ZKIT®, 2008, rom 134, Boim. 6 (12), crp. 1181-1194

PROCESSES INVOLVED IN THE FORMATION OF SILVER
CLUSTERS ON SILICON SURFACE

S. R. Bhattacharyya®, T. K. Chini®, D. Datta®,
R. Hippler®, I. Shyjumon®, B. M. Smirnov"

@ Surface Physics Division, Saha Institute of Nuclear Physics
700064, Kolkata, India

b Institut fiir Physik, Ernst-Moritz-Arndt Universitit Greifswald
17487, Greifswald, Germany

¢ Joint Institute for High Temperatures, Russian Academy of Sciences
125412, Moscow, Russia

Received March 25, 2008

We analyze scanning electron microscopy measurements for structures formed in deposition of solid silver clus-
ters onto a silicon(100) substrate and consider theoretical models of cluster evolution onto a surface as a result
of diffusion and formation of aggregates of merged clusters. Scanning electron microscopy (SEM) attached
with energy dispersive X-ray spectrometry (EDX) measurements of the formed films are presented. Solid silver
clusters are produced by a DC magnetron sputtering source with a quadrupole filter for selection of cluster sizes
(4.1 nm and 5.6 nm or 1900 and 5000 atoms per cluster in this experiment); the energy of cluster deposition is
0.7 éV/atom. Rapid thermal annealing of the grown films allows analyzing their behavior at high temperatures.
The results exhibit formation of cluster aggregates via the process of diffusion of deposited solid clusters along
the surface; an aggregate consists of up to hundred individual clusters. This process is essentially described
by the DLA (diffusion-limited aggregation) model, and thus a grown porous film consists of cluster aggregates
joined by bridges. Subsequent annealing of this film leads to its melting at temperatures lower than the melting
point of bulk silver. The analysis of evaporation of this film at higher temperatures gives the binding energy in
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bulk silver ¢g = (2.74 + 0.03) eV/atom.
PACS: 36.40.-c, 36.40.Sx, 61.43.Hv, 68.35.B-, 68.37.Hk

1. INTRODUCTION

We aim to formulate the character of processes in
the course of deposition of solid clusters onto a surface.
Because there is a restricted number of models describ-
ing the character of these processes, the comparison of
results of these models and experiments allows choosing
appropriate models and their parameters to describe
the behavior of solid clusters deposited on a surface,
as well as the parameters of such models on the basis
of certain measurements. We do this for deposition of
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solid silver clusters onto a silicon substrate, and our
models relate to this case.

From the standpoint of the description of deposi-
tion processes, there is an analogy between solid cluster
growth and the deposition of atoms on a surface [1, 2], if
deposited atoms do not form chemical bonds with sur-
face atoms. We assume that the individuality of solid
clusters is preserved in the course of their deposition
onto a surface and subsequent evolution. This means
that only a small surface cluster layer takes part in the
formation of chemical bonds between a solid cluster
and a surface and also between clusters. We assume
that the binding energy between clusters exceeds that
between a solid cluster and a surface. Therefore, af-
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ter deposition on a surface, a solid cluster may displace
along the surface as a result of diffusion and form chem-
ical bonds with other clusters, leading to a decrease in
the cluster diffusion coefficient.

If the intensity of a cluster beam is small, evolu-
tion of clusters on a surface is described by the model
of deposition diffusion aggregation (DDA) [3]; as a re-
sult of this process, fractal aggregates are formed on
the surface consisting of solid clusters [4]. This model
is based on the diffusion-limited aggregation (DLA)
model [5-8], which assumes all the clusters to be col-
lected in one aggregate. At high intensities of deposited
clusters, the fractal structure of a deposited substance
is lost, but the forming film has a porous structure,
and its formation processes coincide with those for the
above models. Hence, the elements of these models
can be used in the analysis of formation and growth of
a dense porous film resulting from deposition of solid
clusters on a surface.

The analysis of the above processes is accompanied
by experimental study of the deposition of silver clus-
ter onto a silicon surface. This process is of inter-
est for modern nanotechnology [9, 10]. Indeed, it is
known since long ago that silver is an effective anti-
bacterial remedy that kills microbes [11-13]. Special
study [14] proves that the strongest action on bacteria
corresponds to nonuniformities of silver surface of 1-
10 nm. Just such a size of structural elements relates
to a porous film that results from deposition of clusters
on a surface if these clusters are formed in a gas dis-
charge source. This means that in this case, silver is a
catalyst of biochemical reaction for the distribution of
size nonuniformities in the nanometer scale. Evidently,
processes of the same character occur in applications
when a metal surface is used as a catalyst in chemi-
cal production. Thus, in considering the physics of the
cluster processes on a surface, we bear in mind that
these processes are of interest for modern nanotech-
nology [15, 16]. In this context, optical and electric
properties of silver and silver oxide clusters are used in
contemporary micro- and nanoelectronics [17].

We note that these films resulting from deposition of
solid magnetic clusters onto substrate may be of inter-
est as a magnetic material. Indeed, the clusters in such
films partly preserve their individuality, and can be re-
garded as individual domains in magnetic materials.
Because the size distribution function of deposited clus-
ters can be narrow, this allows obtaining magnetic ma-
terials with resonant parameters that depend on cluster
sizes in a cluster beam. For natural magnetic materials
with a wide size distribution function of domains, this
is impossible.

2. CHARACTER OF THE INTERACTION OF
SOLID CLUSTERS ON A SURFACE

In analyzing the evolution of solid clusters deposited
on a surface, we are guided by the case of deposition of
solid silver clusters onto a silicon surface and assume
the same hierarchy of interactions in the cluster—surface
system. We assume that solid clusters have an almost
spherical shape and only a small part of surface atoms
take part in the formation of a strong chemical bond be-
tween two clusters or clusters with the surface. There-
fore, a major part of cluster atoms do not change their
positions either in formation of cluster bonds or after
the formation when the cluster is bound with other
clusters or with the surface.

Next, clusters are compact systems of atoms,
whereas cluster aggregates are porous systems because
the major part of atoms preserve their positions in clus-
ter aggregates. The compactness of individual solid
clusters of silver has been investigated experimentally
in [18, 19]. The mass of an individual cluster can be
measured by two methods. First, we use a quadrupole
mass spectrometer as a filter in generation of a mass-se-
lected cluster beam, i.e., the cluster mass follows from
the mass-spectrometric measurement. Second, when
an individual atom is placed onto a surface, its size can
be measured by microscopy. If we assume that the clus-
ter density corresponds to a liquid drop, i.e., the cluster
is compact, then we can find the cluster mass. Consid-
ering the compactness of our silver clusters deposited
under similar conditions as in the experiment in [18],
we can estimate the number of atoms in a cluster to be
typically given by 103-10°, which corresponds to usual
sources of metal clusters.

We consider the regime of cluster deposition when
the binding energy of two clusters is large compared
to that between the cluster and surface. This deter-
mines the character of cluster evolution on the surface
until this surface is more or less free. Attaching to
a surface, a cluster is displaced over it as a result of
diffusion. If two clusters encounter on a surface, they
form a strong chemical bond, and hence this bond is
preserved in the course of cluster evolution. Neverthe-
less, reconstruction of this bond is possible. This means
that a common region of two clusters may change, i.e.,
two clusters may rotate with respect to others with the
conservation of their common surface. In particular,
an aggregate of clusters is formed in this way, and the
number of nearest neighbors for an individual cluster
in this aggregate is greater than two.

The clusters move over the surface under the ac-
tion of thermal fluctuations. In this situation, a cer-
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tain number of chemical bonds with the surface is pre-
served in the course of an individual movement, and
as a result, the diffusion character of cluster motion
is realized. We characterize this cluster motion by a
typical distance a over which the direction of cluster
motion changes and a typical time 7 of traveling over
this distance, and hence the cluster diffusion coefficient
is D ~ a?/7. We note that the typical distance a sig-
nificantly exceeds the lattice constant of the surface for
a large cluster.

Thus, the character of processes in the course of de-
position of solid clusters onto a surface under the above
conditions is as follows. Solid metal clusters of an al-
most spherical shape are deposited onto a surface and
travel along it as a result of diffusion. Collision of clus-
ters on the surface leads to formation and growth of
cluster aggregates. In addition, the aggregates grow
because solid clusters are deposited onto aggregates
rather than a free surface. These processes lead to the
formation of a porous film consisting of cluster aggre-
gates. Our aim is to find the parameters of this process
on the basis of experimental data for deposition of solid
silver clusters onto a silicon surface and in this way to
describe a general picture of the aggregate character
of film growth as a result of deposition of solid metal
clusters onto a neutral surface.

3. EXPERIMENTAL SETUP AND RESULTS

We briefly describe the main features of the ex-
perimental technique from the standpoint of the prob-
lem under consideration. There is a more detailed de-
scription of the used setup in previous papers [18-21].
For generation of a beam of silver clusters, a standard
magnetron source of silver clusters [22] was used, with
the clusters formed in the chamber of length 15 cm
excited by a magnetron discharge of the power 100-
200 W and cooled by liquid nitrogen. The vacuum sys-
tem that includes a molecular turbo pump, backed and
roughed by diaphragm pumps, can attain a vacuum of
~ 8-107% mbar in the deposition chamber.

A quadrupole mass filter (Quadrupole Mass Fil-
ter, QMF 200, Oxford Applied Research, Version 1.1)
placed at the exit of the magnetron chamber selects
clusters by masses. We assume solid clusters to be large
and compact, and their density to coincide with that of
a macroscopic solid. Assuming the cluster to be spher-
ical, we express its radius as

r=ryn/3, (3.1)
where n is the number of cluster atoms and 7y is the
Wigner—Seitz radius (for silver, ri = 0.166 nm [23]).
In this experiment, the diameters of selected silver clus-

ters were d = 2r = 4.1 nm and d = 5.6 nm; accord-
ing to formula (3.1), this corresponds respectively to
n = 1900 and n = 5000 atoms per cluster. These clus-
ters with the energy 0.7 eV/atom are deposited on a
silicon target placed at the distance 32 cm from the
exit of the magnetron chamber; the deposition time is
8 min. We note that the compactness of these silver
clusters is confirmed by experiments in [18, 19], where
the cluster mass and its size on a substrate were mea-
sured simultaneously.

Prior to the deposition of silver nanoclusters, sub-
strates are prepared from the grown single crystalline Si
wafers with (100) orientation polished on one side. In
each experiment, these Si wafers were cleaned by etch-
ing with HF (Hydrofluoric) acid solution to remove the
native oxide from the surface to ensure that bonding
occurs between the silver atom of deposited cluster and
the Si atom of the substrate wafer. However, after the
cluster deposition, when such Si wafers were brought
out of the deposition chamber, i.e., exposed to ambient
conditions, native oxide is expected to form again on
the substrates.

The deposited film of solid clusters is examined by a
scanning electron microscope attached with energy dis-
persive X-ray analysis (SEM/EDAX) (model: Quanta
200 F). To obtain information about the height and
lateral sizes of the deposited particles, an atomic force
microscope (AFM) (model: NanoScope IV, Veeco In-
str., USA) was used in the tapping mode under ambient
condition using a Si tip having the resonance frequency
428 kHz. One of the silver clusters of deposited films
was heat-treated by rapid thermal annealing (RTA)
(model Jetfirst 100, Jipelec, Qualiflow, France). Fig-
ure la represents the SEM images of the morphology
of a silver film with cluster sizes 5.6 nm for the depo-
sition time 6 minutes at room temperature (300 K).
The films were annealed in nitrogen atmosphere at the
temperatures 473 K, 673 K, 873 K, and 1073 K for 3
minutes each; they are shown in Figs. 1b to le.

SEM measurement of the nanocluster films was ac-
companied by the analysis of energy dispersive X-ray
spectrometry (EDX), which gives the elemental com-
position of a sample. This EDX technique essentially
gives the electron spectrum resulting from ionization
of internal electron shells of atoms by X-ray photons
[24, 25] by detecting the characteristic X-rays of the
elements present in a sample. We analyze the electron
spectrum in a range of several hundred eV, depending
on both the electron energy and the angle near a given
resonance, with the typical exposition time 100 s. We
note that the range of a fast electron in a medium is
equal to [25]

1183



S. R. Bhattacharyya, T. K. Chini, D. Datta et al. MKIT®, Tom 134, Boin. 6 (12), 2008

As deposited (300 K) 473 K
-~

1073K

200 nm
| |

Fig.1. Scanning electron microscopy (SEM) images of silver films formed on a silicon surface as a result of deposition of
mass-selected silver clusters of 5.6 nm () at room temperature (300 K) and subsequently annealed at 473 K (), 673 K (¢),
873 K (d), and 1073 K (e) by rapid thermal annealing (RTA) set up for 3 minutes in nitrogen atmosphere in each case

27.6A4

_ 1.67 ergy of the Al K, line hw = 1486.6 eV, the electron
) = ZO-—SngO ; (3.2) &Y

range in silver for electrons resulting from ionization of
the Si atom is found to be A = 24 nm at the energy
175 eV; for electrons from ionization of the K-shell of
oxygen atoms of the energy approximately 50 eV, the
range of Auger-ionization electrons is A = 3 nm. As

A(nm

where A is the atomic weight, Z is the atomic number,
p is the density given in g/cm3, and Ej is the average
electron beam energy expressed in keV. Using X-ray
photons from K-radiation of Al with the photon en-
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Fig.2. Energy dispersive X-ray (EDX) spectrum of
the film corresponding to SEM image in Fig. 1a (a)
and SEM image in Fig. 1le (b)

is seen, a silver film screens electrons formed in Auger
ionization of oxygen atoms bound with silicon atoms.
These measurements exhibit the absence the oxidation
of silver clusters in contrast to the titanium case [20].
As a result of annealing of the film at the temperature
1073 K, an intense signal of SiO, is observed both due
to a more intensive silicon oxidation and because of an
increase in the transparency of the silver film.

Figure 2 gives the EDX spectra of deposited silver
films with the diameter 4.1 nm for incident solid silver
clusters and different exposition times of clusters. The
energy of X-ray photons is 5 keV in this experiment.
The prominent peaks in the EDX spectra correspond
to an L, excitation in silver, K, excitation in silicon,
and K, excitation in oxygen. Aggregates formed from
larger solid clusters 5.6 nm in diameter are character-
ized by a larger silver content than those consisting of
solid clusters 4.1 nm in diameter. These measurements
definitely prove the absence of silver oxidation in the
course of deposition, whereas oxidation proceeds in the
case of deposition of Ti clusters [20].

As discussed above, solid clusters deposited on a sil-
icon surface under conditions of this experiment propa-
gate along the surface as a result of diffusion and merge
in cluster aggregates as a result of cluster attachment
to each other and the reconstruction of a forming aggre-
gate with an increase in the number of contacts between
neighboring clusters. SEM measurement allows esti-

8 ZKDT®, Bem. 6 (12)

mating the geometrical size of the formed aggregates.
As aresult, we can find the size distribution function of
aggregates. Subsequent formation of bridges between
neighboring aggregates leads to formation of a contin-
uous film. The regime of deposition in this experiment
is such that the average film thickness does not exceed
the diameter of a typical aggregate, and hence a ma-
jor part of the film mass is concentrated in individual
aggregates. Within some accuracy, we can therefore
represent a deposited film as consisting of individual
aggregates, and the parameters of individual aggregates
and their size distribution function give the total film
description.

Based on this model of film deposition, we give
its parameters as a result of the complete experiment
on morphology. For this, an AFM analysis of the
samples was conducted. A representative diagram of
AFM studies is shown in Fig. 3. The root-mean-square
(RMS) roughness of the film was found to be 5.8 nm
and the average height of the features was ~ 27 nm.
Comparing vertical diameters of aggregates from AFM
measurements and their transverse (lateral) diameters
on the basis of SEM measurements, we find that aggre-
gates are flattened, and their transverse diameter ex-
ceeds the vertical diameter by up to 40 %. This means
that the restructuring time of aggregates is comparable
to a typical time of attachment of new clusters to an
aggregate. Below, for simplicity, we assume aggregates
to be spherical, which corresponds to a relatively small
time of restructuring. In Figs. 4 and 5, we give the
size distribution functions of aggregates resulting from
joining of solid silver clusters of diameters 4.1 nm and
5.6 nm at identical exposure times. We note that the
statistics of these aggregates do not allow determining
the form of the distribution function, and we assume it
to be Gaussian. Figure 6 contains the same size distri-
bution function if a deposited film in Fig. 5 is heated
up to 873 K and remains at this temperature for 3 min.
Then aggregates soften and partially melt, such that af-
ter melting the bridges between them are transformed
into almost round drops, and their size increases. All
this is used below for the analysis of processes of forma-
tion and evolution of cluster aggregates resulting from
deposition of solid silver clusters onto a silicon surface.

4. MODELS OF EVOLUTION OF DEPOSITED
CLUSTERS ON A SURFACE

Below, we consider simple models describing clus-
ter deposition on a surface. In this consideration, we
assume the surface to be amorphous and clusters not
to change bonds between surface atoms. But clusters
form chemical bonds at the points of their contact with
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50.71 nm

Fig. 3. Atomic force microscopy image of a silver film formed on the Si substrate by 5.6 nm clusters for the deposition time
6 minutes corresponding to the sample presented in Fig. 1a. The scan size of the image is 1 um and the rms roughness of
the film is 5.8 nm

the surface, and we have two limit cases of cluster de-
position on the surface depending on the cluster energy.
If this energy is sufficiently high, clusters are embedded
into the upper surface layer and remain motionless un-
til other deposited clusters form chemical bonds with
them. In the other limit case, deposited clusters prop-
agate along the surface up to the formation of chemical
bonds with other clusters. In both cases, we assume the
chemical bonds to be stronger between clusters than
between clusters and the surface. We note that the
criterion for each limit case is determined not only by
the specific energy of incident clusters but also by the
intensity of a cluster beam.

We first consider the limit case of embedded clusters
that corresponds to a high energy of deposited clusters.
In this case, the cluster is stuck with a solid, and its
subsequent motion along the surface is hampered, as in
experiments [26-28] with deposition of fast silver clus-
ters on silicon and carbon surfaces. This corresponds
to the deposition model where a deposited cluster is
motionless, and we consider this model below. Because
a deposited cluster does not change its position on the

substrate surface and the point of its sticking has a ran-
dom character, we have the following equation for the
coverage of a substrate surface:

s _ (12
dn_s S[) ’

Here, Sy is the total substrate area, S is the occupied
area, s is the cross section of an individual monomer,
and n is the number of monomers on the surface. To
describe matter in this model, we throw some disks of
area s on the surface. As a result of solving this equa-
tion, we obtain the degree of coverage

_ S ns
E:S—O—l—exp<—so>.

Comparing this model with observed data, we see
that this model does not work in the framework of
the fulfilled experiment, i.e., cluster monomers change
their position in the course of aggregate formation. We
therefore relate this model to the conditions of experi-
ments in [26-28], and below we analyze the other limit
case of cluster deposition. This model may be used

(4.1)

(4.2)
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Fig. 4. Deposition of solid silver clusters with the diameter 4.1 nm for the exposition time 8 min. (a) SEM photography of
a film; (b) the distribution function of surface aggregates with respect to diameters

in the case where solid clusters are strongly embed-
ded into a solid, and subsequently deposited clusters
contacting with them form bonds with these clusters.
The aggregates formed under these conditions have the
fractal dimension close to 3 [29, 30], i.e., this leads to
formation of compact films. Of course, such films have

pores, but these pores are minimal in accordance with
the case of conservation of a shape of each solid cluster.

If the surface coverage by deposited clusters is low,
their diffusion along the surface leads to the forma-
tion of fractal aggregates in accordance with the DLA
model (diffusion-limited aggregation) [5-7] or DDA
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Fig.5. Deposition of solid silver clusters of 5.6 nm in diameter for the exposition time 8 min. (a) SEM photography of a
film; () the distribution function of surface aggregates with respect to diameters

model (deposition diffusion aggregation) [3] for these
processes. The above models account for the diffusion
motion of clusters over the surface and their joining
in fractal aggregates with formation of strong chemi-
cal bonds at the points of their contact. These mod-
els, depending on certain conditions, are analyzed in

books and reviews [8, 31, 32]. We are guided by
the DLA model as regards the formation of a three-
dimensional fractal aggregate. This model describes
experimental structures resulting from cluster joining
(see, e.g., [4,33-35]). In our case, the applicability of
this model means that after establishment a chemical
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bond between two solid clusters, restructuring of a sys-
tem of bound clusters proceeds. As a result, a test
cluster is displaced and forms a chemical bond with
other solid clusters of this aggregate. Therefore, each
solid cluster in a fractal aggregate mostly preserves its
structure, but has several nearest neighbors in a formed
fractal aggregate.

The DLA model is rough in relation to the experi-
mental conditions where the intensity of a cluster beam
is relatively high and the formed film is not rarefied.
But this description of cluster growth is supported by
the fact that the measurements for silver aggregates
on the silicon surface with AFM show that its shape
is close to spherical. Below, we therefore model these
structures as fractal aggregates with the fractal dimen-
sion D = 2.46. Considering the metal film to be com-
posed of fractal aggregates formed according to the
DLA model, we analyze some properties of this film
from this standpoint. We let a denote the cluster ra-
dius and r the radius of the fractal aggregate; we then
have the number of cluster monomers in a fractal ag-

gregate [8, 31, 32]
r\D
=)

where D is the fractal dimension of this cluster. Cor-
respondingly, the area per cluster monomer is equal to

(4.3)

5 mr?  wa?k¥P s i
cl — T - K - Iil_Q/D . ( . )
Under the experimental conditions, r = 15 nm and

a = 2.8 nm, we have kK = 62. This implies that forma-
tion of clusters leads to a decrease in the absorbed (oc-
cupied) area by 2.2 times, which roughly corresponds
to the data of the graph presented in Fig. 6.

We can analyze the size distribution of clusters on
the surface in accordance with Fig. 6, which gives the
size distribution for liquid clusters. The relation be-
tween the radius r of a fractal cluster and the radius R
of a liquid cluster is given by

R =1rP/3q'=D/3 (4.5)
in accordance with the definition of fractal dimen-
sion (4.3). Thus, the size distribution of liquid clus-
ters gives the size distribution of initial clusters under
the assumption that solid clusters are melted indepen-
dently. But comparison of the distribution in Figs. 5
and 6 shows that in reality, several clusters are joined
into one drop. Figure 6 allows finding the total specific
mass of silver on a substrate. Because it is the same
in the cases in Fig. 5 and Fig. 6 (i.e., this mass does

not change on melting), we find that the porosities of
clusters in Fig. 1b and 1¢ are equal. We can find the
porosity by another method on the basis of the fractal

structure of clusters,

r\3-D

-
whence R = 18 nm (e = 2.8 nm, D = 2.46). Tt is
necessary to explain that 7 in Eq. (4.6) is the ratio of
the volume of a fractal aggregate to the volume oc-
cupied by solid clusters, i.e., 1/n is the volume part
occupied by solid clusters. Thus, the size distribution
of melted clusters allows reconstructing the size distri-
bution of solid clusters. On average (with a = 2.8 nm,
r = 15 nm, and D = 2.46), this formula gives n that
corresponds more or less to the above operation. Thus,
the average value is n = 0.40, i.e., pores occupy roughly
60 % of the aggregate volume, which corresponds to the
data in Fig. 6.

(4.6)

5. DIFFUSION MODEL OF CLUSTER
AGGREGATION

We consider the diffusion model of growth of cluster
aggregates on a surface. In this model, we assume that
solid clusters of a radius r are directed onto a surface
and are merged there in aggregates. We let J denote
the cluster beam flux to the surface, and let R be the
current aggregate radius. For simplicity, we assume
the aggregates to have a spherical shape and identical
radii. Next, the coverage ( of the surface by aggregates
is assumed to be small,

¢ = NnR?, (5.1)

where N is the current number density of aggregates on
the surface. Each contact with an aggregate leads to at-
tachment of a solid cluster to the aggregate, and subse-
quently this aggregate takes an almost spherical shape
as a result of restructuring. Condition (5.1) means that
the mean free path A\ of clusters over a surface is rela-
tively large,
1 R

A= RN T R

(5.2)

We characterize the diffusion motion of clusters over
the surface by the length a of cluster motion on which
the motion direction is changed and the time 7 of dis-
placement over this distance. Then the diffusion coef-
ficient of clusters over the surface is

d~—.

T

(5.3)
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Fig.6. (a) SEM image of solid silver nanoclusters with the diameter 5.6 nm for 6 min deposition after annealing at 873 K in
nitrogen atmosphere for 3 min, and (b) the corresponding histogram to show the distribution function of surface aggregates
with respect to diameters

We note that the diffusion character of cluster motion
means that a typical distance L over which a cluster
propagates before its attachment to an aggregate is

L~ Vdt ~Va\ < )\, (5.4)

where t is the lifetime of a cluster on the surface with

respect to its attachment to aggregates. This gives the

criterion for the diffusion character of cluster motion
before its attachment:

a

(K ik

We now analyze the experimental conditions from

(5.5)
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the standpoint of the diffusion model of cluster aggrega-
tion. In the course of aggregate growth, a surface is ini-
tially free, and then the clusters deposited as a result of
diffusion along the surface merge and form aggregates
consisting of many clusters. We are guided by typical
values of experimental data with the typical cluster ra-
dius » = 5 nm, the aggregate radius R = 30 nm, and
the flux of incident clusters J ~ 10 em=2 - s~!. We
derive the condition that an incident cluster attaches
to an aggregate rather than to a cluster on the sur-
face. Under this condition, the mean free path of a
deposited cluster A with respect to attachment to an
aggregate much exceeds the path for attachment to a
surface cluster .. In terms of the above parameters,
the attachment time ¢, of a surface cluster to an aggre-
gate is t, ~ A7 /a, and the number density of free solid
clusters on the surface N is given by
NclNJtaNJ—/\TNﬁR—C-
a a a

From this, the condition that the mean free path for a
free surface cluster to attach to another surface cluster
At = 1/(27rNgy) be small compared to the mean free
path X for cluster attachment to aggregate is

RrJr
ag

If we use the parameters of this experiment and take
a ~ 1 nm as a minimum value of this parameter, we
obtain 7 < 107'2 s at { ~ 1, which corresponds to a
typical time of molecular motion. This means that the
diffusion regime of cluster motion along the surface in
the course of aggregation occurs only in the case of a
nonactivation character of cluster motion over the sur-
face. This occurs only for a relatively weak interaction
between a deposited cluster and the surface, if a cluster
is not embedded deeply inside a solid. Evidently, this
is fulfilled at the deposition energy 0.7 eV /atom of this
experiment and is not fulfilled at higher cluster energies
for the same sort of clusters and the surface [26-28].
Thus, under these experimental conditions, we can
specify the character of aggregate growth that is sim-
ilar to the formation of fractal structures on a surface
when solid particles attach to a surface and can move
over it. Then solid clusters are merged on a surface
due to a contact between them, and when several clus-

< 1. (5.6)

ters are joined in an aggregate, and its restructuring
proceeds that leads to formation of three-dimensional
aggregates in which each cluster has bonds with sev-
eral nearest neighbors. Of course, the fractal cluster
structure relates to a low density of aggregates on the
surface. This is not fulfilled under these experimental

conditions. Nevertheless, the formed porous structure
more or less conserves fractal properties of aggregates
that constitute a formed porous film. Therefore, the
above diffusion model may be used for understanding
the structure of a formed film and for estimating its
parameters.

6. MELTING OF SURFACE CLUSTERS

Upon heating to the temperature 873 K (Fig. 1d),
the film is separated in round drops because of melt-
ing. We note that this temperature is lower than the
melting point of bulk silver (T3, = 1235 K); it is a
common fact that the melting point of clusters is lower
than that for a macroscopic system (see, e.g., [36]). We
have that the melting point of clusters depends not only
on the cluster size but also on the completeness of its
structure, and a decrease of the cluster melting point is
determined by surface phenomena. Because in this case
the film structure is constructed from individual solid
clusters, this conclusion regarding the melting point is
valid for the silver film under consideration. We also
note that melting of silver clusters was studied specially
in [37-39], and the melting point of clusters in all the
cases was lower than that for bulk silver.

The basic advantage of film melting in the course
of its annealing consists in the conservation of the film
in individual drops. It is simple to analyze this system
after its solidification because in this case, SEM mea-
surements allow determining the coverage of the surface
and the size distribution function of drops. From this,
we can find the total film mass, and because the film
mass does not change upon melting, this allows finding
the pore distribution for the initial porous film. In ful-
filling this operation, we verify that the above concept
of film construction of cluster aggregates is applicable.
Moreover, the fractal structure of aggregates consist-
ing of individual solid clusters in accordance with for-
mula (4.3) corresponds roughly to the mass of liquid
drops. Thus, the analysis of a melted film that is di-
vided in round drops justifies our basic concept that
the film formed consists of cluster aggregates. These
aggregates include tens of individual solid clusters, and
the fractal structure of these aggregates may be valid
in essence.

Thus, transformation of a film as a result of its heat-
ing allows analyzing the character of film melting. The
film consists of individual clusters that interact with the
substrate surface weakly if the bond between clusters
occupies a small part of the cluster surface. Therefore,
this method gives the possibility of melting individual
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clusters. In addition, we can study the character of the
solid-liquid phase transition in this way. Indeed, due to
mixing of different crystal structures, premelting may
be observed below melting [40] (cluster softening below
the melting point). Evidently, this effect is observed in
this experiment, but it requires a more detailed inves-
tigation.

7. THE EVAPORATION STAGE

Heating of a deposited film leads to its partial evap-
oration, and the analysis of this process allows deter-
mining the parameters of cluster evaporation at high
temperature. In this analysis, we assume the surface
film to consist of individual clusters, i.e., the surface of
cluster contacts to be small compared to the total area
of the cluster surface. In addition, the total area of con-
tacts between clusters and the surface is also relatively
small. We can then consider the cluster behavior at
high temperature in the framework of the liquid drop
model [23], and the binding energy of atoms in clusters
may be determined from experimental results.

Indeed, in the framework of the liquid drop model
for the cluster, taking a liquid cluster to consist of
n > 1 atoms (and hence its surface energy small), we
define the total binding energy Ej in terms of both the
volume and the surface cluster energy as [23]

Ey = eon — An?/3. (7.1)
In the case of silver, the specific binding energy of bulk
silver is g = 2.87 eV, and the specific surface energy is
A =2 ¢V [23]. The rate constant of atom attachment
to the cluster is

[T
kp = kon®/, ko = mrdy, L

where the temperature T is expressed in energy units,
M is the atom mass, and ry = 0.166 nm is the Wigner—
Seitz radius for liquid silver. For silver at T = 600 K,
we have kg = 7.4-107!? ¢cm®/s. The rate of cluster
evaporation ve,(T) is

(7.2)

Veo (T) = kon®/® Nyat (T) exp(Ac/Tn/3),  (7.3)
where Ny (T) is the number density of atoms for
saturated vapor, with Ng.(T) ~ exp(—eo/T), and
Ae = 2A/3 accounts for a decrease in the atom binding
energy due to surface energy.

We apply the above formulas to experimental con-
ditions of evaporation of silver and silver clusters. In
particular, at temperatures 7' = 600 K, 700 K, and

800 K, the saturated number density of atoms Ngu¢
is respectively equal to 15 cm™2, 1.3 - 10* em™3, and

1.2 107 cm~3. From this, we have the balance equa-
tion for a decrease in the cluster size due to cluster
evaporation

dn

o — Ve (T). (7.4)

Tts solution gives the total time 79 of cluster evapora-
tion

9Tn?/3 24
0= 9 Ao N (T) P <_3Tn1/3> - @S
In particular, for the cluster radius » = 1 nm, at
the temperatures 7' = 600 K, 700 K, and 800 K, we
have the evaporation times 7y = 2 - 10°, 1000, and
0.8 hours. An increase in the cluster radius twice

leads to an increase in 79 by an order of magni-
tude. We also evaluate the cluster evaporation time
at T = 873 K and T" = 1073 K for the cluster ra-
dius R = 25 nm according to the data in Fig. 1
(n ~ 3-10%). In this case, the exponential in for-
mula (7.5) is unity, N (873 K) = 6 - 107 em—?,
Nsat (1073 K) = 7-10'° em ™3, and kg ~ 1-107! em?/s.
Then formula (7.5) gives the total evaporation time to
be about 2 hours at T' = 1073 K and three orders of
magnitude higher at 7' = 873 K. This means that under
the experimental conditions, several percent of silver is
to be evaporated at 7' = 1073 K, and the evaporation
process is not significant at 7' = 873 K.

The results concerning the evaporation of liquid
drops on the surface can be used in another way. The
rate of evaporation of a drop is sensitive to the bind-
ing energy of atoms located on the surface of the drop.
The accuracy of values used is restricted, and there-
fore we now solve an inverse problem, with the experi-
mentally observed parameters. In reality, we are based
on two energetic parameters of surface atoms in accor-
dance with formula (7.1), the bulk binding energy &g
and the specific surface energy A, and comparison of
the drop distribution functions before and after evapo-
ration allows determining both parameters in principle.
Because we now deal with the average drop size only, we
estimate a rough change of the binding energy ¢ only.
Based on the data in Fig. 6, we have that the drop size
under annealing at 7' = 1073 K during 3 minutes de-
creases by approximately 20 %, which corresponds to
the total evaporation time of about 13 min instead of
50 min as follows from formula (7.5) with the cluster
parameters presented in [23]. We can obtain this value
if we replace the binding energy ¢o = 2.87 eV with
the value g = (2.74 £ 0.03) €V, i.e., have this value
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decreased by 5%, which is probably within the limits
of accuracy of the used data. The indicated accuracy
takes into account that a part of the cluster surface
does not partake in the evaporation process. Thus,
this method can be used to determine the binding en-
ergy and the surface tension of small drops with high
accuracy.

Thus, this method of evaporation of a porous film
resulting from deposition of solid clusters onto a sur-
face allows finding the parameters of evaporation for
free clusters as well as the binding parameters of atoms
in clusters.

8. CONCLUSION

The above analysis based on experimental studies
allows describing the character of evolution of large
solid clusters deposited on a surface if the energy of
deposition is relatively small and the interaction en-
ergy between deposited clusters and the surface is small
compared to the interaction energy of two contacted
solid clusters. In this regime, clusters deposited onto
a surface propagate along it as a result of diffusion,
and merging of clusters onto the surface leads to for-
mation of cluster aggregates. As a result of restruc-
turing that increases the number of nearest neighbors
for each bound cluster, these aggregates have a three-
dimensional structure rather than a planar one. In ad-
dition, according to their structure, the formed clus-
ter aggregates are close to fractal aggregates that are
formed in a rarefied matter. Subsequent joining of
neighboring aggregates by deposited solid clusters that
attach to aggregates directly leads to formation of a
porous film that is of interest for various applications.
The parameters of this porous structure may be de-
termined by annealing of the film, which leads to its
melting and transformation into a set of separate com-
pact particles on the surface. This program is partially
realized above for deposition of solid silver clusters onto
a silicon surface.

As follows from the above analysis and comparison
with similar studies [26-28, 41], there is a variety of de-
position regimes of solid clusters onto a surface that
also depend on the deposition energy [15]. Energetic
clusters are embedded deeply into a solid and are stuck
there, whereas clusters of a relatively small energy are
located on the surface and can move along it as a result
of diffusion. The regime of cluster deposition affects
the properties of a thin porous film formed. Therefore,
the structure of a porous film resulting from deposi-
tion of given solid clusters onto a certain target may be

adjusted by the energy of the deposited clusters. Sub-
sequently, this affects the electric, optical, mechanical,
and chemical properties of a formed porous film.
Understanding the character of film growth is of
importance for nanotechnology because such films
may be used as a medicine [14], catalysts [42], and
nanoelectronic devices [43-45]. But the development
of this kind of nanotechnology requires the develop-
ment of methods for generation of cluster beams and
diagnostic methods for nanostructures. In particular,
this study includes a modern technique as a source
of intense beams of selected metal clusters and scan-
ning electron microscopy (SEM). All this, as well as
X-ray methods for the analysis of surface chemistry,
complicates such investigations. In addition, the
method developed allows studying processes that
involve cluster melting and evaporation. Indeed, the
binding energy of atoms in an individual cluster is
large compared to the interaction energy between
this and neighboring clusters, and also between this
cluster and a substrate. Therefore, processes of cluster
melting and evaporation in a formed film are close to
those involving free clusters. As a result, we have a
method for determining cluster parameters, and this
method is more reliable than those with cluster beams.
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