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Optical reflection measurements of thin Au films at and around the percolation threshold �film thickness
3–10 nm� are performed in an extremely broad spectral range up to 35 000 cm−1. Combining spectroscopic
ellipsometry, Fourier-transform infrared spectroscopy, and dc measurements, the dielectric properties of the
films can be described over the whole frequency range by Kramers-Kronig consistent effective dielectric
functions. The optical conductivity of the films is dominated by two contributions: a Drude component starting
at the percolation threshold in the low-frequency range and by plasmons in the near-infrared region, which shift
down in frequency with increasing film thickness. The interplay of both components leads to a dielectric
anomaly in the infrared region with a maximum of the dielectric constant at the insulator-to-metal transition.
The results are compared to predictions from effective-medium approximations and percolation theory.
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I. INTRODUCTION

Although for many applications closed metal films as thin
as possible are desired, the dielectric properties of percolat-
ing metal films around the insulator-to-metal transition are
not well understood. Thick continuous metal films show a
behavior similar to bulk material1 and can therefore be well
described by the Drude model when corrections for size ef-
fects are considered.2,3 With decreasing thickness, the films
become granular and below the percolation threshold, the
metallic behavior disappears as far as the electrical transport
is concerned. In principle, one can try to simulate the optical
properties of semicontinues metal films with effective-
medium approximation �EMA� theories.4,5 The problem with
EMA theories is that they are on one hand in contradiction
with percolation theory.6 In the Bruggeman approach, for
example, exists a strong correlation between the particle
shape and the percolation threshold, whereas in percolation
theories the critical parameters are independent on the spe-
cific morphology.7 On the other hand, it was also experimen-
tally shown that they fail to describe the dielectric properties
of ultrathin metal films.8,9 Interestingly, the metal-to-
insulator transition region has not yet been studied in detail
over a broad-frequency range; nevertheless, these investiga-
tions should eventually provide the data to link the abrupt
change in dc conductivity with the observed shift of plasmon
resonances in the visible.

On the low-frequency side of the electromagnetic spec-
trum, percolation theories deal with an “idealized” dc con-
ductivity or the electrical behavior at audio and radio fre-
quencies up to some MHz.7 On the other side of the
spectrum—in the visible and ultraviolet—a large number of
investigations has been carried out to understand the optical
properties of arrays of clusters at surfaces.10,11 In between,
however—in the infrared and far-infrared spectral regions—
little has been done so far. Here we report on Fourier-
transform infrared reflection spectroscopy, spectroscopic el-
lipsometry, and dc measurements of thin Au films on
Si /SiO2 covering the whole spectral range up to
35 000 cm−1 �4.3 eV�, corresponding to a wavelength of 280
nm. The film thickness d was varied between 3 and 10 nm,

i.e., from well below to well above the insulator-to-metal
transition.

II. EXPERIMENTAL DETAILS

Thin Au films were prepared by an electron-beam heated
effusion cell on commercial 0.55 mm thick Si�100� sub-
strates covered by a 200-nm-thick thermally grown SiO2
layer. The preparation was performed in ultrahigh vacuum
�UHV� at a base pressure of 1�10−7 Pa and the substrates
were held at room temperature during evaporation. The
deposition rate was about 1 Å /min and measured prior to
each film deposition by a quartz-crystal microbalance. Keep-
ing the gold flux constant, the film thickness could be con-
trolled by the evaporation time. With a quartz-crystal mi-
crobalance, the weight thickness is measured. Since we are
interested in the optical properties, we use the effective op-
tical film thickness as determined ex situ by ellipsometry12

throughout the paper. The two quantities are correlated with
each other by the filling factor.

All optical experiments were performed at room tempera-
ture. The reflectivity measurements in the ir were carried out
by a Bruker IFS 66/s Fourier-transform infrared spectrometer
in the range of 500–12000 cm−1 employing a nitrogen-
cooled mercury-cadmium-telluride �MCT� detector. All spec-
tra were recorded with a resolution of 0.5 cm−1 and 64 av-
eraged scans. As reference, a thick gold mirror was used. To
compare measured spectra to model calculations, etalon ef-
fects �multireflection within the substrate� were smoothed
out. For the ellipsometry measurements, a Woollam variable-
angle spectroscopic ellipsometer �VASE� was utilized. The
experiments were carried out in the spectral range between
6000 and 35000 cm−1 �0.75–4.3 eV, corresponding to a
wavelength of 280 nm to 1.7 �m� with a resolution of
170 cm−1 and the angle of incident varied in steps of 5°
from 35° to 75°. The dc resistivity of the films was measured
by a four-probe van der Pauw method.

III. RESULTS AND ANALYSIS

The thickness-dependent morphology of thin Au films on
Si /SiO2 is well investigated.9,13 In Fig. 1, atomic force mi-
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croscopy �AFM� images of 3, 5, and 7 nm thick gold films at
the same scale are presented.9

With increasing film thickness, the size of the islands in-
creases, they get closer to each other, and the films become
smoother. The AFM image of the 7 nm film shows clearly
that the islands of the thicker films coalesce to larger clus-
ters. The percolation threshold itself cannot be determined
from the morphology. Although it is important to know the
morphology of the films, one has to stress the fact that per-
colation theories deal with scaling laws and therefore the
overall electrical and optical behaviors should be indepen-
dent on the specific morphology.7

Prior to the film preparation, the bare Si /SiO2 substrates
were characterized by ellipsometry and the obtained complex
optical parameters �̂���=�1���+ i�2��� then kept fixed in the
further modeling of the films. As an example, in Fig. 2, the
measured ellipsometric angle � for a 8.1-nm-thick Au film is
shown as a function of frequency and angle of incidence.
Several attempts were made to model the obtained ellipso-
metric angles. It was not possible, for instance, to model the
granular films by an EMA, even in the case where the vol-
ume fraction was gradually decreased over the film thick-
ness. Taking the granular Au layer as a homogeneous effec-
tive layer with fixed thickness, it was possible to get

reasonable agreement to the experimental data by a point-by-
point fit with a mean-squared error around 6; but it turned
out that the received dielectric functions were not Kramers-
Kronig consistent.

To solve this problem, we combined the results obtained
by ellipsometry and ir reflectivity. Both sets of data were
simultaneously analyzed with the program package REFFIT

�for details on this tool, see Ref. 14�. By means of a varia-
tional dielectric fit within the program, Kramers-Kronig con-
sistent dielectric functions could be obtained, which per-
fectly reproduces both the ellipsometric angles �continuous
line in Fig. 2� as well as the ir reflectivity. In Fig. 3, for
example, the measured reflectivity in the ir region �dashed
line� of a 6.5-nm-thick Au film with its corresponding fit
�solid line� is shown together with the reflectivity up to the
uv obtained from the ellipsometric measurement. The domi-
nating oscillation in the reflectivity is due to interferences
caused by the 200-nm-thick SiO2 layer.

The real part �1��� of the dielectric function as received
from the above analysis is shown in Fig. 4�b� as a function of
frequency for varying film thickness. From the imaginary
part �2���, the optical conductivity15 was calculated by

�1��� = ��0�2��� , �1�

with �0 the permittivity of free space. It is displayed in Fig.
4�a� in a double-logarithmic fashion.

The obtained dielectric functions �1��� and �1��� can be
parameterized by a superposition of Drude and Lorentz
terms.15 In Fig. 9, one example of such a deconvolution is
shown.

Additionally to the optical characterization, the dc resis-
tivity of the films was measured. In the in situ measurement
shown in Fig. 5, the sharp transition at the percolation
threshold can be seen clearly. The obtained dc-conductivity
values for the different thicknesses are included in Fig. 4.
They perfectly match with the extrapolated dc values of the
optical measurements.

5 nm 7 nm

100 nm

3 nm

FIG. 1. �Color online� AFM images of 3-, 5-, and 7-nm-thick
gold films on Si /SiO2. All three images are presented at the same
scale. With increasing film thickness, the cluster size increases and
the films become smoother. For the 7 nm film, the islands are not
separated but coalesce to larger clusters.
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FIG. 2. �Color online� Measured ellipsometric angle � for a
8.1-nm-thick Au film on a Si /SiO2 substrate for several angles of
incidence �dashed lines�. Solid lines are the corresponding model
fits �for details, see text�.

Model-fit

IR-reflectivity

FTIR

FIG. 3. �Color online� Measured ir reflectivity of a 6.5 nm Au
film �dashed line� together with the reflectivity calculated from the
Kramers-Kronig consistent dielectric functions obtained by a simul-
taneous analysis of the ir and ellipsometric data. Inset shows the
assumed layer structure.
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IV. DISCUSSION

A. Percolation threshold

From the effective conductivity �1��� as well as from the
effective dielectric function �1��� of the gold layers, the dif-

ferent films can be clearly divided in two regimes: the con-
tinuous films in the thickness range d	7 nm and the granu-
lar films with d
6.0 nm. The percolation threshold dc falls
right between these two values. The in situ dc measurements
�see Fig. 5� strongly support this observation.

Well above the percolation threshold, the conductivity de-
creases with frequency and the static permittivity �1��→0�
is negative, both indicating a typical metallic behavior. The
low-frequency behavior of the metallic films can be fitted by
a simple Drude model15 with thickness-dependent plasma
frequencies �p and scattering rates �=1 / �2�c
�. These
Drude parameters match perfectly to the directly measured
dc conductivity added as dots in Fig. 4. Naturally, the reflec-
tivity of the evaporated films is lower compared to bulk Au
because the effective electron density is reduced and the
scattering rate � becomes larger with decreasing film thick-
ness. While the former effect comes from a surface-dipole
layer,16,17 the latter is a well-known consequence of the clas-
sical size effect, i.e., it is due to surface scattering and im-
perfections. Both effects become more pronounced as d is
reduced since the surface-to-volume fraction is
enhanced.18–20

Below the metal-to-insulator transition �MIT� the static
conductivity �1��→0� vanishes and �1��� is positive. The
optical behavior in this regime can be explained by the ab-
sence of the Drude contribution and two resonance peaks in
the midinfrared. Below the MIT, we picture metallic islands
which interact capacitively. While the dc conductivity is
zero, the optical conductivity depends on the capacitive cou-
pling of the islands and thus increases with frequency. From
the AFM images of comparable samples �see Fig. 1� and
other very extensive studies13 of the morphology of Au on
Si /SiO2, the thickness dependence can be explained as fol-
lows: the metallic clusters are separated from each other
forming a condenser. With increasing effective film thickness
d, the islands are closer to each other and also larger. While
their surface increases, the spacing decreases and tends to
zero at the percolation threshold. This leads to a rise of the
capacitive coupling and an enhanced optical conductivity
�Fig. 4� �for a detailed discussion from a more theoretical
point of view, see, e.g., Refs. 21 and 22�.

B. Dielectric constant

As far as the thickness dependence of the low-frequency
permittivity is concerned, one would expect that �1, which is
positive for d=0, gradually decreases with d and becomes
negative at the MIT. However, a distinctively different be-
havior is observed in our experiments. As indicated by the
arrow in Fig. 4, �1��� first rises with film thickness d, goes
through a maximum at some critical thickness dc which is
assumed to be between 6 and 7 nm, and then decreases rap-
idly; �1 becomes negative only at considerably larger d,
above 7 nm.

In principle, this behavior is known from the low-
frequency conductivity of percolating networks. Efros and
Shklovskii investigated such systems theoretically and pre-
dicted a divergence of the static dielectric constant22

�1�0,d� � �dc − d�−s �2�

at a critical thickness dc. For any small but finite frequency
�, the divergence simply becomes a maximum
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FIG. 4. �Color online� �a� Optical conductivity and �b� dielectric
constant of gold films obtained from reflection experiments and
ellipsometry at room temperature. The included dc values �solid
squares� perfectly match to the extrapolated conductivity �1��
→0�. Dashed arrows indicate the tendency as the film thickness
increases
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FIG. 5. In situ dc-resistivity measurement showing the sharp
transition at the percolation threshold. Here the weight thickness is
plotted as measured by the quartz microbalance.
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�1��,dc� = �s� �m

��0�s
�1−u

, �3�

where �m is the real part of the conductivity of the metallic
fraction, �0=8.85�10−12 A s /V m, and �s the real part of
dielectric fraction. For three-dimensional systems, s=1 and
u=0.62 were predicted, while s=1.3 and u=0.5 for two
dimensions.22 In the case where the conductivity of the insu-
lating fraction cannot be neglected, �1 saturates at dc for �
→0 at

�1�� → 0,dc� = �s� �m

�s�0��
1−u

, �4�

where �s�0� is the dc conductivity of the dielectric fraction.
Figure 6 exhibits the dielectric constant as a function of

film thickness obtained at the extrapolated frequency of
1 cm−1; it represents more or less the static value since �1 is
almost frequency independent below this value. The mea-
surements fit to the expected behavior with a maximum at
the critical thickness dc between 6 and 7 nm. Our data of Au
evaporated on Si /SiO2 below dc can be best described with
dc=6.4 nm and s=1; inferring that a real system of interact-
ing gold nanoparticles should be modeled as a three-
dimensional network. Additionally in Fig. 7, the measured
maximum �1�� ,dc� is compared to the values calculated by
Eq. �3� assuming �s=1 �air�. Also, our data do not allow to
verify the exact value of u; the large value measured for
�1�� ,dc� exceeds in the entire midinfrared the maximum
given by Eq. �3� in two as well as in three dimensions. Here
the theory clearly fails to describe the experimental findings.
At very low frequencies, �1��→0,dc� saturates in agreement
with Eq. �4�. Whether this is an effect of the non-negligible
conductivity of the SiO2 substrate or has its origin in the fact
that we are not exactly at dc cannot be decided from our
measurement. A similar behavior was until now only ob-
served in emulsions.23

Until now, we have concentrated on the divergency of �1.
But also �1 shows an interesting behavior below dc, where
we picture isolated metallic clusters. While �dc=0, the ac

conductivity depends on the capacitive coupling of the is-
lands and increases with frequency. In the absence of a
Drude contribution, it was predicted that �1��� follows a
quadratic frequency dependence ������2, which can be
simulated by a capacitor network.21,22 This quadratic behav-
ior formulated more than 30 years ago is indeed nicely ful-
filled by our Au films as can be seen in Fig. 8.

Another interesting point mentioned in Ref. 22 is ob-
served here in a very nice way. The zero crossing of �1��
=0,d� occurs at d=d0�6.7 nm which falls well above dc.
Since the zero crossing of the dielectric constant is a com-
mon measure of metallicity,15 this implies that the divergence
of �1�d� does not coincide with the insulator-to-metal transi-
tion defined by the zero crossing of �1�d0�. Further experi-
ments on other systems are desired to verify and specify this
general behavior.

C. Plasmons

For the description of the behavior at higher frequencies,
additional Lorentz oscillators have to be considered. To illus-
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FIG. 6. �Color online� Divergence of the static dielectric con-
stant �obtained at 1 cm−1� as a function of nominal film thickness d
for Au on Si /SiO2. Solid lines below and above dc correspond to
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trate how the conductivity is built up by the different com-
ponents, the conductivity is shown in Fig. 9 for the 6.8 nm
film together with its different contributions and the indepen-
dently measured dc value. This film is just above the perco-
lation threshold and exhibits all three contributions very
clearly. With increasing film thickness, the two plasmons
shift to lower frequencies and become weaker.

In the following, we will first concentrate on the high-
frequency mode above 10 000 cm−1 caused by the ensemble
of single nanoparticles. It is a property of the ensemble and
has to be distinguished from free-electron oscillations in iso-
lated metal clusters. The incident electric field is modified by
the polarizability of these particles which—most
important—interact.24,25 In literature, this transverse-mode
plasmon is referred to as “Maxwell-Garnett resonance” or
“optical conduction resonance.” It shifts to lower frequencies
upon stronger interaction as the metal islands become closer
and denser packed. Assuming spherical clusters with a diam-
eter much smaller than the used infrared wavelength, the
position of this plasma absorption can be described by the
following condition:24

�1
bulk��p� = −

2 + Q

1 − Q
ns

2. �5�

In this condition, Q is the coverage of the substrate, ns its
refractive index, and �1

bulk��� is the frequency-dependent di-

electric constant of the metallic fraction. If for a given Q the
above condition is fulfilled, a plasmon is excited at �p. The
solid line in Fig. 10 shows the so-calculated resonance fre-
quencies �p with �1

bulk��� of bulk gold26 and ns=1.45 for the
SiO2 substrate. The coverage Q=dweight /dopt was evaluated
from the ratio of the weight and optical thicknesses as deter-
mined by ellipsometry and by the deposited mass,
respectively.12 The squares in Fig. 10 are our measured data
for the higher-frequency plasmon. The position of this plas-
mon shifts to lower frequencies with increasing d, closely
following the behavior given by Eq. �5�; the peak also be-
comes weaker and broader. Interestingly, the insulator-to-
metal transition cannot be discriminated albeit the Maxwell-
Garnett theory breaks down above the percolation threshold.
For Q→1, the plasmon frequency mutates to a Drude peak.

Ellipsometric studies on thin silver films in the visible and
near-infrared spectral ranges are interpreted by de Vries et
al.27 as a shift of the localized plasmon to lower frequencies
when the films get thicker. Approaching the percolation
threshold, the resonance frequency goes to zero and the re-
laxation time �determined from the Lorentz fit� exhibits an
abrupt increase indicating the transition to a macroscopic
conducting state. In contrast, our investigations down to very
low frequencies clearly evidence the development of a Drude
peak and the presence of the plasmon as distinct features.
Both exist simultaneously well above the percolation thresh-
old until the plasmon gradually dies out with increasing film
thickness d. This can in principle be interpreted in the way
that the rough surface of the percolated films still show di-
pole interaction or that dielectric inclusions in the film start
to interact with each other, as it has been considered by Co-
hen et al.28 It is worthwhile to mention that the measured
plasmon mode is broader than the calculated one because the
mean-free path of the conduction electrons is limited by the
particle size.24 Size effects also cause a larger scattering rate
in the Drude components of the percolated films.

As discussed above, the plasmon referred to as first Lor-
entz oscillator in Fig. 9 is a property of an ensemble of
spherical single clusters. At low coverage, only this peak is
seen. At higher coverages, a second peak at lower frequen-
cies appears. In principle, there exist two explanations for
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this splitting: in prolongate particles, a high-frequency trans-
versal and a lower-frequency longitudinal mode can be ob-
served. Especially at lower coverages, the weak interaction
of the Au with the substrate promotes the growth of spherical
particles as can be seen from the AFM images, therefore this
possibility is not very convincing. The appearance of a sec-
ond peak can also be an indication for the formation of
aggregates.29 With increasing film thickness, the dipole-
dipole interaction between adjacent clusters increases, which
also can lead to a splitting of the plasmon resonance into a
lower-frequency longitudinal and a high-frequency transver-
sal mode. With increasing coverage, the sample undergoes a
transition form statistically ordered separated single clusters
to aggregates with various next-neighbor distances. This ex-
plains the observation that with increasing film thickness,
both plasmon peaks shift to lower frequencies, they broaden,
and the splitting between them increases. At the percolation
threshold, when additionally the Drude component appears,
they cannot be clearly separated anymore �see Fig. 9�.

The maximum in �1��� at the critical thickness at low
frequencies is now a direct consequence of the two compet-
ing contributions: below the percolation threshold, the shift
of the plasmons to lower frequencies with increasing film
thickness leads to an increasing �1���. At the percolation
threshold dc, the Drude peak starts to develop, which adds a
strong negative component to the dielectric response leading
to a maximum in the dielectric function. Eventually, �1
changes sign at d0 which is slightly above dc. This interpre-
tation is supported by the analysis of the spectral weight
��1���d�=�p

2��0 /2 between 0 and 20 000 cm−1 and the
corresponding electron density Ne=�p

2�0m /e2 shown in Fig.
11. The spectral weight increases linearly with film thickness
reaching the bulk value at about 10 nm. No indication of the
MIT between 6 and 7 nm can be identified, i.e., the abrupt
change in dc conductivity is not reflected at higher frequen-
cies. There, a monotonous transfer of spectral weight from
the plasmons to the Drude peak is observed. The linear in-
crease of the electron density simply describes the growing
amount of metal. A similar result for thin silver films was
observed by de Vries et al.27

D. Suppressed reflectivity

In a previous work, we have shown that nanometer-thick
Au layers on Si can act as antireflection coating for infrared
light.9 This effect is a direct consequence of the uncommon
behavior of �1�d� �see Fig. 6� below the percolation thresh-
old. In Fig. 12, the thickness-dependent reflectivity of the Au
films together with the bare Si /SiO2 substrate is shown. With
increasing film thickness, the reflectivity in the infrared first
drops below the value of the bare substrate, vanishes for a
thickness of 5.3 nm around 6000 cm−1, and then increases
again reaching the original substrate value at about the per-
colation threshold. This behavior can be perfectly modeled
using the Fresnel equations for a three-layer system15 of Au
film, 200 nm SiO2, and Si with the effective Au parameters
shown in Fig. 4. The reason for the suppression is not
absorption—�1 is very small in this range—but the phase
shift due to the huge refractive index in this range. In Fig. 13,
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Tsub+film /Tsub for various film thicknesses below the percolation
threshold. Over the entire mid-ir range, the transmission through the
Au-covered film is higher than through the bare substrate.
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the calculated transmission is also shown. The suppressed
reflection results in an enhanced transmission, which exceeds
that of the bare substrate over the entire midinfrared range.
Nanometer-thick antireflection coatings with metal-cluster
films are potential applications for the divergency of the di-
electric constant near the percolation threshold.

E. Comparison to Bruggeman

One commonly used model to describe the optical prop-
erties of inhomogeneous metal films is the Bruggeman
effective-medium approximation �BEMA�. It treats the two
composites of a cluster film in a symmetric fashion. There-
fore, it is in principle able to model the dielectric function of
a composite below as well as above the percolation thresh-
old. In the following, we will demonstrate at which point it
fails to describe the metal-to-insulator transition itself. In the
BEMA, the complex effective dielectric function �eff of a
composite built from two materials with the volume fractions
Q and �1−Q� and the optical constants �a and �b is calculated
by

Q
�a − �eff

�eff + L��a − �eff�
+ �1 − Q�

�b − �eff

�eff + L��b − �eff�
= 0. �6�

Here, L is the depolarization factor which accounts for
the shape of the inclusions. Starting with a spheroid, one
can distinguish three extreme cases: L→0 corresponds to a
rod, L=1 /3 is a sphere, and L→1 is a disk. One drawback of
the BEMA is that in this approach, the depolarization factor
L is identical with the critical filling factor Qc at the perco-
lation threshold.6 In our case, Qc is about 0.75. This corre-
sponds to very flat ellipsoids, which roughly reflects the
shape of our clusters. To compare the experimental values
�see Fig. 4� to that calculated with Eq. �6�, the filling factor Q
was chosen so that the experimental and calculated ���� val-
ues coincide at �→0. As can be seen from Fig. 14 for very
thin films, the BEMA model can describe the experimental
values up to the midinfrared, but there are strong deviations
at higher frequencies even for the thinnest film. With increas-
ing film thickness, the agreement becomes even worse
mainly due to the fact that neither the position nor the
strength of the plasmon is correctly reproduced by the
BEMA model. The metal-to-insulator transition itself is re-
produced by the calculations but the transition is much too
sharp and the high-frequency conductivity above the transi-
tion is overestimated. The slowly dying plasmon above the
percolation threshold is totally absent in the BEMA model. A
general problem of all effective-medium approximations is
that their results not necessarily fulfill this important causal-
ity condition.6 We want to stress one important additional
point not shown in Fig. 14: our experimentally obtained

complex dielectric functions displayed in Fig. 4 are Kramers-
Kronig consistent.

V. CONCLUSION

Combining infrared spectroscopy, spectroscopic ellipsom-
etry, and dc measurements, the effective dielectric function
of thin Au films around the percolation threshold could be
obtained over a very broad frequency range up to the ultra-
violet. The optical properties of the films can in principle be
described by two contributions: two plasmon peaks in the
near infrared, which shift down with increasing film thick-
ness and slowly die out above the MIT, and a Drude peak,
which starts to develop at the MIT and then rapidly increases
with film thickness. The interplay of both components leads
to a dielectric anomaly, known from percolation theory: from
dc up to a few thousand wave numbers, �1��� exhibits a
pronounced maximum at some critical thickness. Whereas
percolation theory roughly describes the optical anomaly
around the metal-to-insulator transition, effective-medium
approximations give reasonable results only far away from
the percolation threshold.
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FIG. 14. �Color online� Comparison between the measured ef-
fective �1 and the calculated one using Eq. �6� �dashed lines�. The
BEMA model can reproduce the experimental values only at very
low coverage and low frequency.
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