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The optical properties of various porous silver films, grown with a commercial DC sputter coater, were investigated and compared
for different plasmaparameters. EffectiveDrudemodelswere successfully used for those filmswhose spectra did not showparticular
resonance peaks. For the other films, neither an effectiveDrudemodel nor effectivemediummodels (Maxwell Garnett, Bruggeman,
and Looyenga) can describe the optical properties. It turns out that a more general approach like the Bergman representation
describes the optical data of these films accurately adopting porosity values consistent with physical measurements.

1. Introduction

Silver (Ag) thin films are widely used in transparent and
heat reflecting layers stacks of the solar-control or low-e type,
applied in glazing units for buildings and automobiles as well
as for solar energy engineering purposes for passive heat
gain [1, 2]. The Ag thin films used in these kinds of optical
systems are typically deposited by magnetron sputtering. It
is well known that Ag films with good optical properties
(high reflection and low absorption) can be obtained with
this technique [1–6]. Like for almostmetals silver film growth
starts with separated islands, which spread and percolate with
increasing thickness. At this early stage the absorption of
visible light is higher than the one of bulk silver. When a
critical actual thickness 𝑑

𝑐
is reached, the film will show the

optical properties of the bulk [7–10]. Several authors have
shown that the deposition parameters highly influence this
film growth and as a consequence the dielectric function
of the material [7, 11, 12]. However all these investigations
focus on films which reach optical Ag bulk properties after
a critical thickness 𝑑

𝑐
around only 10–20 nm. In this paper

we have deposited two series of silver films. The first series
A concerns films with higher 𝑑

𝑐
(between 50 and 100 nm).

Series B of films was grown under plasma conditions leading
to materials that do not reach optical Ag bulk behavior,

until very high thickness values up to 1.38 𝜇m. All these
films can be deposited with a simple commercial coater.
The plasma conditions used with this technique allow a film
growth with a large range of optical properties: coatings with
a high reflectance and a low absorption in the visible range
as well as porous films exhibiting a low reflectance and a
high absorption. Porous metal films can be considered as
composites with an admix of the metal phase and voids.
To describe the optical properties of these materials usually
an effective refractive index is proposed. Different models
are mentioned in the literature, depending on the more
or less complex microstructure of the films. An optical
modeling procedure that defines response at all stages of
growth has been developed. For silver an admix of three
distinct types of plasmonic responses is adequate, two are
localized, and one is delocalized [13, 14]. Another procedure
is based on a varying spectral density representation [15]: the
Bergman representation [16]. This spectral density is linked
to the topology of the studied material. For some particular
topologies, this representation can be simplified and gives
the equations of the common effective medium theories
(Maxwell-Garnet, Bruggeman, and Looyenga) [17–19]. In this
paper we will show that in some cases only the more general
but much less frequently used Bergman representation can
account for the experimental data. This study is not focused
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on the quality and the use of the obtained silver coatings,
its aim is to show the suitability of different optical models
which must be used to extract the properties of silver films
with different structures.

2. Materials and Methods

Silver thin films have been deposited on glass substrate by
magnetron DC sputtering from a pure silver target (diameter
5.7 cm) using a commercial sputter coater (Cressington 108
auto; this kind of coater is commonly used for metal coatings
for electrical contacts and also in some cases for SEM obser-
vations).The based pressure in the vacuum chamber (around
3 Pa) was obtainedwith a single rotary pump. Argonwas used
as sputtering gas, and the work pressure was between 3.5 and
10 Pa. The direct current (DC) applied was in the range from
10 to 40mA. Optical measurements have been performed
after deposition with a Cary 5E spectrophotometer using an
integrating sphere in order to take into account any scattering
of light induced by the surface roughness of the films. The
commercial optical thin film software CODE [21] has been
used to fit the reflectance and transmittance curves obtained
for each sample. Films physical thickness was measured with
a Dektak 3ST profilometer.The porosity of the films has been
evaluated by measuring the weight of the substrate before
and after the deposition of the coating (the sensitivity of
the balance was 10 𝜇g). The density of the samples was then
calculated and compared to the theoretical density of silver
(10.5 g⋅cm−3). The thickness of the porous films studied was
at least 190 nm in order to minimize the experimental error
which is around 10%.

3. Results and Discussion

Previous studies revealed that the most important growth
parameters of sputtered silver thin films are the pressure and
the power.These two parameters determine the critical thick-
ness 𝑑

𝑐
of the films which influences the optical properties.

We have investigated the effects of these parameters on our
Ag thin films. The curves in Figure 1 show the evolution
of the refractive index 𝑛 and the extinction coefficient 𝑘
for different work pressures and currents. These curves
have been obtained by fitting the experimental reflectance
and transmittance spectra, using an effective Drude model
considering a homogeneous film on a glass substrate. Except
for the film deposited at 40mA and 3.5 Pa with a thickness
of 106 nm, 𝑛 and 𝑘 are different compared to the known bulk
values [22].

As already shown by several authors [2, 4, 6, 7], a higher
power and a lower pressure lead to a decrease of 𝑛 and an
increase of 𝑘 approaching the bulk data. Several groups have
proposed an explanation for the observed spread for 𝑛 and
𝑘 compared to the bulk: when the films are in the first step
of growth, the presence of surface plasmons will determine
the optical constants [1, 23, 24]. Three types of plasmonic
response will occur during the film growth: the first is due
to groups of isolated silver nanoislands initially present on
the substrate, then another will be due to single silver islands

Table 1: Effective plasma frequency depending on the deposition
parameters.

Current (mA) Pressure (Pa) Thickness (nm) Plasma
Frequency (eV)

20 3.5 22 5.55
40 8 22 5.74
40 3.5 26 7.38
40 3.5 50 8.04
40 3.5 106 8.91

surrounded but separated from the conducting network, and
the last due to the small scale network which is represented
by a Drude-like response [14]. The films will exhibit optical
properties of the bulk only when the critical thickness 𝑑

𝑐
is

reached.
The effective Drude model used gives an effective plasma

frequency for each sample (Table 1). This effective plasma
frequency is linked to the porosity of the material [13, 14, 25]
Depending on the plasma parameters, when the effective
constants of the films approach the ones of the Ag bulk
(i.e., when the pressure decreases and the thickness and the
current increase), the effective plasma frequency increases to
reach the silver bulk plasma frequency (9.04 eV [26]). Our
results indicate that some voids are present in the films until
the critical thickness is reached.

In order to understand the influence of power and
pressure on films properties, the growth mechanism of silver
has been explained as follows: the power and the pressure
influence the surface diffusion of Ag atoms through the input
energy into the growing film and through the growth rate
[11]. When the power decreases and the pressure increases,
the injected energy is higher [27], while the growth rate is
lower, implying a higher surface diffusion. Surface diffusion
enhances the formation of islands in the first step of growth
and as a consequence delays the formation of a homogeneous
film; consequently the critical thickness 𝑑

𝑐
will increase. In

the literature, for based pressures lower than 2 ⋅ 10−3 Pa and
work argon pressures between 0.1 and 2.5 Pa, the critical
thickness is around 10–20 nm [4–7]. In our case our base
pressure is as high as 3 Pa, whereas the working pressure
is in the range from 3.5 to 8 Pa; therefore one can expect
higher values of 𝑑

𝑐
. As seen in Figure 1, even with the

highest available current (40mA) and the lowest pressure
(3.5 Pa), 𝑑

𝑐
lies between 50 and 100 nm (we assumed that

𝑑
𝑐
is reached when the optical constants of the films are

similar to the one of the Ag bulk). This means that even in
these “optimized” conditions available for this kind of coater,
the island formation is predominant and strongly delays the
formation of a homogeneous film. One can expect that by
selecting an opposite condition with a high pressure, 𝑑

𝑐
will

drastically increase or even never be reached. This last case
was explored in the present work with the films of series
B. We have deposited films of different thickness (190, 750,
and 1380 nm) with the maximum available pressure around
10 Pa in order to promote porosity.The rather high current of
40mA was chosen in order to prevent silver target heating
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Figure 1: Refractive index and extinction coefficient obtained by fitting the reflectance and transmittance spectra, using an effective Drude
model considering a homogeneous film.

(a) (b)

Figure 2: SEM images of silver films deposited at 40mA and 10 Pa for different physical thicknesses: (a) 190 and (b) 1380 nm.

(with our coater there is no water cooling system of the
cathode) and keep the deposition time acceptable (about 70
minutes for the 1383 nm thick film). In such conditions, the
surface of the coating is not smooth but is composed by
silver grains of different sizes, as can been seen on the picture
obtained by scanning electron microscopy (Figure 2).

The size of the silver grains increases with the film
thickness. Due to this morphology the measured porosity
of the coatings is high: 27, 38, and 36%, respectively, for the
190, 750, and 1380 nm thick films. In contrast to series A
described before (Figure 1), an effective Drude component
cannot fit the obtained reflectance spectra of series B. Thus
other models have to be tested to describe the optical
properties of these films whose void-metal phase topology
seems to favor multiple resonances which are still present
in the spectra. Effective medium approximations seem to
be tempting approaches for describing these spectra and
get an effective optical index of these materials. Several
different models have been tested and compared: the “simple

mixing models” of Maxwell Garnett [17], Bruggeman [18],
and Looyenga [19]. One can expect the possibility that these
“simple” models are not adequate regarding the diversity of
structures involved in our coatings, because they are all based
on special assumptions about sample topology (particles
are generally considered as spheres or ellipsoids). Thus we
compared the results obtained with these models to the ones
obtained with a more general procedure based on a varying
spectral density: the Bergman representation [16].

Within the effective medium approximation we consider
a volume fraction 𝑓 of particles with a dielectric function
𝜀 embedded in a matrix 𝜀

𝑀
. In our case 𝜀 represents the

dielectric function of voids in a silver matrix with 𝜀
𝑀
. The

dielectric function 𝜀eff of the considered effective medium is
defined by the following formulae.

Maxwell Garnett:

𝜀eff − 𝜀𝑀
𝜀eff + 2𝜀𝑀

= 𝑓
𝜀 − 𝜀
𝑀

𝜀 + 2𝜀
𝑀

. (1)
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Figure 3: Function 𝑡 of the Bergman representation plotted consid-
ering voids embedded in a silver matrix.

Bruggeman:

𝑓
𝜀 − 𝜀eff
𝜀 + 2𝜀eff

+ (1 − 𝑓)
𝜀
𝑀
− 𝜀eff

𝜀
𝑀
+ 2𝜀eff
= 0. (2)

Looyenga:

𝜀
1/3

eff = 𝑓𝜀
1/3

eff + (1 − 𝑓) 𝜀
1/3

𝑀
. (3)

Bergman:

𝜀eff = 𝜀𝑀(1 − 𝑓∫
1

0

𝑔 (𝑛, 𝑓)

𝑡 − 𝑛
𝑑𝑛) , (4)

with

𝑡 =
𝜀
𝑀

𝜀
𝑀
− 𝜀
. (5)

𝑔(𝑛, 𝑓) represents the spectral density which is a function
depending only on the topology of the phase mixture and
independent of the respective dielectric functions of the
two considered phases (silver and vacuum). This function is
normalized:

∫

1

0

𝑔 (𝑛, 𝑓) 𝑑𝑛 = 1. (6)

To investigate the utility of using the Bergman representation,
we plotted the real and the imaginary parts 𝑡 and 𝑡 of the
function 𝑡 in the studied spectral range [28], using the optical
constant 𝜀

𝑀
from [22] for silver, considering voids embedded

in a silver matrix (Figure 3).
Because the real part of 𝑡 is close to the interval [0, 1]

the dielectric properties of our coatings are sensitive to the
topology [29]. Thus the Bergman representation seems more
appropriate to model these properties, and a spectral density
has to be adjusted to the experimental data for each film, in
addition to film thickness and volume fraction 𝑓.

As an example, we show a comparison of the fits obtained
with the different effective medium theories for the 1380 nm
thick film with a measured porosity of 36% (Figure 4).

In the first case (Figure 4(a)) the thickness and the
porosity of the coating are imposed and only the reflectance
curve is fitted. In the second case (Figure 4(b)), the thickness
and the porosity are now free parameters in the models
(and the spectral density for the Bergman representation).
The best fits obtained with theMaxwell-Garnett, Bruggeman,
and Looyenga models exhibit a large deviation and are not
acceptable, and in the second case the thickness and the
porosity given are, respectively, 1250 nm and 75%, 1550 nm
and 45%, and 1400 and 35%. Only the Bergman represen-
tation is suitable for this coating, because the fit obtained
is excellent and the thickness and the porosity (1400 and
36%) are in good agreement with the experimental measures.
We obtain the same behavior for our other two coatings
(190 and 750 nm): “simple mixing models” fail, whereas the
Bergman representation is suitable. As already mentioned,
the “simple” models failed mainly because of the complexity
of the topologies of the sample which leads to multiple
plasmon resonances. These models are based on specific
assumptions about sample topology.

The effective optical constants obtained for these three
investigated silver films with the Bergman representation are
plotted in Figure 5. We can note the characteristic signature
of a plasmon around 380 nm on the refractive index curves
of the thicker and most porous films, whereas it is less
pronounced for the thinner film which is denser and thus
more homogeneous. For wavelengths below the plasmon
resonance the constants become closer to the one of the
bulk [22]. It is likely that other resonances are present but
not distinguishable on the imaginary part of the refractive
index spectra for higher wavelengths. As already described
in the literature [13], due to the complexity of the topology
of the films, involving many different shapes of particles, the
contribution of the different resonances can lead to a “simple”
curve for 𝑘washing out the individual absorption peaks, quite
parallel to the one of the Ag bulk.

As explained above, the spectral density 𝑔(𝑛, 𝑓) depends
on the topology of the mixture. As in our case the porosity
and the Ag grain size change with thickness, and a different
topology of the films is expected and consequently 𝑔will also
vary. This is indeed observed in Figure 6.

The link between these curves and the topology of the
mixture is not straightforward. Following the conclusions
given in [20], where porous SiO

2
was investigated, an inter-

pretation can be tried. The broad peak around 𝑛 = 0.15
corresponds to isolated silver particles of the matrix, and the
peak closer to 0 represents connected silver particles. These
suggestions are in good agreement with our results because
as the porosity of the layer increases, the particles of silver
are more isolated and the percolation becomes lower. The
analysis suggests a network connection in the films.The SEM
images (Figure 2) of these coatings cannot show precisely the
percolation, but while column growth is favouring voids, this
does not exclude that the columns touch, and all themore the
thickness of the films is quite high.
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Figure 4: Fit of the reflectance curve of the 1380 nm thick and 36%porous silver filmwith the different effectivemedium theories: (a) thickness
of 1380 nm and porosity of 36% are fixed in the models; (b) experimental parameters are unconstrained.
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Figure 5: Effective refractive index and extinction coefficient obtained for series B of Ag films with the Bergman representation.
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silver thin films and interpretation according to [20].

4. Conclusions

Silver thin films have been deposited with a commercial
sputter coater. We have shown that, depending on the plasma
parameters and consequently on the growth of the film, it
is possible to obtain films with different optical properties:
when the plasma conditions limit surface diffusion during
growth, the films exhibit Drude-like behaviour and the spec-
tra can be fitted by an effective Drude model and the lower
plasma frequency indicates film porosity. For a sufficient high
physical film thickness one approaches the optical properties
of bulk Ag and the effective model converges to the Ag
bulk Drude model. In this last case the coating technique
provides good optical properties with bulk Ag characteristics.
However if the power is decreasedwhile pressure is increased,
surface diffusion is strongly favored and prevents the films
from reaching Ag bulk even for very high thicknesses. The
optical spectra of these films cannot be described by an
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effective Drude model in the visible range, neither can they
be fitted by standard effective medium approaches using
“simple mixing formulas” like Maxwell Garnett, Bruggeman,
and Looyenga. The form of the spectra and the film porosity
rate (independently extracted by physical measurements)
can only be correctly described by the effective medium
Bergman representation which can take into account the
remaining plasmon resonances due to the particular metal-
void phase topology of these films [29]. While this porous
topology is difficult to grasp with conventional techniques an
interpretation of the link between the curves obtained for the
spectral densities and the topology of the coatings has been
proposed, in agreement with the work of another group who
used the same model for a different material.
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