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The fragmentation of silver liquid clusters deposited onto a silicon surface is observed after heating the clusters
to 1073 K and subsequently annealing with the exposition time 3 min. This contradicts macroscopic models
of a liquid drop deposited on a surface if we are based on critical parameters of bulk silver. Some versions are
analyzed that are based on cluster properties and may explain the phenomenon of cluster fragmentation. An
experiment is suggested for clarifying the nature of the cluster fragmentation phenomenon and cluster critical

phenomena.

1. INTRODUCTION

Thin films consisting of metal clusters deposited on
a substrate are a specific physical object [1] that is
importante in device fabrication and some technolog-
ical applications [2]. Along with this, it is interesting
from the fundamental standpoint due to the measuring
techniques that allow studying various details of this
problem. In addition, silver is used as an antibacterial
material, and therefore silver covering is used in var-
ious antibacterial applications [3-5]. Silver produces
the strongest action on bacteria when it has a porous
structure with structural elements 1-10 nm in size [6],
which corresponds to the size of clusters when they are
generated in a cluster source.

Metal clusters deposited on a surface are the pro-
spective objects for applications. Development of nan-
otechnology based on deposited clusters gives impetus
to creating a fine and expensive experimental setup
that in turn allows studying the properties of deposited
clusters and processes involving them. In other words,
contemporary measurement tools allow studying the
known physical phenomena involving nanosized parti-
cles in detail. Below, we consider the fragmentation of
deposited liquid clusters located on a surface from this
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standpoint. We are based on experimental data for this
phenomenon and are guided by simple physical models.

2. EXPERIMENTAL SETUP AND RESULTS

In the experiment, we create silver clusters in mag-
netron discharge, where silver clusters are formed in an
argon flow [7, 8]. The flow with silver clusters expands
in a vacuum through an orifice 3-6 mm in diameter, and
then clusters, which are charged by a crossed electron
beam, pass through a mass spectral filter constructed
on the basis of a quadrupole mass spectrometer [9]. As
a result, we obtain a beam of clusters 5.6 nm in diame-
ter (approximately 4600 atoms per silver cluster), and
this beam is deposited onto the silicon surface with the
energy approximately given by 0.7 eV per atom. Un-
der the used intensities of the cluster beam, solid silver
clusters of the beam join into aggregates in the course
of attachment to the surface.

These aggregates, fastened to the silicon surface and
consisting of solid silver clusters, are subjected to rapid
thermal annealing up to various temperatures in nitro-
gen atmosphere [10, 11] and to rapid thermal anneal-
ing with the exposition time 3 min in this experiment.
The structure of deposited silver clusters is detected
by a scanning electron microscope (the operating volt-
age is 10 kV, the magnification is 60000) with energy
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Fig.1. The structure of a film formed by deposition
of silver clusters with a diameter about 5.6 nm onto a
silicon surface and subsequent rapid thermal annealing
in nitrogen atmosphere with the exposition 3 min [10].
The photographs are made with a scanning electron
microscope (the operating voltage is 10 kV, the magni-
fication is 60000). The heating temperature is 673 (a),
873 (b), and 1073 () K

dispersive X-ray analysis. In addition, in order to ob-
tain information about the cluster height, atomic force
microscopy is used for the analysis of the structure
of deposited clusters in the tapping mode at the res-
onance frequency about 428 kHz under ambient condi-
tions. Typical photographs of the films obtained after
annealing are given in Fig. 1.

The results in Fig. 1 are treated to obtain the
size distribution of aggregates and drops on the sub-
strate surface [10, 11]. A typical size of surface aggre-
gates, which consist of incident clusters, is several times
greater than the size of incident clusters [10, 11]. Ac-
cording to Figs. 1b and ¢, melting of surface aggregates
leads to shortening of the volume occupied by silver,
i.e., the silver aggregates are porous at the beginning.
Next, the substrate (silicon) has dielectric properties.
Therefore, clusters are neutral, and because they are
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Fig.2. The size distribution function of drops for silver
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(closed histograms)

separated from each other, interaction between nearest
clusters is not essential.

In Fig. 2, guided by the phenomenon of cluster frag-
mentation, we give the size distribution of deposited
clusters after heating up to temperatures above the
cluster melting point, if deposited clusters are trans-
formed into single drops on the substrate surface.
These measurements are made with a scanning electron
microscope, and hence the cluster size in Fig. 2 is the di-
ameter of the cluster projection onto the substrate. As
is seen from Fig. 2, at the heating temperature 873 K,
the size distribution function of deposited clusters may
be approximated by the usual Gauss distribution, while
at the heating temperature 1073 K, the size distribution
function becomes bimodal. This means that cluster
fragmentation corresponds to formation of small drops
in time when the deposited cluster drops are at a high
temperature. We note that the total mass of small
clusters under experimental conditions is small (9 %).
In addition, cluster evaporation also proceeds at high
temperatures, and the rate of this process allowed find-
ing the atom binding energy in large liquid clusters of
silver [10]. But the total mass of evaporation under
the experimental conditions is also small (about 3 % of
the cluster mass is evaporated). Hence, the character
of fragmentation of deposited clusters can be analyzed
with the cluster evaporation ignored.

According to the experimental results, the silver ag-
gregates formed on the silicon surface as a result of the
deposition of solid silver clusters 5.6 nm in diameter
are melted at the heating temperature below 873 K (the
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melting point of bulk silver is 1233 K). Then, as follows
from heating to the temperature 873 K, the distribu-
tion function of the drop diameters is approximated by
the Gauss distribution with the mean drop diameter
65 nm (the number of cluster atoms is n &~ 7.5 - 10°).
Subsequent heating to 1073 K leads to a bimodal dis-
tribution function. When approximated by the Gauss
distributions, the observed distribution leads to the av-
erage cluster diameters 55 nm (n ~ 5.5-10%) and 25 nm
(n ~ 4-10%). In what follows, analyzing the fragmenta-
tion of a liquid cluster located on a surface, we consider
simple models for such a cluster, which allows us to find
conditions for the fragmentation phenomenon to be re-
alized.

3. THERMODYNAMICS OF A FREE LIQUID
CLUSTER

We first consider the thermodynamics of a liquid
cluster consisting of n > 1 atoms and located in a vac-
uum. The binding energy of atoms at zero temperature
expanded in the small parameter n /3 for a large clus-
ter with two expansion terms kept is given by [12, 13]

Ey(n) = gon — An*/3, (3.1)
where ¢¢ is the binding energy per atom for a macro-
scopic system of bound atoms, A is the specific surface
energy, related to the surface tension o for the corre-
sponding liquid as [13]

o =A4nri A, (3.2)
and ry is the Wigner—Seits radius [14, 15] for the bulk
liquid. Cluster fragmentation proceeds according to the
scheme

M, — M,y + My, (3.3)
where M is a metallic atom. In the limit case n > k,
the expended energy AFE in this process is equal to

AEn, = Ey(n) — Ey(n — k) — Ey(k) =

1/3
2 :
3 \n
This is the expansion of the expended cluster energy at
zero temperature over a small parameter (k/n)'/?. As
can be seen, the fragmentation of a liquid cluster is not
favorable energetically.

We now analyze thermodynamic equilibrium with
respect to fragmentation at a finite temperature T for a

= AR/ ~ AR k<n. (34)
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liquid cluster located on a surface. We use the Saha for-
mula for clusters participating in process (3.3). Reduc-
ing the Saha formula [16] to the case where clusters are
located on a planar surface, i.e., to a two-dimensional
space, we have

Ny kN AEn;\ _
T—S(n,k)exp( T )—
2/3
= S(n,k)exp (—Ak ) , (3.5)

where AE,, is given by formula (3.4), T is the tem-
perature expressed in energy units, IV, is the number
density of clusters consisting of p atoms, and the pre-
exponent S in the two-dimensional case S «~ k. As
follows from this formula, in the case £ > 1 under con-
sideration, relation (3.5) leads to a small probability of
fragmentation when clusters occupy a large part of the
surface. This formula testifies to a low probability of
the fragmentation of deposited liquid clusters located
on a surface as long as the specific surface energy A
is small. Hence, this process is possible only near the
critical point if the specific surface energy A becomes
very small.

We estimate the conditions of the above experiment
when silver clusters are deposited onto a silicon sub-
stratum. At the melting point, 4 = 2.0 eV for sil-
ver [13, 17], and at the temperature 1073 K, A/T =~ 22
under the assumption that the critical temperature is
higher than this one. It follows that the fragmenta-
tion observed in the above experiment and represented
in Fig. 2 is impossible far from the critical point. We
note that critical parameters of bulk silver corresponds
to a high critical temperature (about 7000 K) and pres-
sure (4.5 - 10® Pa) [18]. These parameters correspond
to the conditions under which the difference between
the liquid and gaseous states of bulk atomic systems
disappears. Then the surface tension on the liquid sur-
face becomes zero. A decrease in the surface energy of
small clusters at temperatures of the order of 1100 K
has a different nature. Thus, in the framework of the
model of a free liquid drop for surface silver clusters, we
obtain that these clusters are stable under the condi-
tions of the experiment (and the cluster fragmentation
is then absent).

4. MODEL FOR A LIQUID CLUSTER
LOCATED ON A PLANAR SURFACE

In analyzing thermodynamics of liquid clusters, we
assume in formula (3.1) that the cluster is modeled by
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Droplet

Plane

Fig.3. Parameters of a nanosize liquid drop located on
a surface; o1 and o2 are the surface tensions for the
liquid and on the interface

a spherical particle. In reality, a liquid cluster is fas-
tened to a surface, and the interaction between it and
the surface at the interface is important both for the
cluster shape and for the energy cluster parameters. As
a result of this interaction, the cluster loses its spher-
ical shape. Interaction of a liquid drop with a solid
surface has been studied from various standpoints [19—
23], including microsize and nanosize liquid drops on
a solid surface [24] and using various liquid and solid
types [25-28].

We use a simple model for the analysis of the be-
havior of a deposited liquid cluster with the interaction
of cluster atoms on a free surface and on the interface
taken into account. A schematic form of this drop is
given in Fig. 3, where « is the contact angle [29], which
is a characteristic of the wettability for this system. We
consider a simplified version of a general method for in-
compressible liquid, where we ignore the gas—liquid and
gas—solid interaction, neglect the drop weight, and as-
sume the solid surface to be uniform. Then the behav-
ior of an incompressible liquid drop located on a surface
is described by two parameters, the surface tension oy
of this liquid and the surface tension o5 due to the solid
interface. Considering the case of a nonwetting drop,
we take o5 < o1, which corresponds to the contact an-
glem/2 <a<m.

We now verify that the gravitation force can be ig-
nored in this model. For estimation, we take a round
drop consisting of n atoms, whose surface energy is
An?*/? according to formula (3.1). We then compare
this energy with the drop weight U, = MgR, where
M = mgn is the drop mass, mg is the mass of an indi-
vidual atom, and g = 980 cm/s? is the free-fall accel-
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eration. The round drop radius is R = ryyn'/?, where
rw is the Wigner—Seits radius, and the gravitational
potential energy in this case is

Uy =MgR = Bn'/? B= mogrw,

and the criterion of the smallness of the drop weight
compared to its surface energy is

A 3/2

We apply criterion (4.1) to a silver liquid drop.
We have the following parameters of the liquid silver
drop [13]:

(4.1)

mo=18-107% g, gy =2.87¢V,

A=20eV, ry =1066A.

This gives B = 1.8-107 %% eV, and criterion (4.1) is sat-
isfied for R <« 1 mm. Because we deal with drop sizes
below 100 nm, this criterion is satisfied, and gravitation
forces may be ignored.

In the framework of this model, given in Fig. 3, we
express the total drop energy E at zero temperature
not in the form that follows from formula (3.1) but as

E=—con+ 510'1 + 52(0'1 — 02) =

= —gon + Esura Esur = Slal + SZ (Ul - U2)a (42)

where g¢ is the binding energy per atom, .Sy is the area
of the free drop surface, Ss is the area of the interface
surface, oy is the liquid surface tension, and o is the
surface tension of the interface corresponding to attrac-
tion of drop molecules to the surface. We note that in
the limit cases, we have the contact angle @« = 7 at
z = 09/ = 0, which corresponds to a drop located
in a vacuum, and o = /2 at z = 1 when a drop is
transformed into a semi-drop.

Evidently, the minimization of energy (4.2) as a
function of the wetting angle « gives the relation be-
tween this angle and the ratio of the surface tensions
z = 09/0y. This relation may be obtained in a simpler
way from the equality of forces acting on the drop edge.
Such a relation is the Young equation [30, 31|, which
in the conditions of Fig. 3 has the form

02
z=— =1+ cosa.

. (4.3)

In comparison with the Young equation [30, 31], we
here neglect the interaction of the liquid drop and solid
surfaces with the surrounding gas. Equation (4.3)
leads to the spherical drop shape a = 7 if the drop
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is located in a vacuum, i.e., z = 0. In the case o0, = 05
(z = 1), we obtain a semi-drop (« = 7/2). Tt is clear
that in the limit 01 < 02, we have a = 0, i. e., the drop
is converted into a planar film. But we now restrict
ourself to the nonwetting case o; > 5.

We give the relations for the parameters of a surface
drop in Fig. 3 that is converted from a spherical drop
of a radius Rg. Because the drop contains an incom-
pressible liquid, its volume V = 47R3/3 is conserved
under the above transformation, and its radius at a
given angle a between the surface and the drop edge is
equal

22/3R0
(1 —cosa)?/3(2 4+ cosa)l/3

R=

22/3R0

= srgog (9

where £ = 1 — cos . The areas of the free drop surface
S1 and the boundary surface with the planar surface
So are given by

2737 R3

J— 2 = 0

S1=2mRA(L =~ cosa) = “rEE— a7
(4.5)

2437 R3(2 — 2)

_ 2 2 o
Se = TR*sin” a = 173 (3 — )27

For the total drop energy determined by formula (4.2),
this gives

Eour = 47rR(2)01 d(z,2),

4—2—z(x—2)
21/3(6 —22)2/3 "

r=1-—cosa,
o2 (4.6)
z=—,

o1

D(x,z) =

Figure 4 gives the dependences ®(z,z) at some values
z < 1 for a nonwetting liquid.

Figure 5 contains some parameters of a nonwetting
drop on a planar surface under optimal conditions as a
function of the parameter z = o9/0;. Specifically, the
contact angle «a is defined in Fig. 3. The ratio of the
height of the drop top h to the drop radius R is given
by

%:1—2(}05(1:2—2
and is shown in Fig. 5. We note that similarly to
measurement of the drop distribution over the drop di-
ameter, which is given in Fig. 2 and is obtained with
a scanning electron microscope, the distribution over
drop heights may be determined with atomic force mi-
croscope. Based on such measurements, the parameter

594

MITP, Tom 137, BBm. 3, 2010
P
]..00 T T T T
0.95 | 4
0.90 | 4
0.85 | 4
0.80 |-
0 0.2 0.4 0.6 0.8 1.0
z

Fig.4. The function ®(xmin,z) = ®(2) in (4.6) with
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energy for a drop located on a plane to the energy in
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h/R (a) and S2/S1 (b)

2z = 09 /01 can be determined. Next, Fig. 5 shows the
dependence on the relative surface tension of the drop
2 = 09 /0y for the ratio Sy /Ss of the area of a free drop
surface S; to the interface area Ss.
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We now return to the estimation of the stability
of a nanosize liquid silver cluster deposited onto a sil-
icon surface with respect to its fragmentation. Model-
ing this cluster by a spherical drop, we use Saha for-
mula (3.5) to find the value of its exponent; it is very
small because the exponent Ak>/3/T in this formula is
large. If we use this drop model with the interaction
between the cluster and the substrate taken into ac-
count, the value of the parameter A/T decreases, but
according to the data in Fig. 4, this decrease does not
exceed 20 % for a nonwetting drop. This means that
the factor A/T in Saha formula (3.5) remains large for
a nonwetting drop, i. e., cluster fragmentation is absent
far from the critical point.

5. OSCILLATIONS OF A LIQUID DROP ON A
PLANAR SURFACE

We assume that the energy parameters of a liquid
cluster allow it to form free fragments, i.e., allow pro-
cess (3.3) to be thermodynamically profitable. Even
in this case, cluster fragmentation may be problem-
atic because it proceeds by fragmentation of a charged
drop into two drops of similar sizes (the Rayleigh prob-
lem) [32]. On the other hand, cluster fragmentation
with the formation of small fragments is possible even
under conditions when it is not profitable, but results
from dynamic processes due to fluctuations. There-
fore, we continue the analysis of the above model of a
deposited liquid drop considering its oscillations.

Evidently, a typical frequency of a drop represented
in Fig. 3 is given by

EII
W~ S
where M is the drop mass and E" is the second deriva-
tive of drop energy (4.2) with respect to the angle «
(Fig. 3), and we assume the mass difference for a static
and oscillating drop with respect to its shape to be
AM ~ MAa?. We note that the total drop mass is
conserved in the course of its oscillations, and we let
ADM denote its part located over the drop boundary.
Agsuming the drop separation into parts during its
oscillations to be connected with this extra part that
slides over the stable drop surface, we can estimate the
size of drops that can be separated from the stable
drop. Indeed, drop oscillations are determined by ther-
mal fluctuations, and the energy of these fluctuations
is of the order of T' (the drop temperature expressed
in energy units). It follows from (4.4) that the typical
amplitude of oscillations is given by

4T R0, ®" (2, 2)Aa® ~ Tn?/3.

Introducing the specific surface energy A in accordance
with the relation An*/? = 4w R30;, where n is the total
number of drop atoms, and assuming ®"(x, z) ~ 1, we
find that the a typical amplitude of drop oscillations is

Tn2/3 T
2 - L
Aa” ~ TIE 1

Taking the mass of a separated part to be given by
AM = MAn = Ma?,

we obtain the number of atoms in the separated drop
as

An ~ Zn

We note that along with symmetric vibrations when
the round shape of the drop interface is conserved, there
are nonsymmetric oscillations when the center of mass
for the interface is shifted. This may lead to the forma-
tion of fragments and also to rolling of the liquid drop
over the surface. Thus, fluctuations in the droplet vi-
bration may lead to separation of small drop fragments
from the drop and displacements or diffusion of this
drop over the surface as a result of fluctuations.

We now apply the above estimations to experimen-
tal data for silver drops of size Ry ~ 35 nm (n &~ 9-10°)
located on a silicon surface. Taking the temperature
T ~ 0.1 eV and the specific surface energy A = 2.0 eV,
we then obtain An ~ 4-10° (rgp ~ 12 nm). It is a
rough estimate, which reflects only the nature of the
phenomenon under consideration. This estimate shows
that fragmentation of a deposited liquid cluster under
the experimental conditions may result from fluctua-
tions in cluster oscillations, i.e., this fragmentation de-
velops in the dynamical process under unequilibrium
conditions. This means that small cluster debris leave
the cluster surface and attach to a surface where they
form small clusters.

6. PECULIARITIES OF FRAGMENTATION OF
A DROP ON A PLANE SURFACE

According to the experimental data, we observe the
fragmentation of a deposited liquid silver clusters at
temperatures that are almost an order of magnitude
below the critical temperature of bulk silver. Under the
experimental conditions, the mass of the formed clus-
ter fragments exceeds the mass of evaporated atoms by

12%
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almost an order of magnitude, and therefore we can ig-
nore cluster evaporation in the analysis of the fragmen-
tation process. We have analyzed the behavior of the
deposited liquid cluster from various standpoints, and
summarize the results of this analysis now. We have
two possibilities of cluster fragmentation. The first cor-
responds to thermodynamic equilibrium between the
deposited cluster and the fragments, and the second
possibility is realized under an unequilibrium process
and may be a stage for transition to a new equilibrium.

Based on experimental conditions and thermody-
namic equilibrium of a deposited liquid cluster with
its fragments, we see that Saha formula (3.5) prohibits
fragmentation process (3.3) far from the critical point.
The cluster temperature 1073 K at which the cluster
fragmentation is observed and the critical temperature
approximately equal to 7000 K for bulk silver differ sig-
nificantly. Nevertheless, we can retain the possibility
of a strong decrease in the cluster critical temperature
compared to the bulk critical temperature. Indeed, be-
cause of an enhanced role of surface properties in the
cluster in comparison with the corresponding macro-
scopic system of bound atoms, all the cluster phenom-
ena are observed at lower temperatures. The melting
point for clusters is lower than that for bulk atomic sys-
tems [33-37], and this is true for small dielectric [38]
and metal clusters [39]. But this decrease in the clus-
ter melting point temperature is usually restricted by
a factor of two.

Nevertheless, we can expect that a decrease in the
cluster critical temperature compared to the critical
temperature of this macroscopic system is stronger
than that for the melting point. Indeed, at the crit-
ical point, the difference between the liquid and the
gas disappears [40-42], i.e., the number of bonds be-
tween neighboring atoms becomes equal in both phases.
In the case of a bulk system, the transition between
the liquid and the gas proceeds throughout the bulk of
liquid, while for clusters, this transition primarily re-
lates to the cluster surface. Computer simulation of lig-
uid Lennard—Jones clusters [43, 44] exhibits formation
on the cluster surface groups of several weakly bound
atoms, and atoms of these groups are bound weakly
with the cluster surface. This means that these atom
groups may leave the cluster surface and take part in
the subsequent formation of surface fragments.

Possibly, the computer simulation of hot liquid clus-
ters in [43, 44] also exhibits the different character of
surface processes for small and macroscopic atomic sys-
tems. We observe the difference in various cluster pro-
cesses and phenomena [37,45-48] compared to those
for macroscopic atomic systems. In particular, melting
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of bulk systems proceeds in a stepwise manner, while
the phase coexistence occurs in cluster melting near
the melting point [49, 50]. We can also expect a differ-
ence in critical phenomena for small and macroscopic
atomic systems. Indeed, in the framework of classi-
cal thermodynamics [51, 52], we consider the boundary
between the liquid and gaseous phases to be compact,
for example, consisting of a single atomic layer. The
condition for the equilibrium between these phases is
that the chemical potential of the gas and liquid are
equal; then the rates of atom evaporation transitions
from the liquid surface and of atom condensation from
the gas to the liquid surface equalize. In this analysis,
we assume that the liquid surface is compact, and fluc-
tuations involving groups of a small number of atoms
may occur. These fluctuations can lead to formation
of small fragments, which is especially important for
clusters. We can therefore expect a strong decrease in
the cluster critical temperature, although this question
remains open.

Another channel of fragment formation corresponds
to unequilibrium conditions and can be regarded as a
dynamical process. In this case, the deposited liquid
clusters and fragments are an intermediate state of the
nucleation process similarly to how clusters are an in-
termediate stage of transition from a gaseous phase to a
condensed phase when this condensed phase is thermo-
dynamically profitable [53]. We consider an ensemble
of deposited liquid clusters located on a plane surface
when they occupy a small part of this surface. If the
formation of one large deposited cluster is thermody-
namically profitable according to the Saha formula and
displacement of individual deposited clusters along the
surface is hampered, the cluster growth proceeds via
Ostwald ripening [54], as a result of evaporation of some
atoms from the cluster surface and their subsequent at-
tachment to large clusters predominantly, as it occurs
for island growth on the surface [55, 56]. This is a co-
alescence process [57], and we can expect that along
with individual atoms, it includes small fragments that
can join on the surface. This follows from the struc-
ture of the cluster surface that contains groups of a
small number of weakly bound atoms. Unfortunately,
the accuracy of experimental results does not allow us
to ascertain the possibility of this mechanism of cluster
fragmentation.

7. CONCLUSION

We experimentally observe the fragmentation of de-
posited liquid clusters, and this process of cluster decay
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is stronger than atom evaporation from the cluster sur-
face under experimental conditions. This phenomenon
contradicts the thermodynamics of macroscopic sys-
tems, according to which the surface of liquid clus-
ters is compact. We have considered some theoretical
approaches to the nature of this phenomenon, but
the restricted experimental information does not al-
low definitely choosing an appropriate mechanism of
this phenomenon. Nevertheless, the above theoretical
analysis allows us to outline the way to understanding
the nature of the cluster fragmentation phenomenon.
Namely, simultaneous measurement of the size distri-
butions of deposited clusters, given in Fig. 2 and made
with a scanning electron microscope, and the height
distribution for deposited clusters with an atomic force
microscope gives the dependence of the contact angle
for deposited drops on the temperature and the exposi-
tion time. Simultaneously, such measurements give the
portion of forming clusters as a result of fragmentation
as a function of these parameters. From this, one can
derive the nature of the fragmentation phenomenon
and its details that will shed light on the different be-
havior of small cluster and macroscopic particles in
surface processes.

This work was supported by the Deutsche For-
schungs-Gemeinschaft (grant NeSFB/TRR 24) and by
the RFBR (grant Ne(09-02-00108a).
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