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Abstract— In this paper we study the feasibility of representing the optical properties of
ultrathin gold films by effective medium theories. Gold films with mass thicknesses in the range
of 1.4 to 9.2 nm were deposited by DC magnetron sputtering onto non-heated glass substrates.
Optical measurements in the range 0.25 to 2µm were carried out by spectroscopic ellipsometry,
and the effective complex dielectric function of each film was determined. The gold films were
modelled as a mixture of gold and air, and a general effective medium description using the
spectral density function (SDF) was used to describe their optical properties. Numerical inversion
of the experimental dielectric function gave a broad and rather featureless SDF, with a few
superimposed peaks, both for island structures and percolating films. The broad background is
qualitatively similar to predictions of the Bruggeman model [14].

1. INTRODUCTION

Gold-based nanoparticles and thin films are of large interest for applications in green nanotech-
nology [1]. Their optical properties have been described either by the island film theory involving
surface susceptibilities [2] or by treating them as a mixture of gold and air using effective medium
theories [3]. Recent studies of island and network films have shown that such films can be repre-
sented by an effective dielectric function together with an effective thickness of the same order of
magnitude as the nominal thickness [4, 5]. The island film theory seems to have some advantages
regarding the comparison between theory and experiments for films consisting of nanoparticles [5],
while effective medium theories (EMTs) are commonly used to model the optical properties of
nanocomposites. However, EMTs are very sensitive to the actual nanostructure of the film. The
structure of the films can be rigorously represented by a spectral density function (SDF) [6, 7],
which can be obtained by numerical inversion of experimental data [8–10]. In the present paper
we determine the dielectric function of gold nanoparticle films and network gold films with mass
thickness dmass ranging from 1.4 nm to 9.2 nm. We obtain the SDF from the experimental data and
discuss the physical implications of the shape of the SDF.

2. THEORY — SPECTRAL DENSITY ANALYSIS

Non-homogenous gold films can be considered as nanocomposites consisting of gold and air [3, 11].
If the dimensions of the structures are much smaller than the wavelength of the incident radiation,
one can describe the optical properties of these nanocomposites by an effective dielectric function
εeff which depends on the dielectric functions of the constituents as well as on the details of the
structure [3, 12]. Nanocomposites can exhibit a number of different structures that affect the optical
properties of the composites, and SDF analysis is an excellent analytic method for studies of these
structural impacts in two-phase composites [6, 7, 10]. For a mixture with inclusions, the effective
dielectric function can be written in terms of the spectral density function g(x) as [8–10]

εeff = εh
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where εh and εp are the dielectric functions of the host material and the “particles”, respectively.
In the SDF analysis, the resonance with spectral parameter x = 0 depends on the DC conductivity
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and is called the percolation strength ξperc. In our case we obtained εeff from ellipsometric mea-
surements and used Eq. (1), together with known or independently measured dielectric functions
of the constituents, to derive g(x). The inversion of the experimental εeff, in order to obtain g(x),
is difficult and needs advanced computational techniques. As in earlier papers [8, 10], we employ a
Monte-Carlo technique based on Bayesian numerical statistics, where the values of x are varied in
each set.

The volume fraction of the “particle” component, f , can be obtained by the sum rule

f = ξperc + ξnonperc = ξperc +
∫ 1

0+
g(x)dx. (2)

In order to discuss the shape of the SDF, we note that the commonly used Maxwell-Garnett
(MG) [13] and Bruggeman (Br) [14] effective medium theories can be represented by g(x) as given
by [8]

gMG(x) = fδ(x− L(1− f)), (3)

and [15]
gBr =

[−9x2 + 6(1 + f)x− (3f − 1)2
]1/2

/4πx, (4)

respectively. It is realized that MG theory exhibits a resonant peak in the SDF, while the Br theory
has a very broad and featureless peak [16].

3. SAMPLES

3.1. Thin Film Deposition
Nine gold films were produced by DC magnetron sputtering onto non-heated glass substrates in a
versatile deposition system [17]. Results from three of them — with island structure, a meandering
network, and a homogenous configuration — will be discussed in detail. Rutherford backscattering
spectroscopy was performed on four of the gold films, and the mass thickness was determined from
the results. The remaining five values of dmass were obtained by linear scaling with deposition time.

3.2. Structural and Electrical Characterization
The structure and porosity of the gold films were studied by scanning electron microscopy (SEM),
employing a LEO 1550 FEG instrument with in-lens detection. The experimental area fraction
covered by gold, fSEM, of the films was estimated from a MATLAB-based analysis of SEM images,
and the relation dgeom = dmass/fSEM gave the geometric thickness dgeom for all films. Sheet
resistance R was recorded between sputtered gold contacts, and the electrical conductivity σDC of
the films was computed. This allows us to obtain experimental values of ξperc from the relation

ξperc =
σDC

σbulk,DC
. (5)

Figure 1: Scanning electron micrographs of thin gold films. The values of dmass, dgeom and fSEM were 1.4 nm,
4.0 nm and 0.363 for the upper image; 3.8 nm, 6.7 nm and 0.563 for the middle image, and 9.2 nm, 9.2 nm
and 0.999 for the lower image, respectively.



3

The value of σbulk,DC was approximated by the conductivity of the gold film with dmass ≈ 6.6 nm,
which was the most conducting film. This procedure was necessary in order to take into account the
increased grain boundary scattering in thin films, which leads to “bulk” conductivities considerably
lower than values tabulated for polycrystalline gold.

SEM images of three gold films are illustrated in Figure 1, showing an island structure for
dmass ≈ 1.4 nm, a meandering film for dmass ≈ 3.8 nm, and a homogenous film for dmass ≈ 9.2 nm.
Image analysis of the SEM pictures gave values of fSEM for the films, from which dgeom was
calculated and presented in Figure 1.

4. OPTICAL CHARACTERIZATION

4.1. Ellipsometry Data
Ellipsometric parameters Ψ and ∆ in the 0.25 to 2.0µm range were measured in reflection mode at
several angles of incidence between 50◦ and 75◦ using a variable-angle rotating analyzer ellipsometer
(VASE from J. A. Woollam Co., Inc.) [4, 5, 18]. In addition, spectral transmittance was measured
at normal incidence. The dielectric functions of the non-homogenous gold films were represented by
a few (two or three) Lorentz oscillators as well as by a Drude oscillator for network and continuous
films [4, 5, 18, 19]. The thicknesses of the films were fixed and equal to dgeom . The effective dielectric
function of the films was obtained from the best fitting parameters.

Figure 2 shows dispersions of the dielectric functions for nanoparticle-type, meandering and ho-
mogenous films, as obtained by spectroscopic ellipsometry. The underlying values of the parameters
of Lorentz and Drude oscillators, as well as confidence limits, will be presented elsewhere.

4.2. Spectral Density Function Analysis
Figure 2 shows that the experimental data could be accurately fitted by the SDF equation for the
effective dielectric function in Eq. (1) for all films, with only minor discrepancies for nanoparticle
films. Figure 3 shows g(x) for films with dmass of 1.4, 3.8 and 9.2 nm. The figure displays similar
features for all three g(x), which is surprising in view of the large differences in the nanostructure
of the films.

The most notable feature in Figure 3 is the broad structure extending from −2.5 to −0.5 on
a logarithmic x-scale. Such a broad response is a characteristic feature of the Bruggeman theory,
Eq. (4), and we conclude, in agreement with previous work [3], that the Bruggeman theory provides
a good approximation of the optical properties of nanostructured gold films. Secondly, there are one
or two peaks superimposed on the broad background. These peaks can be interpreted as broadened
localized plasmon resonances, such as those occurring in the MG theory, and they become less pro-
nounced for the thicker films that are more continuous. Thirdly, there is an increase of g(x) at large
values of x, being close to unity. However, the main features of resonances at x > 0.5 fall outside

Figure 2: Real (ε1) and imaginary (ε2) parts of the dielectric function for a nanoparticle film with dmass ≈
1.4 nm, a meandering film with dmass ≈ 3.8 nm, and a homogenous film with dmass ≈ 9.2 nm. Symbols
denote experimental data and curves are fits to the SDF-based EMT in Eq. (1).
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Figure 3: Spectral density functions g(x) for gold
films with (a) dmass ≈ 1.4 nm, (b) dmass ≈ 3.8 nm
and (c) dmass ≈ 9.2 nm.

Figure 4: Parameters ξperc and ξnonperc from exper-
imental results and SDF analysis, as a function of
mass thickness.

of our experimental wavelength range. A similar feature is observed in evaluating distributions of
relaxation times for dielectric spectroscopy, where the data outside the experimental window result
in spurious high dielectric relaxation strengths because of lack of data at those frequencies. In
our case, spectral frequency values over 0.5 could not model the data within the measured experi-
mental window and yielded high spectral density values which should be disregarded (the spectral
frequency is defined as (εp − εh)/εh).

Figure 4 compares the experimental percolation and non-percolation strengths, Eqs. (5) and (6),
of gold in the films with those inferred from the SDF analysis, Eq. (2). The experimental values of
ξnonperc were obtained from

ξnonperc = fSEM − ξperc. (6)

Figure 4 shows that the percolation contribution to f is zero for the nanoparticle films, then
increases steeply around the percolation threshold, and becomes high for the continuous films. The
non-percolating component decreases with film thickness and is close to zero for the continuous
films. These trends are as expected, and the SDF estimates are reasonably close to the experimental
values derived from Eqs. (5) and (6).

5. DISCUSSION AND CONCLUSION

We studied three gold films — with island, network and homogenous film structure — and derived
their effective dielectric functions from ellipsometry. We performed a spectral density function
analysis, which showed similar features in g(x) despite the various nanostructures of the films. A
common broad feature indicates that the Bruggeman effective medium model is suitable as a first
approximation to the optical properties of nanostructured gold films. In order to employ SDF
analysis as a standard characterization tool, a number of theoretical problems have to be solved,
and most importantly the features in the g(x) function must be interpreted in terms of specific
structural features in the samples.
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