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Abstract—This paper deals with reflectivity of a gold layer
of nanometer-scale thickness sputtered on a dielectric foil at
microwave frequencies. A model of nanometer-scale spheres
characterizes the behavior of the layer. For short sputtering times,
these spheres are separated, and later they touch each other to
form a continuous layer. The structure is analyzed in several
ways. The first model, as suggested in the literature, replaces the
spheres by their electric dipole moments, while the second, newly
proposed model replaces them by their mutual capacities. The
structure is also being investigated by the CST Microwave Studio
software. The data provided by the models is compared with the
data obtained from measurements carried out and published by
the authors previously. The reduction in effective conductivity of
the layer due to microscopic phenomena in thin films is taken into
account in the models. The measured conductivity is compared
with values taken from the literature, and the differences are
discussed.

Index Terms—Conductivity, nanoparticle, polarisability, reflec-
tion coefficient, thin layer.

I. INTRODUCTION

THIN metallic layers and nanoparticles have been gaining
importance in recent decades, e.g., in the field of so-called

active packing [1] and electromagnetic shielding [2]. The be-
havior of a film of metallic nanometer-scale spheres [3] and
rings [4] has been investigated at optical frequencies. The be-
havior of thin metallic layers at microwave frequencies has been
studied in [5], where the authors showed that even a very thin
layer can absorb up to 50 % of the energy of an electromag-
netic wave. Reference [6] studies the effects of microscopic phe-
nomena occurring in thin layers on their effective conductivity.
In [7] there is a study of the electrical conductivity of inhomo-
geneous thin layers at various frequencies and temperatures.

In [8] and [9] a sputtered gold layer was experimentally in-
vestigated at microwave frequencies. It was found that for short
sputtering times there is low reflection from a layer of discon-
nected gold particles, whereas for longer sputtering times there
is high reflection from a homogeneous layer tens of nanometers
in thickness. In addition, the conductivity of the sputtered layer
was measured in [9].

The aim of this work was to find a model that is able to ap-
proximate the experimental reflection coefficient data for the
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Fig. 1. Equivalent circuit of the layer.

whole range of sputtering times. Our group was involved in in-
vestigating gold layers in the past. We therefore dealt only with
modeling gold layers. The topology of sputtered layers of other
metals differs from those of gold layers. Therefore, the findings
presented here are valid only for gold.

Our models are based on replacement of the sputtered layer
by a set of gold nanometer-scale spherical particles distributed
regularly or randomly on a waveguide aperture. The process of
gradual deposition of metal by sputtering is simulated by de-
creasing the distance between the particles or increasing the
number of particles. Interaction of the particles with the elec-
tromagnetic waves is described in several ways. The first model
[10] replaces the spheres by the induced electric dipole moment.
The second, newly proposed model replaces the spheres by their
mutual capacities. These two models are valid only for short
sputtering times, when the particles are disconnected. For longer
sputtering times, a model considering a homogeneous metallic
layer is used. Finally, the layer of gold particles is modeled using
the CST Microwave Studio software. All resulting curves of the
reflection coefficient with respect to sputtering time were com-
pared with measured data.

II. MODELS OF THE SPUTTERED LAYER

The models describe only the metallic layer itself, regardless
of the polymer foil on which it is sputtered. A metallic layer is
replaced by its impedance , which shunts a waveguide with
characteristic impedance , as sketched in Fig. 1.

Alternatively, the layer may be described by the scattering
matrix with parameters S , S , S , and S bound with the
shunt impedance by formulas derived on the basis of circuit
analysis, e.g., in [11]

S S (1)

S S (2)

A. Dipole Model

This model was taken from [10]. It considers a 2-D regular
rectangular plane array of electrically small particles placed
with distance illuminated by a perpendicularly incident plane
wave with wave vector . This wave excites each
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Fig. 2. Array of particles illuminated by an electromagnetic wave.

Fig. 3. Idea of mutual capacity between spheres.

particle. Only excitation of dipoles is expected, while multi-
poles are neglected. The arrangement is sketched in Fig. 2.

The particles are described by polarizability , which links
the electrical dipole moment with the local electric field
at the particle location

(3)

is the sum of the field of the incident wave and of the fields
caused by all other particles. For a sphere, the polarizability is
[10]

(4)

where is the vacuum permittivity, is the complex permit-
tivity of the material forming the sphere; for metal at microwave
frequencies may be assumed. is the conductivity
of the metal and is the sphere radius. According to [10], the
impedance of such an array is

(5)

where is the angular frequency of the electromagnetic wave,
and is the so-called interaction constant

(6)

is the height of the waveguide in which the layer is placed,
and is its width.

The real part of impedance represents the absorption
losses in the layer, and the imaginary part describes its reactive
behavior. This model is valid only for short sputtering times
when the spheres are disconnected.

Fig. 4. Equivalent circuit for the combined model.

B. Capacity Model

The newly proposed model expects the character of the
impedance to be capacitive due to the mutual capacity between
the spheres, as suggested in Fig. 3.

For simplicity, only the capacity of neighboring spheres is as-
sumed. According to [12], this capacity is given by the series

(7)

In our calculations we use the first nine terms of this series [12].
For the impedance we get

(8)

In this case, the value of the impedance is purely imaginary
and does not include losses. This model may also be used only
for short sputtering times when the spheres are disconnected and
their mutual capacity may therefore be assumed.

C. Thin Layer Model

Unlike earlier models describing the behavior of individual
metallic nanoparticles, this model considers the structure as a
continuous layer and is therefore valid only for longer sputtering
times. For a layer of thickness , the impedance is purely real

(9)

where is the square resistivity of the layer.

D. Combined Model

The two last-mentioned models may be combined in order
to describe both the capacitive behavior of the separate metallic
nanoparticles at short sputtering times and the resistive behavior
of a homogeneous metallic layer at long sputtering times. The
resulting equivalent circuit is shown in Fig. 4. For low sputtering
times, when the metallic particles are separated, the impact of
capacity is dominant, and the resistivity represents negligible
ohmic losses in separated metallic nanoparticles. When the par-
ticles touch each other and the layer becomes continuous, the
capacity becomes infinity and only the resistivity plays a role.

A similar model was proposed in [7], taking into account the
resistivity between the metallic islands, so-called intragranual
resistivity, which is connected in parallel with the intragranual
capacity, equivalent to our . The authors use the model for
calculating the temperature and frequency dependence of the ef-
fective resistance of the layer without considering changes with
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Fig. 5. Layer conductivity against layer thickness.

deposition time. This effective resistance is incomparable with
the quantities resulting from our approach.

E. CST Microwave Studio Model

The layer was also modeled using the CST Microwave
Studio [13], which directly provides the scattering parameters.
Spheres with conductivity were either regularly or randomly
distributed on a parallel-plate waveguide aperture terminated
from the sides by perfect magnetic walls and from the top and
the bottom by perfect electric walls.

III. THIN LAYER CONDUCTIVITY

It has been shown by many authors that, in the case of thin
layers, the commonly used conductivity of a bulk material
cannot be used. As a result of the microscopic behavior of elec-
trons occurring in thin layers, the conductivity of such a layer
is effectively reduced in comparison with . According to [6],
the effective conductivity of a thin layer is

(10)

where is layer thickness, and is the electron mean
free path in the material.

In [9], the conductivity of a sputtered gold layer is measured
at dc. The measured curve with respect to layer thickness is
shown in Fig. 5. The same figure shows the curve obtained by
(10) for gold, S/m, and m [6]. As can
be seen, there is an important difference between the two curves.
This difference is probably caused by the fact that (10) considers
a homogeneous thin layer, while the sputtered layer of metal is
porous. In all models we will use the measured conductivity.

IV. COMPARISON OF THEORETICALLY COMPUTED AND

MEASURED DATA

The measured sputtering time dependence of the reflection
coefficient was taken from [8] and [9]. The measurement set
up is depicted in Fig. 6, along with the equivalent circuit of the
measured sample and waveguide termination. The gold layers
on a polymer foil for various sputtering times were successively

Fig. 6. Measurement setup and its equivalent circuit.

Fig. 7. Measured reflection coefficient against sputtering time according to [8]
and [9].

placed in the rectangular WR90 waveguide fed from the left
with the mode TE . A matched load [8], or an open end [9],
terminated the waveguide on the right hand side of the layer.
In the left part of the waveguide, the voltage standing wave
ratio (VSWR) in front of the sample was measured by a slot
line. The reflection coefficient was calculated from measured
VSWR. The measurement at 8.2 and 12.6 GHz provided results
practically identical for both frequencies.

The measured reflection coefficient against sputtering time is
shown in Fig. 7. The low reflection corresponds to the nonho-
mogeneous layer formed by isolated islands of metal. The re-
gion of rapid increase corresponds to the mutual touching of the
particles and the creation of conducting paths short-circuiting
the waveguide. Although the layers in [8] and [9] were prepared
under more or less the same conditions, it may be seen that there
is a difference of several seconds between the times when the
rapid increase in reflection occurs. Apparently, this is caused by
the fact that the sputtering and the creation of the conducting
path is a random process and, thus, the rapid increase in reflec-
tivity may occur at different times.

The measurement of layer thickness on particular sput-
tering time was performed using the Atomic Absorption Spec-
troscopy method. Resulting effective was approximated by a
linear formula [8], [9]

(11)



IE
EE

Pr
oo

f

4 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 6, NO. 6, NOVEMBER 2007

Fig. 8. S of the sputtered layer against sputtering time obtained by the dif-
ferent models for: (a) r = 5:75 nm and (b) r = 5:2 nm (b).

where is inserted in meters, and in seconds.
In order to compare the data obtained from the individual

models and from measurement, it is necessary to take into ac-
count the impact of the polymer foil and the waveguide termi-
nation. This impact may be included into the common reflection
coefficient of the polymer foil and the waveguide termination.
Its value is known from measurement for zero sputtering time
and equals 34.9 dB for the measurement in [8] and 10 dB
for the measurement in [9]. In the equivalent circuit, Fig. 6, this
impact describes the impedance related to by

(12)

The scattering parameters from the individual models (1), (2)
can be now recalculated to the reflection coefficient of the whole
measurement arrangement according to [11]

S
S S

S
(13)

In addition, in order to compare the data obtained from in-
dividual models with measured data, we have to determine the
sputtering time corresponding to the particular distribution of
the spheres. In the first step, the layer thickness is computed by

dividing the volume of spheres by the surface of the aperture
, on which the spheres are placed

(14)

Subsequently, (11) determines the corresponding sputtering
time .

Value is the effective thickness of the layer. It is obtained
by the Atomic Absorption Spectroscopy method or by (14) as
the average thickness of the nonhomogeneous layer consisting
of individual metallic nanoparticles. Since spheres of constant
radius are used, this approach is valid only to thickness equal
to the sphere diameter. This state corresponds to a very dense
array of spheres, or, in other words, an already homogeneous
layer. For higher thicknesses, the concept of spheres is no longer
applicable, and the thin layer model considering a homogeneous
layer is used.

Although the reflection coefficient was measured in the rect-
angular waveguide with TE mode, and the reflection coef-
ficient determined by particular models is valid for the TEM
wave, they can be compared, as we verified by simulations in
the CST Microwave Studio.

A. Regular Distribution of Spheres

At first a regular array of gold spheres with constant radius
was considered. The change in their distance simulates the

gradual sputtering process, during which the number of particles
increases and, thus, their distance decreases. This process is ap-
plied within the frame of all models. The aperture comprising
8 4 spheres is used in the CST Microwave Studio model.

The values of and unambiguously determine the corre-
sponding value of sputtering time obtained via (14) and (11);
assuming the volume of spheres and the aper-
ture equal to the square of the distance of the spheres multiplied
by their number on the aperture , we get

(15)

where is inserted in seconds and and are in meters. The
value of the sphere radius corresponds to physical size of one
piece of the metal gradually forming the sputtered layer. We do
not know its value from our macroscopic investigation. How-
ever, we can choose it retroactively in such a way that the re-
sulting reflection coefficient fits measured data well.

In order to approximate the measured data from [8] sphere
radius nm was used, and to approximate data from
[9], sphere radius nm was used. The calculated time
dependences of coefficient S , representing the properties of
the layer itself, are shown in Fig. 8.

It is seen that for low sputtering times the reflection is very
low, in the order of 100–120 dB, and it grows slightly until
the time of the rapid increase. The time dependences of the re-
sulting reflection coefficient according to (13), obtained by
the particular models and by measurement, are compared with
measured data in Fig. 9.

The dipole model is valid only up to the time corresponding to
the rapid increase region. The other models are valid within the
whole time interval. The curves of the reflection coefficient fit
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Fig. 9. Reflection coefficient against sputtering time obtained by the different
models for: (a) r = 5:75 nm and (b) r = 5:2 nm, and compared with the
measured data according to (a) [8] and (b) [9].

the measured data well. In addition, it is seen that for low sput-
tering times the values of reflection coefficient are mainly de-
termined by the reflection from the waveguide termination. The
use of two different values of is in accordance with the above-
mentioned assumption that sputtering is a random process, de-
spite the more or less identical conditions under which it is per-
formed. It may be assumed that the average dimension of the
pieces of material forming the layer differ for each prepared
layer.

B. Random Distribution of Spheres

Consideration of the random distribution of spheres was mo-
tivated by the random character of the real sputtering process.
The random distribution of the spheres can be taken into ac-
count by the CST Microwave Studio model. The positions of
the spheres are generated by an internal random generator of
uniformly distributed random numbers.

The precedent model taking into account the regular distribu-
tion of the spheres has only one degree of freedom determining
the final shape of the reflection coefficient curve—sphere radius
. The variable simulating the sputtering process in that case is

the distance of the spheres . By contrast, the model consid-
ering the random distribution of the spheres has two degrees
of freedom—sphere radius and random distribution, because,
clearly, for a different random distribution of the spheres the
conducting path is created by a different number of spheres and

Fig. 10. Probability density of the time of the rapid increase in reflectivity.

Fig. 11. The most probable curve of the reflection coefficient against sputtering
time compared with measured data [8] (a) and [9] (b). The dashed lines define
the interval given by the mean value � the standard deviation.

at different corresponding sputtering times and, indeed, the re-
sulting calculated curves of the reflection coefficient also differ.
The variable simulating the sputtering process in this case is the
gradually growing number of spheres .

For simplicity, we used only one degree of freedom in the
CST Microwave Studio simulations, i.e., various random distri-
butions of the spheres, while the sphere radius nm
remains constant.

In the CST Microwave Studio model, the spheres were ran-
domly distributed on the small part of the waveguide aperture
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with area nm . This value was chosen so that
the area is sufficiently large to ensure enough spheres ensuring
random character of their distribution and, at the same time, a
small enough value to make the simulation feasible.

For various simulated random distributions of the spheres, the
sputtering time corresponding to rapid increase in reflectivity
differs. On the basis of simulations of 162 random distributions,
the probability distribution of this time was determined. The
mean value of this time is approx. 27.81 s, and the standard
deviation is 7.33 s and 67 % of the times of rapid increase fall in
the interval given by the mean value the standard deviation.
The corresponding probability density chart is shown in Fig. 10.

The most probable curve of the reflection coefficient is shown
in Fig. 11, in comparison with measured data from [8] and [9].

V. CONCLUSION

A new approach to sputtered gold layer modeling has been
proposed in this paper. The sputtered layer was replaced by
a set of regularly or randomly distributed conducting spheres.
Increasing sputtering time was simulated by decreasing their
distance or increasing the number of spheres. The regular dis-
tribution was analyzed by the dipole model taken from [10],
and by the combined model, newly proposed in this work. The
latter model considers both the capacity between the individual
spheres for shorter sputtering times, when the structure is not
homogeneous, and the resistivity of a homogeneous layer for
longer sputtering times. The reflectivity from 2-D arrays of both
regularly and randomly distributed spheres was checked by sim-
ulation, using the CST Microwave Studio. All curves of the sput-
tering time dependence of the reflection coefficient were com-
pared with each other and with measured data.

It was verified both by the measured data taken from [8] and
[9] and by our models that sputtering is a random process. The
time of the rapid increase in reflectivity may occur at different
sputtering times based on the particular sputtering process or
on a random distribution of the spheres in the CST Microwave
Studio model. It was found on the basis of 162 CST Microwave
Studio simulations that the rapid increase most probably falls at
approx. 27.81 s, with a standard deviation of 7.33 s and 67 %
of cases of the rapid increase located in the interval from (mean
value minus standard deviation) to (mean value plus standard
deviation), i.e., from 20.48 to 35.14 s. The measured data lay
within this interval.

Our models approximate the measured data quite well in the
whole range of sputtering times, recording low reflectivity for
short sputtering times, when the layer is not homogeneous, a
rapid increase while the conducting path is being created, and
high reflectivity for long sputtering times, when the layer is ho-
mogeneous. Regular distribution of spheres results in analytic
formulas for the reflection coefficient. A random distribution of
the spheres is closer to the real random sputtering process, but
may be analyzed only by the EM solver, a disadvantage of which
is the need for time-consuming simulations. To conclude, the an-
alytical models with regular distribution of spheres are suitable
for getting a quick first idea about the features of the sputtered
layer. For a subsequent more detailed insight, including the sta-
tistical distribution of the times of rapid increase in reflectivity,
the time-consuming use of the EM solver is necessary.

The conductivity of a thin layer has been discussed. The re-
sults from the thin-layer model taken from [6] were compared
with measured data [9]. It was found that real conductivity of
the sputtered layer is much lower than that predicted by the
model given in [6], due to the porous character of the real sput-
tered layer. The measured conductivity was therefore used when
modeling the layer.

Modeling of metal nanolayers is important when it is neces-
sary to made a sputtered layer with defined impedance, e.g., in
the domain of active packaging and electromagnetic shielding.
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