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Terahertz conductivity of thin gold films at the metal-insulator percolation transition
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Terahertz time-domain spectroscopy is used to measure the complex conductivity of nanometer-thick gold
films evaporated on silicon substrates in the far-infrared spectral region from 0.2 to 2.7 THz. With increasing
film thickness a characteristic crossover from an insulating to a conducting state via a percolation transition is
observed. Of particular interest is the characteristic non-Drude behavior close to the transition. Whereas
effective medium theory is inconsistent with our measurements in this regime, the Drude-Smith model, a
generalization of the classical Drude model which incorporates carrier localization through backscattering,
provides excellent fits to the observed complex conductivity. Applying this model we observe extreme values
for the carrier scattering time at the percolation threshold.
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I. INTRODUCTION

Ultrathin metallic films deposited on a substrate can show
properties that deviate strongly from that of the bulk
metals.'~” Their anomalous optical and electronic behavior is
mainly associated with the discontinuous film morphology
and its effect on electronic transport. Thermal evaporation of
metals onto a substrate provides a convenient method to pro-
duce such semicontinuous metal layers. During the deposi-
tion process, disordered nanometer-sized metal clusters form
through nucleation. As more metal is evaporated, coales-
cence and subsequent filling of channels lead to the forma-
tion of randomly connected metal networks before eventu-
ally a homogeneous layer is formed. As a result, with
increasing thickness the film undergoes an insulator-to-metal
transition (IMT). Whereas in the insulating phase the con-
duction electrons are confined to the metal islands and elec-
trical conduction can only occur via thermally activated hop-
ping or tunneling between the grains,®’ in the metallic state
the electrical properties are mainly determined by the semi-
continuous film morphology, which requires the electrons to
percolate through the random network of conducting chan-
nels. Close to the transition the characteristic size of the film
inhomogeneities on the order of some tens of nanometers
becomes comparable to the mean free path of conduction
electrons at the Fermi energy (=25 nm in Au) and as a con-
sequence impeded conductivity associated with partial car-
rier localization and scattering is observed.'® Electronic
transport in nanostructured random media has been treated
successfully in the framework of percolation theory.*!! In the
percolation approach the correlation length &, a measure for
the average cluster size and their spacing, is shown to di-
verge as £ |p—p.|™” with a universal scaling exponent v, as
the surface-coverage parameter p of the metal approaches the
percolation threshold, p., where the metallic grains first form
a macroscopic connected conduction path.'"!> This leads to
similar scaling relations for macroscopic film properties such
as the conductivity o or dielectric constant &.

In contrast to static techniques, ac conductivity measure-
ments p&be the structure on a characteristic length scale
L(w)=\VD/w corresponding to the diffusion length of a
charge carrier within one cycle of the probing electric field,
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which depends on the probing frequency w and the diffusion
coefficient D of the carriers that interact with the radiation.’
At far-IR frequencies such transport length scales in metals
are on the order of tens of nanometers, and therefore compa-
rable to the metallic cluster size and to & in the transition
region. Thus one can directly infer the influence of
nanometer-scale disorder and size effects on carrier motion
from the response of the thin film to an electromagnetic field
in the terahertz frequency range. Terahertz time-domain
spectroscopy represents a unique method that probes the re-
sponse of the charge carriers in conducting media, as ex-
pressed by the amplitude and phase of the dielectric function,
over an extended spectral range at the relevant wavelengths.

In previous experiments, broadband terahertz pulses have
been used to determine the transmission'® and reflection
properties'*!3 of thin metal layers, and terahertz pulse gen-
eration by optical rectification of femtosecond-laser pulses in
nanometer-thick gold films has been demonstrated.'® In these
studies, the influence of the film’s nanostructure was either
not further investigated or irrelevant for the particular experi-
ment and therefore not considered. Drude conductivity could
be assumed for the film in most cases. On the other hand,
there have been static and time-resolved terahertz studies on
numerous systems that have showed characteristic deviations
from simple Drude behavior, such as conducting polymers,
carbon nanotubes, or undoped, doped, and nanostructured
semiconductors. In doped silicon!” or photoexcited GaAs,'8
these deviations could be successfully modeled by a gener-
alization of the Drude model that incorporates Cole-Cole- or
Cole-Davidson-type relaxations.'” The low-frequency con-
ductivity of a conducting polymer could be well approxi-
mated by a localization-modified Drude model.?>?! The di-
electric properties of various systems consisting of
nanometer-sized structures have been treated by effective
medium theories. The Maxwell-Garnett approach was used
to model the terahertz conductivity of carbon nanotubes, 2224
nanostructured T102,25 and the metal-insulator phase transi-
tion in VO,,”° whereas the transient photoconductivity in
CdSe nanoparticles agreed well with predictions from
Bruggeman effective medium theory.?” Other experiments on
CdSe nanocrystals have attributed the transient terahertz con-
ductivity to exciton polarizability.”® Recently, the Drude-
Smith model,” a generalization of the Drude model that
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takes carrier localization into account through enhanced car-
rier backscattering, has been reported to provide an excellent
theoretical framework to describe the transient photoconduc-
tivity of nanostructured ZnO (Ref. 30) or TiO,,>' InP (Ref.
32) and Si nanocrystals,?® and conjugated polymer films.3*

In this paper we report a systematic investigation of thin
semicontinuous Au films over a wide range of average film
thicknesses. From our measurements we are able to deter-
mine their complex conductivity =0, +io, at frequencies
between 0.2 and 2.7 THz, a spectral window sensitive to the
films’ nanometer-scale morphology. The measured data are
compared to predictions from effective medium theory and
the Drude-Smith model. The applicability of both theoretical
treatments, in particular, close to the IMT, is discussed. We
show that the Drude-Smith model provides the best fit to all
the data, including films close to the IMT.

II. EXPERIMENTAL PROCEDURE
A. Film preparation and characterization

Thin films of various thicknesses were processed by ther-
mal evaporation of gold onto 500 wm thick Si(100) sub-
strates at room temperature and at a base pressure below
107 Torr and at a deposition rate of about 0.3 A/s. The
effective film thickness d was monitored during deposition
by a crystal oscillator measuring the mass deposited on a
target close to the sample. For our study we produced vari-
ous gold films with layer thicknesses between 2 and 28 nm.
In all cases, half of the silicon substrate was covered with the
metal film, leaving the other (uncoated) half as a silicon sub-
strate reference. As shown in the scanning electron micro-
scope (SEM) images in Fig. 1, the surface morphology of the
gold films is strongly dependent on the deposited average
film thickness. Thin films show the formation of discon-
nected gold islands which coalesce to larger clusters and
form connected networks as more material is deposited.
SEM images of thicker gold samples show that eventually a
continuous gold film without voids is formed at layer thick-
nesses larger than 20 nm. Measurements of the sheet resis-
tance of our gold films by the four-point probe technique®
showed a rapid drop of their sheet resistance by several or-
ders of magnitude at a critical effective film thickness of d,.
~6 nm, in good agreement with previous studies on compa-
rable semicontinuous metal films.>3%37 In conducting ran-
dom networks this transition typically occurs at the threshold
where a continuous conduction pathway spanning the sam-
ple’s dimensions is initially formed, thereby defining the per-
colation transition between an insulating and a metallic state
of the film. From the SEM images in Fig. 1, we would expect
this transition to occur in our films at a critical film thickness
between 4 and 8 nm, which is consistent with the critical
thickness determined from the dc-resistivity measurements.

For comparison, we evaporated thin chromium films with
layer thicknesses between 2 and 50 nm onto silicon sub-
strates at similar growth conditions as for the gold films. In
contrast to the gold films chromium shows homogeneous
film growth already at the lowest film thickness investigated
here, consistent with previous work.3® In our study, therefore,
these samples represent prototypical systems for continu-
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FIG. 1. The left column shows unprocessed SEM images of thin
Au films evaporated on a Si substrate with effective deposited film
thicknesses of (a) 4, (b) 8, (¢) 10, and (d) 15 nm. In the right
column a filter function has been applied to the raw images to
reduce the noise and a threshold gray value was set to separate gold
from void regions (gold is in white). The gold filling fractions ob-
tained from the processed images are printed in the figures.

ously evolving films showing no thickness dependent discon-
tinuity.

B. Terahertz time-domain spectroscopy

Terahertz time-domain spectroscopy®*#’ was performed

using a standard transmission setup based on terahertz emis-
sion from a photoconductive antenna and electro-optic
detection.*'*? Briefly, the output of a mode-locked Ti:sap-
phire laser (80 fs, 800 nm, 75 MHz repetition rate) is split
into an excitation and detection beam. The excitation pulses
are focused onto the 80 um gap between the electrodes of a
biased photoconductive GaAs antenna (50 V bias). The emit-
ted terahertz pulses are coupled out of the emitter substrate
by a collimating silicon lens with a diameter of 10 mm in
contact with the substrate. Two off-axis parabolic mirrors
generate a terahertz focus at the position of the sample
(~4 mm diameter) and another two mirrors collimate and
then focus the transmitted terahertz field onto the electro-
optic detector. The 800 nm detection beam illuminates a spot
on a 1 mm thick (110)-ZnTe crystal to electro-optically de-
tect the terahertz field using a pair of balanced photodiodes.*?
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FIG. 2. (Color online) (a) Illustration of the terahertz transmis-
sion measurement through the thin gold film samples. (b) Electric
field of a terahertz pulse transmitted through a 7 nm thick gold film
on a Si substrate (red) and through the uncoated area of the sub-
strate (black). Their spectral amplitudes obtained by Fourier trans-
formation are shown in the inset.

The samples were investigated at room temperature and at
ambient pressure in a nitrogen-purged environment. We mea-
sured the time-dependent electric field of the terahertz pulse
transmitted through the thin film sample, Egjp subsirae(?), and
through the uncoated area of the substrate as a reference,
Egbsirate(?), as illustrated in Fig. 2. Subsequent Fourier trans-
formation of the wave forms allows the extraction of the

complex spectra gy substrate @) and Equpsrate( @), yielding the
frequency-dependent amplitude, shown in the inset to Fig.
2(b), and the phase of the terahertz pulses.

III. RESULTS AND DISCUSSION

Figure 3 shows a plot of the terahertz power transmitted
through the gold films relative to the intensity transmitted
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FIG. 3. Plot of the terahertz power transmitted through the gold
film on the silicon substrate relative to the transmission through the
bare silicon substrate integrated over the bandwidth of our experi-
ment (open circles). The solid line indicates the theoretical curve for
a homogeneous film calculated from Eq. (1). The inset shows the
relative transmission through chromium thin films on a silicon
substrate.

through the uncoated Si reference, |Egmisubsrael@)|?/

|Eubsuae(@)|2, integrated over our terahertz bandwidth ex-
tending from 0.2 to 2.7 THz (open circles). Only the inte-
grated power transmission is plotted since we found that the
transmission appears nearly independent of frequency and
analogous plots at particular terahertz frequencies are essen-
tially indistinguishable. The subtle frequency dependence
can only be identified if both amplitude and phase of the
transmitted terahertz pulses measured in our experiment are
thoroughly taken into account, as we will show below. Note
that all investigated Au samples had film thicknesses d well
below the skin depth of ~80 nm at 1 THz. We observe a
discontinuity of the transmission at a critical thickness of
~6 nm, which is a clear indication for inhomogeneous film
growth through a percolation transition consistent with the
morphology observed in the SEM images in Fig. 1 and the
measurements of the dc resistivity. For a homogeneously
growing film one would expect a continuously decreasing
terahertz transmission, as illustrated by the following consid-
eration. The complex Fourier transforms of the time-
dependent fields are related to the complex conductivity of
the films by the thin film equation®#+-46

Eﬁlm+substrate(w) _ 1+n

Esubslrate(w) l+n+ ZOG-(w)d

(1)

where Z; is the impedance of free space and n=3.418 is the
nearly frequency-independent index of refraction of the Si
substrate. The solid line in Fig. 3 is the theoretical curve for
the relative terahertz transmission of a continuous gold film
calculated from Eq. (1). For the calculation we assumed a
purely real and frequency-independent bulk conductivity,
0(w) =Ty, Which is a good approximation for bulk gold at
low terahertz frequencies. Varying this value to best fit the
data points of our thickest films (=20 and 28 nm) yields
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Opu=2.15X10° Q' ecm™!, approximately a factor of 2
lower than the literature value for the dc conductivity of
single crystalline bulk gold.*’ Such low conductivity values
are common for evaporated metal films and have been attrib-
uted to a polycrystalline film growth associated with a con-
siderable formation of intrinsic defects which have a major
influence on the electrical conductivity of the bulk film.*® We
find that most of the data points in Fig. 3 deviate strongly
from the theoretical curve. Whereas the thinnest films are
nearly transparent for the terahertz field, a sharp drop occurs
at a critical thickness, with the data eventually approaching
the theoretical curve with increasing film thickness. In par-
ticular, three regimes can be distinguished: an insulating
phase with negligible terahertz absorption (d<6 nm), a
poorly conductive region with significant absorption (6 nm
<d<20 nm), and a continuously metallic regime showing
bulk metal properties (d>20 nm). The critical thickness
separating the insulating and metallic regimes defines the
percolation threshold. The inset to Fig. 3 shows the terahertz
transmission through the thin chromium films. Deposited un-
der similar conditions, chromium already forms a continuous
film at a critical film thickness of 2 nm.?® Therefore, all the
Cr films investigated here are in the homogeneous metallic
phase and consequently their terahertz transmission follows
the theoretical curve according to Eq. (1) using a bulk con-
ductivity for Cr of gy, =3.0X10° Q' cm™!. We want to
note that although frequency-dependent effects have been
neglected so far, the following conclusions can be drawn: (1)
the sharp drop of the relative terahertz transmission of the
gold films marks a crossover between a highly transparent
insulating phase and an absorbing metallic phase through a
percolation transition, and (2) beyond the transition the films
show higher transmission and therefore lower conductivity
than expected for homogeneous layers as a direct signature
of semicontinuous film growth. Equation (1) allows us to
determine the frequency-dependent real and imaginary parts
of the complex film conductivity 6(w) from our transmission
measurements. Figure 4 shows plots of o; and o, for some
of the different thicknesses of gold films. The transition be-
tween the insulating and metallic regime can be identified by
the onset of a nonzero o) at a critical film thickness of
~6.5 nm. Here the frequency-dependent conductivity shows
a crossover from insulating (o, ~ 0 and 0, <0) to conducting
behavior (o;>0,>0). Due to the inhomogeneous film
structure, o and o, represent the components of an effective
conductivity of a composite layer consisting of gold and di-
electric voids, and a theoretical model has to account for the
dielectric properties of both constituents.

A. Effective medium theory

Classically, the dielectric properties of heterogeneous sys-
tems are modeled by effective medium theories (EMTSs)
which treat the medium as a composite of two materials with
individual dielectric properties. Mainly two EMT approaches
have been widely adopted. In the Maxwell-Garnett
approach® the microstructure of the medium is described as
small inclusions of one component embedded in a matrix of
the other. However, due to its intrinsic asymmetric treatment
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FIG. 4. (Color online) Terahertz conductivity spectra showing
o and o, for Au films of various thicknesses. The solid lines are
fits according to Bruggeman EMT [Eq. (2)] yielding best-fit param-
eters for p as indicated.

of the two constituents, this approach cannot predict a per-
colation transition and thus usually applies to diluted com-
posite materials,”>" but it has occasionally been shown to
apply for systems where a transition occurs.?® For our par-
ticular system, however, the Maxwell-Garnett approach was
not applicable since it does not describe a continuous solu-
tion on both sides of the percolative transition from p=1 to
p=0. Apart from this major failure of this model, it is also
not able to reproduce the characteristic non-Drude behavior
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we observe close to the percolation threshold on the metallic
side of the transition.

Instead, Bruggeman EMT>! has been reported to satisfac-
torily describe systems that show a distinct insulator-to-metal
transition, in particular, in the regime close to the percolation
transition. In the Bruggeman model the two components are
assumed to be present as small ellipsoidal inclusions embed-
ded in the supposedly uniform effective medium. For metal-
insulator composites the complex dielectric functions of the
film, e., the metal, ¢, and the insulator, ¢;, are related
through'

Em ~ Eeff (1-p) Ei~ Eeff

P =0, (2)
gem+ (1 —g)eey

_p —_
gei+ (1 —g)ee

where p and (1-p) are the filling fractions of the metal and
the insulator, respectively, and g is a depolarization factor
characterizing the shape of the inclusions. Theoretically, the
percolation transition occurs at a critical filling fraction of
p.=&, which equals 1/3 for spherical particles. To account
for the elongated shapes of the gold clusters and voids in our
gold films, we assumed a value of g=0.68 as estimated by
Yagil et al. from transmission electron micrographs of simi-
lar gold films deposited on Si substrates.* This value is con-
sistent with filling fractions extrapolated from an analysis of
our SEM images of the films closest to the percolation tran-
sition at d=6.5 nm. We found, however, that slight variations
of this value do not dramatically affect the overall fits to the
data. For the gold inclusions we assumed classical Drude
conductivity with a dielectric function g,=1 —wf,/ o(w
+i/7). A plasma frequency of wp/27w=2080 THz and a car-
rier scattering time of 7=18 fs have been determined from a
Drude fit to our thickest gold film (d=28 nm). For the di-
electric constant of the insulating part of the composite we
chose the average of the silicon and the air values &;=(3.4
+1%)/2~6.3, which resulted in better fits on the insulating
side of the IMT than when we just used the dielectric con-
stant of air (g;=1). The larger value accounts for the dielec-
tric influence of the substrate and is consistent with effective
dielectric constants calculated for coplanar transmission lines
on high dielectric substrates.”>* Obviously the effect of us-
ing different &; values on the curvature, magnitude, and p
values associated with our EMT fits is only considerable in
the insulating regime and very close to the percolation tran-
sition where the voids are the dominating contribution,
whereas it is negligible for the intermediate and thickest
films, where the dielectric function of the metal becomes
dominant.

As a result of this choice of parameters, the only adjust-
able parameter in our EMT fits is the filling fraction p. Since
the dielectric function is related to the conductivity by
eeip— 1 =00/ ggw, Eq. (2) can be used to directly fit the mea-
sured conductivity data. Note that the fitting procedure is
based on approximating both the real and imaginary parts of
& simultaneously. The solid lines in Fig. 4 show the resulting
fits to the data points yielding the p values as indicated.

For film thicknesses d=7.5 nm, our measured o; and o,
spectra are consistent with Bruggeman EMT. Also, in the
insulating regime the model provides a good fit as shown for

PHYSICAL REVIEW B 76, 125408 (2007)

U] LR A S e

0.9

0.7

P

d =6.46 nm

4 6 8

0.6

1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28
d (nm)

FIG. 5. (Color online) Filling fraction p obtained from the EMT
fits to the measured terahertz conductivity for different film thick-
nesses (solid circles). The solid line is a linear fit to the data be-
tween 6 and 20 nm. The dotted line indicates the percolation thresh-
old at p.=0.68, which corresponds to a critical thickness of d.
=6.46 nm. For comparison we show the filling fractions determined
from the analysis of the SEM images in Fig. 1 (open circles).

the 6 nm sample in Figs. 4(c) and 4(e). However, for film
thicknesses very close to the percolation transition (i.e., d
=6.5 and 7 nm), we were not able to achieve consistent fits
of the real and imaginary parts of the conductivity simulta-
neously. In that case we only fitted the o values and plotted
the corresponding o, curves. Obviously, EMT fails to repro-
duce the observed characteristic features in this regime, such
as the slight increase of o with increasing frequency. Fur-
thermore, Bruggeman EMT tends to underestimate the
imaginary part of the conductivity, o,. Although EMT as-
sumes the bulk properties of both contributing materials as
input, we also tried to vary the scattering time 7 in our fits of
Eq. (2), but this did not improve the quality of our fits (not
shown).

The relation between film thickness and filling fraction as
obtained from the EMT fits is shown in Fig. 5. Over a wide
range of film thicknesses a linear dependence between p and
d is found, supporting other studies that assumed a linear
relation for films in the percolating regime.**> The p values
from our EMT fits agree well with the filling fractions ob-
tained from analyzing the processed SEM images of selected
gold films in Fig. 1 (open circles in Fig. 5). In order to
extract these values the original SEM micrographs have been
filtered to reduce random noise and converted to 8 bit gray
images. In a subsequent step a threshold gray value has been
set to separate gold from void regions (Fig. 1, right column).
The filling fractions p are then determined by calculating the
fraction of the white areas in the processed images.

Concluding this part, we note that Bruggeman EMT pro-
vides an adequate description of the film behavior away from
the percolation transition. However, in the regime very close
to p., the model fails to reproduce the observed features.
This discrepancy for semicontinuous gold films between
EMT and experiment has been observed previously,>* and it
was argued that close to the IMT the relevant length scale
becomes comparable to the cluster correlation length and
thus the preconditions for EMT are no longer fulfilled. Fur-
thermore, effects originating from the intercluster capaci-
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tance, which are not included in the theory, become increas-
ingly important as the average cluster separation approaches
zero. In these studies a scaling approach derived from perco-
lation theory'""!? yielded much better agreement at all wave-
lengths from the near to the far IR.* This scaling approach,
however, requires the introduction of specific scaling func-
tions which depend on the film’s microgeometry. These have
to be reconstructed from nonuniversal coefficients that can-
not be derived from scaling theory but have to be adjusted to
the system through the fitting procedure. Consequently only
limited insight into the physical properties of the system is
provided, mainly due to the large number of fit parameters.
Also, in EMT the binary mixture of particles is not consid-
ered in contact with an interface and therefore interaction
with the substrate is disregarded. However, for our gold films
the symmetry of the system is broken due to the supporting
substrate, and interface effects such as the formation of im-
age dipoles become important for accurately describing the
optical properties of such films.’*>” Qur approach to simply
assume an effective dielectric constant for the air voids ac-
counts only partially for the film-substrate interaction.

In the following section we will introduce an alternative
approach to model our data based on a generalization of
classical Drude theory called the Drude-Smith model. We
will show that the Drude-Smith model provides a consistent
description of our samples over the whole thickness range
and, in particular, in the regime around the IMT where EMT
fails.

B. Drude-Smith approach

Similar deviations from Drude conductivity, as observed
here for the films close to the IMT, have been reported for
disordered systems where conductivity is suppressed by lo-
calization of charge carriers.>*2>30-3438 A classical generali-
zation of the Drude model that potentially allows such de-
viations has been proposed by Smith.?’ In this model the
complex conductivity is given by

_ _80(,027' C:
"“*’)—:;,i{ m] ®

where the additional contributions to the standard Drude
term describe the persistence of the carrier’s initial velocity
after a certain number of scattering events. The parameter j
indexes the scattering events and c¢; describes the persistence
of velocity and represents the fraction of the electron’s initial
velocity that is retained after the jth collision.?” In practice,
only the first scattering term is considered, which has been
justified by the transition from ballistic to diffusive carrier
propagation after one scattering event, corresponding to
complete momentum randomization after scattering once.?’
In this case, all cj:O for j>1 and ¢, =c, where ¢ can range
from ¢=0 (isotropic scattering, as in the Drude model) to ¢
=—1 (full carrier backscattering), and Eq. (3) can be rewrit-
ten as
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FIG. 6. (Color online) Terahertz conductivity spectra showing
oy and o, spectra for various Au film thicknesses. The lines repre-
sent best fits of the Drude-Smith model [Eq. (4)] to our data.
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This model has been successfully applied to the transient
terahertz conductivity of poor conductors and materials near
the metal-insulator transition?® as well as to various nano-
structured conducting systems.30-33

As shown in Fig. 6 (solid lines), the Drude-Smith formal-
ism according to Eq. (4) provides excellent fits to our mea-
sured o(w) and o,(w) simultaneously, for a given set of fit
parameters w,, 7, and c. In particular, this simple phenom-
enological model is able to reproduce the conductivities very
close to the percolation transition (d=6.5 and 7 nm) in con-
trast to EMT. It therefore fits the observed behavior for all
samples from the insulating to the metallic regime and over
the entire frequency range covered by our experiment.

Figure 7 summarizes the parameters obtained from the
fitting procedure. The y-error bars correspond to the fit errors
and the x errors of +0.3 nm represent the estimated uncer-
tainty in average film thickness resulting from the prepara-
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FIG. 7. Best-fit parameters according to the Drude-Smith model.
The vertical dashed line indicates the percolation threshold at d.
=6.4 nm. The persistence of velocity parameter ¢ is plotted in (a).
The effective plasma frequency of the film in (b) rises at the critical
thickness and approaches the bulk value for =20 nm. The solid
line represents a power law fit to the data points of the form w,
«(d-d.)’ with v=0.59+0.03. The scattering time plotted in (c)
varies about its mean value of 7=18 fs except for film thicknesses
close to the percolation threshold where extreme values for 7 are
observed.

tion method. The persistence of velocity parameter in Fig.
7(a) changes from c=-1 below the percolation threshold to
values close to ¢=0 above the percolation threshold, indicat-
ing the crossover from insulating behavior for d<6 nm to
Drude-type free carrier conduction with ¢=0 for film thick-
nesses d>9 nm. In the intermediate regime, the nonzero val-
ues for ¢ can be interpreted as an indication for the onset of
carrier backscattering, characteristic for carrier localization,
contributing significantly to the suppression of the real part
of the terahertz conductivity at low frequencies. This results
in the characteristic non-Drude behavior in this regime ob-
served in our measurements. The observation that ¢ only
deviates from its limiting values of 0 and —1 in the vicinity
of d. is consistent with the fact that the onset of carrier
localization occurs only very close to the percolation transi-
tion where the carrier diffusion length becomes comparable
to the size of the gold clusters. It is interesting to note that
further away from the transition pure Drude behavior is ob-
served (¢c=0) even though bulk gold conductivity has not
been completely established.
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In contrast to EMT, the Drude-Smith approach provides
values for an effective plasma frequency and scattering time
for the films over the entire thickness range, i.e., in the Drude
and non-Drude regimes as well as at and below the percola-
tion transition. The lower effective film conductivity com-
pared to the conductivity of bulk gold is expressed in a re-
duced plasma frequency, as plotted in Fig. 7(b). The bulk
value of wp/2m=2080 THz is only reached at film thick-
nesses d=20 nm. In a percolating network of a conducting
material, such a reduced plasma frequency can be rational-
ized by the fact that not all the carriers contribute equally to
the conduction process as with, for example, carriers in the
loose ends of the network or within disconnected gold
islands.” Consequently, this leads to a reduced effective car-
rier density N and thus to a reduction of the plasma fre-
quency through wlz,:Nez/ (ggm”), where e is the electronic
charge and m" is the carrier effective mass. A free fit
of the plasma frequency for film thicknesses between 6.5
and 16 nm to a power law dependence of the form
w,%*(d-d,)’ yields a power of v=0.59+0.03 and a critical
film thickness of d,=6.4x0.1 nm [solid line in Fig. 7(b)].
Percolation theory states that in a percolating system the
static conductivity scales as oy % (d—d.)" for d>d,. with a
critical exponent of t=1.3 for two-dimensional systems.!!
For Drude conductivity, w,= Vog./ ey and we would expect
v=t/2=0.65, at least in the Drude regime (¢=0) and pro-
vided a constant scattering time 7, which is indeed in reason-
able agreement with our value determined from the fit in Fig.
7(b).

The values for 7 obtained from the Drude-Smith fits are
plotted in Fig. 7(c). We find a nearly thickness independent
scattering time except for Au films right at the percolation
transition where 7 adopts extreme values. For all other films
the scattering time values exhibit only little variation around
their mean value of 18 fs, slightly lower than the literature
value for bulk gold of 25 fs.%° This observation is in accord
with the general characteristic of composites that the scatter-
ing time of the effective medium is constant and independent
of p or d and equal to the value for the metallic inclusions.”®
Immediately at d., however, 7 appears to diverge. The diver-
gence of one of the Drude parameters likely indicates the
discontinuity of a macroscopic property of the system at the
transition. At an electronic percolation transition or an IMT,
the dielectric function €, diverges naturally as described in
the theory by Mott®! and Anderson.®> Experimentally, a sin-
gularity of the dielectric constant has been observed in ran-
dom metal-insulator composites®® and was indirectly inferred
from anomalies in far-IR spectra of ultrathin metallic films.®
It is intriguing to speculate that our observation of the diver-
gence of the carrier scattering time 7 at the IMT represents a
signature of this behavior. In fact, if we would assume Drude
conductivity over the entire thickness range, a diverging &
would directly lead to extreme values for 7 as demonstrated
by the following consideration. The complex dielectric func-
tion, which determines the optical properties of the metal
film, is related to the complex conductivity by &-1
=id/gyw, so that o,=—gy(e;—1)w. Since for Drude conduc-
tivity o,/ 0 =wr, it follows that —gy(e,—1)/o;=7 and thus
both &; and o can contribute equally to a divergence of the
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scattering time. Percolation theory states that on the insulat-
ing side of the transition the dielectric constant diverges as
g,%|d.~d|™, and on the metallic side the conductivity scales
as o, %|d—d.|", with t=1.3 in two-dimensional systems.>!!
Consequently, if the system is close enough to the transition,
i.e., in a regime where both relations are valid, 7 would in-
deed show a strong divergence. Finally, we would like to
emphasize that like the classical Drude model, the Drude-
Smith generalization used here also represents a phenomeno-
logical model describing charge carrier kinetics in conduc-
tive media. Although within such a simplistic formalism a
direct physical interpretation of the model parameters such
as the carrier scattering time, the plasma frequency, or the
persistence of velocity parameter might be arguable, the
Drude-Smith model nevertheless proves to be immensely
powerful in describing and interpreting terahertz conductiv-
ity in nanomaterials.

IV. CONCLUSION

We have measured the complex terahertz conductivity of
nanometer-thick semicontinuous Au films evaporated on sili-
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con substrates, and have observed a discontinuous crossover
from an insulating to a metallic regime via a percolation
transition. We find that effective medium theory is inconsis-
tent with our measured data in the regime near the percola-
tion transition. However, the Drude-Smith model, a generali-
zation of the Drude model that incorporates carrier
localization through backscattering, yields excellent agree-
ment over the entire frequency range covered in our experi-
ment for all film thicknesses. Within this model a divergence
of the carrier scattering time at the percolation transition is
observed and interpreted as a potential signature of a discon-
tinuity in macroscopic film properties characteristic of per-
colation transitions.
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