh~kl /2! GFFte
sinh2~kl /4!

cosh~kl /2! G .
~18!

In fact, a simpler approximate expression will be used, wh
reproduces the correct limiting behavior at large and sm
XS :
-

ng

m-

st
hen

g
e
lds

t
-

h
ll

~F1Dr!r'
~11XS!

2

te
FFte

sinh2~kl /4!

cosh~kl /2! G2. ~19!

Finally, Eqs.~17! and ~19! yield

~11XS!
2

te
FFte

sinh2~kl /4!

cosh~kl /2! G2
'F~11XS!l tanh~kl /2!Nmax

2 , ~20!

or, letting l 5Nmax
21/2

~11XS!~Fte!'F cosh~kNmax
21/2/2!

sinh2~kNmax
21/2/4!G

2

tanh~kNmax
21/2/2!Nmax

3/2 .

~21!

This is the announced crossover scaling formula, in i
plicit form. It can be cast in the form

~11XS!XS
3~Fte!'F cosh~kNmax

21/2/2!

sinh2~kNmax
21/2/4!G

2

tanh~kNmax
21/2/2!

3~XS
2Nmax!

3/2, ~22!

or

~11XS!XS
5S FD D5 f evap~XSNmax

1/2 !, ~23!

where

f evap~x!5F coshS 12xD
sinh2S 14xD G

2

tanhS 12xD x3. ~24!

Letting Nevap5@(11XS)Fte#
2/3, and invertingf , one finds,

as promised,

XS
2Nmax5gevap~XS

2Nevap!. ~25!

IV. RATE EQUATIONS

In this section we will study the model taking into accou
the particles deposited on top of the islands with their s
cific diffusion and evaporation parameters. We will sho
that, for a large range of parameters, the exponents are
same as those predicted by the preceding analysis. We u
‘‘rate-equation’’ approach which has been shown to give
good description of the submonolayer regime.6,9,17,19,31For
the sake of completeness, we include a detailed calcula
of the cross sections for monomer capture. These cross
tions have also been calculated in Refs. 9, 15, and 17,
example.

We will not keep careful track of many of the numeric
geometric constants. The rate equation describing the t
evolution of the densityr of monomers on the surface wi
be, to lowest relevant orders inF,

dr

dt
5F~12u!2

r

te
2Fr22sor2s iN. ~26!
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The first term on the right-hand size denotes the flux
monomers onto the island free surface (u is the island cov-
erage discussed below!. The second term represents the
fect of evaporation, i.e., monomers evaporate after an a
age timete . The third term is due to the possibility of losin
monomers by the effect of direct impingement of a depos
monomer right beside a monomer still on the surface to fo
an island. As discussed above, this direct impingement t
is usually negligible, and indeed will turn out to be ve
small in this particular equation, but the effect of direct im
pingement plays a crucial role in the kinetics of the system
the high evaporation regimes. The last two terms repre
the loss of monomers by aggregation with other monom
and with islands, respectively. The factorsso ands i are the
cross sections for encounters, and will be calculated bel

The numberN of islands will be given by

dN

dt
5Fr1sor, ~27!

where the first term represents the formation of islands du
direct impingement of deposited monomers next to mo
mers already on the surface, and the second term acco
for the formation of islands by the encounter of monom
diffusing on the surface.

For the island coverageu, i.e., the area covered by all th
islands per unit area, we have

du

dt
52@Fr1sor#1s iN1JN. ~28!

The term in brackets represents the increase of cove
due to formation of islands of size 2~i.e., formed by two
monomers! either by direct impingement or by monome
monomer aggregation. The next term gives the increas
coverage due to the growth of the islands as a resul
monomers aggregating onto them by diffusion, and the
term represents the growth of the islands due to direct
pingement of deposited monomers onto their boundary
directly on the island. The estimation of the value ofJ is
carried out below. The total surface coverage is given
u1r;u, except at very short times.

The next step in the analysis consists in estimating
cross sectionsso and s i . This is done by evaluating th
diffusive flux of monomers into a single solitary island re
resented by an absorbing disk of radiusR centered at the
origin ~throughout this analysisR stands for the typical is-
land radius!. The typical radiusR of the islands will be taken
to be

R;S u

ND 1/2. ~29!

The cross sections are evaluated in the quasistatic
proximation, which consists of assuming thatR does not
vary in time and that the system is at a steady state. Thus
have to solve the equation

DS ]2P

]r 2
1
1

r

]P

]r D1F2
1

te
P~r !50, ~30!
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subject to the boundary conditionP(r5R)50, whereP(r )
is the monomer concentration at positionr and D is the
diffusion constant of the monomers. The solution is given

P~r !5FteS 12
K0~r /XS!

K0~R/XS!
D , ~31!

whereXS5(Dte)
1/2 can be identified as the characteris

distance traveled by a monomer before evaporation,
K0(x) is the modified Bessel function of order zero. We c
rewrite Eq.~31! as

P~r !5rS 12
K0~r /XS!

K0~R/XS!
D , ~32!

wherer is the monomer density appearing in the rate eq
tions, so thatP(r )→r far from the islands. This, again, is
mean-field way of including the effects of the other islan
in the flux of monomers into the island in consideration. T
cross sections i can then be calculated as the total diffusi
flux of monomers into the boundary,

s i52pRDS dPdr D
r5R

52pDrS RXS
D K1~R/XS!

K0~R/XS!
. ~33!

The cross section for monomer-monomer encountersso is
obtained from the same formula, replacingR by the mono-
mer radius, andD by 2D, as corresponds to relative diffu
sion.

The rate equations, with explicit expressions fors i and
so , are still too complicated to solve exactly. At best we c
focus on extreme cases. The first step then is to evaluate
extreme values ofs i for the case in whichR@XS and
R!XS . Using the known asymptotic values of the Bess
functions, and once again omitting numerical constants,
have

s i;H DrR

XS
for R@XS ,

Dr

ln~XS /R!
for R!XS .

~34!

From here on we will neglect the logarithmic variations a
pearing in the cross section. To evaluateso we note that the
monomer radius is a small constant~it is usually taken as
half the unit of length!, so that, for all values ofXS , to a
good approximation we have

so;Dr. ~35!

Formally, the diffusive cross section for monomers sho
vary in the caseXS!1, but this is of no consequence, sin
in that regime the contributions from diffusion are negligib

Now we turn to the evaluation of the direct impingeme
flux J. As was the case above, an exact evaluation ofJ is
rather difficult, as it results from the solution of a movin
boundary problem. Thus, once again, we must resort t
quasistatic approximation.

The fluxJ will consist of two terms;Jb , the contribution
due to direct impingement at the exterior boundary of
island, i.e.,on the substrate; andJi , the contribution due to
particles falling on the island, diffusing to the boundary, a
‘‘falling’’ over the edge to increase the size of the island. W
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will continue to assume that the islands are compact, thus
contribution due to direct impingement at the boundary w
be given byFR ~where we have omitted geometrical co
stants!. To evaluate the second contribution, we must sol

D* S ]2P

]r 2
1
1

r

]P

]r D1F2
1

te*
P~r !50, ~36!

subject to the boundary conditionP(r5R)50. We recall
thatD* andte* represent the values of the diffusion consta
and evaporation time of the particles on a substrate of
same species~clearly, for homoepitaxy,D*5D and
te*5te). The boundary condition corresponds to the simpl
situation, in which there is no barrier at the edge of t
island, and every particle reaching the boundary falls. T
increase in coverage will be given by the total flux accro
the barrier, i.e.,Ji;2RD* (]P/]r ). In writing this equation
we have assumed that no nucleation occurs on top of
island, for this to be the case, we must require t
Pmax!1 on the island; which will be the case for sma
enoughF.

The solution to the above equation can be readily fou
and from it we find that

Ji;RXs*FS I 1~R/Xs* !

I 0~R/Xs* !
D , ~37!

whereXs*5AD* te* is the typical distance a monomer ca
diffuse on an island before desorption, andI 0(x) and I 1(x)
are modified Bessel functions. Again, using the known pr
erties of Bessel functions, we can distinguish two limiti
behaviors:

Ji;H FR2 for R!XS*

FRXS* for R@XS* .
~38!

A. High evaporation regimes

We are now in a position to analyze the limiting cases
the system described by the rate equations. First we cons
the behavior brought about by the presence of evapora
We define the high evaporation regimes as the system
which all but the first two terms on the right-hand side of E
~26! are negligible. Then, since the coverage is small,
have

dr

dt
;F2

r

te
, ~39!

andr reaches a steady state valuer5Fte in a time of order
te . Thus, as mentioned above, the high evaporation regi
are characterized by having a constant monomer density~af-
ter an initial transient! throughout most of the evolution o
the system. Under these circumstances, Eq.~27! becomes
trivial, and predicts that the number of islands at timet is
given by

N;F2te@11XS
2#t. ~40!

If the evaporation rate is very high, so thatXS!1, then
even the smallest islands at the earliest stages of evolu
will satisfy the relationR@XS ~will refer to this situation as
he
l
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extreme incomplete condensation!. If we assume that the dif-
fusion length on the islandsXs* is also much less than 1, the
Eq. ~28! becomes

du

dt
;FRN;F~uN!1/2, ~41!

where we have neglected the increase of coverage due t
formation of small islands in Eq.~28!, as most of the cover-
age is due to the large islands. The number of islands evo
as

N;F2tet. ~42!

Solving for u, we obtain

u;F4tet
3. ~43!

Now comes a crucial assumption, namely, that coalesce
occurs when the coverage reaches a fixed constant value
uc5

1
6, and that this value is essentially independent of

details of how the surface is covered. Thus the timetc at
which coalescence occurs will be

tc;~F4te!
21/3. ~44!

Since the number of islands is a monotonically increas
function of time up to the time of coalescence, we can e
mate the maximum number of islands on the surface as

Nmax;N~ tc!;~Fte!
2/3. ~45!

If, instead, we consider the case in whichR@Xs*@1, and
Xs!1, then island formation will still only occur via direc
impingement, but the increase of coverage will be primar
due to monomers landing in the capture zoneon the islands.
In this situation, we will have

du

dt
;XS*FRN, ~46!

and, again,

N;F2tet, ~47!

from which we obtain

u;F4teXs* t
3. ~48!

The coalescence time can be estimated as above, leading
maximum number of islands that scales as

Nmax;N~ tc!;~FteXs* !2/3. ~49!

If we instead consider the case of extreme mismatch betw
the materials, soXS!1 butXS*@R throughout the evolution
of the system, the capture zone on the islands becomes
whole island, at which point the coverage increases as

du

dt
;Fu, ~50!

where we usedNR2;u. Coalescence then occurs at at a tim
tc;1/F, and the maximum number of islands at that tim
will be

Nmax;Fte . ~51!
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Different and more interesting regimes exist for the si
ation in whichXS@1, still in the high evaporation regime
i.e., the evolution of the monomer density is still essentia
controlled solely by the deposition and evaporation. This
quirement actually limits the value ofXS . The upper bound
for the range ofXS in which this situation prevails is dis
cussed below. First we consider the case in which eventu
R@XS* as well. In this situation, the increase in coverage
due mainly to the particles deposited within the capture z
of the islands, which we assume to be relatively large.

For times long enough for these conditions to prevail,
evolution of the coverage will be given by

du

dt
;~XS1XS* !RFN, ~52!

and the number of islands will evolve as

dN

dt
;F2teXS

2 . ~53!

Thus, solving for the coverage, we find that

u;F4XS
2~XS1XS* !2tet

3. ~54!

Once again we assume that coalescence becomes impo
at a value ofu of the order of unity, so that the coalescen
time in this regime will be given by

tc;„F4XS
2~XS1XS* !2te…

21/3, ~55!

and the maximum number of islands will be given by

Nmax;S FXS
2te

XS1XS*
D 2/3. ~56!

Note that ignoring the particles that land on the islan
i.e., takingXS*50, as if there was an infinite edge barrie
yields the same scaling as would be expected ifXS@XS* , and
also the same scaling as would be expected in homoepit
whereXS5XS* . Thus, ignoring these ‘‘second layer’’ pa
ticles is not crucial for the calculation of the exponents,
least for a large range of the values of the parameters.

If we now assume that eventuallyR@XS , but that
XS*@R, then once again the coverage will evolve as

du

dt
;Fu. ~57!

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

Nmax;FteXS
2. ~58!

This is the result obtained by Venables, as we discuss be
~Sec. VI!.

B. Low evaporation rates

If te is further increased, then the system does not re
the regime characterized in Sec. IV A. As mentioned abo
this regime holds as long asR@XS beyond certain point in
the evolution of the system. We can estimate the value
-
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ch
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te at which this condition never holds, i.e., whe
XS;Rmax, where the maximum island sizeRmax can be es-
timated through

Rmax;S uc
Nmax

D 1/2;te
21/2F21/3D21/6. ~59!

Hence the evaporation time above which the condit
R@XS never holds is such that

XS5~Dte!
1/2;Rmax;te

21/2F21/3D21/6; ~60!

that is,

te
~2!;~FD2!21/35l CC

2t. ~61!

For evaporation times abovete
(2) , the monomers are ex

pected to travel distances much longer than the largest t
cal island sizes. At this point it is important to realize th
our criterion for the onset of coalescence,u;1, is equivalent
to the requirementR;l , wherel ;N21/2 is the typical dis-
tance between islands. Thus, for evaporation times m
larger thante

(2) , a great part of the evolution of the syste
takes place with the monomers traveling distances which
greater than the interisland distances. During this phase
expect the effects of evaporation to be negligible. In effect
te.te

(2) , the kinetics of the monomer density is no long
determined solely by the evaporation, but rather, it is ev
tually determined by the aggregation processes.

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

r;Fte , N;F2XS
2tet, u;F3XS

4tet
2. ~62!

This situation is expected to hold until the number of islan
is large enough, so that the terms iN is no longer negligible
when compared toF. That is, until a timetxx , such that

s iN;DF3XS
2te

2txx;F, ~63!

from which we obtain

txx;~F2XS
4te!

21. ~64!

As expected, the number of islands attxx is N(txx);1/XS
2 ,

indicating that evaporation effects ‘‘turn’’ off once the typ
cal interisland distance is smaller thanXS . For times beyond
txx all evaporation effects become negligible, and our r
equations reduce to those given by Tang6 for a system with-
out evaporation~plus the direct impingement terms that a
negligible in this limit! for which the results are well known
That is, the time at which coalescence occurs is given b

tc;1/F ~65!

and the maximum number of islands nucleated on the sur
is

Nmax;S FD D 1/3. ~66!
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We can now summarize now the various regimes
tained. There are three principal regimes which are span
as the evaporation timete decreases. We call them, in th
order, thecomplete condensationregime where evaporatio
is not important; thediffusion regime where islands grow
mainly by diffusive capture of monomers; and, finally, t
direct impingementregime where evaporation is so impo
tant that islands can grow only by capturing monomers
rectly from the vapor. Within each of these regimes, there
several subregimes characterized by the value ofXS* , the
desorption length on top of the islands. We u
l CC[(Ft)21/6, the typical island-island distance when the
is no evaporation, andRmax as the maximum island radius
reached at the onset of coalescence.

Complete condensationXS@l CC:

Nmax;F1/3t1/3 for any XS* . ~67!

Diffusive growth 1!XS!l CC:

Nmax;H ~FXS
2te!

2/3~XS1XS* !22/3 if XS*!Rmax ~a!

FteXS
2 if XS*@Rmax ~b!,

~68!

with Rmax;(XS1XS* )
1/3(FXS

2te)
21/3, which for the cross-

over between regimes gives ~a! and ~b!:
XS* (crossover);(FXS

2te)
21/2.

Direct impingement growthXS!1:

Nmax;H ~Fte!
2/3 if XS*!1 ~a!

~Fte!
2/3XS*

22/3 if 1!XS*!Rmax ~b!

Fte if XS*@Rmax ~c!,
~69!

with Rmax;(Fte)
21/3XS*

1/3, which for the crossover betwee
regimes gives ~a! and ~b!: XS* (crossover);
(Fte)

21/2.
We note that these equations agree with the scaling an

sis presented above@Eqs.~4! and~7!# in the appropriate sub
regimes (XS*<XS).

V. COMPUTER SIMULATIONS

In the following subsections we test the assumptions
predictions of the analysis given in the preceding section
the special casei *51, and no contribution from atoms de
posited on top of the islands. As we stressed above, the
ponents observed without contribution from the second la
are the same as those observed for a large range of pa
eters. We also show results that are not attainable from
mean-field calculations, namely, the island size distributio

Our computer simulations generate submonolayer st
tures using the four processes included in our model~see the
introduction!. Here we taket51 as the time scale of ou
problem. The monomer diffusion coefficient is then given
D5 1

4. We use triangular lattices~six directions for diffusion!
of sizes up to 200032000 with periodic boundary condition
to avoid finite-size effects. For simplicity, in these simu
tions, the atoms deposited on top of existing islands are
allowed to ‘‘fall’’ on the substrate. We have checked th
allowing the atoms to fall down the substrate does
-
ed

i-
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r
m-
is
s.
c-

ot
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t

change significantly the results.
The program actually consists of a repeated loop. At e

loop, we calculate two quantitiespdrop5F/„F1r@(1/te)
1(1/t)] and pdif5(r/t)/„F1r@(1/te)1(1/t)#… that give
the respective probabilities of the three different proces
which could happen: depositing a particle~deposition!, mov-
ing a particle~diffusion! or removing a particle from the
surface~evaporation!. More precisely, at each loop we thro
a random number p (0,p,1) and compare it topdrop and
pdif . If p,pdrop, we deposit a particle; ifp.pdrop1pdif , we
remove a monomer, otherwise we just move a randomly c
sen monomer. After each of these possibilities, we ch
whether an aggregation has taken place and go to the
loop ~for more details, see Ref. 8!.

A. Checking the assumption: constant coverage for saturation

A major assumption made in the theoretical treatmen
that the maximum of the island density is reached when
coverageattains a constant value. We note that this assum
tion is equivalent to the one used in the scaling analy
since, for compact islands,u;NpR2;(R/ l )2. It is essential
then to check this assumption first. Figures 3~a!–3~c! show
that this it is justified, sinceumax, the coverage at which the
maximum island density is reached, does not vary system
cally with F, te , or e. e is defined as (11XS)XS

5(F/D) and
indicates the importance of evaporation:e!1 means that
evaporation is significant, whilee@1 indicates that we are in
the regime of complete condensation@see Eq.~23!#.

In the nonevaporation case, it has also been recogn
that umax is independent of the flux or diffusion rate.5–7 Ac-
tually, Villain and co-workers5 used this criterion to find the
flux and diffusion dependence ofNmax. We think that the
combination of two effects can lead to a constantumax. First,
at coverages close to 0.15, islands occupy enough surfac
capture rapidly the landing monomers, which prevents nu
ation of islands. Second, at this coverage, islands begi
touch and coalesce (R;l ), thus starting the decrease in i
land density. We note thatumax is not constant when large
islands are allowed to move, even in the nonevapora
case.8

Having confirmed our main assumption, we now turn
the evolution of the maximum island densityNmax as a func-
tion of the different parametersF andte ~remember that we
taket51 as the time scale of our problem!.

B. Checking the crossover scaling

Before looking in detail into the different regimes pr
dicted by Eqs.~67!, ~68!, and~69!, we summarize our simu
lation results in Fig. 4. We show thereall our data~more
than 200 points! for Nmax as a function of the parameter
Our scaling analysis predicts that the data should fall int
single curve, given by Eq.~23!. We see that the data remark
ably confirm our analysis, over more than 20 orders of m
nitude. This gives us confidence on our entire approach
its predicted exponents, which we now turn on to check
more detail.

C. Checking the exponents

The object of this section is to check that the results su
marized in Eqs.~67!, ~68!, and~69! are correct.
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FIG. 3. Coverage (umax) at which the island density reaches i
maximum. The different figures show the~non! evolution ofumax vs
~a! the fluxF, ~b! the evaporation timete , and~c! the evaporation
parametere. The solid lines indicate our assumption, namely, th
the maximum island density is reached at a constant coverage
dashed lines show linearfits of the data. In all these graphs, there
no significative evolution of the coverage at saturation as a func
of the deposition parameters, as can be seen in the coefficien
the fits: ~a! umax50.1320.000 85 log10(F); ~b! umax50.152
0.000 69 log10(te); ~c! umax50.1420.0012 log10(e). We only
notice an increase of the fluctuations when the evaporation beco
important, since the systems contains only a few islands. Th
fluctuations are due to the fact that each point in the figures re
sents a single run, with no averaging.
1. Scaling of the maximum island density
as a function of incident flux

Figure 5 shows the evolution of the maximum island de
sity as a function of the flux for different evaporation time
Each of these curves is different from the others, since t
correspond to different evaporation times. However, acco
ing to our preceding analysis, they should all present a tr
sition from the low evaporation regime to the high evapo
tion regime. This can be detected by a change of slope, f
Nmax;F2/3 in the high evaporation regime toNmax;F1/3 in
the low one@Eqs. ~68a! and ~67!#. Of course, this regime
change does not occur for all the curves at the same valu
the flux, since the parameter that determines that chang
not the flux but ratherXS

25te /t. Figure 5 shows that ou

t
he

n
of

es
se
e-

FIG. 4. Universal function, rescaling all our data. As predict
by Eq. ~23!, the normalized island densityNmaxXS

2 follows a single
curve as a function of the evaporation parame
e5(F/D)XS

5(11XS). The solid curve shows the function pre
dicted in the text@Eq. ~24!#, while the circles represent the results
the computer simulations.

FIG. 5. Evolution of the maximum island density as a functi
of the flux for different evaporation times. The number next to ea
symbol corresponds to the ln(te) value for that set~remember that
t[1). The solid lines show the expected values for the expone
2
3 for low values of the flux~evaporation is significant!, and 1

3 for
higher values~complete condensation!. The dashed line shows th
prediction of other authors (Nmax;F1/2 for low fluxes!. See the
discussion~Sec. VI! for details.
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2566 55JENSEN, LARRALDE, AND PIMPINELLI
predictions are correct, at least concerning the flux evolu
of the maximum island density. We now turn to the oth
variable, the evaporation time.

2. Maximum island density as a function of evaporation time

In Fig. 6 we show the dependence of the maximum isla
density onte . We notice that for high enough evaporatio
times, the island density tends to become roughly const
as predicted by our calculations. For lower values ofte ,
Nmax changes rapidly. Our analysis predicts two regimes:
1!te!F21/3, we expectNmax;te , @Eq. ~68a!#, while for
te!1, we expectNmax;te

2/3 @Eq. ~69a!#. This last regime is
clearly seen for the curve obtained for a fluxF51026

~squares, solid line!. The intermediate regime is difficult to
see because of the crossovers with the two other regim
However, taking a very low value for the flux (F510211,
filled triangles!, we can see that the slope in this intermedi
regime is close to 1~dashed line!.

3. Direct impingement regime

We have also checked the exponents obtained w
XS!1, in the direct impingement regime. Equation~69a!
predicts that the maximum island density scales with
productFte with an exponent23. This is confirmed by our
computer simulations~Fig. 7!, over more than six orders o
magnitude.

4. Condensation coefficient at the maximum island density

A last test for the analysis is presented in Fig. 8. We sh
that the dependence of the sticking coefficientS at the satu-
ration island density (S5umax/Ftc) follows Eqs.~55!, ~44!,
and ~65!. By constructing an evaporation parame
h5FXS

2(11XS
4), we can group all the regimes in a sing

curve: for the complete condensation regime,S;h0;1; for
the others,S;h1/3.

FIG. 6. Maximum island density as a function of the evapo
tion time for different fluxes. The number next to each symb
corresponds to the ln(1/F) value for that set. The solid line show
the expected value for the exponent:2

3 for low values ofte ~evapo-
ration is significant!. The dashed line shows the exponent expec
for the intermediate regime.
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D. Island size distributions

Island size distributions have proven very useful as a t
for experimentalists to distinguish between different grow
mechanisms.25,32 By the sizeof an island, we mean its tota
number of monomers or mass. Unfortunately this inform
tion is beyond the reach of the simple mean-field ra
equation analysis presented above.9 Nevertheless, the distri
butions can be obtained from the simulations. Figure
shows the evolution of therescaled7,32 island size distribu-
tions as a function of the evaporation parame
e5(11XS)XS

5(F/D). It is clear that the distributions are sig
nificantly affected by the evaporation, smaller islands b
coming more numerous when evaporation increases. T
trend can be qualitatively understood by noting that islan
are created continuously when evaporation is present, w
nucleation rapidly becomes negligible in the complete c
densation regime. The reason is that islands are created~spa-

-
l

d

FIG. 7. Dependence of the maximum island densityNmax on
Fte in the direct impingement regime (XS!1). The solid line
shows our prediction@Nmax;(Fte)

2/3 for extremely low evapora-
tion times, Eq.~69a!#. We see that our prediction remarkably fits th
data over more than six orders of magnitude. The numbers indi
the values of logarithms of the evaporation timete or the fluxF for
the different sets of data.

FIG. 8. Evolution of the sticking coefficient at the maximu
island density as a function of the evaporation parame
FXS

2(11XS
4). The solid lines represent our predictions@Eqs. ~55!

and ~65!#. See the text for details.
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55 2567EFFECT OF MONOMER EVAPORATION ON A SIMPLE . . .
tially! homogeneously in the last case, because the posit
of the islands are correlated~through monomer diffusion!,
leaving virtually no room for further nucleation once a sm
portion of the surface is covered (u;0.05). In the limit of
strong evaporation, islands are nucleated randomly on
surface, the fluctuations leaving large regions of the surf
uncovered. These large regions can host islands even
relatively large coverages, which explains that there i
large proportion of small (s,sm) islands in this regime.

VI. DISCUSSION

Other authors have analyzed similar mean-field rate eq
tions to find the growth dynamics and maximum island d
sity in the presence of evaporation.15,17–19In what follows,
we discuss the relationship between our work and the
ceding studies. In fact, a distinction must be made betw
the result of Stoyanov and Kaschiev, and that of Venab
Spiller, and Hanbu¨cken.

Stoyanov and Kaschiev consider that atoms may diff
on top of an island, with the same diffusion length as on
substrate (XS5XS* in our notations!. This corresponds to the
regimes described by Eqs.~67! and ~68a! ~they do not con-
sider the direct impingement regime!. However, their result
in the regime where evaporation is important
Nmax;(Fte)

1/2, different from our predictions@see both Eqs.
~68a! and ~69b!#, which are clearly supported by our simu
lations~see, for example, Fig. 5!. As shown in the following,
we think that the difference from our result stems from ov
looking the fact that only the adatoms falling at a distan
Xs from the island edge contribute to the rate of growth
the island: in other terms, their capture cross section is
appropriate.

Stoyanov and Kaschiev assume, as we do, that the dif
ing adatoms have two possible fates: either to evaporate
be captured by an island. Their lifetimet l is thus

FIG. 9. Rescaled island size distributions for different values
the evaporation parametere and different coveragesu between 0.05
and 0.2.p(s/sm) represents the probability of finding an islan
containings monomers when the average size issm5u/N. If ns is
the number of islands containing s monomers, we h
p(s/sm)5sm* ns /Nt , whereNt is the total number of islands. Th
solid line shows the size distribution obtained without evaporati
The first number next to each symbol corresponds to lne. The two
other figures correspond to lnF and lnte , respectively (t51).
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1

te
1DN, ~70!

and the adatom density reads

r'Ft l'
Fte

11DteN
. ~71!

This is Eq.~6.2! of Ref. 19.
At this point, the incorrect assumption is made that t

rate of growth of the area of an island of radiusR reads
dR2/dt'Dr'FDte /(11DteN) throughout the strong
evaporation regime~cf. Sec IV!. Then writing

Dr~ i*11!'
dR2

dt
N2'DrN2, ~72!

one findsr i*'N2, or

N2~11Xs
2N! i*'S FD Xs

2D i* . ~73!

This is Eq. ~6.12! of Ref. 19, and it leads to

N'(F/D) i* /2Xs
i* in the ‘‘incomplete condensation,’

Xs
2N!1.
On the other hand, Venables, Spiller, and Hanbu¨cken ac-

tually study~though it may not be easily guessed by read
their papers! the regime whereall the particles deposited o
top of the islandsimmediatelyfall on its border, thus con-
tributing to increasing its radius. This corresponds to the s
regime described by Eq.~68b!. Our prediction agrees with
their result in the ‘‘extreme incomplete’’ regime~see Table I
of Ref. 18!. This regime applies only if diffusion and/or de
sorption are different on the substrate and on top of islan
which cannot be the case in homoepitaxial situations. In h
eroepitaxial growth, on the other hand, the substrate and
islands of the first monolayer are chemically different, a
assumption of Ref. 18 may apply; however, it is a spec
situation, not the general rule. The origin of their ‘‘initiall
incomplete’’ regime is more mysterious. We try in the fo
lowing to understand its origin.

We now show that the assumption of Ref. 18, concern
the atoms falling on top of an island, leads to an equation
the maximum island density, Eq.~2.17! of Ref. 18. In our
notations, the latter reads

N~11Xs
2N! i* ~u01Xs

2N!'~F/D ! i*Xs
4i* , ~74!

whereu5R2N is the deposited dose~coverage! and u0 its
value at coalescence.

Assume that an island grows by capturing all atoms fa
ing on top of it, plus those diffusing to it. Then the rate
growth of the island area is

dR2

dt
'FR21Dr'Fu/N1Dr, ~75!

whereu5R2N is the deposited dose, or coverage.
From Eq.~71! and the nucleation rate, one finds

1

tnuc
'Dr i*11'DS Fte

11DteN
D i*11

. ~76!
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Letting Eq.~76! equal (dR2/dt)N2 @cf. Eq. ~72!#, one has

DS Fte
11DteN

D i*11

'Fu0N1D
Fte

11DteN
N2, ~77!

whereu0,1 is the coverage at coalescence. Rewriting yie

~F/D ! i*Xs
4i*

~11Xs
2N! i*

'@u0~11Xs
2N!1Xs

2N#N'~u01Xs
2N!N,

~78!

which immediately gives Eq.~74!.
We now turn on the relation of our crossover scaling~Sec.

III C ! to recent work by Bales.34 Recently, the crossove
scaling of the island density between different growth
gimes on vicinal surfaces~without evaporation! was ad-
dressed by Bales,34 and by Pimpinelli and Peyla.33 In particu-
lar, Bales claims that ‘‘when atoms desorb from the surfac
crossover scaling form identical to,’’ his result ‘‘is satisfie
with’’ the distance between surface steps ‘‘replaced by
average distanceXs a monomer will travel before
desorbing.’’34

We argue that Bales’ claim is not true, as it stands. To
this, we need consider what happens on a vicinal substr
We do this using the argument of Sec. III. Of course, co
petition between two length scales occurs in this case,
the two lengths being the adatom diffusion length befo
capture by an island,l s , and the step-step distancel . When
l s!l , the diffusing adatoms behave as though they were
a flat substrate, and the island density is still given by E
~4!. In the opposite case,l s@l , the adatom density is fixed
by capture at steps, so thatr can be found by replacingXs by
l in Eq. ~5!, in agreement with Bales’ statement:

r'Fl 2/D. ~79!

However, since evaporation is now neglected, an isla
grows by capturing all adatoms diffusing to its border. Th
means the island average radius grows as

R'l AFt, ~80!

and, sinceR'l s at t5tc , one has

1

tc
'F

l 2

l s
2'Fl 2N. ~81!

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

Dr i*11'
N

tc
, ~82!

and thus

N'S FDl 2D i* /2. ~83!
s
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e
te.
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e
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A crossover between Eqs.~4! and~83! is thus expected: it
has been actually found by Pimpinelli and Peyla.33

Bales34 considered the crossover scaling of the island d
sity at low coverage. His result for the regime of domina
adatom capture by steps, Eq.~9! of his paper, is found
~within logs! by letting tc5t5u/F and i *51 in Eq. ~82!
above,

N'
F

D
l 4u. ~84!

Note that this cannot be obtained by replacingXs by l in
our result, Eq.~7! above. It is however obtained by replacin
Xs by l in Venables’ result. This is because Venables do
not take into account the crucial phenomenon which occ
during evaporation—namely, that only the adatoms falli
near or at the step edge can contribute to the island grow
To neglect this is correct within Venables’ assumptions,
well as on a vicinal surface without evaporation, where t
latter mechanism is replaced by adatom capture by steps

Our crossover scaling does not therefore coincide w
Bales’, and Bales’ results,34 however modified, do not de-
scribe homoepitaxial growth with desorption (XS5XS* ).

VII. SUMMARY AND PERSPECTIVES

By combining different mean-field analysis and extensi
computer simulations, we showed that the presence
evaporation has important effects on the growth of submo
layer films. We investigated the different regimes that ar
when the growth parameters are varied, and predicted
behavior of several experimentally accessible quantities s
as the island size distributions, the maximum island dens
and the time at which this maximum is reached. In som
cases, by measuring these last two quantities we can infe
values of both the evaporation and the diffusion times, wh
are difficult to obtain otherwise. For example, if the expe
ments are carried in the intermediate regime~and this can be
checked from the sticking coefficient!, by using Eqs.~68a!
and~55!, we obtainedt5F2(tcNmax)

3 andte5tcNmax
2. We

also showed that our model is more general than previ
studies of growth in presence of evaporation.

Future directions of study should include more realis
hypotheses for a direct comparison with experiments.16 In
particular, we are presently extending our analysis to the c
of three-dimensional growth~i.e., leading to cap-shaped is
lands! and the influence of defects on the surface whi
could act as nucleation centers.
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