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a  b  s  t  r  a  c  t

We  present  an  exactly  solvable  generalization  of  the  rate  equation  model  for  irreversible  growth  with
size-independent  capture  numbers  which  includes  desorption  of monomers.  It is  shown  that  the  universal
size distribution  shapes  depend  on  the  sole  parameter,  the  ratio  between  the  characteristic  diffusion  and
adsorption  areas.  We  perform  a  statistical  analysis  of  the  scanning  tunneling  microscopy  images  of  C60√ √
eywords:
ullerene
ucleation

clusters  deposited  onto  In-modified  Si(1  1 1) 3  × 3-Au surfaces  at different  temperatures  and  deduce
the  experimental  size  distributions.  These  distributions  have  an  essentially  asymmetric  shape  with a
much  faster  decay  toward  larger  sizes.  Fitting  the  data  with  theoretical  distribution  shapes  yield  the
estimates  for  some  important  kinetic  parameters,  in  particular,  the temperature-dependent  diffusion
lengths  and  effective  lifetimes  of C monomers.
urface islands

. Introduction

Studies of size distributions of different “clusters” such
s three-dimensional droplets [1], two-dimensional (2D) or
hree-dimensional surface islands [2–16] and one-dimensional
anowires [17] or linear peptide chains [18] is paramount for
nderstanding their growth behavior as well as the resulting phys-

cal properties of the cluster ensembles. Theoretical approaches
ased on classical nucleation theory [1,4,5,19] apply whenever the
lusters of interest consist of at least several tens of monomers and
re terminated by distinct boundaries with a metastable phase.
uch systems can be well described within the frame of classical
pproach involving macroscopic approximations for the forma-
ion energy and a continuum kinetic equation for time-dependent
istribution of nuclei over sizes, coupled with the material bal-
nce.

In many cases, however, we deal with particles consisting of

nly a few monomers, while the decay of clusters can be neglected
n a time scale of interest. In this case, the cluster formation
s described within the mean field approach with discrete rate

∗ Corresponding author at: St. Petersburg Academic University, Khlopina 8/3,
94021 St. Petersburg, Russia. Tel.: +7 9112827886.

E-mail addresses: NickSibirev@yandex.ru, NickSibirev@list.ru (N.V. Sibirev).
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169-4332/© 2014 Elsevier B.V. All rights reserved.
60
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equations for irreversible growth [2,3,6–16,20,21], accounting for
the influx and sink of monomers as well as for their consumption
by growing clusters. For surface islands, the material influx is due
to vapor deposition, while the sink originates from desorption
from a substrate surface [15]. Irreversible growth models are
much simpler for the analysis and may  be even solved exactly for
some particular forms of the capture numbers. On the other hand,
continuum approximation is irrelevant for small clusters. Also,
the mean treatment fails when subtle correlations between island
size and separation affect the effective capture numbers and thus
control the size distribution shapes. Comprehensive reviews of the
advances in the theory of submonolayer surface growth, covering
the mean field rate equations as well as a more complex approaches
for the island size distribution can be found, e.g., in Refs. [9,21].

Here, we  present an exactly solvable generalization of the
discrete irreversible growth model for 2D islands with size-
independent capture numbers (such a model was considered
earlier, e.g., by Bartelt and Evans [7]), with desorption included.
We show that the distribution shapes are determined by the sole
dimensionless parameter, a combination of the deposition rate,
the lifetime before desorption and the effective diffusion length of

monomers. A more general theoretical analysis in the case of scaling
size dependences of the capture numbers in systems with desorp-
tion, along with a discussion of the asymptotic scaling properties
[7,9,21] is given in Ref. [20].

dx.doi.org/10.1016/j.apsusc.2014.03.132
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Experimental part of the work deals with C60 fullerene clus-
ers deposited onto In-modified Si(1 1 1)

√
3  × √

3-Au surfaces at
ifferent temperatures and then characterized by scanning tunnel-

ng microscopy (STM) [22–25]. Statistical analysis of STM images
nables a precise determination of not only the temperature-
ependent average size and density of clusters, but also of the size
istributions. We  find that the density of C60 clusters decreases and
heir average size increases as the surface temperature increases,
hile the size distributions have an essentially asymmetric shape.
e  then fit the experimental size spectra with our model solutions

nd show a reasonable correlation of the results in all the cases
onsidered. These fits allow us to estimate some important kinetic
arameters of C60 monomers such as diffusion lengths, effective

ifetimes and activation energies.

. Theoretical model of irreversible growth

In modeling of time-dependent concentrations ns(t) of the
mmobile surface clusters As consisting of s monomers (size s for
revity), we assume that the clusters are fed by surface diffusion of
he mobile monomers A1 that have the diffusion coefficient D, arrive
nto the surface at the time-independent rate F and desorb from
he surface with the characteristic time tdes. We  neglect the decay
f clusters on the time scale of interest, in which case the num-
er of monomers in the critical cluster equals one and the cluster
rowth proceeds irreversibly: As + A1 → As+1, with i = 1, 2, 3. . ..  The
ate equations describing such an irreversible growth write down
s [2,3,6–16,18,20,21]

dn1

dt
= F − n1

tdes
− 2D�1n2

1 − Dn1

∞∑
s=2

�sns; (1)

dns

dt
= Dn1(�s−1ns−1 − �sns) s≥2, (2)

ith �s as the corresponding capture numbers. Eq. (1) shows
hat the concentration of free monomers on the substrate sur-
ace changes due to their adsorption, desorption and consumption
y the growing clusters, where the dimer formation requires two
onomers. The chain of Eq. (2) shows that the concentration ns

or each s ≥ 2 increases when monomers attach to s − 1-mers and
ecreases when monomers attach to s-mers. Summing up Eq. (2)
or all s ≥ 2, the surface density of clusters, N = ∑∞

s=2ns, obeys the
quation

dN

dt
= D�1n2

1, (3)

hich gives the nucleation rate in irreversible growth. These rate
quations should be solved with boundary conditions ns(t = 0) = 0
or all s ≥ 1, i.e., neither monomers nor clusters are present at the
eginning of deposition.

In our further analysis, we assume that �s = �* = const for all s ≥ 2
n the first approximation, so that each monomer is attached to a
luster with the size-independent sticking probability �* when they
eet. However, the capture number for adatoms �1 can be different

rom �*. In this case, Eqs. (1)–(3) are considerably simplified and
an be put in the dimensionless form by introducing the dimen-
ionless time � = t/tdes, the effective monomer diffusion length � =

�∗Dtdes (accounting for the capture number �*), the normalized
luster concentrations fs = �2ns, the surface density G = �2N, and the
ew time-dependent variable z by definition

dz = f1, z(� = 0) = 0. (4)

d�

Since all the growth rates now equal f1 and are s-independent,
he physical meaning of the z variable is very simple [20]: it cor-
esponds to the right boundary of the size distribution (i.e., to the
Fig. 1. Normalized concentrations fs at the fixed growth conditions (v = 1) and
different z relating to different growth times.

maximum possible size of clusters having emerged at � = 0) in the
deterministic limit, where the SD shape is not affected by kinetic
fluctuations [19].

In these variables, Eq. (1) for the monomer concentration and
Eq. (3) for the island density become

df1
d�

= v − f1 − 2bf 2
1 − f1G; (5)

dG

d�
= bf 2

1 , (6)

with f1(� = 0) = G(� = 0) = 0. Here, the coefficient b = �1/�* accounts
for different capture number for adatoms and clusters. The control
parameter � is defined as follows:

v = �2Ftdes = �∗DFt2
des, (7)

and has clear meaning of the number of monomers arriving from
the vapor flux F onto the surface area �2 = �*Dtdes during the time
interval tdes.

Eq. (2) for the cluster concentrations become linear in terms of
the z variable:

df2
dz

= bf1 − f2

dfs
dz

= fs−1 − fs, s≥3.

(8)

The exact solutions to this system are easily obtained by
introducing the generating function for concentrations, as in Ref.
[7]:

fs+2(z) = b

s!

z∫

0

dxf1(z − x)xse−x, s≥0. (9)

Here, the normalized concentration of free monomers f1 is obtained
as a function of � from Eqs. (5) and (6) and then inverted as a func-
tion of z by means of Eq. (4). This solution generalizes the earlier
result of Bartelt and Evans [7] to systems with desorption, and is
presented in terms of the z variable which is more convenient for
further analysis.

The discrete size distributions of differently sized clusters, com-
puted from Eqs. (4) and (9), are shown in Figs. 1 and 2, for different
deposition times (z) and deposition conditions (�), respectively.
Here and below, we  put b = 1 in calculations, however, reasonable
variation of b does not strongly affect the spectrum shapes. It is

seen that the size distributions always have essentially asymmet-
ric shapes, with an abrupt right tail and a much slower regression
toward smaller i. It is noteworthy that these distributions are uni-
versal and depend on the sole parameter �, while fitting a particular
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rowth experiment just needs re-scaling of the results with the
djustable values of � and z.

. Experiments on C60 cluster growth on (Au, In)/Si(1 1 1)
urface

We  now consider the ensembles of C60 surface clusters

ormed upon deposition of C60 molecules onto the In-modified
i(1 1 1)

√
3  × √

3-Au surface. This interesting system has recently
een characterized in a number of works by using STM technique
22–25]. Concerning the substrate surface itself, it has been shown

ig. 3. 88 nm × 88 nm STM images (Vs = −2 V, I = 0.8 nA) of C60 clusters formed upon C60 dep
a)  109 K, (b) 118 K, (c) 130 K, and (d) 139 K.
 Science 307 (2014) 46–51

that while the Si(1 1 1)
√

3  × √
3-Au surface is structurally poor due

to the presence of random domain wall networks [26], it can be
drastically improved by adsorbing small amounts of In [22]. The
resultant surface appears to be highly ordered homogeneous and
almost defect-free [22], which makes it a good prototype substrate
for studying the island growth processes. When C60 molecules
are deposited onto this surface, they self-assemble into 2D clus-
ters due to the thermally activated surface diffusion of fullerene
monomers. Within the clusters, the fullerenes are arranged into
the close-packed hexagonal arrays.

The growth behavior and morphology of C60 clusters on the
(Au, In)/Si(1 1 1) surfaces have been studied in our recent paper
[25], where the dependencies of the cluster density on the growth
temperature and the deposition rate have been analyzed and the
C60 surface migration has been simulated using density func-
tional theory calculations. The critical island size ic = 1 (the case
corresponding to irreversible island growth) was found in the
entire temperature range from 109 to 240 K. However, two tem-
perature intervals, from 109 to 140 K and from 160 to 240 K,
were distinguished as governed by different diffusion mecha-
nisms. In the present study, we  restrict our analysis to only
the low-temperature interval (109–140 K). The actual behavior of
the C60/Si(1 1 1))

√
3 × √

3-(Au, In) system at low temperatures is
believed to meet the core assumptions of the above model: (i)
irreversible growth; (ii) size-independent capture numbers (due
to a rather small number of monomers in the clusters studied) and
(iii) no transformation of size distribution shapes after growth. This

is apparently not the case for the high-temperature interval, where
such effects as the post-growth ripening and the formation of magic
clusters become substantial [25].

osited onto In-modified Si(1 1 1)
√

3  × √
3-Au surface held at different temperatures,
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ig. 4. Size histograms of fullerene clusters in samples (a) to (d) deposited at differ
he  fitting parameters listed in Table 1.

Fig. 3 shows typical STM images of the C60 clusters obtained
t four different temperatures: 109, 118, 130, and 139 K. Similar
mages, usually acquired from a larger surface area, were used for
tatistical analysis to deduce the experimental cluster size distribu-
ions over i. Since each fullerene within any cluster is well-resolved
y our STM, the number of C60 monomers in a given cluster was
etermined with a single-fullerene accuracy.

. Results and discussion

Experimental distributions of the number ns of differently
ized fullerene clusters over s (per the scan area of 106,000 nm2),
btained at the different surface temperatures from 109 to 139 K
fter 480 s of deposition, are shown by red symbols in Fig. 4. We
lso present different smoothed distributions: the moving average
n̄s = (ns−2 + 2ns−1 + 3ns + 2ns+1 + ns+2)/9)], the moving average
ith the median filtering, and the histogram showing the average
umber of clusters within 5 monomer bins. These data are also
hown in Fig. 4, with the experimental deposition conditions (sur-
ace temperature T, deposition rate F and deposition time t) and the
orresponding scan areas S summarized in Table 1.

Theoretical fits shown in Fig. 4 were obtained from Eqs. (4), (5),

6) and (9) as follows. The z and � values were varied and the dimen-
ionless concentrations fs were calculated numerically related to
he growth time t = 480 s and the experimental deposition rates
. After that, the normalization factor S/�2 was obtained by the

able 1
xperimental conditions and fitting parameters of the size distributions of fullerene clust

No. T (K) F (nm−2 s−1) t (s) S (nm2) 

(a) 109 0.000172 480 70,300 

(b)  118 0.000173 480 105,900 

(c)  130 0.000132 480 116,500 

(d)  139 0.000152 480 180,600 
rface temperatures, fitted by the theoretical size distributions (black curves) with

least square method to ensure the best fits to the experimental size
spectra ns. This procedure allowed us to find not only the effec-
tive diffusion length �, but also the “effective” diffusion coefficient
�*D and the lifetime of the fullerene monomers before desorption
tdes at different temperatures. Unfortunately, it was impossible to
decouple the sticking coefficient �* and the surface diffusivity D,
since they enter all the growth equations only in composition. The
best fitting values of � and z, along with the values of �*D, tdes and
� deduced from the fits, are given in Table 1 for each tempera-
ture. The fits yield reasonable estimates for the effective diffusion
coefficient of the order of 10−13 to 10−11 cm2/s, the effective dif-
fusion length of the order of several tens of nanometers and the
monomer lifetime of the order of several tens of seconds, depend-
ing on the surface temperature. As expected, the �*D increases and
tdes decreases toward higher temperatures.

From Fig. 5, the fullerene clusters grow much larger at higher
temperatures, with the most representative number of monomers
in clusters increasing from ∼10 at 109 K ∼25 at 139 K. This process
is associated with the corresponding decrease of the cluster den-
sity, because the total amount of deposited fullerenes is almost the
same for all the samples and the fraction of desorbed monomers
is not dominant (the estimated values of � range from 2 to 6 in all

cases). Theoretical fits represent quite well these tendencies. It is
also seen that the experimental size distributions generally follow
the theoretical asymmetric shapes with a faster decay toward
larger s. However, the theoretical asymmetry is usually more

ers at different temperatures.

� z �*D (nm2 s−1) tdes (s) � (nm)

2.17 10.6 6.2 45.0 16.7
3.2 10.8 9.5 44.3 20.5
5 21.6 76.9 22.2 41.3
6 24.7 106 19.4 45.3
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Fig. 5. Arrhenius fits (lines) of the fitting parameter z and the experimental average size s* (a), and surface density (b) of fullerene clusters (squares) versus inverse temperature.

7 8 9

20

30

40

50

t d
e

s
 (

s
)

-1

(a)

7 8 9

10

100

-1

σ �
D

 (
n

m
2
/s

)

(b)

tting v

p
b
f
a

p
s
b
l
t
p
B
f
�

fl
d
o
t
t
E

T
P

1000/T (K )

Fig. 6. Arrhenius plots (lines) for the fi

ronounced that the experimental one. The discrepancies should
e due to a simplified theoretical model which does not account
or the dependencies of the capture numbers on the cluster size
nd coverage. This remains to be studied.

Fig. 6 shows that the temperature dependences of the fitting
arameter z, the average size s∗ =

∑∞
i=2sns/N and the surface den-

ity N of fullerene clusters generally follow the Arrhenius-like
ehavior, which is of course not surprising. Fig. 6 shows the simi-

ar Arrhenius-like temperature dependences of the fitting values
des and �*D from Table 1. The parameters of the Arrhenius fits

 = Apexp(± Ep/kBT) (with Ep as the activation energy, kB as the
oltzmann constant and Ap as the corresponding pre-exponential

actor) for different parameters given in Table 1 (p = s*, z, N, tdes, �*D,
) are summarized in Table 2.

In Ref. [27], the diffusion of C60 molecules on large, atomically
at terraces of the insulating CaF2(1 1 1) surface was  studied at
ifferent substrate temperatures below room temperature. Based

n the analysis of spatial properties of clusters created by nuclea-
ion of diffusing C60 molecules, the critical size ic was  determined
o equal one, as in our study. Further, the diffusion barrier of
D = (214 ± 16) meV  was obtained by analyzing the island densities

able 2
arameters of the Arrhenius fits for different temperature-dependent values.

Value Activation
energy Ep (meV)

Pre-exponent
Ap

Average size s* 37 393
z  43 912
Surface density N (nm−2) 39 1.5 × 10−4

Characteristic lifetime tdes (s) 41 0.64
Effective diffusion coefficient �*D
(nm2 s−1)

137 8.7 × 106

Effective diffusion length � (nm) 48 2429
100 0/T (K )

alues of tdes (a) and �*D (b) (symbols).

at different substrate temperatures. Our ED is noticeably smaller,
only 137 meV, meaning that the diffusion of C60 molecules on the
In-modified Si(1 1 1)

√
3  × √

3-Au surfaces is faster in these condi-
tions (with the same order of the attempt frequencies).

To conclude, we  have presented the experimental data on the
STM imaging of C60 fullerene clusters deposited onto In-modified
Si(1 1 1)

√
3  × √

3-Au surface, which allows a precise determina-
tion of the cluster size spectra at different surface temperatures
between 109 and 139 K. Our irreversible growth model has an
interesting semi-analytical solution and fits fairly well the experi-
mental distribution shapes. Theoretical fits enables us to deduce
some important kinetic parameters such as the effective diffu-
sion coefficients, diffusion lengths and adatom lifetimes. It has
been shown that the cluster size increases and their surface den-
sity decreases with temperature, both following the Arrhenius
behavior. We  now plan to perform more growth experiments,
characterization and a more advanced modeling (including stud-
ies of peculiar island morphologies [28], “magic clusters” [25] and
fluctuation-induced effects [29]) for this important system to iden-
tify more control tools for tuning the size distribution of fullerene
clusters.
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