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Nanostructured gold films as broadband terahertz antireflection coatings
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The potential of nanometer-thick, randomly nanostructured gold films as broadband wave impedance-
matching coatings for nondispersive substrates in the terahertz frequency range is demonstrated. Based on a
wave impedance approach and the specific non-Drude conductivity of our films, we model the reflectivity at
the coated interface between silicon and air and show that nanostructured films offer a considerably better
broadband performance than conventional bulk metallic layers. The predictions from the theoretical model are
verified in experimental studies of different gold nanostructures investigated by terahertz time-domain spec-
troscopy in the frequency range of 0.2—2.2 THz. An extension of a previously developed subgridding scheme
for the finite-difference time-domain method allows us to simulate terahertz-pulse propagation through un-
coated and coated samples and to follow attenuation and reshaping of the internally reflected pulse when the

film thickness is varied with subnanometer precision.
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I. INTRODUCTION

Over the past decades, there have been tremendous ad-
vances in the generation, manipulation, and detection of tera-
hertz radiation. All these new technologies have inspired ex-
citing new applications for terahertz sensing and imaging.
Their technical implementation requires sources, detectors,
and optical components such as beam splitters, dispersive
optical elements and substrates, or windows transparent in
the far-infrared region. Typically, these components cause
reflections due to the refractive index mismatch at interfaces
giving rise to unwanted Fabry—Pérot behavior. In such cases,
antireflection coatings that operate at terahertz frequencies
would be highly advantageous to minimize étalon reflec-
tions.

Due to their small bandwidth, standard dielectric quarter-
wave antireflection coatings are not suitable for experiments
with multiple wavelengths or broadband terahertz pulses.
Therefore, alternative concepts for effective reflex suppres-
sion have to be employed. Recently, ultrathin metallic films
were demonstrated to work as efficient impedance-matching
layers in the terahertz and midinfrared frequency ranges,
showing broadband performance.'? In this experiment, chro-
mium films were specifically chosen due to their good adhe-
sion properties and long-term stability. Chromium forms ho-
mogeneous layers already at very low evaporated film
thicknesses, which provides good control over the film prop-
erties during film production. Other metals such as gold
show highly inhomogeneous film growth in the required
thickness range, exhibiting a crossover between an insulating
and a metallic phase via a percolation transition.>~> There-
fore, such films were thought not to be suitable as
impedance-matching layers mainly due to their uncontrol-
lable nanostructure.

In this paper, we show in theory and experiment that ran-
domly nanostructured gold films represent antireflection
coatings with a significantly better broadband performance
than homogeneous metal films at least in the terahertz fre-
quency range. Owing to their characteristic non-Drude be-
havior, our films show a nearly frequency-independent sheet
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conductivity, which allows to perfectly match the impedance
over an extended frequency range. This is usually not pos-
sible for bulk metallic films that typically show frequency-
dependent Drude behavior. We demonstrate that with our
nanostructured gold films, the internal reflection of a broad-
band terahertz pulse (spectral bandwidth of 0—-3 THz) at a
silicon-air interface can be suppressed to <1% of its initial
field amplitude without coating compared to >5%, which
would be the best suppression achievable with bulk gold
layers. For our experimental investigations, we utilized two
different film preparation methods based on a chemical depo-
sition technique and on sputtering gold clusters onto the sub-
strate, respectively. Both techniques allow us to produce well
adherent, stable films and provide good reproducibility and
sufficient control over the films’ sheet resistance.

The organization of this paper is as follows. In Sec. II, we
describe the film preparation methods and briefly introduce
the experimental setup. In Sec. III, the theory for field trans-
mission through thin metallic layers on thick substrates is
reviewed and the requirements for broadband impedance
matching are discussed. Furthermore, we introduce the
Drude—Smith model, which provides a very good approxi-
mation for the complex conductivity of our nanostructured
gold films. In Sec. IV, we show the experimental results for
various films including fits of the Drude—Smith model to our
measured film conductivity. A simulation using the finite-
difference time-domain method of the terahertz-pulse trans-
mission through bulk and nanostructured gold films is pre-
sented in Sec. V. This simulation allows us to quantify the
best suppression of the internal reflection achievable by both
film types. Finally, a conclusion is given in Sec. VI.

II. EXPERIMENTAL METHODS
A. Film fabrication and characterization

Two different thin film preparation methods were used to
coat 520 um thick Si(100) substrates with nanometer-thick
inhomogeneously nanostructured gold layers. Both tech-
niques produce gold films with different characteristic nano-
scopic morphologies.
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FIG. 1. (Color online) AFM images of (a) a chemically depos-
ited gold film and of (b) a gold film produced by sputtering gold
clusters onto the silicon substrate.

For the first set of samples, a chemical (electroless) depo-
sition technique® was applied to deposit gold onto the care-
fully cleaned and subsequently hydrogen terminated silicon
surface. Following the protocol reported by Miyake et al.,
deposition was performed at an elevated temperature
(60 °C) by dropping a plating solution consisting of
0.015M NaAuCly+0.15M Na,SO3+0.05M Na,S,0;
+0.05M NH,CI together with 2% HF onto the silicon sur-
face. In this environment, the silicon is oxidized, forming a
fluoride complex, and the released electrons reduce the gold
ions, which then form neutral gold. The effective film thick-
ness can be controlled during this process by the deposition
time. Depending on the required thickness, after 10—200 s,
the deposition was terminated by rinsing the sample with
deionized water. The atomic force microscope (AFM) image
of a selected film in Fig. 1(a) shows the formation of indi-
vidual gold islands with about 20—30 nm average diameter
with occasional accumulations of larger gold clusters. The
partially overlapping islands form an inhomogeneous net-
work consisting of gold and void regions. AFM images of
thicker films show that with increasing the effective film
thickness, larger gold accumulations occur. However, the fine
colloidal structure in between these clusters is maintained.

Alternatively, thin films have been produced by energetic
cluster impact (ECI) deposition.”8 In this technique, charged
gold clusters are accelerated by an electric field onto the
clean silicon substrate. The gold clusters are produced by a
magnetron sputter discharge within a gas aggregation source.
Gold atoms are sputtered from the discharge into a mixture
of helium and argon with a pressure of about 0.5 mbar,
where clusters are formed. A large part of the clusters is
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ionized and can be accelerated by an electric field and di-
rected onto the silicon target. The impact energy of the de-
posited clusters can be controlled by the substrate potential.
For our samples, a moderate impact energy of about 2 keV
was chosen. The deposited film thickness is controlled by the
time the target was exposed to the cluster beam. An AFM
image of a gold film produced by ECI deposition is shown in
Fig. 1(b). Again, the film consists of individual partially
overlapping gold islands. Their size distribution is much
more homogeneous than that for the films produced by the
chemical deposition technique with an average diameter on
the order of 10 nm.

Due to the reaction with the Si surface, the chemically
deposited gold island films showed better adhesion proper-
ties than comparable films produced by vacuum evaporation®
or the cluster deposition technique, which showed compa-
rable stability against mechanical treatment. However, the
optical properties of all the films, such as their terahertz
transmission and conductivity, appeared to be stable over
several months.

B. Terahertz time-domain spectroscopy

A standard terahertz time-domain spectrometer (TDS) in
transmission geometry® was used to characterize the samples
in the frequency range between 200 GHz and 2.2 THz.
Briefly, two photoconductive dipole antennas driven by fem-
tosecond pulses from a mode-locked Ti:sapphire oscillator
(12 fs, 800 nm, 76 MHz) are used to generate and detect the
terahertz transient. The generated terahertz pulses radiate
into free space and are guided by two off-axis paraboloidal
mirrors, which produce a frequency-independent focus with
about ~5 mm diameter at the sample position. Another pair
of paraboloidal mirrors focuses the pulses onto the detector
antenna. By a variable optical delay, the terahertz pulses gen-
erated at the emitter can be continuously delayed with re-
spect to the gated detector, which allows to temporally scan
their electric field. In a typical terahertz TDS measurement,
the time-dependent electric field of the terahertz pulse trans-
mitted through a sample is determined and by a subsequent
Fourier transformation, the corresponding complex fre-
quency spectrum is determined. All measurements were per-
formed at room temperature and at ambient pressure in a
nitrogen-purged environment to avoid water vapor
absorption. !9

III. THEORETICAL BACKGROUND

A. Fresnel equations for a thin conducting film
on a thick substrate

At the interface between two media with different refrac-
tive indices n; and n,, reflections appear. Similar reflections
occur when an electric signal propagates from one transmis-
sion line with impedance Z; to a second one with Z,. There-
fore, a convenient method to describe wave propagation in
inhomogeneous optical media is to represent the system by
an equivalent transmission line circuit with characteristic
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FIG. 2. (a) Two dielectric media with refractive indices n; and
n, separated by a thin conducting film with conductivity o and
thickness d. E; denotes the incident electric field, E,, denotes the
reflected, and E, denotes the transmitted fields. (b) Wave propaga-
tion in the optical system can be represented by signal propagation
in an equivalent transmission line circuit with the impedances Z;,
Z, and the film impedance Z. Z; and Z, contribute to the combined
load impedance Z;.

impedances. The corresponding wave impedance of an elec-
tromagnetic wave propagating in a medium is given by the
ratio of the tangential components of the electric and mag-
netic fields:!!

Z=

x|

2} (1)
n

t

where Zy=vuy/ €,=377 Q is the impedance of free space,
n=ve is the complex refractive index, and € is the complex
permittivity of the medium.

In a thin conducting film with complex conductivity o, an
incident, transverse electric field E induces a current density
j=Eo. If the thickness d of the conducting layer is much
smaller than the skin depth &, j can be assumed to be uni-
form throughout the film, corresponding to a surface current
J=jd. If the film separates two media, as sketched in Fig.
2(a), the boundary conditions require that the tangential com-
ponents of E are continuous across the film, and that the
components of H are discontinuous by the surface current.!'?
Therefore, in the limit of a very thin film (d<<§), its imped-
ance is given by'?

Zym == @

where H, and H, are the magnetic fields at the two sides of
the film.

In the equivalent circuit, a thin conducting layer separat-
ing two media corresponds to an additional impedance
shunting the line, as illustrated in Fig. 2(b). In this case, the
surface current in the film corresponds to a current through
the shunting impedance Zy parallel to Z,. Both impedances
can be combined to the load impedance Z;, which is then
given by
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Z, Z, Zp
At the interface between the source and the load, a time-
dependent field gets partially reflected with the amplitude
coefficients of reflection and transmission:!3

Z, -7 27
L L and = L_
Z;+ 7,

r=
Z;+ 7,

(4)

Replacing Z; in Eq. (4) by the expression in Eq. (3) and
using the individual impedances from Egs. (1) and (2) yields
ny—np;— ZOO' d

po T2 S0 (5)

np + ny + Zo(Td
and

2”1
t=——"_—".
ny+n, + Zgod

(6)

Note that if the thickness d (or the conductivity o) of the film
approaches zero, we get the well known Fresnel equations
for the reflection and transmission coefficients at the inter-
face between two dielectric media,'*

Ey, ny—ny Ey  2n

L e )
EOi ny+ny

B. Impedance matching

According to Eq. (4), the reflection can significantly be
reduced by decreasing the impedance mismatch across the
interface. In order to fully suppress the reflection of a signal
back into the source, the load impedance must be exactly
matched to the source impedance (Z;=Z,), which is, in gen-
eral, a complex valued function of frequency. Therefore,
generally, both the real and imaginary components of the
impedances have to be matched, which complicates the task.
Since in many optical applications, however, window mate-
rials and substrates are chosen due to their low attenuation,
absorption in these media can usually be neglected and their
wave impedances are real valued. Silicon, for example, is a
popular window material in the far infrared due to its very
low absorption in this wavelength region.

Impedance matching between two media separated by a
thin conducting film, as in Fig. 2(a), can be achieved by
choosing the film impedance Zy so that the combined load
impedance Z; is equal to Z;. However, since in a parallel
circuit Z; is always smaller than either of its individual com-
ponents Zp and Z,, impedance matching can only be
achieved for Z,>Z,. Thus, in our system, impedance match-
ing by a thin conducting layer can only be achieved at the
transition from the optically thick (silicon) to the optically
thin medium (air) and not vice versa. Note that this is a
general limitation of wave impedance-matching layers for
optical applications. To achieve zero reflectance at the oppo-
site interface (air-silicon), one needs to increase the com-
bined load impedance, which is possible in a transmission
line circuit by adding an additional impedance in series to Z,,
but this cannot be achieved in the optical equivalent by a
conductive coating.
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To eliminate the reflection at the silicon-gold-air interface,
the numerator in Eq. (5) has to vanish, and we have to fulfill
the condition

ng; — Ngip = Zy0od, (8)

with both refractive indices being real and nearly constant
over the frequency range covered by our experiment (1,
=1.00 and ng;=3.42). Since Z, and d are constant real num-
bers, fulfilling Eq. (8) requires that also the complex conduc-
tivity o=0,+i0, be real and constant over the entire fre-
quency range. Therefore, in order to perfectly eliminate all
back reflections at the interface through impedance match-
ing, we need a conducting layer with
isi — My

1r
o= _ - =const,

=0. 9
Zod 03 9

As we will show below, this is a requirement that conven-
tional bulk metallic layers do not fulfill. Although it has been
argued that for most metals at terahertz frequencies we are in
a regime where the conductivity is only weakly frequency
dependent with negligible imaginary component,' in prac-
tice, the applicability of conventional bulk metallic antire-
flection coatings is limited to cases where residual reflections
can be tolerated.

On the other hand, nanostructured metallic layers can
show conductivities that deviate strongly from those of bulk
metal films, which usually follow the standard Drude
model,® due to their discontinuous film morphology. As we
will show below, such films may exhibit the desired conduc-
tivity behavior in Eq. (9) and enable a nearly perfect broad-
band impedance matching.

C. Measuring the film conductivity

The complex conductivity of our films has been deter-
mined by measuring the time-dependent electric field of a
broadband terahertz pulse transmitted through the thin film
sample, Epgraesfim(?), as well as through the uncoated sub-
strate, Egpsrae(?), as reference (Fig. 3). Fourier transforma-
tion of the main pulses [solid lines in Fig. 3(b)] then yields
the complex, frequency-dependent terahertz spectra,
E qubstrate+film(@) and Egpsrae(®). Their ratio corresponds to
the ratio of the transmission coefficients in Egs. (6) and (7)
and yields>!

Esubstrate+film(w) - i - 1+ Ng;i (10)
Eubsirate(@) ty 1+ng+Zyo(w)d’

where the refractive index of air has been inserted and ng;
=3.42 is the refractive index of the silicon substrate, which
has been determined in a separate measurement. This expres-
sion first introduced by Tinkham'® is valid if the films are
much thinner than the wavelength and the skin depth, which
are both fulfilled for our films. Equation (10) directly allows
us to determine the complex conductivity from the measured
spectra.

By monitoring the second pulse, which corresponds to the
first internal reflection in the substrate (dashed section in Fig.
3), we can investigate the antireflection behavior of our gold
film samples.
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FIG. 3. (a) Hlustration of terahertz-pulse propagation through
the uncoated and coated silicon substrate, as measured in our ex-
periment. The first internal reflection in the silicon substrate is in-
dicated by the dashed line. The corresponding terahertz wave forms
recorded at the detector are shown in (b). Approximately 12 ps after
the main pulse, a second, weaker pulse appears, which corresponds
to the internal reflection.

D. Drude and Drude-Smith models

The frequency dependence of the complex conductivity of
homogeneous metals can be described by the Drude model:
€T
O'(w)=—LO —, (11)
l-ioT

where w, is the plasma frequency and 7 is the scattering
relaxation time. The corresponding behavior of the real and
imaginary parts of o for bulk gold is shown in Fig. 4(a)
assuming literature values from Ref. 17 (7=24.5fs, w,/27
=2175 THz). The condition required for perfect impedance
matching in Eq. (9) is only approximately fulfilled for very
low frequencies in the so-called Hagen—Rubens regime,'
where wr<<1. Already at a frequency of 1 THz, o, is about
20% of the o value and, therefore, no longer negligible.
Also, the real part of the conductivity o starts to show a
considerable frequency dependence.

Classically, the dielectric properties of composite systems
have been modeled by effective medium theories (EMTs),
which treat the medium as a composite of two materials with
individual dielectric properties, which in our case are a
Drude metal and an insulator. Mainly two EMT approaches
have been widely adopted, the Maxwell-Garnett'® and the
Bruggeman EMT," which are capable of modeling dilute
composite materials and systems that show a distinct
insulator-to-metal transition, respectively.> For semicontinu-
ous gold films, however, EMT proved to be invalid close to
the transition®*?° since effects originating from the interclus-
ter capacitance, which are not included in the theory, increas-
ingly become important as the average cluster separation ap-
proaches zero. Also, in EMT, the binary mixture of particles
is not considered in contact with an interface, and therefore,
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FIG. 4. (a) Real (solid line) and imaginary parts (dashed line) of
the complex conductivity of bulk gold following the Drude model.
(b)—(d) show the conductivity according to the Drude—Smith model
in Eq. (13) for different nonzero values of c.

interaction with the substrate is usually disregarded. A scal-
ing approach derived from percolation theory?! yielded a
much better agreement at all wavelengths from the near to
the far IR (Ref. 4) but requires the introduction of specific
scaling functions that depend on the film’s microgeometry.
An alternative model that has been successfully applied to
various conducting, nanostructured systems that show devia-
tions of the terahertz conductivity from standard Drude
behavior>!>22-2 is based on a generalized Drude formalism
developed by Smith.2¢

Within the Drude—Smith model, the complex conductivity
is given by

»’ .
SR (RSt D

where c¢; is a parameter describing the persistence of the
charge carrier’s initial velocity after j scattering events. In
practice, only the first scattering term is taken into account
such that ¢;=0 for j>1 and ¢, =c. Neglecting higher order
scattering terms corresponds to a transition from ballistic
(first collision) to diffuse (subsequent collisions) carrier
propagation.?® In this case, ¢ can range from ¢=0 (isotropic
scattering as assumed in the Drude model) to c=-1 (full

carrier back scattering) and Eq. (12) simplifies to

2
o(w) = eoapr [1+ C, } (13)
l-iwT (1-iwT7)

Varying parameter ¢ in Eq. (13) affects the real and imagi-
nary components of the conductivity, as illustrated in Fig. 4.
For ¢=0 corresponding to isotropic scattering of the carriers,
we obtain a normal Drude behavior. With decreasing c, o
gets progressively suppressed at low frequencies. For c=—-1,
the real conductivity o is completely suppressed at zero
frequency and the material becomes an insulator (oy.=0).
The impeded real part of the conductivity is associated with
a change in slope of the imaginary part. For ¢ <-0.5, the
imaginary conductivity o, becomes negative at low frequen-
cies, which can be understood as a capacitive response of the
electrons to the external field, whereas for ¢ >-0.5, the re-
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sponse is mainly inductive. In semicontinuous gold films, the
crossover between these two cases has been observed at the
metal-to-insulator percolation transition® and was interpreted
as the transition between a situation where the charge carri-
ers are mainly localized within individual gold islands in the
insulating phase and free carrier conduction in the metallic
phase. For a situation with the ¢ parameter close to —0.5 [Fig.
4(b)], we obtain a nearly constant o; and a o, very close to
zero over a broad frequency range extending from 0 to about
3 THz. As discussed above, these are exactly the conditions
required for broadband impedance matching at the interface
between transparent nondispersive media, such as silicon and
air. As we will show, the Drude-Smith model yields very
reasonable fits to our conductivity data. It therefore provides
a simple analytical expression for the complex conductivity
of our films, which will be used in the following to model the
film reflectivity and as input for our numerical simulations.

E. Modeling the film reflectivity

To demonstrate the effect of the film thickness and con-
ductivity on its reflectivity at the silicon-air interface, we
calculated the frequency-dependent reflection coefficient r
according to Eq. (5). For the calculation, we modeled the
conductivity of a bulk gold film with the standard Drude
expression according to Eq. (11) and of a nanostructured
gold layer with a Drude-Smith conductivity, Eq. (13), with
c=-0.55. In Fig. 5, we plot the absolute value of r as a
function of the film thickness d and frequency /2 for both
coatings. In both cases, we observe a minimum of the reflec-
tivity at zero frequency for an optimal film thickness dy.
However, whereas the reflectivity progressively rises with
increasing frequency for the Drude film, the reflection coef-
ficient stays close to zero over a broad frequency range for
the coating with Drude—Smith conductivity. This comparison
demonstrates the potentially superior performance of nano-
structured conducting layers as broadband antireflection
coatings in the terahertz regime compared to that of conven-
tional bulk metallic layers.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In the following, we will present experimental investiga-
tions of our fabricated nanostructured gold films by transmis-
sion terahertz TDS.

A. Chemically deposited films

As described in Sec. III C, the frequency-dependent con-
ductivity could be determined from the terahertz transmis-
sion spectra provided that the film thicknesses are suffi-
ciently well known. However, due to the inhomogeneous
film structure, the chemically grown gold films do not ex-
hibit a well-defined thickness. Therefore, it is more appropri-
ate to determine the films’ sheet conductance od, which
can be directly inferred from Eq. (10) without the knowledge
of d.

Figure 6 shows the real and imaginary parts of the sheet
conductance for three selected chemically grown films cor-
responding to a very thin film with a high film impedance
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FIG. 5. (Color online) Calculated absolute value of the reflectivity at the silicon-air interface coated with a gold layer following (a) Drude
and (b) Drude-Smith conductivity as a function of the film thickness and frequency. The insets show the corresponding conductivity
behavior. The plateau indicates an absolute reflection coefficient |r| already greater than 0.1. For realistic values of the conductivity of thin
nanostructured gold films, the optimal film thickness d, is on the order of 10 nm.

(film 1), a gold film of intermediate thickness and impedance
(film 2), and a relatively thick gold film with a correspond-
ingly low impedance (film 3). From AFM profiles, we could
estimate only a very approximate thickness distribution rang-
ing from 5 to 15 nm for film 1, from 10 to 25 nm for film 2,
and from 15 to 30 nm for film 3.

All of the films show a nearly constant real part of the
conductivity over the investigated frequency range with the
imaginary part very close to zero. This observed conductivity
behavior cannot be modeled by a standard Drude model. In
agreement with a previous study on nanostructured gold
films, we found that the Drude-Smith approach provides
very reasonable fits to our measured sheet conductances. The
best fits of the Drude—Smith formalism according to Eq. (13)
to the measured od and o,d are plotted for all of the films in
Fig. 6.

The characteristic deviation from the standard Drude be-
havior is illustrated in Fig. 7 for film 2. The dashed line
shows a fit of the Drude model to the data points, which
obviously fails to reproduce the observed behavior. The
Drude-Smith model (solid line), on the other hand, provides
a very good fit. For this particular film, we obtain the best-fit
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FIG. 6. (Color online) Terahertz sheet conductivity spectra of
chemically grown gold films together with Drude—Smith fits (solid
lines).

parameters 7=18 fs and wl,/277:0.0474/\5;1 and ¢=-0.55,
which are in reasonable agreement with values reported for
nanometer-thick, discontinuous gold films near the metal-to-
insulator percolation transition.’ Note that the ¢ parameter is
exactly in the region where we expect the best impedance
matching due to the nearly constant o and the vanishing o5,
as discussed in the previous section. Thus, we expect a con-
siderable suppression of the internal reflection for the proper
film thickness (or sheet conductance, respectively).

In Fig. 8, the electric field of the terahertz pulses is plotted
after transmission through the different gold film samples
together with a terahertz pulse transmitted through the un-
coated substrate as reference. With increasing the film thick-
ness, the amplitude of the main pulse decreases as a conse-
quence of rising absorption in the gold film and increasing
reflection losses at the air-gold-silicon interface. Approxi-
mately 12 ps after the main pulse, a second, weaker pulse
appears, which corresponds to the first internal reflection in
the silicon substrate (see Fig. 3). Coating the Si surface with
the thin films affects the reflex in the following way: The thin
layer (film 1) causes a slight decrease in the amplitude of the
internal reflection, whereas film 2 leads to a complete sup-
pression. We find that within the uncertainty of our measure-

0.007
0.006 |
0.005

-~ 0.004

S o0.003f

B 0.002

0.001
0.000

-0.001

0.0 0.5 1.0 1.5 2.0 2.5 3.0

ol2n (THZ)

FIG. 7. Measured sheet conductivity spectrum of film 2. The
curves represent fits by the Drude (dashed line) and the Drude—
Smith model (solid line).
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FIG. 8. Terahertz wave forms after transmission through an un-
coated Si substrate (ref) and through samples coated with a chemi-
cally deposited gold nanostructure (films 1-3). In each time trace,
the pulse at later times is due to the internal reflection within the
substrate, as indicated in Fig. 3. Film 2 totally suppresses the inter-
nal reflection by perfect broadband impedance matching.

ment, for this particular film, no residual reflected pulse was
detected, indicating that the conditions stated in Eq. (9) are
fulfilled within the bandwidth of our experiment. In this case,
still 64% of the initial electric field amplitude of the main
pulse is transmitted through the gold layer compared to the
reference scan through the uncoated substrate. For film 3, we
observe a reversal of the reflected pulse corresponding to a
phase shift of 7, which is characteristic for a reflection at an
interface to an optically denser medium. Here, the imped-
ance of air has been overcompensated by the gold film so
that the field incident from the silicon side experiences a
medium with a lower effective impedance.

B. Gold cluster films

Since the gold cluster films on silicon substrates produced
by the ECI technique show a much more homogeneous sur-
face coverage than the chemically deposited coatings (Fig.
1), an effective film thickness could be specified for all
samples, which allows us to directly determine the complex
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FIG. 9. (Color online) Terahertz conductivity spectra of three
gold cluster films with different film thickness (films 1-3). The
solid lines are fits according to the Drude—Smith model.
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conductivity. The real and imaginary parts of the measured
complex conductivity of three films (films 1-3) with d=5.5,
9, and 10.5* 1 nm are plotted in Fig. 9. Again, the Drude—
Smith model simultaneously provides adequate fits (solid
lines) to our measured o;(w) and o,(w), with a given set of
fit parameters for each film.

In contrast to the chemically grown films, the best-fit ¢
parameters vary from ¢=-0.85 for the thin film over c=
—0.4 for the intermediate film to ¢=-0.2 for the thickest film
investigated. This behavior can be interpreted as a gradual
transition from a discontinuous island structure with non-
Drude conductivity to more homogeneous films with Drude-
like conductivities as more clusters are deposited. We would
like to point out that this observation of a continuously
changing persistence of velocity parameter ¢ is very similar
to the behavior near the metal-insulator percolation transition
in evaporated gold films,® though it occurs not nearly as
abrupt.

For our set of samples, the best antireflection performance
was displayed by film 2 which, shows a very broadband,
nearly perfect reflection suppression. Since, however, for the
cluster films the parameter c is thickness dependent, the per-
formance degrades if thicker films are required, e.g., for sub-
strates with larger refractive indices. Nevertheless, in spite of
this deficiency, these films still should offer a better broad-
band performance than bulk metallic coatings since c is al-
ways <0.

V. FINITE-DIFFERENCE TIME-DOMAIN SIMULATION

Figure 8 displays the effect of the gold film’s thickness on
its reflectivity. Only a film with exactly the right thickness
can optimally suppress reflections at the interface silicon-air,
with films thinner and thicker than this optimal thickness d
leading to increased reflection without and with a reversal of
polarity, respectively. In order to assess the potential of an
antireflection coating by using nanostructured gold films, the
processes close to the optimal thickness must be investi-
gated. Unfortunately, the preparation of such gold films is
tedious and exact control over the film thickness is difficult
to attain. By using the results of the measurements described
earlier in this paper, however, computer simulations could be
run, giving insight into the behavior of the internal reflection
at films near the optimal thickness.

Due to the broad spectra of terahertz pulses, the finite-
difference time-domain (FDTD) method was chosen over
harmonic approaches, which are limited to simulating mono-
chromatic radiation. The FDTD method represents a discrete
form of the time-dependent Maxwell equations, in which de-
rivatives are replaced with difference quotients.”’” Given ini-
tial field distributions E()?,-), I}()?j) on a discrete spatial grid,
the FDTD method can be used to calculate their time devel-
opment. The discretization grid must be chosen to be large
enough to store the simulated geometry and wave forms as
well as fine enough to resolve even the smallest occurring
field or material structures. As the large scale difference be-
tween wavelength (A~300 um) and film thickness (d
~8 nm) in our experiment leads to extremely large grids
and, consequently, disproportionally high computational
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FIG. 10. FDTD simulations of a system equivalent to the described experimental setup with films near the optimal thickness. The curves
compare the behavior of uncoated (ref) and gold-coated silicon substrates. Simulations were performed by using both the (a) Drude and (b)
Drude-Smith models to simulate the gold. The internal reflections (inside the dashed box) are small and thus shown magnified 20 times.

costs when using a uniform discretization grid, a subgridding
scheme especially conceived for a very high local grid re-
finement was implemented.?® This scheme intends for grid
refinement by a large factor to be limited to a fraction of a
grid cell, providing the resolution necessary to resolve the
very thin gold film while keeping computational costs small.
The option to chose an arbitrary refinement factor N € R al-
lows to vary the film thickness around a given value in steps
much smaller than the grid spacing: In our simulations, the
gold film was a fixed four grid steps thick, while varying the
grid spacing around 2 nm in small steps enabled a very fine
control of the film thickness around 8 nm.

To be able to compare the two approaches, simulations
were run by using both the Drude and the Drude-Smith
model to describe the gold. As all calculations of the FDTD
method are performed in the time domain, simulating
frequency-dependent behavior is not straightforward. By us-
ing methods from digital signal processing, the frequency-
dependent conductivity o(w) of the gold could be imple-
mented into the simulation as a convolution in the time
domain by using a process known as an infinite impulse
response filter, which can be analytically calculated from
both the Drude and Drude-Smith models.?%*°

Figure 10 shows FDTD simulations of a system equiva-
lent to the described experimental setup. In all cases, the film
thickness was chosen to be very close to the optimal thick-
ness; hence, the amplitudes of the internal reflections, dis-
played inside the dashed boxes, are very small and thus
shown magnified 20 times. In both Figs. 10(a) and 10(b), one
can see how increasing the film thickness results in a mini-
mum in the reflected amplitude, followed by a reversal of
polarity of the reflected pulse as the optimal thickness is
exceeded. However, the minimum amplitude in the simula-
tions using the Drude model, at 8.5 nm, is about five times
larger than the smallest reflected pulse in the simulations
implementing the Drude-Smith model, at 7.75 nm. This is
consistent with the expected reflection coefficients shown in
Fig. 5 and demonstrates how the change in conductivity

caused by the structure of the gold film, modeled by the
Drude—Smith formalism, can result in a significantly im-
proved impedance matching at the silicon-air transition.

VI. CONCLUSION

This study demonstrates that nanostructured gold films
can serve as broadband impedance-matching coatings for
substrates and optics in the terahertz frequency range. We
show in theory and experiment that the internally reflected
electric field amplitude of a broadband terahertz pulse in a
silicon substrate can be suppressed to below 1% of that with-
out coating, which is at least a factor of 5 better than the best
suppression achievable with bulk gold layers. This superior
performance is due to the non-Drude behavior of the nano-
structured films, which can be described well by the Drude—
Smith model, a generalization that incorporates carrier local-
ization through enhanced backscattering. As a consequence,
the films in this study exhibit nearly frequency-independent
optical properties over the entire spectral range covered by
our experiment. This allows us to perfectly match wave im-
pedances across the interface between different nondisper-
sive substrates or between a substrate and air over a broad
bandwidth by choosing the optimal film thickness. By using
FDTD simulations, the thickness-dependent reflection be-
havior at the silicon-gold-air interface was investigated with
subnanometer precision. Randomly nanostructured gold
films as impedance-matching coatings are particularly useful
for applications where even weak internal reflections in the
optical components would obscure the data and, therefore,
cannot be tolerated, e.g., in high-precision spectroscopy.
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