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Abstract. The properties of metal clusters and nanostructures
composed of them are reviewed. Various existing methods for
the generation of intense beams of metal clusters and their
subsequent conversion into nanostructures are compared. Pro-
cesses of the flow of a buffer gas with active molecules through a
nanostructure are analyzed as a basis of using nanostructures
for catalytic applications. The propagation of an electric signal
through a nanostructure is studied by analogy with a macro-
scopic metal. An analysis is given of how a nanostructure
changes its resistance as active molecules attach to its surface
and are converted into negative ions. These negative ions induce
the formation of positively charged vacancies inside the metal
conductor and attract the vacancies to together change the
resistance of the metal nanostructure. The physical basis is
considered for using metal clusters and nanostructures com-
posed of them to create new materials in the form of a porous
metal film on the surface of an object. The fundamentals of
nanocatalysis are reviewed. Semiconductor conductometric
sensors consisting of bound nanoscale grains or fibers acting
as a conductor are compared with metal sensors conducting via
a percolation cluster, a fractal fiber, or a bunch of interwoven
nanofibers formed in superfluid helium. It is shown that sensors
on the basis of metal nanostructures are characterized by a
higher sensitivity than semiconductor ones, but are not selec-
tive. Measurements using metal sensors involve two stages, one
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of which measures to high precision the attachment rate of
active molecules to the sensor conductor, and in the other one
the surface of metal nanostructures is cleaned from the attached
molecules using a gas discharge plasma (in particular, capillary
discharge) with a subsequent chromatography analysis for pro-
ducts of cleaning.

Keywords: metal clusters, metal nanostructures, laser abla-
tion, percolation cluster, fractal fiber, bunch of nanowires,
nanocatalysis, semiconductor conductometric sensor, metal
conductometric sensor

1. Introduction

Investigations of clusters — systems of a restricted number of
bound atoms— progress in a manner typical of any physical
object. This manner consists of studying the nature and
characteristics of the physical object in the first stage and
studies based on this finding further ways to use separate
physical properties of an object for application purposes.
Subsequently, basic research on the object focuses on
respective applications.

Studies of clusters as a physical object can be considered
to have begun in the eighties, when the existence of magic
numbers of atoms in a solid cluster was shown experimen-
tally [1]. This led to particular interest in clusters and was the
basis for detailed studies of clusters, which is also manifested
in the development of experimental techniques and the
creation of computer programs for numerical simulations of
cluster properties. The results of these studies related to
cluster properties and processes with their participation are
reflected in a number of books devoted to clusters (for
example, [2—4]).

In this review we consider metal clusters, focusing on the
corresponding applications. First is the formation of metal
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films on a dielectric surface as a result of attachment of a
metal cluster beam to the surface. Such films are a nanometer-
sized new material, a porous and amorphous metal. This
material has specific properties which can be created depend-
ing on the parameters of the cluster beam. The resulting
material, notably, can be used as a catalyst.

In this respect, so-called nanocatalysis generates the most
interest, where a semiconductor substrate, usually of a metal
oxide, is taken as the basis, and small supported metal clusters
are bonded with the surface, forming a catalyst. The most
frequently used system of this type contains gold clusters
consisting of 10-20 atoms, which do not interact with each
other. Attaching to the cluster, a reacting molecule causes a
transition to an excited cluster configuration state, so that the
chemical process takes place with the participation of bound
molecules. When the chemical process is over, a cluster
returns to the ground state configuration. In contrast to
catalysis in chemistry, which may involve complex chemical
compounds and may provide a change of the channel,
nanocatalysis deals with simple systems and leads only to a
change in the activation energy of the chemical process.

One peculiarity of clusters is that they only exist in the
form of beams or inside a buffer gas, which prevents them
from joining to form a macroscopic system. If the merging
clusters are liquid, their joining leads to the formation of a
compact system — a bulk metal. If these clusters are solid, as
they join rare structures form, depending on the conditions
under which the process of merging clusters occurs. Elements
of such structures are nanometer-sized clusters, so that the
structure is characterized by a large specific area of the
surface. They can therefore be used as a filter or catalyst
when a gas flow with reacting molecules propagates through a
rare structure.

A promising application of metallic nanostructures is to
use them as the basis for sensors in detecting active molecules
in a buffer gas. We consider below only so-called conducto-
metric sensors, where the concentration of active molecules in
a buffer gas is measured by a change in the electric current
through a conductor as a sensor basis due to the attachment
of active molecules to the sensor surface. Since the action of
active molecules on the conductor takes place only near its
surface, i.e., at distances of the order of atomic sizes, the
sensor wires are of nanometer sizes.

In the last two to three decades, progress has been made in
the development of semiconductor sensors, which are char-
acterized by a number of parameters, one of which is the
sensitivity, i.e., the minimum measurable concentration of
active molecules, and the selectivity, i.e., the possibility of
determining the type of active molecules. Therefore, on the
basis of the advantage of semiconductor sensors, it is
necessary to take into account the fact that the metal sensor
differs from the semiconductor one not only by the mechan-
isms of how they work, but also in the different ways they are
used. Below, we look at the problems under consideration in
more detail.

2. Some properties of metal clusters
and nanostructures

2.1 Structures of metal clusters

Metal clusters, i.e., systems of a finite number of bound metal
atoms, are characterized by a strong interaction between the
metal atoms and a relatively large binding energy of atoms

that leads to stable structures of atoms in the cluster, both for
ground and excited configuration states. Transitions between
the ground and excited configuration states determine the
work of the cluster as a catalyst and are of interest from the
standpoint of catalytic cluster properties. Therefore, we
consider the atomic structures of metal clusters from this
position.

Cluster magic numbers are a fundamental property of
small clusters. The magic numbers of atoms in a cluster mean
the highest cluster stability that is expressed in extremal values
of some cluster parameters as a function of the number of
cluster atoms, such as the binding energy of atoms in the
cluster, the cluster ionization potential, and electron affinity.
These parameters for clusters with magic numbers of atoms
are higher compared to those in clusters which size is more or
less by unity. Although the magic number of atoms in a cluster
is shown up to a size corresponding to tens of thousands of
atoms in a cluster, they are of interest only for small clusters.
However, the main method of fixing the magic numbers of a
cluster is to analyze mass spectrometry clusters formed in a
buffer gas and extracted from it (for example, [1, 5-10]). Then,
local maxima of cluster flows are observed at magic numbers
of atoms in a cluster.

The first magic number of metal clusters, which refers to
the most stable configuration of atoms in a cluster, is 13, which
corresponds to the icosahedral structure of atoms [11]. In
particular, in a gold cluster, this is observed in experiments
[12-20]. The number 13 is the magic number for clusters with a
short-range interaction of atoms [21], i.e., in the case of
interaction between nearest neighbors only. Note that gold is
a widespread material for a cluster, whose history begins in
1857 [22], when Faraday worked out a method to obtain gold
particles of close sizes in colloidal solutions. This method was
further modified by Zsigmondy [23] taking into account the
fact that at a certain solution acidity the nanoparticle changes
charge sign at a certain size. Then, nanoparticles attract metal
ions in solution up to a certain size and grow, whereas
nanoparticles of larger scales repel metal ions, i.e., the
solution contains nanoparticles of almost the same size. This
property was used to study the scattering of light by small
particles [24], as well as in the study of growth of fractal
aggregates [25-29]. Colloidal solutions containing gold
nanoparticles of nearby sizes are used in various applications
(for example, [30-33]).

Itis convenient to demonstrate the competition of various
structures of small clusters using the example of gold clusters,
which can have the linear, zigzag, flat, and three-dimensional
structures [34]. The last is typical for clusters containing tens
of gold atoms and includes icosahedral, cellular, and tube-like
structures [34-36]. A flat structure relates to the cluster
ground state consisting of seven atoms, and it competes with
the cluster structure of the ground state with the number of
atoms of n = 4—11 [37]. An analysis of structures of charged
gold clusters was made experimentally in [38] on the basis of
the mobility measurement. Indeed, charged clusters of this
size are selected by a mass spectrometer and are passed
through a drift chamber with helium, where the clusters
move under the action of a weak electric field.

Because of the small size of the helium atom compared to
that of the gold atom and especially to its cluster, the cluster
mobility of a given configuration may be calculated on the
basis of the hard sphere model (for example, [39]) under the
assumption that a cluster has a rigid boundary, i.e., the
interaction potential between a helium atom and cluster
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Figure 1. Configurations of the lower excited states of negatively charged
gold clusters consisting of 11, 12, and 13 atoms [38]. Structures of more
excited states are given on the right.

with the interaction energy of the order of the thermal energy
changes sharply in a narrow range of distances between the
colliding helium atom and the cluster for a given cluster
configuration. This allows us to determine the mobility for a
given cluster configuration of atoms. The mobilities for
different cluster configurations differ by about 10%, whereas
the accuracy of measurement of the mobility is about 1%.
This allows cluster structures to be arranged in accordance
with the excitation energies of a given configuration. In
particular, the transition from flat to three-dimensional
configurations of atoms in the cluster ground state for
positively charged gold clusters Au; occurs at n =7 [40],
whereas for negative Au, charged gold clusters this transition
corresponds to n = 12 [41].

Figure 1 contains the energy sequence for the lower
configuration states of negatively charged gold clusters
consisting of 11, 12, and 13 atoms [38] obtained in this way,
and Fig. 2 gives the possible configurations of planar and
three-dimensional structures of atoms for gold clusters
containing 10 atoms [34-36, 42].

Note that the energetic parameters of dielectric clusters
with magic numbers of atoms, which correspond to filled
atomic shells, differ significantly from the parameters of these
clusters with other numbers of atoms. For metal clusters, such
a strong dependence of the energetic parameters on the cluster
number is absent. Moreover, along with the interaction
between the atomic metal cores in clusters, the interaction
between the valence electrons is essential. In particular, for
clusters consisting of atoms with one valence electron, the
coupling between electrons with different spin directions is of
importance. This refers to alkali metals, as well as to so-called
coin metals (copper, silver, gold) and leads to even-odd
oscillations in energetic parameters of clusters. For example,
such oscillations occur in the electron affinity of silver clusters
[43, 44], and for clusters with an even number of atoms, the
electron affinity is lower than that for clusters with an odd
number of atoms.

2.2 Transition of an atomic system into a metallic state

In considering metal clusters and structures consisting of
them, it is necessary to formulate their fundamental difference
from other systems. The basic difference between metal
systems and dielectrics is their high metal conductivity. This
separation for macroscopic systems is readily apparent,
because the conductivity of different materials varies from
10°up to 1072 Q'em~! [45-47], which encompasses 31 order
of magnitude. But for clusters, parameters other than the
material conductivity should be used to define the metal
properties. Indeed, let us introduce the ionization cluster
potential 7, as well as the energy of the electron affinity of a
cluster EA and, on the basis of these parameters, we introduce
the correlation Mott—-Hubbard energy U [48—52]

U=I1-FA. (2.1)

For metal clusters, correlation Mott—Hubbard energy U
is zero. A valence electron of the metal cluster may then go
freely outside the action of the cluster field, and electrons of
large clusters can move freely over the cluster surface, which
corresponds to a high conductivity of this object. For atoms
and small clusters consisting of atoms, the relation U=
I— EA > 0 holds true, i.e., ratio (2.1) is violated, so that
atoms, molecules, and clusters of small sizes for each element
are dielectric systems, but at certain sizes clusters may become
metals. From the energetic standpoint, this corresponds to a
small electron binding energy compared to the thermal
energy. Below, we consider the transition to the metal cluster
state using a simple example [53].

24

Figure 2. Configurations of atoms in a negatively charged gold cluster consisting of 10 atoms Au;o [34-36, 42]. (a) The basis of a cluster containing 7 atoms
has a planar structure {111}; (b) the structure of a double cluster consisting of antiprisms; (c, d) atomic planar structures. The numbers indicate the

number of bonds between nearest neighbors.
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Indeed, atoms have a discrete spectrum, and as we move
from atoms to clusters, the energy levels broaden and are
transformed into energy bands. At a certain number of cluster
atoms, the boundary is lost between the upper energy bands,
and they are converted into a single energy band correspond-
ing to the electronic excitation of the cluster. The cluster itself
becomes a metallic system as soon as the band for the cluster
ground state combines with the band corresponding to its
lowest excited state. This occurs when the energies of the so-
called HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) states are
joined, i.e, the excitation energy of the most weakly bound
electron is zero. Note that in a system of a large number of
atoms the HOMO energy is the excitation energy of the lowest
excited state, and the LUMO energy corresponds to the
energy of the atom electron affinity for this system. Since the
interaction energy for excited states of a system is higher than
that the ground state, the electron excitation spectrum
becomes continuous, and this definition for transition to the
metallic state [53] coincides with the Mott—Hubbard princi-
ple.

However, experimentally, it is convenient to use the
Mott—Hubbard version, and we will demonstrate this for the
case of mercury [54]. In accordance with the structure of the
atom electron shell, small clusters are characterized by a filled
electron s-band and a free p-excited band, and these bands are
separated by a gap. The energy width of this gap, correspond-
ing to the minimum energy of the s—p transition, decreases
with increasing cluster size, and at some number of cluster
atoms the s- and p-bands overlap, so that the cluster then
becomes a metallic system in accordance with the Mott—
Hubbard principle. In the experiment, the threshold energy of
electron photodetachment from a negatively charged cluster
Hg, is compared with the threshold excitation energy of the
cluster Hg, (nis the number of cluster atoms). An approxima-
tion of these dependences as a function of the number of
cluster atoms n to large clusters gives the number of cluster
atoms, where the corresponding curves are intersected and
the cluster becomes a metal system. In mercury, this
intersection takes place at the following number of cluster
atoms [54]:

n=400+30. (2.2)

This example, represented in Fig. 3, indicates the validity of
the Mott—Hubbard principle, which relates to booth a
macroscopic system and a cluster, and demonstrates the
ability of experimental modeling of this transition to the
metallic state.

Thus, the metallic property of a system of bound atoms is
manifested in a high (metal) material conductivity, resulting
in a low-energy excitation of valence electrons. This means
that the lower excited states which are not occupied by
electrons are separated from occupied electron states by a
value below a thermal energy.

2.3 Metal nanostructures

The simplest fractal structure is a fractal aggregate, which is
formed by joining of solid clusters. This is a loose structure,
an example of which is shown in Fig. 4. Typically, the fractal
aggregate is modeled as a system consisting of solid spherical
particles of the same size, where nearest neighbors form a
chemical bond in contact areas [55-59]. In other words, the
nanostructure is constructed as a system of bound monomers.
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Figure 3. Threshold energy for photoabsorption of the neutral cluster Hg,
with a transition from the s-cluster band and that for a negatively charged
cluster Hg, with a transition from the p-cluster band [53], as well as the
difference between these energies. The coincidence of these energies, i.e.,
the zero gap between the s- and p-bands, corresponds to a transition to the
metallic state.

Fractal properties of the system [60, 61] characterize the
correlation of the positions of monomers and are described
by the fractal dimension D of the system, which is a parameter
of its density. Namely, if we draw a sphere of radius R with a
monomer in the center, the total mass M, inside this sphere is

R D
Ma:m()(*> )
a

where a is the monomer radius, m is the monomer mass, and
D is the fractal dimension of the aggregate. Note that for a
compact aggregate which is completely occupied by parti-
cles— monomers— D = 3. (Since the standard designation
of the fractal dimension D coincides with the notation of the
diffusion coefficient, we denote the fractal dimension as «.)
Then, the above formula (2.3) gives for the number n of
elementary particles— monomers inside a fractal aggre-

(2.3)

Figure 4. Fractal aggregate of silver [25].
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where R is the average radius of the fractal aggregate.

The fractal dimension of an aggregate can be determined
by a certain simulation of the growth process of a fractal
aggregate. Note that, since the fractal aggregate is a chaotic
system, the analysis of fractal aggregates constructed in the
same scenario can lead to different fractal dimensions. We
evaluate the accuracy of the aggregate fractal dimension
based on the data used in [57, 62] and obtained by computer
simulation of fractal aggregates in papers [63—68]. In the
calculations used based on computer simulations of growth of
fractal aggregates, the sticking probability of two small
aggregates at their contact is taken as unity.

Let us give some results of statistical averaging based on
calculations [63—68]. In the case of the kinetic regime of
cluster growth, i.e., if joining clusters are moving along
straightforward trajectories, the statistical value of the
fractal dimension is o = 1.93 £ 0.06, and in the diffusive
regime of cluster growth, i.e., in the case of Brownian motion
of clusters, the fractal dimension is « = 1.77 4 0.03. This is
consistent with the fractal dimension o =1.77+0.10 for
silver fractal aggregates formed in the solution and collected
on a grate (Fig. 4). Note that in this case we have a diffusion
limited aggregation (DLA) model [69], where growth of
fractal aggregates is a result of joining smaller aggregates
with the diffusion motion of clusters in a gas.

In turn, the number n of atoms in an individual cluster of
radius a is connected with the Wigner—Seitz radius rw by the
relation [70, 71]

()

For definiteness, we take the radius of an individual cluster to
be a = 5 nm, and the fractal aggregate radiustobe R = 1 pum,
which corresponds to typical conditions. Table 1 contains
values of parameters of the fractal structure for the metals
under consideration. These parameters include the Wigner—
Seitz radius [70, 71] for these metals, the metal atom mass m,
the number 7 of cluster atoms according to formula (2.5), the
density p of the metal at room temperature, and the mass of
an individual cluster m, which follows from the formula

(2.4)

(2.5)

:4Tta3p

3

my

(2.6)

Table 1. Parameters of metallic fractal structures.

Metal Cr | Fe | Ni | Cu | Pd | Ag | Pt | Au

Parameter

rw, M 0.141{0.147|0.144|0.147 [ 0.158 | 0.166 | 0.160 | 0.165
m, a.u.m. 52.0 | 55.8 | 58.7 | 63.6 [106.4[107.9| 195 | 197
p,gem™3 7.15 | 7.87 | 8.90 | 8.96 | 12.0 | 10.5 | 21.5 | 19.3
n 0.141]0.147(0.144|0.147|0.158 | 0.166 | 0.160 | 0.165
mo, 10718 ¢ 38 | 3.6 | 41 | 41 | 56| 49|99 |91
M,, 107 g 45 | 43 | 48 | 49 | 66 | 58 | 12 11

dm
m,pgcm’z 48 | 52 1 59 | 60 | 80 | 7.0 | 14 | 13

g, eV 3.79 | 3.83 | 4.13 | 3.40 | 3.67 | 2.87 | 5.4 | 3.65

mJcm~? 34 35 40 31 27 18 38 23

Figure 5. Fragment of a fractal fiber [74].

Table 1 also contains values of the mass of a fractal aggregate
M, in accordance with the formula M, = Myn.

A fractal aggregate is a structure of micron size, and larger
structures consist of fractal aggregates. Figure 5 shows a
photograph of a fractal fiber. This nanostructure consists of
fractal aggregates [72, 73] and is elongated in the direction of
the electric field, which leads to the joining of fractal
aggregates into fractal fibers as a result of the interaction of
the induced dipole moments. Fractal fibers were first
synthesized by Lushnikov et al. [74] by irradiation of a metal
surface by a ruby laser (wavelength 2 = 693.4 nm). A plasma
torch arose in the region of irradiation of the metal surface
with a laser beam where evaporation of metal atoms takes
place. Next, fractal aggregates are formed as a result of a
chain of processes [75], and the character of these processes
has been studied in detail [56, 62—67, 69, 76, 77]. If the fractal
aggregates exist in the buffer gas long enough, they can join in
the aerogel as an isotropic fractal structure, or in other fractal
structures [78, 57], because larger fractal aggregates become
unstable with respect to the subsequent increase in size and,
respectively, to reduce the density [78, 79]. In this case, the
joining of fractal aggregates results from the interaction of
dipole moments induced by an external electric field, which
leads to the formation of elongated fractal structures—
fractal fibers.

Let us note an important property of metals associated
with their use as a catalyst [80-83]. This property applies to
metals whose atoms contain noncompleted s- and d-electron
shells [81] of macroscopic metals and their clusters. In the
catalytic process, metals capture reactive molecules, and this
process is accompanied by a transition between s- and d-
electron bands of the metal [84]. When the chemical process
takes place in the gas phase, it is convenient to use metal
fractal fibers, which are thin metal objects with a developed
inner surface, as a catalyst. In this process, the reacting
molecules are located in a buffer gas flow. Analyzing the
process of generation of fractal metal fibers for the catalytic
process, we will consider further metals with unfilled s- and d-
electron shells of their atoms. In addition, below we consider
the character of propagation of a buffer gas flow through the
fractal structure. Thus, the aim of this consideration is to
analyze the processes of generation of fractal fibers and their
interaction with buffer gas flows.
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If a gas flow passes through a nanostructure, the
scattering of gas molecules takes place on individual clusters
which form the nanostructure. Therefore, it is convenient to
model this nanostructure by a system of independent clusters
which interact with the gas molecules. It is convenient to
introduce the parameter of filling &, which characterizes the
filling of a space by clusters of the fractal structure. Let us
project the fractal structure onto the symmetry plane. If the
fractal structure is located inside a tube, this plane is
perpendicular to its axis. Let us define the filling parameter as

¢ =mna’NyL, (2.7)
where L is the layer thickness which is filled with a fractal
structure, and N is the number density of clusters of this
structure. Since the projection of a single cluster onto a plane
is equal to ma?, then, when ¢ < 1, the filling parameter is
proportional to the total area occupied by the area of cluster
projections of this structure. Next, let us place the fractal
structure in a tube of radius R, and then the filling parameter &
is the ratio of the sum of projection areas for clusters forming
a fractal structure to the cross section area of the tube. Note
that the filling parameter ¢ characterizes the transparency of
the fractal structure if the clusters are absorption balls of
radius a. On the basis of the filling parameter £, we determine
the mass M of the fractal structure per unit cross section area
of the tube S, which is

dMm 4
—— =myNgL = ?a pé.

i (2.8)

Let us determine the minimum energy E which is required
to create the fractal structure of a metal, if the first step of this
process is conversion of the metal into a gas of free metal
atoms. Removal of each atom of the metal then requires
consuming the atom binding energy of this metal ¢, so that the
minimum specific energy which is necessary to create a fractal
structure is

dE_ & dM_drope
dS ™ my dS  3my

(2.9)

Table 1 contains the values of the specific mass of the fractal
structure and the minimum specific energy of its formation
for some metals.

2.4 Metal nanowires in superfluid helium
A specific fractal structure can be formed by introducing
metal atoms in superfluid helium. This structure consists of
metal nanowires, which are formed as a result of condensa-
tion and cluster growth for a vaporized metal in superfluid
helium [85-87]. The superfluidity phenomenon is observed in
helium with nuclei-isotopes “He and shows the ability to flow
through narrow capillaries without viscous drag. Such a
helium isotope, on the one hand, remains a liquid at low
temperatures and, on the other hand, its atoms are bosons.
Under these conditions, the superfluidity phenomenon is
described in terms of the Landau two-liquid model [88],
where liquid helium is divided into a normal liquid and a
Bose condensate. Excitation of the liquid is determined by the
formation of phonons and rotons, and the combination of
these excitations produces the superfluidity of liquid helium
at certain flow rates. This important phenomenon is
described in detail in corresponding books [89-91].

One of the properties of superfluid helium, which is of
interest for the processes under consideration, is the capture

of impurity ions by liquid vortices [92, 93]. This property
takes place for metal atoms inserted in superfluid helium. In
considering the formation of metallic nanowires in superfluid
helium, we use a simple model that, while not a theoretical
substantiation of these processes, helps to explain them on the
basis of reasonable considerations [94, 95]. The essence of this
model is that superfluid helium repulses outside impurity
atoms and particles. As a result, the vaporized metal atoms
and further metal nanoclusters formed from them are locked
inside some area, which is separated from the main volume of
superfluid helium by a vortex, and this vortex keeps a metal in
this region relatively long. In this case, the kinetics of
conversion of a metal vapor in small nanoclusters is
analogous to the process of nucleation of an atomic metal
vapor in a buffer gas (for example, [96]). Namely, atoms join
into small metal clusters-drops, and further, in turn, small
clusters are joined in clusters of larger sizes until they become
rigid.

The difference compared to the kinetics of growth of
clusters in a buffer gas at some stages of nucleation may be
connected with the high thermal conductivity of liquid
helium, which leads to the formation of solid clusters at
smaller cluster sizes. The principal difference in the kinetics
of cluster growth takes place in the following stage, where
solid clusters join in some structure in the region of their
contact. As a result of solid clusters joining in a buffer gas,
fractal aggregates are formed [72], i.e., a structure where
neighboring clusters are in random directions with respect to
a given direction. In superfluid helium, the clusters are
arranged in one line forming a chain at the first stage of
cluster growth.

Of course, the vortex length is restricted, and the observed
length is estimated as d ~ 100 nm. Therefore, the vortex
restricting a channel with metal clusters creates an aniso-
tropy of a formed metal structure. In the case of clusters
joined in a buffer gas, an isotropic fractal structure, fractal
aggregates [72], is formed. At some vortex length in the course
of structure growth in superfluid helium, the vortex comes off
the metal surface, then the vortex with chain metal clusters
inside it makes a diffusive motion in superfluid helium. If the
vortex trajectory is intersected with that of another vortex
containing a chain of metal clusters, these chains are joined in
the contact region, and subsequent growth leads to the
formation of fractal structures, elements of which are
nanowires of a length of the order of 100 nm and a radius of
a few nanometers. This structure may be attached to walls or
to other elements of a motionless construction, so that after
helium removal this structure exists stably inside a buffer gas.

As an example, Fig. 6 represents a metallic nanostructure
which is located on a surface. The metal structures under
consideration may be used as a catalyst [97-99], as can other
nanostructures. In terms of this review, these nanostructures
are of interest as the basis of sensors.

3. Generation of intense beams
of metallic clusters

3.1 Interaction of laser pulse with a metal surface

Generators of clusters have existed for more than half a
century (see [101-103]). During this time, various methods
and schemes of cluster generation have been developed (see,
for example, [104]). We consider below some of these methods
which allow generating intense beams of clusters. Only in the
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Figure 6. Structure obtained by laser ablation of the alloy Au—Cu in liquid
helium and set down on a grid covered with carbon after annealing at
723 K [100].

case of intense cluster beams are solid cluster structures
formed, which can be used as a filter, a catalyst, or a sensor
conductor. Note that the first stage of the process of
generation of metal clusters in all cases is the formation of a
metal atomic vapor, and it is subsequently converted into a
gas of clusters as a result of atom joining and atom
attachment to the clusters. At the stage of cluster solidifica-
tion and under corresponding conditions, their association
leads to the formation of nanostructures, i.e., fractal
aggregates, aerogels, and fractal fibers [105, 106].

The simplest way to generate metal vapor from macro-
scopic metal consists of irradiating the metal surface with a
powerful laser that causes its evaporation. As a result, a beam
of evaporated metal atoms is formed in the irradiated region
of the surface. In the case of a continuous laser beam, a metal
plasma is formed due to the interaction of evaporated metal
atoms with the laser beam and absorbs radiation at a certain

stage of the process. In this case, the laser beam energy is
transmitted to the plasma, and finally electric breakdown
occurs in the plasma [107]. Hence, a pulse laser source is used
to create the metal vapor. In a similar way, the creation of the
metal vapor may be a result of irradiating the surface with a
plasma beam.

Let us consider the process of absorption of an electro-
magnetic wave by a metal surface, which is accompanied by
heating of the target. The character of the process of
electromagnetic wave absorption with a metal target is
analyzed in book [108], and the results of this analysis will
be used. The interaction of the electromagnetic wave with the
metal surface is characterized by the metal surface impedance
{, which is introduced as [108]

(= \/£ (3.1)

where o is the frequency of the electromagnetic wave, and X is
the metal conductivity at a given temperature. This parameter
characterizes the nature of interaction of an electromagnetic
wave with the metal surface which follows from interaction of
metal valence electrons with the electromagnetic wave.
Subsequently, the energy which is received by electrons from
the wave is transferred from the valence electrons to atomic
cores through the same mechanism that determines the metal
conductivity.

Let us approximate the temperature dependence of the
metal conductivity as

2(T) =2 (%)k (3.2)

where T is the metal temperature, 7y = 300 K, and para-
meters of this formula (3.2) obtained from the data in[109] are
given in Table 2. For simplicity, we take an incident
electromagnetic wave to be perpendicular to the metal
surface. In this case, the probability of absorption of the
electromagnetic wave by the metal surface at normal
incidence is given by [108]

Pabszl_R:4é/7 C<17 (33)

where R is the probability of reflection of the electromagnetic
wave from the surface. Metals with a high conductivity are

Table 2. Thermal and energy parameters of metals in the course of evaporation of the metal surface with the formation of free metal atoms.

Metal Cr Fe Ni Cu Pd Ag Pt
Parameter

Tm, K 2180 1812 1728 1358 1828 1235 2041
Ty, K 2944 3023 3100 2835 3236 2435 4098
Ngat (T = 2000 K), 10" cm—3 32 2.0 0.74 11 1.1 190 4.0 %1074
Dy, (T=2000 K, p=1 atm), cm? s~! 41 38 37 35 28 28 26
P> € CM 3 6.3 6.98 7.81 8.02 10.38 9.32 19.77
cp,J g K! 0.450 0.449 0.445 0.384 0.244 0.235 0.133
k(T =300 K), Wem™! K~! 0.937 0.802 0.907 4.01 0.718 4.29 0.716
k(T =1200 K), Wem™' K~! 0.654 0.283 0.762 3.39 — 3.61 0.826
n 0.26 0.75 0.13 0.12 — 0.12 0.10
% (T =300 K), cm? s~! 0.33 0.26 0.26 1.3 0.28 2.0 0.27
O (T = 2000 K), kJ cm~3 5.7 6.3 7.0 6.2 5.1 4.4 5.3
X, 100 57! 7.1 9.0 12 52 8.3 55 8.3
k 1.04 1.78 1.53 1.14 0.91 1.13 0.99
{(T = 2500 K) 0.16 0.14 0.13 0.08 0.15 0.08 0.15
Ty, 10° K, p=1 atm 2.95 32 3.45 2.8 32 2.358 4.1
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Figure 7. Probability of absorption of an electromagnetic wave directed
perpendicularly to the plane of a metal surface at indicated temperatures.
Icons correspond to the wavelength of an excimer laser F, (=157 nm),
excimer KrF-laser (4 = 248 nm), ruby laser (A = 694 nm), neodymium
laser (A = 1.064 um), and CO; laser (A = 10.6 pm).

characterized by a small parameter (3.1), i.e., { € 1, and the
probability of reflection of an electromagnetic wave is close to
unity; in violation of this criterion, the probability of
absorption of an electromagnetic wave is equal to one. It is
therefore convenient to approximate the probability of
absorption of an electromagnetic wave by the following
expression:

4
Pabs = TC“'C 5 (34)
because P,ps < 1. Figure 7 contains the dependence of the
absorption probability P, of an electromagnetic wave with
the metal surface on the wavelength. As is seen, the
absorption probability of an electromagnetic wave is small
at room temperature. However, there is a threshold value for
absorption of an electromagnetic wave [parameter (3.1)], and
the absorption process leads to an increase in the surface
temperatures, which causes an increasing probability of
absorption. As an example, Fig. 7 gives the dependence of
the absorption probability of an electromagnetic wave with
bulk silver and iron at different temperatures.
Let us introduce the penetration depth J, of an electro-
magnetic wave inside the metal as [108]
A
b= (3.5)
Note that for electromagnetic radiation generated by a laser
in the visible and infrared spectral ranges we have { < 1.
From this, it follows that the penetration depth is less than the
length of the electromagnetic wave, which leads to a small
depth of the region in the vicinity of the metal surface where
the electromagnetic wave interacts with the metal. Table 3
contains the value of the parameter { (3.1), and the depth of
penetration of the electromagnetic wave (3.5) into the metal.
Absorption of an electromagnetic wave by the metal
surface leads to its heating, causing the evaporation of the
metal surface. For a metal surface with a high conductivity,
the thermal equilibrium in an absorbed layer is established as
a result of collisions of valence electrons with the ionic lattice
during short times of the order of 10~!4 s. One can character-
ize the surface layer which is responsible for absorption of an

Table. 3. Parameters of a beam of metallic atoms formed on a metal
surface that is heated to a temperature of 5000 K at a laser pulse duration
of 1077 s.

Metal | Cr | Fe [ Ni | Cu | Pd | Ag Pt Au

Parameter

¢ 0.14|0.34 | 0.21 | 0.06 | 0.10 | 0.10 | 0.12 | 0.065
S, M 122018 |49 89|89 | 10 55
Pubs 0.35]0.58 | 0.46 | 0.19 | 0.30 | 0.30 | 0.32 | 0.21
Pat, atm 450 | 150 | 76 | 560 | 120 [ 1900 | 14 | 250

N, 100 em=3 | 17 | 12 | 13 | 15 | 15 | 41 | 21 | 37
Np, 102 em™ | 73 [ 76 | 80 | 76 | 59 | 52 | 6.1 | 53
Ngat/Nm, 1073 | 23 [ 1.6 | 1.6 | 2.0 | 2.6 | 79 | 03 7
Je, 107 Wem=2| 1.4 | 1.0 | 1.1 | 1.0 | 0.9 | 1.9 [0.0340.004
Ju, 108 Wem™2| 34 | 34| 42 | 72 | 28 | 65 | 29 | 56
Jeo/ I 0.04 | 0.03 [ 0.03 [0.014| 0.03 | 0.03 |0.001{0.0008

electromagnetic wave by a temperature 7. Let us connect the
flux of evaporated atoms from the surface with this tempera-
ture, assuming the evaporated atoms leave to a dense buffer
gas, which borders the metal. Because of thermal equilibrium,
the number density of metal atoms near the surface coincides
with the saturated vapor number density Ng(7'), which is
estimated as

&

Neat(T) ~ exp (— 7) . (3.6)

Table 1 gives the binding energies of metal atoms ¢, and
Table 2 contains the values of the metal melting temperature
Tm and the boiling point 7}, of these metals. In addition,
Table 2 shows the values of the number density of atoms Ny,
at the saturated vapor pressure at 7= 2000 K.

Under these conditions, we have the following expression
for the energy flux J,, due to atom evaporation if the atoms
move away from the surface:

ONm

Jev = 8Dm ? s

(3.7)
where D,, is the diffusion coefficient of metal atoms in a
buffer gas (argon), and Ny, (z) is the number density of metal
atoms at a distance z from the metal surface. Table 2 contains
the values of the diffusion coefficient Dy, for metal atoms in
argon at a pressure of 1 atm and temperature 7= 2000 K.
Below, we take ONy,/0z & Ngy/l, where /=~ 1 mm is the
minimum size of the vortices formed near the hot metal
surface. This value can be estimated on the basis of the
theory of convective instability of a liquid or gas [110].
Accordingly, the energy flux J., consumed on evaporation
of metal atoms is given by

T — SDmNsat(T)
ev —fv

(3.8)
and its temperature dependence for some metals is repre-
sented in Fig. 8a.

We first consider the regime of absorption of an
electromagnetic wave by a metal with a relatively long
pulse, being guided by the pulse duration 7 =1 ps. In this
regime, the basic energy loss from a metal surface heated
from absorption of an electromagnetic wave results from
heat transport inside the metal due to thermal conductivity;
values of the thermal conductivity of metals are given in
Table 2. These values are taken from [109] and refer to the
temperatures 7= 300 K and 7= 1200 K. The temperature
dependence for the thermal conductivity of metals x(7T')
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Figure 8. Interaction of laser radiation flux with a metal surface. (a) The
energy flux consumed on atom evaporation from the metal surface (Jey) at
the temperature 7. (b) The efficiency of atom evaporation from the metal
surface as the ratio of energy flux due to evaporation (Jey) and heat
transport (Jy,) as a result of the thermal conductivity in a bulk metal.
(c) The ratio of the radiative energy flux Jy,q to the evaporation energy flux
Jey from the metal surface.

may be represented in the form

W(T) —ﬁo(g)".

Values for n obtained on the basis of data in [109] are given in
Table 2.
Let us construct the thermal diffusivity coefficient y as

_w(T)
X(T)f Cpp )

(3.9)

(3.10)

where ¢, is the metal heat capacity at constant pressure, and p
is the metal density.

Values of the thermal diffusivity coefficient for metals y,
obtained on the basis of formula (3.10), are given in Table 2
and are used for evaluations. The mean square distance (Ax)?
of heat propagation during time ¢ in the direction perpendic-
ular to the surface is given by

(3.11)

Note that in this case the heat is distributed only perpendicu-
larly to the surface, since the radius of the irradiated area p,
greatly exceeds the distance over which heat propagates in the
transverse direction. We have for the energy flux Ji,, which is
consumed upon metal heating,

S _OAx_ 0V2A(T)
th = : ﬁ )

where 7 is the pulse duration. Let us introduce the energy
density Q per unit volume required for heating the metal
target by temperature AT under the above conditions, if the
final metal temperature is much higher than room tempera-
ture AT ~ T. We have

(3.12)

0 = cppAT. (3.13)
Table 2 contains values of this parameter at metal heating up
to the temperature AT = 2000 K. Since the parameters used
relate to room temperature, the results of Table 2 are
considered estimations.

Let us define the efficiency of the evaporation process
from the metal surface as the ratio of the energy flux Je,
required for atom evaporation to the energy flux Ji, consumed
upon metal heating, i.e.,

5= & - Jevy/ 2%(T)
Jin oVt

Figure 8b gives the temperature dependence of the efficiency
of atom evaporation Jg, /Ji, from the metal surface at a pulse
duration 7 =1 ps. As is seen, the efficiency is low for the
formation of metal clusters and, subsequently, metal nano-
structures by heating the metal surface. However, since the
mass of a metal nanostructure is small, the regime under
consideration involving the use of laser and plasma sources of
a middle power may be used to produce fractal metallic
nanostructures.

Since the metal surface is strongly heated as a result of the
absorption of an electromagnetic wave, radiation from the
metal surface may make a contribution to its energy balance.
Let us compare the energy flux J., for atom evaporation with
the energy flux J;,q due to radiation from this surface, which is
given by the formula

Jrad = a(T)4nr20'T4,

(3.14)

(3.15)

where o is the Stephan—Boltzmann constant, and a(T) is the
grey coefficient of the metal surface averaged over frequen-
cies. In accordance with the definition, the grey coefficient
a(w, T) of the metal surface for a given frequency w is given
by [108]

a(w)zg{zlnG)—lnz—gﬂ}, c:,/%@.

(3.16)
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Taking into account the weak frequency dependence of
the grey coefficient, we use the Wien law [111], according to
which the wavelength A of blackbody radiation for the
maximum radiative flux is connected with the radiative
temperature 7 by the relation A=0.29/T, where the
radiative temperature is expressed in K and wavelength in
centimeters. This allows us to replace frequency with the
radiative temperature in formula (3.16) in accordance with
the Wien law. Table 2 contains values of the grey coefficient
for metals, and these data confirm the smallness of the
parameter o = {2 in formula (3.16). Figure 8c also gives the
ratio of the energy fluxes Ji,q/Jey, Which are determined by
formulas (3.8) and (3.15). This implies that radiation from the
hot metal surface makes a small contribution to the energy
balance of the surface compared to the evaporation flux.

Thus, the analysis fulfilled exhibits a low efficiency of
atom evaporation from the metal surface by the action of a
laser beam in this regime with pulse durations of the order of
1 ps. This process has a threshold, because it is necessary to
heat the surface region to a certain temperature in order to
realize this process. A basic loss of the absorbed power in the
metal results from its heating, so that the shorter the laser
pulse the higher the evaporation efficiency. Note that the
metal surface temperature increases with time at a constant
flux density of the laser beam, because the heat flux due to
thermal conductivity decreases at large distances with time.
Above, we assume the surface temperature in the course of
its irradiation with the laser beam to be independent of time.
The above regime of interaction of laser radiation with a
metal surface refers to the laser radiative fluxes J ~
(10°~10")W cm~2 and the pulse duration t ~ 1 ps. This
regime corresponds to that of [74], where fractal fibers were
obtained, as well as in [112, 113], where metal fractal
structures such as an aerogel were formed from vaporized
material.

Let us consider another regime of interaction of a laser
beam with a metal surface for a high-intensity laser beam and
smaller pulse time. Here, the power of the absorbed laser
radiation is compensated by the power consumed to evapo-
rate metal atoms and form the atomic beam [114, 115]. The
character of atomic beam formation for a sharply heated
surface with a laser beam is described in [107, 116-118]. By
analogy with the above regime, the first step of this process is
the formation of free metal atoms on the metal surface.
However, the density of evaporated atoms is small in the
above regime, and each of these atoms penetrates in a buffer
gas independently of the other ones and propagates in it as a
result of diffusion. In this regime, the evaporated vapor
pressure ps,(7') is high compared to the buffer gas pressure
p in accordance with the criterion

P < Psat - (3.17)

In the second regime, evaporated metal atoms form a
beam that ‘breaks through’ the buffer gas and penetrates deep
into it. In accordance with the character of this process [107,
116-118], a metal vapor creates the pressure pg,(7) on a
metal surface and is characterized near the surface by a semi-
Maxwell distribution function over atom velocities with the
metal surface temperature 7. In other words, the distribution
function at atomic velocities near the surface is the part of the
Maxwell distribution function where atoms are removed
from the surface. Upon removal from the surface at distances
of a few mean free paths, atom movement is converted into a

beam. Then, the Maxwell distribution function at atomic
velocities is realized with beam temperature 7}, and the beam
propagates with velocity ¢;. These beam parameters may be
connected with initial parameters of an evaporated vapor that
follows from the conservation laws for density and energy
fluxes on the metal surface and the beam near the surface. We
have an average energy of metal atoms on the surface and the
beam

3

1 3
S T=-me?+>Ty.

ST=5 5 (3.18)

Here, m is the atom mass, the speed of the sound is ¢ =
())T/m)l/2 = 5T/3m in the atomic beam, and the parameter y
for an atomic gas, that is, the ratio of the capacities at
constant pressure and volume, equals 5/3. From this, the
relation

Ty = J T=0.64T.

= (3.19)

follows between the atom temperatures in the beam of metal
atoms and near the metal surface.

The flux of metal atoms is conserved both on the metal
surface and in the beam of metal atoms, where it is equal to
¢sNp. Since the average velocity of atoms for the semi-Maxwell
velocity distribution near the surface is (27'/ (nm)l/ 2, we have
from the equality of atom fluxes near and far from the surface

6T
No =/ ——N
b SnTy

where N is the number density of atoms on the metal surface,
and Ny, is the number density of metal atoms in the beam not
far from the surface.

In both the above regimes, the laser beam energy is
consumed mostly on heating the metal sample, and heat
propagates inside the target due to the metal thermal
conductivity. Note that for the metals under consideration
the transition to the beam mechanism increases the atom flux
from the metal surface by about two orders of magnitude. In
accordance with formula (3.12), an increase in the pulse
duration leads to a decrease in the energy flux due to the
metal thermal conductivity. Therefore long pulses seem to be
more proper. However, because the pulse energy is restricted,
at its given value short pulses are more profitable, since they
heat the metal surface more strongly, which leads to an
increasing flux of evaporated atoms. Notably, Table 3
contains parameters of the interaction of the laser pulse with
the metal surface, where the laser beam generated by a
neodymium laser with a wavelength of 1.06 um and pulse
duration of 1 ns leads to surface heating to a temperature
5000 K. Since the metal parameters at this temperature are
obtained by approximation of data at low temperatures, these
data should be considered as estimates. Nevertheless, these
results give a representation of the character of formation of
the evaporated atom beam and its parameters.

We are guided by the metal surface temperature
T = 5000 K that is reached under the action of the laser
beam. At this temperature and typical laboratory pressures of
a buffer gas, the saturated vapor pressure on the metal surface
Psat satisfies criterion (3.17), i.e., in this case, the second
regime of atom evaporation from the metal surface is
realized, when the atomic beam is formed near the surface.
Under these conditions, a remarkable part of the laser pulse
energy is absorbed and is consumed for heating the metal

BNz 0.77N,

=15 (3.20)
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target. The depth of penetration of an electromagnetic wave
into the metal is of the order of 10 nm, which is significantly
smaller than the wavelength of an electromagnetic wave. In
addition, a small portion of the surface layer of a molten
metal is converted into vapor, Ngi/Np (N is the number
density of metal atoms at the saturated vapor pressure, Ny, is
the number density of metal atoms in the surface layer), i.e.,
most of the metal atoms remain in the surface layer in the
bound state. Next, the efficiency of formation of free metal
atoms is of the order of one percent at the surface temperature
5000 K, except gold and platinum surfaces.

Sw>The beam regime of evaporation of metal atoms
from the surface holds true for short and intense pulses of
laser radiation. Let us estimate the minimum pulse duration t
during which a thermal wave of heat transfer due to thermal
conductivity is not formed. According to formula (3.11), we
have

2
T~ % : (3.21)
b

Since 6, ~ 10 nm, y ~ 1 cm? s~!, we have for the minimum

pulse duration 7 ~ 1 ps. If the surface temperature is 5000 K,
the characteristic value of the energy flux is of the order of
0.1 Jcm™2.

Table 4 contains values of the temperature Ty, at which
the transition proceeds between two regimes of metal atom
evaporation from the surface at a buffer gas pressure of 1 atm,
i.e., psat(Tir) = 1 atm. Depending on the degree of heating,
both evaporation regimes are possible. As is seen, the higher
efficiency of metal atom formation as a result of evaporation
from the metal surface under the laser pulse action is realized
in the beam regime. In the first stage of this regime, a dense
vapor is formed near the surface and is subsequently
converted into a beam of metal atoms. Most of the surface
atoms remain bonded, which corresponds to the criterion

N > Neat(T) (3.22)
where N, is the number density of surface atoms, and Ny, (7T')
is the number density of atoms in the metal saturated vapor at
temperature 7. In this case, near the surface an equilibrium is
established between bound and free atoms, and then a beam
of free metal atoms is formed. Hence, the beam regime of
formation of metal atoms is realized at temperatures

T < Tmax s (3.23)

in accordance with criterion (3.22), and at T}, surface atoms
form a dense gas, i.e, Ngy(Tmax) = Nm. Table 4 contains
values of the parameter Ty, for some metals. Asis seen, there
is a wide range of temperatures at which the beam mechanism
is realized for evaporation of surface metal atoms under the
action of the laser pulse. Note that the pulse duration for both
regimes of atom evaporation is small, T < 1 ps [107], so that
laser breakdown of an evaporated vapor has no time to occur.

Table. 4. Transition temperatures for the beam regime of evaporation of
metal atoms from a metal surface under the action of a laser pulse.

Metal Cr | Fe | Ni | Cu| Pd | Ag | Pt | Au

Parameter
Ty, 103 K, p=1atm|2.95| 32 [345| 2.8 | 3.2 |2.358] 4.1 | 3.0
Tinax, 10° K 1.6 [ 18| 15|24 | 1.7 18| 21|18

Thus, it is convenient to use laser pulses with a duration of
~ 1 ns to generate metal atoms from the metal surface and a
radiative flux of 108 —10° W cm~2. In this case, the efficiency
of using the laser energy for atom vaporization can reach a
few percent. It should be noted that contemporary producers
make lasers with suitable parameters. In particular, the
neodymium laser STA-01-8 of the wavelength 1.06 pm
made by the Standa company (Lithuania) [119] is character-
ized by a pulse duration of 0.5 ns, pulse energy of 0.2 mJ, and
pulse repetition rate of 1 kHz.

In particular, such a laser was used in [97-99], where
nanometer metal filaments were generated in superfluid
helium, and the specific energy of a weakly focused pulse
was 1 J cm™2. According to the data in Table 3, the metal
surface is heated to a temperature of approximately 6000 K. A
typical distance of propagation of a thermal signal for this
time is about 0.2 um, according to formula (3.11). The
penetration depth of a laser pulse depends on the metal type
and, according to formula (3.5), is of the same order of
magnitude. This demonstrates the high efficiency of the
vaporization process by irradiating a target with a neody-
mium laser.

The signal of a neodymium laser can be significantly
shortened. For example, a laser from the Passat firm
(Canada) [120] allows one to receive pulses 8 ps in duration,
0.55 mJ in energy, and with a repetition rate of 400 Hz. Weak
focusing of this signal provides the specific power for the
beam regime of the evaporation process from the metal
surface.

Summing up the above analysis, we note different regimes
for generating metal atoms as a result of irradiation of the
metal surface. The pulse duration is greater than a picose-
cond, during which an equilibrium is established between the
electromagnetic wave and electrons of the metal surface, so
that the electron temperature is determined by the radiation
power. If the temperature of surface electrons is less than T,
(Table 4), the number density of free metal atoms near the
surface is lower than the number density of buffer gas atoms.
In this regime of evaporation, metal atoms are removed from
the metal surface as a result of diffusion in the buffer gas. At
radiation powers at which the surface temperature exceeds
T, metal atoms are removed from the metal surface in the
form of a beam. In addition, at high surface temperatures, a
beam of evaporated metal atoms contains electrons and ions,
and the radiative flux directed to the metal surface may not
reach the metal surface and be absorbed in the beam.

3.2 Generation of metal clusters

from a magnetron discharge

The most widely used method of generating metal clusters is
based on magnetron discharge. Initially, in [121] magnetron
discharge represented practically a glow discharge, where a
magnetic field was applied along the electric field, and if the
magnetic field was large enough, the clectrons became
magnetized, changing the discharge parameters compared
with the glow ones. Subsequently, this scheme has been
modified [122—-125] through the use an appropriate magnetic
field configuration as a trap for electrons (Fig. 9 [126, 127]).
Then, in contrast to the cathode processes for glow discharge,
ionization in magnetron discharge results from bombard-
ment of the cathode surface with ions which must obtain an
energy of hundreds of eV from the electric field. Collisions of
ions of such an energy with a surface is accompanied by
emission of atoms from the surface. Hence, cathode erosion
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Figure 9. Schematic of magnetron generator of clusters [126, 127]: 1 —
aggregation camera, 2— flow of the buffer gas, 3—liquid nitrogen for
chamber cooling, 4— water cooling of the magnetron. Two cylindrical
magnets (5, 6) create a magnetic field above the cathode (7) with the
maximum of the magnetic field strength in the region between the
magnets. Electrons are captured by the magnetic field and are located in
the region of the field strength maximum, and the magnetic field barely
acts on the ions. The ions bombard the cathode and create secondary
electrons, which partially reach the cathode and bombard it. § —lines of
magnetic force, 9—a ring of trapped electrons (track), /0—secondary
plasma, //— secondary plasma electrode, 12— flow of a buffer gas with
clusters, /3—discharge nozzle, /4 — vacuum region, /5 — pumping.

under the action of magnetron discharge is a secondary
process, which does not determine the ionization balance.
But just the character of the ionization equilibrium in
magnetron discharge makes it effective in the generation of
metal atoms.

The cathode region of magnetron discharge is one
between the traps for electrons and the cathode. The charge
of this region is created by ions bombarding the cathode, and
also by secondary electrons which leave the cathode. Since the
total electric current to the cathode due to the ionization
equilibrium is practically zero, and the typical ion velocity is
small compared to the electron velocity, the charge in the
cathode region is determined by ions. Ultimately, the excess
charge in the cathode region creates an electric field which
compensates the external field. The cathode layer depth /
follows from the three-halves Child—Langmuir law [128, 129],
which connects the current density 7, the electric potential of
the cathode layer U, and its thickness / by the formula

o2 e U3
’*%\/E T2

where my; is the ion mass. For typical values of the current
density i ~ 10 mA cm~? in magnetron discharge and voltages
U~300V, we have for the cathode layer thickness
/ ~ 0.2 mm in argon. This corresponds to a high electric field
strength in the cathode region of the order of 10* Vecm™!.

From this, an important requirement follows for the
magnetron discharge as an atom generator. It is necessary
for an ion to reach the cathode with the electrical energy eU
without collisions with buffer gas atoms in the course of its
propagation. Therefore, the number density N of buffer gas
atoms is restricted in accordance with the criterion

(3.24)

Nol <1, (3.25)

where ¢ is the diffusion cross section of ion-atom scattering,
and /is the thickness of the cathode layer. In particular, let us
assume for argon as a buffer gas that resonant charge
exchange is responsible for ion-atom scattering, and the
cross section of this process is ores = 3.9 x 10715 cm? at the
collision energy of 100 eV [130]. Since the diffusion cross
section of ion-atom scattering ¢* is connected in this case with
the cross section of resonant charge exchange by the relation
0* = 205 [131], we obtain on the basis of criterion (3.25)
N < 5% 10" cm™3, i.e., magnetron discharge is realized at
low pressures of the buffer gas.

The method of generation of magnetron discharge to
generate metal clusters has been worked out and developed
by H Haberland et al. [132-138]. Figure 9 gives a typical
scheme of the magnetron chamber, where magnetron dis-
charge is the generator of metal clusters. In the bombardment
of the cathode in the magnetron discharge with ions, a flux of
metal atoms occurs in the chamber, through which the buffer
gas flows. As a result of collisions with buffer gas atoms,
metal atoms are thermalized and then join in clusters. These
clusters grow in the course of their transport in the buffer gas,
and then they leave the aggregation chamber together with
the buffer gas flow. A typical metal cluster includes tens of
thousands of atoms at the exit.

Let us consider the peculiarities of cluster generation in a
magnetron discharge. The transition from free metal atoms to
clusters in the magnetron chamber in the course of cluster
growth is described by the following scheme [139-141]:

2M+A—My+A, M,+M—M,,,. (3.26)

Here, A4 is an atom of the buffer gas, and M is a metal atom.
The three-body process is the slowest one in this scheme,
which leads to the formation a diatomic metal molecule,
which subsequently becomes a condensation nucleus in pair
processes of cluster growth and characterizes the number of
clusters up to a given time. The rate constant of the three-
body process in this scheme is estimated as K~
10733 cm® s~!, and below we use for this rate the constant
K =3x107% cm® s7! [127]. In estimating a typical time of
conversion of a metal vapor inside a buffer gas into a gas of
clusters, we take into account that atom attachment to
clusters proceeds fast compared to the three-body process of
formation of new condensation nuclei.

Based on experimental data and estimations [127, 142], we
take the following parameters of the magnetron plasma. The
number density of buffer gas (argon) atoms is N =
4 % 10" ¢cm~3, and the relative concentration of the metal
atoms is 1%, i.e., a typical number density of metal atoms is
Nm = 4 x 10" cm—3, and the average number of atoms in the
cluster is n =3 x 103. This gives a typical time of cluster
formation of

1

~—— ~1ls. 2
NNoKn = ° (3.27)

Tel

This time is comparable to the drift time of metal atoms and
metal clusters in the aggregation chamber.

Let us compare this time 7, with the time of atom
departure to the walls of the aggregation chamber. A typical
value of the diffusion coefficient of metal atoms in argon
under normal conditions is Dy, ~ 0.1 cm? s~!, which corre-
sponds to the diffusion coefficient Dy, ~103 cm? s~ at a
typical pressure inside the chamber. From this, it follows for
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a typical time of attachment of metal atoms to the aggrega-
tion chamber walls that
2

™~ 55~ 0.04 s, (3.28)
where r = 5 cm is the radius of the aggregation chamber. It
should be noted that formula (3.27) gives an understated
value for a typical time of cluster growth, because this process
starts after thermalization of metal atoms, and formula (3.28)
leads to an overestimated transport time to the walls, because
metal atoms are located at the beginning at different distances
from the walls of the aggregation chamber.

Thus, it follows that the magnetron generator of metal
clusters requires a low gas pressure which does not exceed
10~* atm. On the other hand, at low pressures, metal atoms
attach to the chamber walls after thermalization without
conversion into clusters. This leads to a low efficiency of
atom conversion in clusters. This efficiency may be increased
by using a pulse regime of magnetron discharge, in accor-
dance with the Hippler concept [143]. According to this
concept, it is profitable to input an electric energy of
continuous magnetron discharge during a short time period,
and after the pulse one can increase the pressure in the
magnetron chamber several times as a result of injection of a
buffer gas into the chamber. As a result, the rate of cluster
formation and growth increases several-fold, as does the
typical time of transport of metal atoms to the walls, which
corresponds to an increase in the efficiency of transformation
of a metal vapor into a gas of clusters. During the time
between successive pulses, the gas pressure in the chamber
returns to its initial value due to the flow of the buffer gas with
clusters through the orifice. The efficiency of conversion of
metal vapor atoms into clusters is less than 1% for the
continuous regime, whereas in pulsed magnetron discharge
this efficiency may be increased to several percent.

In spite of the low efficiency of metal vapor conversion
into a gas of clusters in a magnetron discharge, this method is
the most widely used in studies with intense cluster beams.
This is partially due to the large area of the cathode, which
leads to high discharge currents and intense cluster beams.
However, the main advantage of this method results from
industrial production of the setup for NC200 generators of
metal cluster beams by Oxford Applied Research (United
Kingdom) [144], which allows one to obtain beams of metallic
clusters, as they say, ‘from the outset.” For this reason, at
present, most investigations with intense beams of metal
clusters are fulfilled on the basis of magnetron cluster
generators.

3.3 Evaporation of microparticle in a buffer gas flow
The first stage of the formation of nanostructures is the
generation of a dense metal vapor. Subsequently, this vapor
is transformed into nanoclusters, and when the nanoclusters
become solid, they join into fractal structures. As shown
above in Section 3.2, the efficiency of formation of metal
clusters is small when using a bulk metal, the surface of which
is excited by a plasma beam or a laser beam if most of the
input energy is expended in this case on sample heating. This
may be avoided if a bulk sample is replaced by a micro-
particle, as used in plasma chemical processes [145—147]. This
method is suitable for generating intense beams of metallic
clusters [148, 149].

An efficient method for generating fractal fibers is
described in [149], where a metal microparticle is suspended

Plasma torch

or laser beam Electric
‘ Evaporation processes in the buffer gas field
L] [ ] ® ”
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Figure 10. Processes of formation of fractal fibers as a result of irradiation
of a metal surface by a laser beam or a plasma torch [151]. The sequence
of the processes given above and intermediate objects are listed under-
neath [149].

in the flow of a buffer gas and is heated by the action of an
external plasma source or electromagnetic waves. Vaporiza-
tion of this particle leads to the formation of a metal vapor
that is captured by the buffer gas flow. As a result of
subsequent processes involving metal atoms in the buffer gas
[150], metal clusters are formed and are then converted into
fractal aggregates which, in turn, are joined into fractal fibers,
if the growth process takes place in an external electric field.

The corresponding sequence of processes in the formation
of metallic nanostructures, in particular, fractal fibers, is
shown in Fig. 10. Because of the high density of the metal
vapor in a small region of space, growth processes of fractal
structures occur fast up to the formation of fractal aggregates
and proceed in the course of the buffer gas flow drift. A
similar sequence of formation of metal nanostructures is
realized under the action of intense pulse energy flows in a
plasma torch or a laser beam, as was analyzed above in
Section 3.2. The regime under consideration for the interac-
tion of energy fluxes and a flat metal surface corresponds to
larger pulse times than the typical time of equilibrium
establishment between the energy flux and the surface. In
addition, the pulse duration is long compared to the time of
heat transfer in the metal in the region of absorption of
electromagnetic waves. This scheme was used in the first
experiment by Lushnikov et al. [74] to generate fractal metal
fibers.

The first stage of the process chain given in Fig. 10 in the
generation of metal nanostructures is the formation of a metal
vapor in a buffer gas. Atoms of the vapor are then joined into
clusters, i.e., nanoparticles consisting of bound metal atoms.
Further solid clusters are joined into fractal aggregates, a
rarefied metal structure whose density decreases as it grows,
so that at micron sizes it becomes unstable. Upon subsequent
growth, the structure density does not depend on its size, but
the growth rate of the structure drops sharply with its
increase. The last stage of the chain of processes given in
Fig. 10 leads to the formation of fractal fibers if this process
takes place in an external electric field. In the absence of an
electric field, an isotropic fractal structure is formed as a result
of the growth process. Although an external electric field
significantly accelerates the growth process, the last stage is
long. Roughly, the duration of the first stages of the process
sequence shown in Fig. 10 is seconds, while the formation of
fractal fibers is measured in minutes.

The main difference between this method of generation of
fractal fibers [149] and the above ones is that the metal particle
is ‘suspended’ in the buffer gas flow, and evaporated metal
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atoms are captured by this flow, so that the nucleation process
with the formation of metal clusters proceeds in the gas flow.
Therefore, all the evaporated atoms are finally transformed in
solid clusters. In the case of a metal surface, evaporated atoms
are distributed over the volume occupied by a buffer gas, and
therefore a certain part of them attaches to the chamber walls,
decreasing the efficiency of generation of the fractal fibers.
Processes of generation of metal nanoclusters and nano-
structures within the framework of the above scheme are
represented in Fig. 11. In this scheme, a metal microparticle is
thrown into a buffer gas flow, and the captured particle hangs
in a conical chamber at a point where the particle weight
becomes equal to the frictional force from a gas flow directed
upwards. Vaporization of this particle proceeds under the
action of an external energy source, for which a high-
frequency discharge or a laser beam may be used. Further
clusters are formed in a region of a lower temperature and,
when they become solid, their association leads to the
formation of fractal aggregates. If fractal aggregates are
located in an external electric field, as is the case in the above
scheme, fractal aggregates join into fractal fibers in the end.

2

Figure 11. Schematic of generation of metal nanostructures from a metal
microparticle heated by an external energy source and located in an argon
flow [149]. 1—aggregation camera, 2— argon flow, 3—region of energy
input from an external energy source, 4 —current lines for an argon flow
with a metal vapor and clusters, 5— tube for propagation of the argon
flow, 6 —falling microparticles, 7— orifice for injection of microparticles,
8—flow of the gas to the pumps, 9— argon flow with metal clusters and
aggregates, /0— electric field, //—region of growth of fractal structures,
12— flow of excess argon.

Figure 12. Positions of isotherms in an argon flow near a hot metal
microparticle in the flow plane [149]. /—microparticle 2— tubes, 3 —
particle injection, 4 —argon flow.

Positions of isotherms are represented in Fig. 12 for a flow
around a microparticle heated by an external power source in
accordance with the schematic in Fig. 11. Though a high
surface temperature of the microparticles causes their vapor-
ization in an argon flow, the temperature drops as the
distance from the particle increases. Therefore, already close
to the particle surface a temperature is established at which
the nucleation process proceeds, which is accompanied by
energy release. Nevertheless, because of the high metal vapor
density, the process of metal vapor conversion into clusters
finishes near the microparticle. Further, small metal clusters
are joined into larger ones as a result of a coagulation process
resembling the joining of liquid drops. This process finishes in
a flow region, where the clusters become solid. Subsequent
joining of solid nanoclusters into fractal aggregates and
further into fractal fibers is not shown in Fig. 12.

Table 5 compares parameters of the generation of metal
clusters and nanostructures consisting of them in the cases of
the magnetron method and the method of vaporization of a
microparticle. In this comparison, we are guided by the silver
case. The energy cost to form a single atom in the magnetron
method is the product of the ion energy in the magnetron
discharge upon cathode bombardment and the probability of
atom production as a result of release from the cathode
surface, whereas this value resulted from atom evaporation
from the microparticle surface due to its high temperature
slightly exceeding the atom binding energy in the metal.
Almost all the evaporated metal atoms are converted into
clusters in the method of microparticle vaporization because
of the high vapor density, while most of the metal atoms go to
the walls of the chamber in the magnetron method of
aggregation. Next, nucleation processes in the method of

Table 5. Metal vapor formation parameters of the first stage of generating
nanostructures of silver by magnetron discharge and by evaporation of a
metal microparticle in a buffer gas flow.

Parameter Magnetron Microparticle
discharge vaporization

Cost of atom formation, eV 500 4
Probability of atom conversion 0.01 1
Drift time, s 1 0.01
Nucleation time, s 1 10-°
Np, cm™3 1013 10"
Size of nucleation region, cm S 0.01
Intensity of cluster beam, pg s~! — 30
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microparticle vaporization proceed in a small region and at a
higher density of metal atoms Ny, than in the magnetron
method. As a result, a microscopic amount of metal is formed
in clusters and nanostructures.

4. Processes in a buffer gas with metal
nanostructures

4.1 Propagation of gas flow through a fractal structure
Metal nanostructures have an application interest in two
senses. If this structure is used as a catalyst or a filter, a
buffer gas with an impurity of reacting or dopant molecules
propagates through the structure. Then the first stage of the
process is the attachment of active molecules to the nano-
structure, which depends on the gas dynamics of flow
propagation through a rarefied structure. Another applica-
tion involves the use of a metallic nanostructure as a
conductor of a conductometric sensor, i.e., a device that
allows the presence of impurities to be measured in gas flows
on the basis of varying the electrical resistance of the metal
nanostructure which results from attachment of active
molecules to the nanostructure. Below, we analyze the
character of processes in these cases.

Let us consider the propagation of a buffer gas flow with
impurity molecules through a cylindrical tube which is filled
with a metal nanostructure. Active molecules of the flow may
then attach to the surface of solid clusters which constitute
this structure and partake in subsequent processes in such a
form. This allows one to use the metal structure as a catalyst
or filter, and buffer gas molecules collide with clusters, which
constitute elements of the nanostructure. As a result of
interaction with the nanostructure, the buffer gas flow
decelerates. Below, we estimate the resistance from a metal
nanostructure to a gas flow.

Let the radius of the cylindrical tube filled with a
nanostructure be R. The distribution of the flow velocity
along the tube radius is given by the Poiseuille formula [110]

(4.1

where u is the gas flow velocity at the tube center, and r is the
distance from the tube’s axis. The gas pressure gradient
occurs in the course of flow propagation in accordance with
equation [110]

dp 4nu

£ _ 4.2

dz R?’ (4.2)
where z is the coordinate directed along the tube, and # is the
gas viscosity coefficient. For a tube of length /, we have for the
pressure difference Ap at the tube ends

Al

Ap=——.
? = R

(4.3)

The pressure variation at the tube ends is relatively small:

Ap <p. (4.4)

We now consider the case when a metal nanostructure is
located inside the tube. The mean free path of molecules in
atmospheric air is about 100 nm at atmospheric pressure,
while the size of solid clusters constituting a metal nano-
structure is smaller, being a few nanometers. Therefore, the

scattering of atoms or molecules of a buffer gas on the metal
nanostructure is reduced to scattering of these atoms or
molecules on individual clusters of the nanostructure. From
this, it follows that arresting the gas flow with a metal
nanostructure does not depend on the type of nanostruc-
ture, but is determined by the cluster density. In other words,
the subsequent conclusions apply equally to both aerogels
and fractal fibers consisting of metal clusters.

Since a solid cluster of the fractal structures can interact
with only a single atom or molecule of a buffer gas at each
time, the force acting on the gas flow from one cluster of the
nanostructure is [105, 152]

V2mmT
8v2mmT o

F:
'3

(4.5)

Here, v is the flow velocity at a given point, m is the mass of a
buffer gas atom, T is the gas temperature expressed in energy
units, N is the number density of gas atoms, and « is the cluster
radius. This force acts in the opposite direction with respect to
gas movement, and formula (4.5) requires the validity of the
following criterion:

v<ur, vT=14/—"), (4.6)

where vt is the average thermal velocity of buffer gas atoms.
Averaging the frictional force over the tube cross section
gives

4 2mmT

N 2
3 @5

F=u (4.7)

where u is the flow velocity at the tube center. As is seen, the
fractal structure creates an additional resistance force to the
gas flow. The model where resistance is created by a system of
independent clusters and formula (4.7) gives the braking force
to a gas flow from one cluster. Evidently, the same force acts
on an individual cluster of the nanostructure. This gives the
frictional force acting on a unit volume of a gas flow that
propagates through the nanostructure, N F, where N is the
number density of clusters of the nanostructure. Hence, by
the definition (or from the Euler equation) we obtain a gas
pressure gradient in the flow under the action of the
nanostructure:

d 4 2mmT
(fzd = —NgF=—-u — Nya?. (4.8)

If the nanostructure is distributed uniformly in a layer of
thickness /, its presence leads to an additional pressure drop in
the tube Ap in accordance with the formula [149]

42mT |

NG ué, (4.9)

Apcl =

where ¢ = Nyna?l is the filling parameter for the nanostruc-
ture in the tube according to formula (2.7). From this, we
obtain the relative change in the gas pressure in the tube due
to the presence there of a fractal structure:

Apcl o 16 u

> “mar & (4.10)
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where the parameter ¢ is defined by formula (2.7), and the
pressure p for an ideal gas is given by p = NT. Since u < vt
and ¢ < 1, we obtain a relatively small change in the gas flow
pressure inside the tube Ap, < p due to the presence of metal
nanostructures inside it.

The system under consideration, where a buffer gas with
an impurity of active molecules propagates through a metal
nanostructure, is used for chemical reactions in a gas with a
nanostructure as a catalyst. Then, a reacting molecule
attaches to the nanostructure and partakes in a chemical
process in such a form. The parameter of this process is the
number of collisions v for an impurity molecule with the
nanostructure in the process of a buffer gas passage with
impurity molecules through the nanostructure. Assuming for
simplicity that each collision leads to the attachment of a
molecule, we conclude that the catalyst must satisfy the
criterion v > 1.

In evaluating the parameter v, we assume, as above, that a
buffer gas flow propagates through a tube of a length /. A
metal nanostructure, which is characterized by the filling
parameter £, is found inside the tube. Let us determine v as
the product of the drift time of a gas flow through the tube
with the nanostructure t, ~ //u and the frequency of collision
of a test molecule with a nanostructure skeleton 1/7, ~
na’® Ny vr, which gives

‘Ep (%)
~ Tat ~u ¢

v

(4.11)

Let us estimate the effective length L of the fractal
structure under the condition that it significantly exceeds the
mean free path of molecules in the buffer gas. Under this
condition, each molecule is slowed as a result of the collisions
with a skeleton of the fractal structure. According to formula
(4.11),if & ~ u/vr, the probability of molecule collision with a
skeleton of the fractal structure or the probability of
attachment of a test molecule to it is of the order of unity.
This structure can further be used as a catalyst. Note that the
interaction of a gas flow with different types of nanostruc-
tures, such as an aerogel or fractal fiber, occurs in the same
manner through interaction with solid clusters as elements of
these structures. This means that a parameter of fractal
structures is the density of solid clusters. However, the
formation of fractal fibers in an external electric field
proceeds faster than aerogels [106, 96]. Therefore, consider-
ing the behavior of fractal structures in gases, we are guided
by fractal fibers.

4.2 Resistance of a metal nanostructure

A conductor is the basis of a conductometric sensor, and its
work consists of measuring the electrical resistance of the
conductor. The change in the electrical resistance of the
conductor as a result of attachment of active molecules to
the conductor surface is measured. A variation in the electric
current through a conductor is the yield sensor parameter
and, according to [153], the industrial electrometer 6517A
allows one to measure simultaneously currents in the range of
10713-0.02 A, as well as to determine the voltage in the range
of 1073 —200 V. Below, being guided by numerous measure-
ments [154], we take the sensor current in the range of
10-°—107° A, and the voltage of 1 V, so that the conductor
resistance is concentrated in the range between 1 kQ and
1 MQ. In addition, we will be guided by the distance between
the electrodes of / = 1 cm. We use these parameters below to
evaluate sensor parameters.

Though it is impossible to prepare a metal wire with a
radius of less than 10 pm, we first consider as a model
conductor a piece of metal cylindrical wire of a smaller
radius. In calculating the resistance of the metal system used
as a conductor, we use as our basis the simplest metal
model — the Bethe—Sommerfeld model [155], which consid-
ers a metal electrons as a degenerate electron gas. In this case,
the metal conductivity is determined by electrons located near
the Fermi surface in the space of the electron momenta, and
the distribution function of valence electrons in this energy
range is given by the Boltzmann formula. Accordingly, the
conductivity of the metal X within the framework of this
model is given by [156, 157]

2
gy =L NeeTt (4.12)
Po me

where N, is the number density of valence electrons partaking
in the creation of the metal conductivity, e is the electron
charge, 75 is a typical time of electron scattering on
inhomogeneities located inside the metal, and m is the
effective mass of electrons inside the metal, which we identify
with the free electron mass.

The parameters of formula (4.12) are given in Table 6. The
values of the specific resistance of metals p, = 1/2( at room
temperature are taken from [109], the values of electron
velocities on the Fermi surface vg [109, 158] are used as
typical electron velocities v, in formula (4.12), where the
valence electrons of the atoms are considered as conductive
electrons, and their number density N, [109, 158]is used as the
number density of conductive electrons. Note that the values
of the electron number density in metals obtained on the basis
of measurements of the Hall constants exceed those given in
Table 6 by 20-50%. The values of a typical scattering time ts,
given in Table 6, are determined on the basis of formula (4.12)
and the data in Table 6. From this, we have for the resistance
Ry of the conductor under consideration

_ pol

Ry =%
w2’

(4.13)
where r is the cylinder conductor radius. Table 6 also contains
values of the minimum ry;,;, and maximum rp., radii of
conductors of these metals, consisting of truncated balls, so
that the above range of wire resistance 1kQ-1MQ corre-
sponds to a radius of the cylinder conductor in the range
between ruyin and rpax. As is seen, we are dealing with
nanometer conductor transverse sizes, i.e., such a conductor
cannot be prepared in the wire form.

Because it is impossible in reality to create a cylinder
conductor of laboratory sizes with a diameter of less than
10 pm, nanostructures are used for this goal. In this case, a

Table 6. Resistance parameters of a cylindrical metal wire 1 cm in length
with a resistance between 1 kQ and 1 MQ at room temperature.

Metal Fe Cu Ag Au
Parameter

Po» 10-% Qm 9.98 1.72 1.63 2.27
X, 1017 71 0.9 5.2 5.5 4.0
N., 102 cm™3 17 8.5 5.9 5.9
vg, 108 cm s™! 2.0 1.7 1.4 1.4
75,1074 5 0.21 2.4 3.7 2.7
Fimin, NM 18 7.4 7.2 8.5
Fmax, M 560 230 230 270
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conductive channel is modeled by a broken line with a length
of an elementary segment of the order of nanometers, so that
considering a nanostructure to be a conductor for the sensor,
it is necessary to modify the above formulas obtained for a
cylindrical conductor. Following this, we first consider a
percolation cluster as a sensor conductor, the most studied
nanostructure from the standpoint of the passing of an
electric current through it. A specific feature of the percola-
tion cluster distinguishing it from other nanostructures is its
preparation by placing nanoclusters on the surface in a
random manner, which corresponds to the real process of its
formation by deposition of solid metal nanoclusters on a
dielectric substrate.

An example of such a percolation cluster is given in
Fig. 13. The size of the grains in the final structure is slightly
higher than the initial cluster size as a result of processes
involving these clusters on the surface during their attach-
ment. Next, in estimating the electric parameters of the
percolation cluster, we assume for definiteness that it consists
of individual grains of a radius of 30 nm, in accordance with
Fig. 13. Evidently, at a certain number density of clusters on
the surface, a conductive channel is created between the
boundaries of the region in which clusters are deposited.
This cluster density is called the percolation threshold [161],
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Figure 13. Example of the formation of a metal coating during the
deposition of silver nanoclusters onto a silicon substrate [159, 160].
(a) Photograph of the surface structure obtained with a TEM (micro-
scope with a transmitted electron beam), (b) size distribution of the
sputtered clusters.

and we will consider the range of cluster densities on the
substrate above the percolation threshold, but close to it. In
this case, there are a restricted number of channels through
which the electric current can pass, if the electrodes are
boundaries of the percolation cluster.

Our task is to determine the resistance of a percolation
cluster, the elements of which are grains modeled by balls
bonded with each other. Therefore, the conductive channel
has a variable cross section along it. Let us estimate the error
in modeling the conductive channel by a broken line of a
constant cross section, i.e., if elements of this structure
consisting of truncated balls are replaced by cylinders. In
particular, an element of the structure under consideration,
which includes three nanocluster-balls located for simplicity
on one line, is given in Fig. 14. Our task is to estimate the
variation of this element resistance R in replacing it by a
cylinder of the same length with a resistance Ry. If the radius
of an individual ball is r, and the radius of the straight arch
between neighboring balls equals «, the ratio of these
resistances is given by

Ry 2t 1—¢t)’

where t = /1 — a2/r2, and in the limit of @ — r this ratio is
equal to one. According to this formula, at @ = 0.5r this ratio
is R/Ry=1.5, and at a=0.3r the resistance ratio is
R/Ry = 2. Below, we use the model, replacing the elements
of the percolation cluster, which is a system of bound balls, by
a system of cylindrical fibers. Therefore, we model the
percolation cluster as a system of elements of a cylindrical
shape, and taking its resistance within the framework of this
model, one can estimate its accuracy as ~ 2.

Let us consider geometric peculiarities of the two-
dimensional percolation cluster. Let the two-dimensional
percolation cluster be located between two parallel plates
separated by distance /. Then, the conductive channel length
of the percolation cluster is given by [162]

115
L:1.5r(£> ,
B

where for simplicity we assume on average a = 0.5r, where a is
the radius of the straight arch between cluster-balls. Since this
formula (4.15) is considered an estimate, we omit below the
coefficient 1.5. This formula takes into account that the
conductive channel is a broken line which connects conduc-
tive plates. Some points of the conductive channel may be
then connected with multiple lines. In determining the
resistance, we retain only those pieces of the conductive

(4.14)

(4.15)

Current

Figure 14. Model of an element of a metal nanostructure consisting of
bonded solid clusters which are modelled by a system of truncated balls.
This system is compared with a cylindrical piece of wire of the same
material, radius, and length.
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channel whose points can be connected by only one broken
line, i.e., the current can flow in only one segment of these
sites. The length of this channel part that connects the
conductive plates is [161, 163]

0.75
L
L/:r<—> .
r

Notably, if the distance between the plates is /=1 cm,
formulas (4.15) and (4.16) give for the total length of the
conductive channel L = 7 cm and the length of the channel
part with a greater resistance is L’ = 0.2 cm. On the basis of
formulas (4.15) and (4.16), we have the following expression
for the minimum resistance of the percolation cluster Ry, at
the percolation threshold if there is only one path for the
current flow between the plates:

L’ / 0.86
th:poT:@ <_> 5

r

(4.16)

(4.17)

where p, is the specific metal resistance at 7= 300 K, whose
values [109] are given in Table 6. Table 7 contains values of
the threshold resistance Ry, under the conditions of Fig. 13,
with an average radius of individual grains of 30 nm. In
addition, values of the threshold currents through this
percolation cluster are given in Table 7 at the percolation
threshold for the voltage U = 1 V between the plates.

Note the strong dependence of the minimum resistance
Rpin of the percolation cluster on the radius of its constituent
elementary nanoclusters. For example, if the percolation
cluster consists of individual nanoclusters of a radius
r = 5 nm instead of the above value r = 30 nm, we find that
the minimum resistance in accordance with the previously
used formulas increases 28-fold. In addition, ignoring the
contribution of regions between grains of the conductive
channel to its resistance, when the electric current can
propagate along several paths, we have an underestimated
value for the resistance of the percolation cluster. Never-
theless, the obtained values for its threshold resistance are in
accord with the above parameters of the electrical circuits.
Note that to practically provide the minimum resistance of
the percolation cluster, it is necessary to measure the electric
current between the conductive plates in the course of
nanocluster deposition on a substrate and to stop the
spraying process, as soon as the electric circuit with the
percolation cluster starts, i.e., as the electric current between
plates is detected.

Within the framework of the standard scheme for a
conductometric gas sensor with a conductor as its basis, the
presence of active molecules in a buffer gas is detected by

Table 7. Parameters which are used for evaluation of the resistance change
of the metal conductor as a result of attachment of NO3 molecules to the
metal surface, which are converted there into negative ions.

Metal Fe Cu Ag Au
Parameter

W, eV 4.3 4.4 4.3 4.3
X, 1017 57! 0.9 52 5.5 4.0
e, NM? 2.1 2.1 2.6 0.76
A4,10° 1.5 7.4 7.9 1.7
Nmin, 106 Cm72 100 3.7 33 21
Rin, kQ 60 10 9.7 14
Iin, LA 17 100 100 70

1 3
\ L
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Figure 15. Character of the sensor action. / —input, 2—chamber with a
buffer gas, 3—sensor, 4—ampermeter, 5— battery, 6—flow of the
buffer gas current with active molecules.

variation of the conductor resistance. In this case, the
conductor is the percolation cluster, and active molecules
form negative ions on the surface. Since the conductor is an
absorber of active molecules, it is convenient to roll it into a
tube, through which a buffer gas with active molecules passes.
Initially, the percolation cluster is located between two flat
metal plates which are rolled into rings as the ends of the
conductor, and the surface on which the percolation cluster is
located initially is converted into a cylindrical tube with a
conductor on its inner surface.

In the course of the sensor work, a current is measured
between the two rings; Fig. 15 represents the measurement
circuit in this case. In this scheme, the sensor-tube is the inner
surface of the chamber to which active molecules attach. In
the course of measurements, a buffer gas with active
molecules flows through this tube as through an orifice.

Note that in the scheme under consideration, where the
percolation cluster is used as the conductometric gas sensor,
the electric current flows through a small part of the metal
structure. This testifies to the low efficiency of the metal used
in this scheme. Indeed, let us go to the limit, where clusters
deposited on the surface form a single layer, i.e., the
conductive surface becomes continuous. At a typical dis-
tance between the electrodes of 1 cm, a radius of the sensor
tube of 3 mm, and a diameter of grain-clusters on the surface
of 30 nm, in accordance with Fig. 13 we obtain the resistance
of this layer to Table 6 metals less than 1 Q instead of the
postulated one in Table 6 values of the conductor resistance
between 1 kQ and 1 MQ. This means that it is practically
necessary to reduce the resistance of the metal coating by
several orders of magnitude, and this corresponds to transi-
tion to the percolation threshold. In this case, a small part of
surface metal clusters is included in the conductive channel,
which indicates the low efficiency of the metal used in this
sensor.

Unfortunately, we have no information about which part
of the material does not participate in the transfer of the
sensor electric current for other types of conductometric gas
sensors. This may be judged by the average number of nearest
neighbors which are in contact with the test cluster. For the
percolation cluster near the percolation threshold, the
number of nearest neighbors is fewer than 2; if the surface is
completely filled with one layer and clusters form a square
lattice, this value is 4; and for the hexagonal lattice this equals
6. In the case of a DLA-cluster, the average number of nearest
neighbors is approximately 2.25 [164] if the sticking prob-
ability as a result of contact between attached solid clusters in
the course of deposition is one. One can add to this that, in
spite of the low efficiency, the percolation cluster is a
convenient model in the analysis of the conductive properties
of metal nanostructures.
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4.3 Resistance of a metal conductor

with active molecules on the surface

The subject of the subsequent analysis is a conductometric gas
sensor with a conductor as the basis, whose resistance (or
conductivity) varies under the action of active molecules
located in a buffer gas (for example, [165]). Since the action
of molecules is realized near the conductor surface, it is useful
to take nanostructures as a sensor conductor, in particular, a
bunch of fibers of nanometer sizes [166, 167]. In the sensor
based on metallic nanostructures, the percolation cluster [161,
162] can be taken as a conductor, as can fractal fibers [74] or a
system bound nanowires obtained in superfluid helium [85—
87], because these structures have small cross sections, and
methods of their preparation are being developed.

Since active molecules attached to the metal structure
affect the metal conductor at a depth of about one nanometer,
and the size of a single element of these structures is several
nanometers, the metal nanostructures provide the greatest
sensitivity for the registration of active molecules which form
negative ions on the nanostructure surface. Below, we carry
out an evaluation of the change in the resistance of a metal
nanostructure under the action of active molecules. We focus
on the maximum action of active molecules on the conductor
if negative ions are formed on the metal surface. We restrict
the consideration to transiting metals, where the transition
between the s- and d-electrons promotes the formation of
negative ions. Below we consider some aspects of this
problem, allowing an understanding of the conditions under
which the scheme is realized, as well as an evaluating of the
sensor parameters.

The conductometric sensor basically contains a conductor
to which detected active molecules attach. This causes a
change in resistance of the conductor, which is fixed by the
current change flowing through the conductor. In the
following analysis, we are guided, for definiteness, by
molecules like NO, and NOj, which, notably, are formed
during combustion in air. These molecules form negative ions
on the metal surface, and the binding energy in the free
negative ions is EA(NO;) =24¢eV, EA(NO;) =3.7¢V
[168], respectively. The mechanism of the resistance change
for the conductor consists of the formation of a positive hole
in the metal under the action of a negative ion on its surface.
As a result of the Coulomb interaction with a negative ion, an
induced positive hole is attracted to the surface. This pair acts
as the dipole inside the metal on a valence electron, drifting in
an electric field which determines the electric current in the
metal system. Such interaction increases the conductor
resistance, and the resistance change is proportional to the
number of attached active molecules until this change is
relatively small.

In evaluating the change in the conductor resistance due
to the attachment of active molecules to the metal surface, we
first consider the interaction of such molecules with a bulk
metal. In the course of this interaction, an attached molecule
can capture a valence electron, so that there are two states for
a valence electron, as shown in Fig. 16. In the first state, a
valence electron remains inside the metal, while in the second
state it is captured by the active molecule, which leads to the
formation of a negative ion. This causes the formation of a
positive hole in the metal that is attracted to the negative ion.
Two electron terms are intersected at a distance x. between
them, and at smaller distances between the negative ion and
hole, the ionic state becomes the ground state of the system.
This distance x. between an attached molecule and positive

Metal Gas

Figure 16. Electron terms of a valence electron for interaction of an NOj3
molecule with a surface metal layer: U is the potential energy for a valence
electron, x is the distance between the molecule converted into a negative
ion near the metal surface and a positive hole in the metal, W is the metal
work function, and EA is the electron affinity to an attached molecule. The
electron therm / corresponds to a neutral NOs; molecule interacting
weakly with the metal, while the electron term 2 refers to the interaction
of the negative NOj ion with a positive hole in the metal.

hole, corresponding to the intersection of electron terms, is
given by

62
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(4.18)

where D is the binding energy of an active molecule with the
metal surface. Since this value is usually small compared to
both the metal work function W and the binding energy of an
electron with an active molecule EA4, we assume it to be below
zero.

Let us analyze the contribution of attached negative ions
to the resistance of the metal system. The character of
interaction in this case is shown in Fig. 16, so that a surface
negative ion attracts a positive vacancy to the metal surface.
This pair acts as a dipole on valence electrons, which are
located far from them. As a result of charge-dipole interac-
tion, the valence electrons are slowed, reducing the electric
current through the metal. The scattering cross section for the
valence electron on a dipole ¢, is of the order of xcz so that
below we use the following estimation for the scattering cross
section of a metal valence electron on a system consisting of a
negative ion and a positive hole induced by it:

84
Oe¢ :m . (419)

Let us estimate the correction to the sensor conductor
resistance due to attached molecules. We represent the
specific resistance of this metal system p with molecules
attached to the metal surface in the form [157]

1
p=5=rotAp, (4.20)
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where p, is the specific resistance of the metal system in the
absence of attached molecules. In accordance with formula
(4.12), one can represent the change in the specific resistance
of the metal system Ap due to attached molecules in the form

N OmVehe

Ap =
P Nce?

(4.21)

Here, Ny, is the average number density of holes inside the
metal, whose number is equal to the number of negative ions
on the surface, v, is a typical velocity of electrons, which is
taken as the electron velocity at the Fermi surface, o, is the
cross section of electron scattering on a dipole consisting of a
negative ion and a positive hole, and its estimation is given by
formula (4.19).

Let us introduce the surface density n, of molecules
attached to the metal surface, which is connected with the
average density of positive holes inside the metal Ny, by the
relation

20
Nm = y
r

(4.22)

where ris a radius of the conductive channel. Accordingly, the
relative change in metal conductor resistance is

Ap , , Nm 2nm Uevemezo
=—=AcCy, (m=—"= , =
rNe e

¢
Po Ne

. (4.23)

Here ¢y, is the average concentration of positive holes inside
the metal induced by negative ions. Table 7 contains some
parameters of this formula for the metals under considera-
tion. From this, we also obtain for the average surface density
nmin Of attached active molecules to the conductor surface
causing a change to the conductor resistance,

¢rN,
nmm - 2A .
Obviously, the smaller the relative change in the conductor
resistance due to attached molecules to it, the lower the
accuracy of measurements of this quantity. One can intro-
duce the minimum value of this parameter at which measure-
ments are reliable in accordance with the criterion

(4.24)

E>&=10"°. (4.25)

In accordance with the parameters considered, this
corresponds to the minimum measured changes in the
resistance AR=10"3 Q. Table 7 contains the minimal mea-
sured values ny;, of the specific density change in attached
molecules to the conductor surface, which provides a reliable
measurement of this parameter and is determined by the
formula

o f()rminNc

min = 4.2
n Y (4.26)

Note that the average distance between an attached negative
ion and induced positive hole inside the metal is of the order
of 1 nm. The average distance between attached negative ions
on the metal surface is significantly greater than this value.
From this, we have the maximum surface density of negative
surface ions of the order of 10'3 cm~2, which is several orders
of magnitude greater than the minimum density of attached
molecules, which corresponds to measurable changes in the
electric current given in Table 7. Values of the work function

W and the specific metal conductivity Xy at room temperature
are taken from [109].

5. Applied aspects of metallic nanostructures

5.1 Nanocatalysis

Applications of metal structures relate, in the first place, to
the preparation of new materials. These materials are
nanostructures of two types: spatial and surface. Previously,
fractal fibers and aerogels were considered to be spatial
nanostructures. Surface nanostructures may be divided into
two groups. In the first one, surface clusters do not interact
with each other. These clusters are used as catalysts [169-171].
The surface nanostructures of the second group form a net or
web on the surface. In particular, a surface silver nanostruc-
ture obtained by deposition of silver clusters on a silicon
substrate is represented in Fig. 13 [159, 160]. As a demonstra-
tion of the practical importance of these structures, we will
focus on this example.

The antiseptic properties of silver have been known for
thousands of years [172]. Vessel walls are covered with silver
in order to render harmless water or wine located inside the
vessel. [t is clear that in reality the silver coating kills a certain
type of bacteria and can be used as a cure for certain diseases
[173-175]. Special studies [176] show that silver surface
inhomogeneities of 1-10 nm have the strongest effect on
microbes. Because this corresponds to a typical size of
clusters, silver clusters on the surface or in a liquid may be
used as an antiseptic. In fact, silver clusters are involved in
biochemical reactions that kill microbes and delay their
growth as a catalyst involved in this process [177]. In this
case, the catalytic action of silver clusters for certain types of
microbes depends on their size (for example, [178, 179]).

Let us consider as an example the treatment of wounds.
The skin protects the body from water and liquid penetration
into it, and biochemical processes lead to the healing of
wounds. However, microbes delay this process. Silver leads
to suppression and destruction of microbes, and thereby
silver promotes wound healing. In this case, the silver
cluster-particles are introduced into a suspension or oint-
ment, which is applied to a wound. This is one example of the
application of materials containing clusters. Some examples
will be given below in cluster applications for two areas:
catalysts and sensor conductors.

Nanocatalysis [180—182] referred initially to the process
involving gold clusters as a catalyst in oxidation of carbon
monoxide and hydrocarbons in an air flow. In this case, gold
clusters containing about 10 atoms are fastened to the surface
of certain metal oxides which are semiconductors. The list of
these oxides, semiconductors, providing the process of final
oxidation of carbon oxide, is restricted and includes the
oxides Fe, O3, MgO, TiO,, CeO,. The catalytic effect for
this process with other compounds used as a substrate is
weak. These compounds may be in the form of micron-sized
particles, macroscopic solids, or films.

Interestingly, macroscopic gold is a poor catalyst, and
even more surprising is that clusters of gold and only gold are
such catalysts that enable the oxidation of CO in atmospheric
air at room temperature and lower. This effect was discovered
by Japanese scientists in 1987 [183, 184, 188], who prepared
the catalyst in the form of gold clusters on the semiconductor
surface by the chemical method from a solution containing
gold compounds. It was shown that the catalytic effect acts
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for only small sizes of gold particles on a surface of about 1 nm
(the Wigner—Seitz radius [70, 71] for gold equals 0.17 nm). At
a diameter above 5 nm of gold particles on the surface, the
catalytic effect completely disappears. The optimal size of
bound gold clusters on the base corresponds to approxi-
mately 10 atoms in a cluster [81, 185-187].

The object and the effect under consideration came to be
broadly studied after 2000, both experimentally and on the
basis of computer modeling. Studies show the complexity of
the catalytic process, where not only the catalyst—a gold
cluster attached to a substrate—is of importance, but so is
the substrate, which obviously provides oxygen for the
chemical process and creates a cluster charge. To fully realize
the complexity of the process, let us consider it from general
positions of catalytic processes. Let us assume that the
catalytic process, the joining of two components, atomic
particles B and C, i.e., molecules or radicals, with a catalyst
A, proceeds through the formation of a long-lived complex in
accordance with the scheme

A+ Bz AB™, (5.1)

i.e., a long-lived complex AB** can break, returning the
system to its initial state. The chemical process involves a
long-lived state

AB* +C — A+ BC, (5.2)
so that the total process corresponds to the scheme
B+ C— BC. (5.3)

Introducing typical times 7, and 1, for processes (5.1) and
(5.2), we learn for probability P that the decay of the long-
lived complex 4 B** leads to the total process (5.3)

71

P= . 5.4
T+ T2 ( )

If we assume that processes of complex formation have an
activation character, i.e.,

£ E,
T ~ eXp - | Ty ~ €Xp - |

we can obtain the following temperature dependence for the
probability of the chemical process (5.4):

1
pP=—
1+ Aexp(E,/T)’

(5.5)

(5.6)

where E, = E; — E; is the activation energy of the total
process, and A is a numerical coefficient.

Figure 17 shows the temperature dependence of the
probability of the catalytic process for CO oxidation in air
at given parameters of the air flow through a reactor [81, 185—
188], i.e., at a given concentration of CO impurity in air, at a
given residence time of the air flow in the reactor, and at a
given number of clusters-catalysts on the inner reactor surface
for MgO as the surface material. Though the total process

2CO + 0, — 2CO, (5.7)

proceeds with an energy release, the interaction of atomic
particles in this process leads to its activation character. Let us
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Figure 17. Temperature dependence of the probability of the process
2CO + 0,—2CO; using a semiconductor TiO, as a support and gold
clusters fastened to its surface used as a catalyst [189].

treat the data in Fig. 17 on the basis of schemes (5.1) and (5.2)
in accordance with formula (5.6). We obtain for the
parameters of this formula E, = 0.5eV, 4 =6 x 10~!!. The
activation energy corresponds to typical values for chemical
processes, but the numerical coefficient for the reversible
process of the formation of a long-lived complex in process
(5.1)is usually of the order of A ~ 1. From this, it follows that
the capture of CO molecules by a catalyst is an irreversible
process. In this case, this process corresponds to a simulta-
neous change in the cluster configuration with the attachment
of the CO molecule to it and the valence electron transition
between different centers.

Let us ascertain how this scheme can be realized for a
given process. A free negatively charged gold cluster consist-
ing of 10-20 atoms is characterized by the binding energy of a
valence electron in the range between 3 and 4 eV [44]. At this
electron binding energy, a tunnel transition with the prob-
ability of 6 x 10~!! corresponds to a distance between centers
in the range between 1.1 and 1.6 nm [190]. An electron is
bonded initially with one center and then transits to the field
of the second center, and one of these centers— potential
wells for electrons— 1is a cluster, while the second one is
located on the substrate. In this case, process (5.1) is described
by the following scheme [42, 190]:

S—Au; | +CO — S~ — Au, T -CO, (5.8)

where the S is a substrate, the arrow indicates the configura-
tion state, and the point corresponds to a bound state. Note
that according to measurements and on the basis of DFT-
calculations [191, 192], the basic configuration state of a
negatively charged gold cluster containing 12 atoms is a flat
structure, whereas such a cluster consisting of 13 and 14 atoms
has a spatial configuration of atoms. This shows that the
configuration transition in this case proceeds simultaneously
with charge transfer.

Thus, the oxidation process for CO molecules with gold
clusters consisting of 10 atoms as a catalyst and a suitable
substrate is a complex process. Figure 18 shows the config-
uration of the Aujg cluster, located on the MgO substrate,
which follows from DFT-calculations [193]. This structure
allows the fundamental character of the process to be
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Figure 18. Structure evaluated on the basis of the density functional theory
(DFT) for an MgO semiconductor as a support with gold clusters
consisting of 10 atoms which are attached to the support surface [193]. A
defect on the MgO surface is formed by the removal of one oxygen atom,
and the lower atom of the gold cluster fastens to this defect. In the course
of the chemical reaction with oxidation of the CO molecule, the gold
cluster can change its configuration.

analyzed. According to experiments [81, 82, 84, 194] and the
analysis, the capture of CO molecules occurs in a space at the
boundary between the cluster and substrate. In addition,
oxygen molecules of air may be further involved in the
catalytic process (Fig. 19).

The catalyst under consideration provides oxidation of
CO in air at room temperature, which is not available for
other catalysts, and it is promising as an automotive filter.
Nevertheless, the first application of this catalyst was for the
removal of odors in Japanese toilets [81, 194, 197], where the
main source is trimethylamine. Its decomposition upon using
the catalyst under consideration leads to the formation of N,
and CO, molecules, whereas decomposition of trimethyla-
mine with palladium and platinum as the catalysts occurs at
higher temperatures, and the product of this process is N,O.
The basis of this catalyst for the destruction of trimethyla-
mine in this case is a zeolite powder containing NiFe,Oy, to
which gold clusters are attached, and an iron oxide powder
Fe, 03 is the basis for the gold clusters. Next, this catalyst with
gold clusters for CO oxidation in air is also suitable for the
low temperature oxidation of hydrocarbons [198].

One area of use of this catalyst is in so-called green
chemistry [199, 200]. In this case, products of chemical
processes by oxidation in air are only water, carbon dioxide,
and nitrogen. Nanocatalysis with gold clusters aims at
oxidation processes and is useful for such processes [201]. In
particular, this catalysis may be used to produce gluconic acid
[202], acetic acid [186], and propylene oxide [203]. The
nanocatalysis with gold clusters can provide high activity
and selectivity of a chemical process. Within the framework
of green chemistry, this catalyst can also be used for the
decomposition of atmospheric ozone.

The system under consideration, consisting of a metal
oxide surface and gold clusters fastened to it, may be used not
only as a catalyst, but also in other processes. This system can
be a sensor for CO detection [204], and also may be used to
control the CO emission from car engines and for air
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Figure 19. Dependence of the rate of formation of CO, molecules in
process (5.7) on the degree of substrate covering by molecular oxygen at a
temperature of 200 K (black dots) and 400 K (white dots) [195, 196]. ML
means the number of molecular layers.

purification [205]. It can be a basis for batteries and fuel cells
using methane [206]. The chemical energy of the fuel cell is
converted into electrical energy. In the hydrogen-oxygen fuel
cell, hydrogen and oxygen are injected into the combustion
chamber in the correct proportions and are converted into
water vapor in the catalytic chemical process, with platinum
as a catalyst. However, the addition of gold clusters to the
platinum catalyst surface delays catalyst pollution and
increases the efficiency of this process [207, 208].

The main impetus for multilateral research on nanocata-
lysis with gold clusters is connected with the possibility of
using it as a car filter, which would justify expenses on
fundamental research on the catalytic process. Apparently,
it does not occur, because products of this process are not
removed and clog the catalyst. However, just these studies
have led to principal advances in the study of nanostructures.
The developed experimental methods with electron micro-
scope measurements allowed individual atoms in the struc-
ture to be seen. Other methods may be added to this, which
simultaneously give additional information. In particular,
CO molecules are effective emitters due to vibrational
transitions, and the absorption lines of CO-molecules
adsorbed by gold clusters are characterized by energy
transfers of 2112 and 2151 em~! [209, 210], which differ
slightly from the corresponding lines of free CO-molecules
or those to be bonded in chemical compounds. This gives
information about the character of the process.

The density functional theory (DFT) is the basis of
computer simulation and allows one to analyze the config-
urations of different atomic elements. An example of such a
structure is shown in Fig. 18. Note that the potential of the
density functional theory follow first and foremost from the
variational principle, which is intended only for the ground
electron state of the system. This and a low accuracy in
determining the electron energy does not allow comparing
different configurations with respect to their electron energy.
However, this method gives the capability to determine
accurately the length of bonds for a certain configuration of
atoms and, accordingly, to construct different configurations
of the system. Therefore, one can construct suitable structures
of atoms, as given in Fig. 18, but it is difficult to select the
optimal structure. In addition, finally, the catalytic process is



1258

B M Smirnov

Physics— Uspekhi 60 (12)

of interest, and this process leads to the transition between
structures and is characterized by the barrier height for this
transition. Therefore, determination of the structure of this
system, which consists of a substrate with fastened gold
clusters and attached CO molecules, is only part of the
problem.

The peculiarity of the structure under consideration,
where a cluster is bonded with the crystal lattice of a
semiconductor, is the requirement that the lattice not be
distorted under the action of a fastened cluster, i.e., the
distance between atoms in the cluster and lattice are close.
In particular, if a gold cluster with the face-centered cubic
structure is fastened to the surface of crystalline magnesium
oxide MgO, the preferable structure of its surface is
Au(100)/MgO(100), since the the crystal lattice constants
for macroscopic gold, 4.08 A, and for magnesium oxide
4.20 A, are close, so that these compounds can be combined
with a small distortion of the gold crystal lattice. Therefore,
an Auy cluster with the face-centered cubic structure may be
used as the model structure for the nanocatalysis under
consideration [84]. Nevertheless, the structure of gold atoms
given in Fig. 18 and located above the MgO crystal lattice
[193] has another atomic configuration. Evidently, this
structure is excited with respect to the catalyst under
consideration, and information about the static structure
allows us to describe only partially the catalytic chemical
process.

Note that processes involving CO and O, molecules with a
nanocluster may occur in the same manner on a macroscopic
gold surface with the terrace structure [84, 196, 211], as well as
on the surface of free gold clusters [212, 213]. Nevertheless,
process (5.7) proceeds more effectively if the gold cluster is
fastened to the substrate, which is a metal oxide [188, 214]
with a suitable distance between its atoms, so that attached
atoms are located at the periphery of the gold cluster and at
the cluster—substrate boundary [81, 194]. In this case, the
bond lengths in the cluster vary slightly depending on the
surface structure of the metal oxide [186, 215-218]. The
character of subsequent attachments of reacting molecules to
the cluster depends on the cluster structure, and it is usually
assumed that the gold—substrate contact relates to the
direction Au(111) of the gold surface [219-221], as shown in
Fig. 2a.

The complexity of the process of catalytic CO oxidation
with small gold clusters fastened to the substrate also follows
from the dependence of the chemical process rate on the
chemical composition and substrate structure. The simplest
version of the substrate is the MgO crystal surface {111}; iron
oxide a-Fe, 03, titanium oxide TiO,, and cerium oxide CeO,
are suitable for this goal. These oxides may be in the form of a
macroscopic surface, micron-sized particles, or thin films,
and the above list comprises all the materials that can serve as
substrates for small gold clusters, as other compounds do not
provide appreciable catalytic effect.

All these compounds contain oxygen, which can partici-
pate in the chemical process. In addition, these support
materials are semiconductors, and their chemical bond with
gold clusters can lead to cluster charging, which is of
importance for the chemical process [84, 222-225]. It is
believed that the cluster charge changes the character of its
interaction with molecules. Structures of gold clusters
containing 10 atoms are shown in Fig. 2, and the total cluster
charge is —0.88¢ and —2.19¢ for the face-centered cubic
cluster structure according to the calculations [225] and is

equal to —1.06e if the cluster consists of two antiprisms
(Fig. 2b).

One can expect that the presence of gold in this catalyst
makes it expensive. In fact, as will be shown later, the catalyst
price is determined by other factors. Indeed, let us assume
gold clusters on a catalytic surface to consist of 10 atoms, in
accordance with [81, 185-187], but the basis of the Aujg
cluster is the face-centered cubic lattice, as shown in Fig. 2a,
i.e., containing 7 atoms in the lower layer and 3 atoms in the
upper layer. In addition, we assume that the clusters occupy
1% of the substrate surface. From this, we have the surface
density of gold atoms on a substrate being approximately
Nag = 8 x 101* cm~2 [189], if the gold atoms form a surface
layer. This gives for the gold mass per unit substrate area
May = 10/7 x 0.0l MNp, = 4 x 107 gem =2, where M is the
gold atom mass. Being guided by the market value of gold, at
1,300 dollars per ounce, one can get a material specific price of
this nanocatalyst below 0.3 cents per m?. Thus, gold’s
contribution to the cost of nanocatalysts is relatively small
and is determined by both the unique equipment to create,
detect, and work with nano-objects, and qualified personnel
to service these devices.

One characteristic of the catalytic process under con-
sideration is the dependence of the reaction rate on the
concentration of water vapor. This question was studied in
detail in book [82], and the analysis reflects both the positive
and the negative effect of water molecules on the rate of the
process (5.7). Acceleration of the oxidation process by water
vapor takes place both for gold and for the catalyst of other
transition elements [226-230]. The mechanism of acceleration
of process (5.7) under the action of water molecules [231] is
associated with lowering the dissociation barrier for water
molecules on the catalyst surface, which results in the
formation of an oxygen atom O attached to the CO
molecule. On the other hand, the formation of OH radicals
or complexes containing these radicals leads to a reduction in
the rate of the catalytic process [217, 232]. These facts also
indicate the complexity of the process.

The analyzed catalytic process includes several successive
stages proceeding through the formation of long-lived
structures as intermediate stages of the process. However,
the dynamic character of the catalytic process requires a
certain flexibility, which appears under the term ‘dynamic
fluctuation’ [222, 233] and leads to an efficient transition
between the configuration states of the system at each
intermediate stage. This means that effective transitions
between configuration states of a system consisting of a
catalyst and reacting molecule proceed mostly due to atom
displacement. Since metal clusters can change the atom
configuration more easily than the macroscopic surface can,
in principle, they can be better catalysts than the macroscopic
surface [234]. This potential is enhanced for metal clusters due
to a larger number of configuration states with a low
excitation energy [235-238], as well as to the possibility of
the cluster charge changing in the course of this process.

Summing up the understanding of the catalytic process
(5.7) and representing the process as a transition between the
potential energy surfaces of the system [42, 239, 240], one can
formulate a working scheme of this process. In the initial
state, a free CO molecule interacts with a gold cluster attached
to the macroscopic surface of a metal oxide, and they form a
specific configuration, say, as shown in Fig. 18. The metal
oxide surface is covered partially with oxygen and is not
uniform, and it contains the centers (dislocations and
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impurity atoms) at which positive and negative ions are
formed. The configuration state formed in the attachment of
CO molecules to a gold cluster corresponds to a simultaneous
change in the structure of the cluster (for example, from a
volume structure to a plane one) and a valence electron
transition between the centers located in the cluster and
substrate. In this regard, the opposite transition of bond
breaking between the CO molecule and gold cluster with a
substrate is accompanied by a change in the cluster structure
and the transition of the valence electron. The subsequent
process that leads to the final channel of the chemical reaction
is responsible for bond formation between a CO molecule
located on the substrate and an oxygen atom. This implies the
release of a CO, molecule, i.e., bond breaking between this
molecule and cluster. Apparently, this does not actually
happen, i.e., the CO, molecule remains to be bonded with
the cluster and substrate, which corresponds to catalyst
contamination. This scheme demonstrates the complexity of
the catalytic process. Confirmation of the complexity of this
multistage catalyst process is that its rate is not described by
the Arrhenius formula that is expressed through the activa-
tion energy of the chemical process characterizing the barrier
height for this reaction.

It can be expected that the above nanocatalysis could be
developed for relatively inexpensive car filters. Indeed, the
annual production is more than 50 million automotive
engines [241], where platinum, palladium, and rhodium are
used as a catalyst to clean car motors at more than 200 tons
per year [241]. One would expect that nanocatalysis based on
gold would lead to big benefits. Unfortunately, this plan was
not realized as was expected initially, apparently due to
contamination of nanocatalysts. Nevertheless, development
of gold-based nanocatalysis has led to essential changes in the
field of physics and chemistry, which can not be over-
estimated. New methods are developed for the detection of
nanostructures that allow one to see individual atoms. The
DFT has allowed us to analyze complex systems containing
various kinds of nanostructures. In addition, the nanocata-
lysis method using gold as a catalyst became the basis for
some chemical processes, and these processes have occupied a
certain place in modern chemistry. Therefore, the absence of
success in catalytic CO oxidation in air does not reduce the
value of nanocatalysis in science, which originated in
connection with solving this problem.

As is seen, development of cluster applications has led to
the creation of new materials, where small metal clusters are
attached to the semiconductor surface at points of surface
defects. Such a material may be used as a catalyst, in
particular, in oxidation reactions of gas molecules at this
stage of research. Metal clusters are suitable for this goal due
to two properties. On the one hand, the binding energies of
the atoms in them are sufficiently large, which makes it
possible to conserve clusters in chemical processes. On the
other hand, the configurational excitation energies for these
clusters are relatively small, as demonstrated in Fig. 2.

Cluster interaction with a surface can lead to a change in
its charge and, as follows from the analysis, the capture of a
reacting molecule by a cluster takes place simultaneously with
a change in the cluster configuration and its charge, which
makes the process irreversible. Of importance for this process
is the use of a metal oxide as a substrate material. Namely, an
oxygen atom is taken from the substrate for the oxidation
process, and its subsequent reduction results from attachment
of an oxygen molecule. From this analysis, it follows that the

properties of this material as a catalyst depend on both the
type of metal and the number of cluster atoms, as well as on
the substrate material.

5.2 Semiconductor conductometric nanosensors

There is a large set of methods to determine the concentration
of atoms and molecules of a certain type in a buffer gas.
Obviously, spectroscopic methods have a high sensitivity
because of the relatively small width of the spectral absorp-
tion lines of atoms or molecules of a certain kind. Notably,
the very high sensitivity results from the so-called two-step
method of atom ionization [242, 243]. In this case, resonance
radiation transfers the atoms in an excited state, and a laser
beam of another wavelength, which is not able to ionize atoms
in the ground state, causes ionization of excited atoms. It is
clear that the detection of ions is characterized by a higher
sensitivity than with neutral particles. The presented method
allows one to detect up to one cesium atom located in a cubic
centimeter of air at atmospheric pressure [242].

The high sensitivity of spectral methods is reflected in the
optohalvanic method of atom detection in a weakly ionized
gas, in particular, in a flame. An electric current flows
through a gas under the action of an external electric field,
i.e., this gas is a gas discharge plasma. It is irradiated with a
beam of a tunable laser, and the laser wavelength is in
resonance with the excitation of detected atoms. A certain
portion of the excited atoms is ionized, which leads to an
electric current spike of the circuit, and the amplitude of the
electric current increase characterizes the number density of
impurity atoms in the buffer gas. This method allows the
detection of impurity atoms in the buffer gas, starting from
concentrations of the order of 1012 [244-246]. Of course, this
method refers to impurity atoms with a low ionization
potential, but the sensitivity of this method testifies to its
potential.

Below, we concentrate on the method of measurement of
impurity molecules in a buffer gas, where the presence of
impurity molecules in the buffer gas and a change in their
number density is detected due to the electric current change
under the action of impurity molecules passing through the
device or a change in the sensor’s electrical resistance. In spite
of the lower sensitivity than with spectroscopic methods, the
sensors are spread because of the simplicity and compactness
of these devices. The sensors currently used are called
chemical nanosensors [247-249], because their effect is due
to a chemical process on the conductor surface. Below, these
sensors will be divided into semiconductor and metal, in
accordance with the type of material which is used as a
sensor conductor.

Semiconductor conductometric sensors are the most
widely used, which have been investigated and used for
several decades [250-254]. In particular, in the first decade
of this century more than 2,000 published papers were
devoted to this topic [249]. In this case, the electric current
propagates through a semiconductor nanomaterial, and the
electric current passed through a semiconductor changes
under the influence of active molecules located in a surround-
ing buffer gas. This semiconductor can be in the form of single
grains or nanowires [166, 167]. Oxides of some metals, such as
Zn0O, SnO,, CuO, and WOs, are typically used as the sensor
conductor. An example of a semiconductor sensor is shown in
Fig. 20, where the voltage is about 0.1 V and measured
currents are 10 nA. This example shows the scale of values
used in this method.



1260

B M Smirnov

Physics— Uspekhi 60 (12)

50 - 400
- 300
g
% a
. -200 &
17 e
8 S
Z 35 F - - 100
[
3.0 1 | 1 1 0
0 20 40 60 80 100
¢, min

Figure 20. Dependence of the electrical resistance of a conductometric
semiconductor sensor based on copper oxide CuO nanowires and
palladium nanoclusters about 5 nm in diameter [166] in synthetic air at
350°C and at a humidity of 50% with the addition of CO. The
concentration of CO and its dependence on time is indicated.
One ppm = 10~ (parts per million).

There are two mechanisms of action of impurity mole-
cules on the sensor resistance, as shown in Fig. 21. The first
one (Fig. 21a) refers to a semiconductor composed of grains,
where an active molecule acts on the space between neighbor-
ing grains. If chemical processes involving impurity molecules
allow the destruction of the partition between neighboring
grains, the sample resistance decreases. An opposite effect is
possible where impurity molecules increase the energy barrier
(the Schottky barrier) for a contact between neighboring
grains, so that the sample resistance increases. Another
mechanism given in Fig. 21b results from the surface charge
appearance under the action of active molecules. By the way,
in order to clean the conductor surface of attached molecules,
which change the surface charge, metal nanoparticles are
often added to the semiconductor to take the surface charge
away.

One of the sensor important parameters is its sensitivity S,
which is the ratio of the sensor resistance R, in a gas with
appropriate impurities to the resistance R, of the sensor
located in a test gas. It is taken into account that a resistance
change results from the chemical reaction involving active
molecules, and this changes the surface properties of the
conductor and its conductivity near the surface. In the case
of the activation character of the chemical process, its
sensitivity with respect to a given gas depends on the gas
temperature. An example of this is given in Fig. 22, and just
the temperature dependence of the sensitivity allows us to
determine the kind of impurity molecules. Therefore, semi-
conductor sensors include a heater that provides a measure of
the sensor sensitivity in a certain temperature range, and the
kind of impurity molecules is ascertained from this. As a
result, semiconductor sensors allow determining with the
appropriate accuracy the kind of impurity molecules and
their concentration at values above 1 ppm.

The action of a conductometric semiconductor sensor in
detecting active molecules in a buffer gas is based on
measuring the semiconductor resistance. A change in the
semiconductor resistance under the influence of interacting
molecules greatly depends on the temperature. The action of
impurity molecules on sensor resistance can be determined
either by the attachment of detected molecules to the
semiconductor surface with the formation chemical bonds
with the surface or by chemical reactions involving these
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Figure 21. Mechanisms of influence of active molecules located in a buffer
gas on the sensor conductor. (a) Active molecules change the partition
separating semiconductor grains [255]; (b) change in the charge distribu-
tion near the semiconductor surface as a result of the attachment of oxygen
molecules [256, 257]. Attaching to the semiconductor surface, oxygen
molecules are converted into negative ions that changes the spatial charge
distribution near the surface.
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Figure 22. Temperature dependence of the sensitivity for a sensor based on

porous ZnO in a surrounding buffer gas with chlorobenzene and ethanol
at a concentration of 100 ppm [257, 258].

molecules. As a result, the character of energy bands changes
near the semiconductor surface, which is reflected in its
resistance. The temperature dependence of the semiconduc-
tor resistance characterizes the kind of attaching molecules.
As arule, a certain chemical composition of the semiconduc-
tor is used for each type of detected molecules (for example,
[255, 259-261]).

Note that this method is used to measure concentrations
of molecules in a buffer gas above ~ 107°. In addition, if
detected molecules react chemically with the semiconductor
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surface, the latter is clogged, i.e., the sensitivity decreases as
the surface is covered with products of the chemical reaction.
This is an irreversible process, i.e., surface cleaning is required
at a certain stage of surface coverage.

5.3 Sensor based on metallic nanostructures

A sensor based on metal nanostructures may be considered
the limiting case of a semiconductor sensor, where active
molecules interact in the strongest manner with the conductor
surface. In this case, there is Coulomb interaction of a
negative ion, which is formed from an active molecule by
attachment of a metal electron to it, and a positively charged
hole, which is formed inside the metal. The strong interaction
provides a higher sensitivity (by roughly three orders of
magnitude) for metal nanosensors than for semiconductor
ones. However, since this Coulomb interaction in metal
nanosensors takes place for different types of active mole-
cules, these sensors are not selective. Next, since the
measurements are carried out in this case at lower molecule
concentrations, the relative lifetime of the device in this case is
much higher than that of the semiconductor conductometric
sensor. In the case of a metal conductor, its cleaning may be
fulfilled by using the flow of a gas discharge plasma, and the
subsequent chromatographic analysis of products [262]
allows one to determine the kind of attached active molecules
or the distribution of these molecules over their types.

In Section 4.3, we consider the mechanism of sensor
operation with metal nanostructures as a conductor
(Fig. 16). This mechanism consists of the formation of a
positively charged hole inside a metal under the action of a
negative ion formed from an active molecule on the metal
surface. This couple of charged particles acts on a valence
electron, causing an increase in conductor resistance. From
this, it follows that a nanometer transverse conductor size is
optimal and the conductor of this sensor exists in the form of a
metal nanostructure. Therefore, an analysis of the conducto-
metric sensor lies in comparing the parameters of various
metal nanostructures.

The main problem with this is the lack of sufficient
information about electrical properties of metallic nano-
structures. Therefore, we have to restrict ourselves to rough
estimates of the resistance of a percolation cluster and of a
system of interwoven nanofibers, and in the case of fractal
fibers even estimates of these parameters are absent. Above
(Section 2.3 and Figs 4, 5), some photographs are given for
each nanostructure under consideration, which allows one to
understand their general features and differences. The
percolation cluster consists of grain-nanoclusters, whereas
fractal fibers contain as their elements fractal aggregates of
smaller sizes, and a fractal fiber itself has a small transversal
dimension compared to the longitudinal one. The nanostruc-
ture resulting from superfluid helium is a system of inter-
woven metal nanowires and, apparently, this is the most
convenient metal nanostructure for a conductor sensor.

The percolation cluster consisting of metal grains and
used as a conductor of the conductometric sensor is a two-
dimensional system and covers the tube surface through
which a buffer gas with detected active molecules passes.
Next, let us consider the fractal fiber, a three-dimensional
system located inside the tube. Figure 5 contains a fragment
of the fractal fiber, which gives an understanding of its
structure. The fractal fiber is formed as a result of joining
fractal aggregates under the action of interactions of dipole
moments of fractal aggregates induced by an external electric

field. In turn, the fractal aggregates [72] are isotropic fractal
structures whose size does not exceed 1 um and which are
composed of metal nanoclusters with a typical size of about
10 nm. However, there is in this case also a general problem of
restricted efficiency of fractal systems as elements of the
sensor conductor, because a certain part of the structure
remains at the periphery of the conductive channel and does
not contribute to the resistance of this metal nanostructure as
a conductor. Therefore, active molecules attached to this part
of the nanostructure do not affect its electrical parameters.

A fractal fiber is an anisotropic fractal structure, and its
anisotropy is created under the action of an electric field,
beginning from sizes of the order of 0.1 pm, at which an
electric field affects the character of structure growth (for
example, [96]). Problems using this structure as a sensor
conductor are connected with the fact that special experi-
mental studies are required to determine the electrical
resistance of the structure, and on the basis of this one can
understand the advisability of using the fractal fiber as a
sensor conductor.

Evidently, the most convenient fractal structure for a
sensor conductor as of now is a bunch of metal nanofibers
obtained in the process of evaporation and growth of metal
nanofibers in superfluid helium [8§5-87]. The character of this
process is described in Section 2.4 and uses the fact that
superfluid helium repulses impurity atoms and particles
outside it. As a result, evaporated metal atoms and metal
nanoclusters formed from them are subsequently located in a
space which is separated from the main volume of superfluid
helium. The boundary of separation is conserved if metal
particles are located inside the vortex. In this case, the kinetics
of transformation processes of evaporated metal into
nanoclusters are similar to those occurring in the nucleation
of atomic metal vapor in a buffer gas (for example, [96]).
Namely, atoms join into small metal cluster-drops, and
further, in turn, small liquid clusters join with clusters of
larger sizes, as long as they do not become solid.

The difference compared to the kinetics of cluster growth
in a buffer gas at those stages of condensation of the metal
vapor follows from the high thermal conductivity of liquid
helium, and this leads to the formation of solid metal clusters
at smaller sizes. The main difference in the kinetics of growth
process takes place at the next stage, when solid clusters join
into some structure in regions of their contact. As a result of
joining solid clusters in a buffer gas, fractal aggregates are
formed [72], i.e., structures where neighboring clusters are in
random directions with respect to a given one. All solid
clusters are located in one line in superfluid helium and form
a chain of solid clusters at the first stage of the process.

Of course, the vortex length is restricted, and the observed
length is estimated as d ~ 100 nm. Thereby the vortex-
restricted channel with metal clusters generates an aniso-
tropy of the formed metal structure. In the case of cluster
associations in a buffer gas, on average, an isotropic fractal
structure is formed at this stage of the process, i.e., fractal
aggregates [72]. When a growing metal fiber reaches some
length in the course of growth in superfluid helium, a vortex
comes off from the metal surface, and then the vortex with a
chain metal cluster inside it makes a diffusive motion in the
superfluid helium. If its trajectory intersects with that of
another vortex containing a chain metal cluster, these chains
are bonded in the contact area. Accordingly, subsequent
growth leads to the formation of fractal structures, whose
element is a nanofiber about 100 nm in length and radius is a
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few nanometers. This structure may be attached to walls or to
other elements of a fixed structure, so that after helium
removal, this system exists stably inside a buffer gas, as with
other fractal structures discussed above.

The above description of the formation of the above metal
nanostructure is entirely based on experimental data. In the
following, the parameters of this structure were analyzed in
more detail for catalytic applications [97-99]. In the author’s
opinion, only the metal property is used due to a large specific
surface area, which is of the same order of magnitude as for
other nanostructures. In addition, the experience with
nanocatalysis for CO oxidation when using bonded gold
clusters shows [42, 82, 183] that the substrate to which gold
clusters fasten is of importance for this process. The metal
cluster can be found in various configurations, between which
a transition occurs in the catalytic process.

The significant advantage of the metal structure obtained
from superfluid helium is a large length of metal nanowires
compared to the radius of a nanocluster as elements of other
nanostructures. This provides a smaller number of metal
nanoclusters as a conductive channel and, accordingly, a
higher efficiency of the metal structure for the main process.
In particular, this means that in formulas (4.15), (4.16) a
nanowire length that is of the order of d ~ 100 nm is used as
the structural element, rather than a cluster radius of the
order of a few nanometers.

In addition to this, we note that this structure consisting of
interwoven metal nanowires is studied in more detail than an
individual fractal fiber. A method has been worked out for
conversion of a three-dimensional fractal structure obtained
as a result of helium removal in a two-dimensional structure
by its attachment to a dielectric located on the chamber walls.
Although two-dimensional structures located on the walls of
the sensor tube are more stable in the course of propagation of
a buffer gas flow with active molecules through the tube filled
by a fractal structure, we will be guided by the three-
dimensional system consisting of interwoven metal nano-
wires.

One can add that the resistance of this structure has been
measured, showing the possibility of using it as a sensor
conductor. According to experimental data, a single nano-
wire has a resistance of 300 kQ at a radius of 4 nm and a
length of 100 nm for an elementary platinum nanowire if the
total length of 1.6 mm corresponds to an experimental
distance between electrodes. Let us compare this with the
above formulas. According to formula (4.13), the effective
conductor length Ly, i.e., the total length of the conductor
segments, consisting of a single fiber, for a given conductor
resistance R is given by

2R

Po

Loy = (5.9)
Under the above values of parameters, this formula gives
Ler = 0.13 mm  (the specific resistance of platinum is
po = 1.1 x 107° Q cm [109]). Formula (4.16), where we use
this fiber length instead of its radius as a nanostructure
element, gives for the total length of the conductive channel
composed of individual fibers L’ = 0.17 mm. Of course, a
strong coincidence of results is apparent, since the estimates
made are valid to a factor of 2-3. Nevertheless, the
coincidence of the results demonstrates the correctness of
the analysis. In addition, the above operations prove that
single channels that determine the resistance of the conductive
channel are a small part of the conductive channel length.

We consider a conductometric sensor with metallic
nanostructures as a conductor in accordance with the scheme
shown in Fig. 15, where the nanostructure is located in a tube
or on its walls, and a test gas flows through the tube. Let us
ascertain the character of the buffer gas flow with active
molecules through the tube. We assume that a nanostructure
is located on the tube walls, and attachment of active
molecules to the metal walls leads to an increase in system
resistance. Under these conditions, the mean free path of
buffer gas molecules is large compared to the size of grains of
the metal structure. Let us compare two typical times of the
process, namely, the typical time of gas passage through the
tube 74, and the time of attachment 7, of active molecules to
the inner tube surface. These times are determined by the
formulas

b2

D (5.10)

Tdr = —» Tat =
u

where u is the flow velocity, which in this case is of the order of
the sound speed, D is the diffusion coefficient of the active
molecules in a buffer gas, being D = 0.18 cm? s~! [263] for air
molecules in air under normal conditions. For simplicity, we
assume in formula (5.10) that every collision of an active
molecule with a metal surface leads to molecule attachment to
the surface. For definiteness, we are guided by the following
parameters of the process as the tube length (the distance
between the metal rings) /=1 cm and the tube radius
b =4 mm (the initial width of the plate is about 2.5 cm).
From formula (5.10), the drift time is 74, ~ 30 ps under the
above conditions. Formula (5.10) refers to the diffusion
regime of propagation of active molecules in a buffer gas, so
that the mean free path of active molecules in a buffer gas 1 is
small compared to the tube radius b (4 < b). This occurs if the
air pressure is p > 0.02 Torr.

We consider the flow regime 74, ~ T4, Where active
molecules attach to the sensor walls. This corresponds to the
buffer gas pressure p < 0.1 Torr, and since the rate of a buffer
gas flow through a tube-orifice is of the order of the sound
speed, from this it follows that the rate of gas flow does not
exceed 80 sccm (unit of gas flow rate sccm — standard cubic
centimeter of a gas per minute) or ~ 4 x 10'° s=! for the
molecule intensity. Taking the concentration of active
molecules in air to be around 1 ppb (part per billion) = 107,
we have from this for the rate of attachment of active
molecules to a metal surface i ~ 4 x 1019 s~!. From this, it
follows for a time 7, through which a sensor electric current
decreases by a measurable value as a result of attachment of
active molecules to the surface sensor that

Tmin = Stter , (5.11)

where n. is the surface density of attached molecules,
S = 2nbl is the area of the sensor inner surface, and the
minimum measurable surface density of active molecules 7y,
at measured values of the electric current is determined by
formula (4.24). A typical time of measurement of this value
Tmin» S follows from formula (5.11), is given in Table 8.

We now consider the case of a spatial nanostructure
located inside the sensor-tube, taking into account that the
mean free path 4 of active molecules in a buffer gas is large
compared with the fiber radius r of the fractal structure. Then,
the collision cross section of an active molecule with a
segment of a fiber radius r and length d is 2dr cos 0, where 0
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Table 8. Parameters of change of the nanostructure resistance inside the
tube (/ =1 cm, b = 0.4 cm) with the parameters of platinum nanostruc-
tures (d = 200 nm, S = 3.2 cm?).

Metal Fe Cu Ag Au
Parameter
Ners 10 cm™2 23 2.3 1.5 6.9
Ter, MS 1.5 0.11 0.10 0.44
Tmax» days 1.7 0.17 0.11 0.51
Tmin, MS 6 0.2 0.2 1

is the angle between the direction of movement of an active
molecule and a fiber axis. Averaging over the angle, for the
cross section of the active molecule with an element of the
collision thread we obtain ¢ = rd = s/(2n), where s is the
surface area of a segment. Assuming, as before, that every
collision of active molecules with the nanostructure surface
leads to its sticking to the surface, we find that the rate of
attachment of active molecules v to the nanostructure surface
is given by

S’UT

T
where v is the thermal velocity of an active molecule, S is the
total surface area of a nanostructure located inside the tube,
and V is the volume inside the tube. Since a buffer gas flow
propagates through a tube with the sound speed that is of the
order of the thermal velocity, one can estimate from this the
surface area that ensures attachment of active molecules to
the nanostructure after passing a buffer gas through the tube,

(5.12)

2nV
=
where / is the tube length. In particular, considering tube
parameters (/=1cm, V' =0.5 cm?) we have S=3.2 cm?,
which is significantly lower than the surface area of the
palladium nanostructure S = 200 cm?, prepared experimen-
tally [98] in about 10 min. This confirms the reality of
preparation of the sensor conductor in the form of the
nanostructures under consideration.

Being guided by optimal parameters for the attachment of
active molecules to a nanostructure, we estimate below the
sensor parameters. A typical sticking time of an active
molecule to a nanostructure for the conditions under
consideration is about T ~ 1/v ~ 107 s. In determining the
electric parameters of the nanostructure, we are guided by
experimental data for platinum, which will also be used for
other metals. Identifying the structure of interwoven fibers as
a fractal structure with the fractal dimension D = 1.74 [264]
and assuming, as before, that the main contribution to the
structure resistance follows from single nanowires, we obtain
the structure resistance R = 1.2 MQ if the distance between
electrodes is /=1 cm. Then, the number n of elementary
segments of length d = 200 nm in a conductive channel is

IN?

n= ( d) |
From this, we have for the number of elementary segments in
the nanostructure, which relate to a single conductive
channel, n=1.5x10%, while its surface area is s=
7.5 x 1073 cm?. Above, we have determined the optimal

surface area of a nanostructure S = 3.2 cm?, which ensures
attachment of active molecules to the nanostructure if a

S (5.13)

(5.14)

buffer gas flow with active molecules passes through it. This
gives for the number of single channels S/s = 420, and since
they are connected in parallel, the resistance of the nano-
structure is R = 3.2 kQ. For the electric voltage used between
the electrodes U =1V, this corresponds to the current
strength through the nanostructure 7 = 0.35 mA.

The above data relate to a nanostructure which is free
from attached molecules. We now determine the sensor
sensitivity with the conductor in the form of a nanostruc-
ture, assuming that the limit of measurement corresponds to
the relative change in the current strength Aly, /I = 1075, in
accordance with formula (4.25). From this, it follows that the
minimum measurable change in the current strength
Alnin = 0.3 nA. Let us determine the parameters of attach-
ment of active molecules to the nanostructure under con-
sideration. For definiteness, let us take a buffer gas pressure
of 1 atm and concentration of 1 ppb of active molecules,
which corresponds to the intensity of the buffer gas flow of
about 200 sccm. On the basis of formulas (4.23), (4.24), and
(4.26), we obtain in this case for the density change in active
molecules n,, attached to the nanostructure, which is fixed as
a result of the change of the nanostructure resistance due to
attachment of active molecules in accordance with formula
(4.24). Table 8 contains the limiting value ., the surface
density change for active molecules at the above parameters
of the platinum nanostructure. In addition, Table 8 contains
the typical time 7., which is responsible for the change to the
surface density of active molecules in accordance with the
formula

NerS
7
Jac

(5.15)

Ter =

where J,o =5 x 101 s7! is the flux of active molecules
passing through the sensor, together with a buffer gas. In
addition, Table 8 contains the saturation time t., for a
nanostructure, which corresponds to the assumption that the
process of nanostructure filling with active molecules occurs if
the resistance increases by 10%, i.e., the parameter ¢ is
determined by formula (4.23), and is ¢ = 0.1.

The sensor is a device which transforms the attachment of
active molecules to the conductor surface in an electric signal
[254]. The above estimates allow one to compare parameters
of semiconductor and metal sensors. Since a change in the
sensor conductivity is created by a small region of nanometer
sizes near the surface, the requirement for the sensor is
identical in both cases. In the case of a metal sensor, the
influence of active molecules on the sensor is stronger,
because the molecule is converted into a negative ion and
acts on the metal surface through the ion Coulomb field.
Therefore, the sensitivity of a sensor with a metal conductor is
much stronger than that for the semiconductor sensor and
allows one to detect active molecules with concentrations of
active molecules, measured in ppb. On the other hand, the
formation of negative ions provides the maximum influence
of active molecules on the conductor, and hence selectivity in
this case is completely absent.

In operation, the conductor surface of the sensor is
covered with molecules attached to it. Table 8 contains
values of time t,,x under typical parameters of this process.
In the case of a semiconductor sensor, these molecules can be
removed by an increase in temperature. The sensor with a
metal conductor has no selectivity, which is inherent in the
nature of this device. In addition, the process of attachment of
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active molecules to the metal nanostructure is a nonequili-
brium one. Indeed, the binding energy of an active molecule
with the metal surface is ~ 1 eV, and therefore when the
process is over, these molecules remain on the metal surface at
room temperature.

In order to prepare the sensor for further measurements, it
is necessary to clean the surface of the conductor of attached
molecules. It is convenient to use for this goal a capillary
discharge (for example, [265-267]), which, on the one hand,
generates a narrow plasma flux in a pulse regime and, on the
other hand, does not destroy the metal nanostructure, but
tears away active molecules. This follows from a high electron
energy and a low gaseous temperature that does not allow
heating the buffer gas detaching active molecules from the
metal surface. In particular, in the case of the above system of
interwoven metal nanowires as a sensor conductor, the total
electron energy for release of active molecules is about 5 pJ. If
the energy is used to heat air located inside a sensor tube
under normal conditions (7' =273 K, p = 1 atm), the air is
heated by approximately 0.3 K. Under these conditions, a
significant part of the energy of a nonequilibrium plasma
located in the torch of a capillary discharge is contained in the
electrons. Treatment of the metal surface by a plasma in this
manner prepares the conductor for subsequent measure-
ments.

A subsequent chromatographic analysis [262] of products
of plasma cleaning allows one to determine the composition
of active molecules and their chemical formulas; moreover,
there is experience in such an analysis (for example, [268]).
Note also that in the conductometric sensor with the metal
nanostructure, a small part of the metal is used to originate
the electric current. Thus, the difference between the semi-
conductor and metal sensors consists not only of the
parameters of action of active molecules on the resistance of
the sensor conductor, but also of the character of propagation
of the electric current.

Summarizing the analysis of the conductometric sensor
on the basis of metal nanostructures, we note that two factors
are taken into account. First, the optimal resistance of the
conductor in the course of measurements within the frame-
work of the bridge scheme corresponds to its transverse
submicron sizes, whereas a typical size of elements of the
optimal structure is realized at nanometer sizes. From this, it
follows that the conductor consists of a large number of
nanometer fibers. Next, since active molecules must attach to
these fibers in the course of the passing of a buffer gas flow
with active molecules, the surface metal structure is not
suitable for this purpose, i.c., fractal fibers and a bunch of
metal nanowires formed in superfluid helium are optimal for
this goal. These structures may be used not only as a sensor,
but also to remove the active molecules from the flow, in
particular, in hydrocarbon combustion processes.

By definition, the conductometric sensor is a device that
allows one to determine the concentration of active molecules
on the basis of the change in the resistance of the conductor
which is the basis of this device. However, a conductometric
semiconductor sensor and a sensor based on metal nanos-
tructures are different devices. A conductometric semicon-
ductor sensor has a certain selectivity and, in principle, allows
the kind of active impurity to be determined. A conducto-
metric sensor based on metallic nanostructures is character-
ized by the strongest action of active molecules on the metal
conductivity, since these molecules form negative ions on the
metal surface. Next, the surface of the conductometric

semiconductor sensor is restored as a result of its tempera-
ture rise, whereas the sensor surface based on metallic
structures is contaminated by the formation of compounds
chemically bonded with the surface. Therefore, this sensor
requires the replacement of the conductive element or may be
restored by the action of a plasma torch. In addition, the
sensitivity of the conductometric semiconductor sensor is
significantly lower than that of sensors based on metal
nanostructures. Thus, the conductometric semiconductor
sensor and sensors based on metal nanostructures are
fundamentally different devices.

One can expect that the problem of creating a conducto-
metric sensor with optimal parameters is a technical one,
although it is related to knowledge-based technology. How-
ever, the experience of this paper shows how fundamental and
applied problems are intertwined in this case. The above
analysis of using metal nanostructures as a sensor conductor
allows one to give only rough estimates of the electrical
parameters of these systems and processes with their
participation; in the case of fractal fibers, even such estima-
tions are impossible. Nevertheless, this analysis allows us to
understand the possibilities of using metal sensors and to
construct its optimal scheme. In particular, from this, it
follows that two nanostructures, a fractal fiber and a bunch
of interwoven nanowires, may be used as a sensor conductor.
In turn, applied research aimed at creating a sensor with
optimal parameters initiates the fundamental experimental
studies that provide information about the electric properties
of nanostructures, which is necessary for a deeper analysis.

6. Conclusions

At the present stage of study of metal clusters, the focus has
shifted to nanostructures, i.e., systems of bound metal
nanoclusters or nanowires. These systems, as physical
objects, may be divided into two classes: surface, where the
nanostructure exists on the surface, and three-dimensional,
with the location of nanostructures in a certain volume (as
fractal fibers). The nanostructure is fastened to the surface by
its endings. In turn, surface nanostructures may be divided
into two groups, where fastened nanoparticles are located on
the surface, clusters or fibers do not interact with each other,
or chemical bonds are established between nearest neighbors.
In the last case, solid clusters form a net on the surface. A
spatial three-dimensional nanostructure may be modelled by
a web.

Effectively, nanostructures are a new material, and sur-
face nanostructures may refer to a certain class of films.
Therefore, some applications of nanostructures are similar to
those of films. However, the main interest in nanostructures is
that they consist of nanoparticles, which determine some
properties of nanostructures. These properties make it
possible to use them as a catalyst, as well as a sensor
conductor. In this case, since the size of nanoparticles as
elements of a nanostructure significantly exceeds atomic sizes,
the properties of metals are manifested in nanostructures.

In connection with the problems under consideration, the
following properties of metals are of interest. The first
concerns the competition of structures for small clusters
attached to the surface. In contrast to dielectric clusters,
where the ground configuration state is separated from the
first excited state by a relatively large energy gap at the magic
number of atoms in a cluster, in the case of metal clusters, the
excitation energy of the configurations is small if it is
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compared with the binding energy of atoms in the cluster.
Therefore, the transitions between configuration states of
metal clusters proceed efficiently. Moreover, as the number of
cluster atoms varies, the configuration of atoms in the ground
state may change.

We note that the subject of our consideration is transition
metals, in which s- and d-electron shells of valence electrons
compete. These shells are transformed into s- and d-energy
bands for valence electrons of macroscopic metals. Since the
size of nanoclusters in the nanostructures significantly
exceeds the typical atomic size, this property of macroscopic
metals also relates to clusters. The transition between these
energy bands of valence electrons is also typical for clusters
and nanowires which form nanostructures.

It is of importance that some transition metals are easily
oxidized in air or gases containing a small admixture of
oxygen, and in applied problems nanostructures often
border an air or gases containing oxygen. In this case, an
oxide film is formed on the surface of macroscopic metals,
which usually protects them from the penetration of oxygen
deep into the metal. Since clusters and nanowires contain a
restricted number of layers, the penetration of oxygen into the
nanostructures is of special interest.

In conclusion, we note that nanostructures consisting of
metal clusters or fibers are of practical interest. However,
since nanostructures are simultaneously physical objects, it is
necessary to study their properties, as well as the processes
involving them. Therefore, the fundamental and applied
studies of these objects are interwoven.
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