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ABSTRACT: Suitable design of periodic metal/polymer composite
materials is shown to facilitate resonant tunneling of light at absorbing
wavelengths and to provide a means to significantly reduce optical
absorption losses in polymer-based metallodielectric composite structures.
The conditions for resonant tunneling are established based on the
concept of “photonic band edge alignment” in 1D-periodic systems. For
the particular case of a four-layer gold/polystyrene laminate structure, it is
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shown that the matching of the lower band edge of the 1D-periodic

structure with the plasma frequency of the metal component facilitates the increase of optical transmission by about 500% as
compared to monolithic film structures of equal total thickness. The effect of sheet thickness on the optical properties of thin
metal films is determined and shown to be an important prerequisite for the reliable prediction of resonant metallodielectric
structures. The resonant 1D-periodic metal/polymer heterostructures are shown to retain the flexural stability of the polymer
matrix and thus could find application as flexible transparent conductors in areas such as “plastic electronics”.
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B INTRODUCTION

Metallodielectric/polymer-matrix composite materials have
received attention as a material platform for applications
ranging from broadband power limiters for electromagnetic
shielding to antistatic coatings and optical materials.' > A
general drawback associated with the addition of metals to
polymer matrices is the increase of absorption that—in most
circumstances—prevents the application of metal/polymer
composite materials in areas where optical transparency is
required. The strong absorption of metals arises due to fully
occupied d-states in conjunction with the high free electron
density close to the metals’ Fermi levels, thus giving rise to
interband and plasma absorption of incident electromagnetic
waves.* The pronounced optical absorption of metals limits the
distance that light (or other electromagnetic waves) of practical
wavelengths can travel through a metal without incurring
significant loss. The latter is often described in terms of the
“skin depth” o that corresponds to the distance along which the
intensity of the wave |EI* decreases to 1/e of its value at the
surface (where e denotes the Euler number). The small skin
depth (6 = 20—40 nm) of noble metals such as gold or silver in
the visible wavelength range thus limits the application of
metallic elements to ultrathin films if optical transparency is to
be retained. An elegant approach to reduce optical losses in
metal film structures was presented by Scalora and co-workers
who demonstrated that the transmittance of laminated
metallodielectric structures can be increased by several orders
of magnitude as compared to monolithic metal film structures
by taking advantage of a phenomenon called “optical resonant
tunneling”.>® The latter refers to the effect of a suitably
engineered periodic grating structure to redistribute the electric
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field of an incident electromagnetic wave such that at absorbing
frequencies the field is concentrated within the nonabsorbing
dielectric component while being depleted from the absorbing
metal regions. As a consequence, light traversing the optically
resonant structure experiences reduced absorption.

To date, the application of resonant tunneling to enhance the
transmittance of metal-hybrid structures has focused on
ceramic/metal (MgF,/Ag) structures that allow for particularly
efficient tunneling due to the favorable mismatch of the
dielectric constants of the respective constituents (see
discussion below). However, the brittle mechanical character-
istics of ceramics in conjunction with the (often) weak
interfacial bonding render ceramic/metal composite materials
sensitive to mechanical damage or thermal-induced delamina-
tion that limit the application of ceramic/metal laminate
structures.” In this contribution, we establish “design criteria”
for the fabrication of optically resonant polymer/metal laminate
structures and we demonstrate the fabrication of metal/
polymer composite materials with S-fold increase of optical
transparency (as compared to the respective monolithic
structures) that retain the mechanical flexibility and robustness
that is characteristic of polymer materials. The excellent
electron conductivity of laminated polymer/metal hybrid
structures that is imparted by the continuous metal component
could render the resulting “transparent metallodielectric
nanocomposites” a platform for innovative material technolo-
gies in areas such as plastic electronics, power limiting, or
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thermo-photovoltaics for energy-recycling.*~'* The structure of

this article is as follows: First, we provide a brief review of the
optical properties of 1D-periodic metallodielectric structures
and establish the design parameters for optical resonant
polymer/metal composite structures. Subsequently the fab-
rication of near-transparent polystyrene/gold laminate struc-
tures will be demonstrated and the optical properties evaluated
against model calculations.

B RESULTS AND DISCUSSION

A. Design of Transparent Metal/Polymer Optically
Resonant Structures. The material system in our study
consists of a lamellar stack of gold (Au) and polystyrene (PS)
that were chosen because of the following property character-
istics: PS (molecular weight M, = 300000 g/mol) is a
transparent amorphous polymer with high softening temper-
ature ( T, =110 °C) and thus mechanically robust over a wide
range of operating temperatures.'>~'¢ Polystyrene also has been
shown to exhibit good wetability by metals such as Au or Ag (a
key prerequisite for the deposition of thin, uniform films). Gold
was chosen as a metal due to its chemical inertness and its good
ductility that supports the flexural stability of polymer/metal
laminate structures.'”'® For the following discussion laminate
structures will be abbreviated as (Au,IPS,)y where x and y
represent the thickness (nm) of the Au and PS layer,
respectively, and N represents the number of lamellar repeats.
To identify suitable architectures for (AuleSy)N laminate
structures that facilitate maximum tunneling efficiency, the
transmission spectra as well as the electric field distribution of
1D-periodic metal-dielectric structures were calculated using
the well-established transfer matrix method (TMM)." The
primary prerequisite for enhanced optical transmission is that—
at the absorbing wavelength—the electric field is concentrated
within the transparent (polymer) layer. If the absorption of
metals is dominated by free carrier excitation (approximately
correct for noble metals), then the wavelength corresponding
to the characteristic plasma absorption frequency wp should be
chosen as a reference to minimize absorption (see discussion
below). For example, Figure la depicts the electric field
intensity distribution in an optimized metal—polymer stack
comprised of four double layers of gold and PS (Au,¢/PS,4)4
with layer thicknesses d, = 10 nm and dpg = 140 nm,
respectively. The figure reveals that at the absorption
wavelength 4 = 4, & 520 nm the field intensity is concentrated
within the PS layers. For this resonant condition the energy loss
is significantly reduced as compared to an off-resonant
condition (shown in the figure is the field distribution for A
= 350 nm)—the reduced energy loss is confirmed by the
increase of |EP of the transmitted wave for A = Ap. The
comparison with the calculated field intensity |EI* of a
monolithic film structure of equal overall thickness d,, = 40
nm (depicted in Figure 1b) demonstrates the significant
increase of transmittance at the plasma frequency of gold as
compared to the monolithic film architecture.

An alternative but useful approach to determine “optimum”
film geometries is based on the analysis of the photonic band
structure of the corresponding periodic metal/polymer stack.
Because a photonic band gap in lamellar structures can be
shown to arise as a consequence of the divergence of the
electric field distribution at the band edges (with the field being
concentrated in the high (low) refractive index layer at the
lower (upper) band edge, respectively), the transmission
condition is equivalent to the line-up of the plasma frequency
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Figure 1. (a) Illustration of a (Au;¢/PS,4),; model resonant
metallodielectric stack and calculated distribution of the electric field
intensity |EI* that was determined by TMM (see text for more detail).
The red curve corresponds to the calculation for the resonant
condition A = 520 nm (corresponding to the plasma wavelength of
gold), and the blue curve, to off-resonant condition 4 = 350 nm. For A
= 520 nm, the electric field is concentrated within the transparent PS-
layer. (b) Ilustration and calculated distribution of the electric field
intensity |EI* of a monolithic gold film with thickness d,, = 40 nm
demonstrating rapid decay of the electric field. (c) Calculated
frequency dependence of reflectivity for TE and TM polarization for
a (AuyIPS, ), metallodielectric stack. The simulation assumes optical
constants of bulk gold. @ denotes the radial frequency, ¢ is the vacuum
speed of light, a denotes the lamellar repeat, and k| is the parallel
component of the wavevector with respect to the layer orientation.
The reflectivity of normal incidence corresponds to k; = 0. White lines
indicate the location of the approximate location of the band gap
(estimated for an infinite stack); the red arrow indicates the frequency
of the lower band edge at k; = 0.

with the lower band edge of the photonic structure (this is
because the refractive index of metals approximately vanishes at
the plasma frequency, and thus, the localization of the field in
the transparent polymer layer is the greatest if the lower band
edge matches the plasma frequency).” Figure Ic illustrates the
optical reflection spectrum of the (Au(lPS,,0); structure
calculated for an arbitrary angle of incidence for both TE and
TM polarization along with the approximate position of the
lower band edge (white dotted line) that was determined using
TMM."*?? Note that at normal incidence (i.e., for k; = 0) the
lower band edge approximately coincides with the plasma
frequency (indicated with the red arrow). Although the
consideration of the “photonic crystal analogy” does not
provide explicit new insights for transparent laminate
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structures, it does highlight the relevance of the “band edge” in
photonic structures and could provide a basis for the extension
of the resonant tunneling approach to 2D and 3D periodic
structures as well as to other forms of wave propagation (such
as phonon propagation).n’24

To rationalize the particular choice of (AuglPS;4), in the
present study, Figure 2 illustrates the effects of PS thickness
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Figure 2. Dependence of tunneling efficiency on film architecture
calculated using TMM. (a) Calculated transmission at 4 = 520 nm of
(AulolPSy)4 resonant structure (on glass substrate) as a function of the
PS-layer thickness in the range y = 80 — 180 nm. Maximum
transmission is predicted at y = 140 nm. (b) Dependence of quality
factor for transmission enhancement ATy = Ty,qn — Thuiy ON the
number of repeat units in (AuolPS;4)y laminate structures (see text
for more details). Maximum enhancement is observed at N = S.

variation and the number of stacked lamellae on the film
transmittance and tunneling efficiency of light (at A = 520 nm)
in the (AulPS)), system. As depicted in Figure 2a, the
maximum transmittance is expected for a thickness of the
dielectric PS layer dpg = 140 nm; however, the transmittance
remains within 10% of the maximum value when the PS layer
thickness is varied within the range 80 nm < dpg < 145 nm. We
note that in the above discussion the layer thickness of gold is
fixed at d,, = 10 nm. Although thinner films would be expected
to facilitate higher transmittance (because the electric field
concentration within the metal layer decreases with film
thickness), eventually a decrease in electrical conductivity (as
well as mechanical ductility) would be expected due to surface
scattering.”* Thus in reality a compromise has to be made to
balance optical transmission and electric conductivity as well as
mechanical ductility and stability; d,, = 10 nm was determined
to be an appropriate choice for the present system. The effect
of layer nonuniformity on film transmittance was evaluated by
simulating multilayer structures with variable thickness of the
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PS layer. For thickness variations within 5% of the average layer
thickness (dps) = 140 nm, the transmittance was found to
remain within 10% of its maximum value (the effect of random
thickness fluctuations will be discussed more extensively in the
context of Figure Sd below). Optical resonant tunneling in
metal/polymer structures is thus reasonably tolerant against
variations and imperfections of the layering process—an
important feature for the application of the spin-coating
approach to the fabrication of transparent metallodielectric
composites.

To evaluate the number of periods corresponding to the
maximum enhancement of light transmission, a quality factor
was introduced as ATy = Tyoan — Thuin Where T,y and
Tyuin represent the transmittance of the (AuyolPS,,,)y stack
and the corresponding monolithic film of equal respective total
thickness. ATy thus provides a measure for the increase of
transmittance due to resonant tunneling. As illustrated in
Figure 2b, AT attains a maximum value at N & 5; however, it
will remain within 10% of the maximum attainable transmission
within the range N = 4—6. For reasons of practicality, N = 4
was chosen in the present study and thus the experimental
demonstration of optical resonant metallodielectric structures
will focus on the (Au,olPS,40)4 architecture.

B. Fabrication and Characterization of Optically
Resonant Polymer/Metal Hybrids. Metal/polymer stacks
were prepared by alternating evaporation and spin-coating of
Au and PS layers, respectively, on poly(ethylene terephthalate)
(PET) substrates. PET was chosen as a substrate because of its
optical transparency in the visible range as well as mechanical
flexibility and toughness. Characterization of the film micro-
structure was performed by scanning (SEM) and transmission
(TEM) electron imaging of cross-sectioned films. Figure 3

Figure 3. Electron microscopy analysis of film microstructure. (a)
Cross-sectional SEM image of an Au/PS stack deposited on a glass
substrate. (b—d) Cross-sectional TEM images of the stack prepared on
a PET sheet, at different magnifications (substrate location is along the
lower edge of micrographs). High magnification (d) reveals partial
diffusion of gold into PS layers. Minor tilt misorientation of sectioned
samples gives rise to distortions of the layer thickness. The scale bar is
100 nm.

depicts representative SEM (Figure 3a) and TEM (Figure 3b—
d) images of a typical (Au(IPS4), stack, demonstrating the
uniform structure and layer dimensions of the PS/Au model
system (the substrate orientation is along the lower edges of the
images shown in Figure 3b—d). We note that the precise
thickness of the Au layer cannot be determined from cross-
sectional TEM because of the potential mechanical distortion
during sectioning. Rather, the thickness of the gold layers was
determined in situ by a quartz crystal microbalance during
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evaporation and independently verified by ellipsometry (results
not shown here).

A minor asymmetry of the evaporated Au films (with respect
to the substrate orientation) can be discerned from higher
magnification micrographs (see Figure 3d) that is attributed to
the partial diffusion of Au into the surface region of PS layers
during the early stages of metal deposition. While it is possible
to account for the effect of metal/polymer interdiffusion on the
film optical properties, we found the diffusion lengths to be
within a few nanometers (i.e, much smaller than the
wavelength of light) and thus the effect of interdiffusion on
optical properties is assumed to be negligible. A comment
should be made regarding the effect of film thickness on the
optical properties of the gold layer. As the thickness of the
metal layer is decreased below a critical threshold value that is
of the order of the electron mean free path ! (for gold I = 30
nm), surface scattering events are expected to alter the
dielectric properties (and thus the associated optical constants)
of the metal film.*® The implications of spatial confinement on
the optical properties of metals are well-understood for the case
of spherical nanocrystals for which it was shown that—within
the free electron approximation—the effect of surface scattering
on the dielectric constant of metals can be approximately
accounted for by the introduction of additional damping terms
in the Drude—Lorentz—Sommerfeld model.”® In this case, the
effect of spatial confinement is primarily on the imaginary
component of the dielectric constant &, = 2nk (where n and k
correspond to the real and imaginary part of the refractive
index, respectively) such that £, ~ R (with R denoting the
particle radius).”® In contrast to spherical systems, little
information is available regarding the effect of spatial
confinement on the optical constants in thin metal films. To
the authors’ knowledge, the first experimental studies on the
effect of film thickness on the optical constants of metals are
due to Krautkrimer and co-workers as well as Malé and co-
workers who systematically evaluated the effect of film
thickness on the optical constants of thin films of gold and
silver.””** A compilation of studies on the optical properties of
thin metal films is provided in more recent reviews by
Heavens.””*° The conclusion of these previous studies is that a
significant reduction of the films’ (complex) refractive index is
expected for film thicknesses below 20 nm in the case of Au
(and similarly for other metals such as Ag, Cu, Pt, and Pd).
Since for the present (Au,¢IPS,4), system, the thickness of the
gold layers is significantly below the electron mean free path
(and since for 10 nm layer thickness no experimental data is
available in the wavelength range of interest), the optical
constants n and k were determined experimentally to facilitate
proper modeling of the films’ optical response. Optical
constants were measured for a series of gold films (deposited
on glass) using variable-angle spectroscopic ellipsometry
(VASE). Figure 4 summarizes the results for n and k for a
range of tested film thicknesses d,, = 5, 10, and 20 nm.

In agreement with previous reports, the optical constants of
Au are found to sensitively depend on the films’ thickness.
While for thickness d,, = 20 nm, the optical constants are close
to bulk values (red line in Figure 4), both the real and
imaginary parts of the refractive index differ markedly for
smaller film thicknesses. Similar to spherical nanocrystal
systems, the observed trend of n and k with d,, is consistent
with an increase of &, with decreasing film thickness; however,
no simple proportionality relation as for spherical particle
systems could be established.”’ Within the range of
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Figure 4. Comparison of the real part (n, solid lines) and imaginary
part (k, dotted lines) of the refractive index of gold films of thickness
dy, = S (blue), 10 (purple), and 20 nm (green) that were determined
by VASE. The figure reveals that for 20 nm film thickness the optical
constants correspond approximately to those of bulk gold (red); for
films with thickness d,, < 20 nm a pronounced deviation from bulk
values is observed (see text for more details).

experimental wavelengths (300 < 4 < 800 nm), the values of
n and k were found to be adequately represented by a seventh
order polynomial—the details of the polynomials describing
the optical constants of Au thin films (within the wavelength
range 300 < A < 800 nm) are provided in the Materials and
Methods section. For the simulation of film transmittance,
experimental values corresponding to a film thickness d,, = 10
nm were assumed.

Figure Sa and b shows pictures of the monolithic Au film
(day = 40 nm, Figure Sa) and the corresponding metallodi-
electric (Au,o/PS,4), resonant structure (Figure Sb) on a PET
substrate demonstrating the significant increase in transparency
facilitated by resonant tunneling. The optical properties as well
as film structure were retained during repeated flexural
deformation of the PET substrate (see Figure Sc) thus
illustrating the potential applicability of polymer-based metal-
lodielectric resonant structures as, for example, transparent
flexible conductive substrates or electrodes in polymer
electronics.”> A comment should be made regarding the origin
of the flexible character of a PS-based laminate structure (since
PS is commonly known to be a brittle polymer glass at room
temperature). We interpret the flexural stability of the PS
laminate structure to be a consequence of the thin film
configuration that allows for lateral deformation of the material
during stress application on the films (for example, during
bending of the film). The resulting plane-stress condition leads
to an increase in the materials’ toughness and is responsible for
the markedly different deformation characteristics in thin films
as compared to bulk materials.**~3¢

To quantify the increase in transmission that is facilitated by
resonant tunneling, the film absorption was determined using
optical spectroscopy. Figure 5d confirms the increase in optical
transmission at A 520 nm by approximately 500% as
compared to the monolithic film. This increase in transmission
is consistent with the predicted increase of the field amplitude
IE* in the resonant structure that is depicted in Figure la and b.
The experimental transmission data of the resonant structure
(red line) is in excellent agreement with the predicted values
based on the TMM simulation (assuming optical constants
corresponding to the experimental data of thin films reported in
Figure 4), thus providing further evidence for the tunneling
mechanism. Note that the agreement between the experimental
and calculated values sensitively depends on the proper choice
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Figure 5. Optical characterization of (Au,IPS ), resonant structures.
(a) Picture of monolithic Au film (d,, = 40 nm) deposited on PET
substrate. (b) Picture of (Au,o/PS,4), laminate film deposited onto
PET substrate revealing the pronounced increase in transparency as
compared to the monolithic film (a). (c) Image of the (Au/PS;49)4
resonant structure demonstrating film flexibility. (d) Optical trans-
mission spectra of (AuolPS4), (red curve) and monolithic Au film
(dae = 40 nm, gold curve) revealing approximately 500% increase of
transmission at 4 = 520 nm for the resonant structure. The dotted blue
line corresponds to TMM prediction of transmission assuming optical
constants corresponding to d,, = 10 nm film thickness (data shown in
Figure 4). The dotted purple line corresponds to simulation assuming
bulk optical constants of gold. The inset shows the effect of random
thickness variations of the PS layer for a multilayered structure with N
= 4 on the normalized maximum transmittance AT?_ /AT (where
ATY . is the maximum transmittance of the uniform structure relative
to that of the corresponding monolithic Au film). For each thickness
variation 8, T, was determined from the particular realization of a
four layer stack (AuyglPS;4045)s corresponding to minimum film
transmittance and the constraint (dpg) = 140 nm.

of optical constants according to the film thickness. This is
illustrated by comparison with the calculated transmission
values assuming bulk values for the optical constants of gold
(pink curve) that significantly overestimate attainable film
transparencies.”” We note that the excellent agreement between
calculations for an idealized uniform geometry and the
experimental system that necessarily includes minor variability
of layer thickness due to the film fabrication procedure is an
indicator for the robustness of the optical resonant tunneling
effect with regard to structural defects.

To understand the effect of random PS-layer thickness
variation on the films’ optical properties, the transmission
spectra of different realizations of four-layer stacks were
calculated assuming a random fluctuating thickness of each
PS layer according to dpg = 140 + & nm (where § denotes the
respective thickness variation) under the constraint of constant
average layer thickness (dps) = 140 nm. The maximum
reduction of the films’ optical transmittance (and thus the lower
bound for optical transmission) due to the nonuniformity of
the PS layer thickness was subsequently determined by
comparison of the maximum transmittance values of the ideal
(uniform) stack with the corresponding four layer variable stack
(AuyglPS 4045)4 that exhibits the lowest optical transmittance
(of all possible configurations). The inset of Figure Sd depicts
the effect of a random thickness variation (of the PS layer) on
the films’ maximum attainable transmittance and reveals that
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AT (or equivalently the lower bound of T,,,) remains within
10% of the optimum value (that corresponds to the uniform
reference structure) for thickness fluctuations up to § = 10 nm.
We expect this robustness of the optical resonant tunneling
effect to greatly benefit the applicability of this approach for the
fabrication of polymer/metal composite structures with
reduced optical absorption since it enables the use of rapid
processing techniques such as spin-coating for which minor
variations in layer thickness can be expected.

B CONCLUSION

Optical resonant tunneling in periodic metal/polymer
composite structures provides a means to significantly reduce
optical absorption losses in polymer-based metallodielectric
composite structures while retaining the advantageous
(mechanical) properties of the polymer matrix. For the
particular case of a 1D-periodic (laminate) structure, it is
shown that a suitable strategy for the design of resonant
structures is to align the lower band edge of the 1D-periodic
(photonic crystal) structure with the plasma absorption
frequency of the metal component. For the particular case of
gold/polystyrene laminate structures, an increase of the optical
transmission by about 500% is realized by the appropriate
design of a four-layer structure. The resulting flexible and
(near) transparent polymer/metal composite structures could
provide a robust material platform for the fabrication of flexible
transparent conductors that play a central role in the
development of “organic flexible electronics”. We note that
for the latter application it is not the “absolute transparency”
but rather the ratio of transparency and resistance that is used
as a metric to classify the performance of transparent
conductors. The high conductivity that is imparted by the
metal component (in our case the in-plane conductivity was
determined to be ¢ = 10° 1/(Q cm)) should benefit the
application of resonant metal/polymer composite structures as
transparent conductors. Furthermore, the sensitivity of
resonant tunneling to variations in the optical properties of
the constituents could render these material systems interesting
for a range of responsive material applications in which a minor
change to one of the layers gives rise to an amplified collective
response of the stack. Strategies to further enhance the optical
transparency of resonant metal/polymer composite structures
should focus on the use of metals such as Ag with a plasma
frequency outside the visible range. Furthermore, the self-
assembly of polymer/nanoparticle composite systems into
laminate structures could be explored as a more efficient and
scalable fabrication methodology for resonant metal/polymer
composite structures.”®*

B MATERIALS AND METHODS

Materials. Polystyrene (PS) solution was prepared by dissolving 3
wt % of the polymer (M, = 300000 g/mol, molecular weight
dispersity index D = 1.15, Polymer Science, Inc.) in toluene. The
solution was filtered using a 0.45 ym PTFE filter prior to use. Gold
pellets obtained from Kurt. J. Lesker, Inc., were used for evaporation.

Sample Preparation. PS films were prepared by spin-coating the
PS solutions for 30 s. The spin rate was varied between 1500 and 4000
rpm to arrive at a thickness of ~140—150 nm, consistent with the
thickness required as per simulations. The appropriate deposition
conditions were determined by spin-casting films on silicon and
subsequent evaluation of their thicknesses using ellipsometry and
spectral reflectometry (Filmetrics). Au thin films were deposited using
an electron-beam evaporation system (Thermionics, Inc.) at a rate of
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Table 1. Fitting Parameters Used to Represent Optical Constants (n, k) for Gold Thin Films of Various Thicknesses”

Au—5 nm Au—10 nm Au—20 nm
parameter n k n k n k
)2 1.396 1.617 0.866 2.015 0.6747 2.243
)23 —0.039 1.756 —1.423 1.621 —1.755 1.781
P 1.948 0.370 0.907 1.208 0.980 137
P4 0.863 —-1.591 1.385 —0.849 1.553 —0.948
ps —1.652 —0.0232 —1.083 —0.336 —-1.261 —0.353
Ps —0.194 0.577 —-0.378 0.373 —0.409 0.428
7 0.570 —0.165 0.449 —0.074 0.533 —0.089
Ps —0.130 0.00539 —0.0907 0 —0.111 0
R? error 0.995 0.991 0.991 0.998 0.992 0.997
?] is in nanometers.
0.5 A/s under UHV conditions. The thicknesses of the Au films were (3) Bockstaller, M. R;; Thomas, E. L. Phys. Rev. Lett. 2004, 93,
10 nm as determined by an in situ quartz crystal microbalance. 166106.
Optical Characterization. Transmission spectra were recorded (4) Fox, M. Optical Properties of Solids; Oxford University Press: New
using a spectroradiometer (Optronics OL 770 LED test measurement York, 2010; pp 143—154.
system). Variable-angle spectroscopic ellipsometry was performed (5) Scalora, M.; Bloemer, M. J.; Pethel, A. S.; Dowling, J. P.; Bowden,
using a VASE courtesy J. A. Woollam Co. Inc. To establish optical C. M,; Manka, A. S. J. Appl. Phys. 1998, 83, 2377—-2383.
constants of Au as a function of film thickness, films of d,, = 5, 10, and (6) Scalora, M.; Bloemer, M. J.; Bowden, C. M. Opt. Photonics News
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