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Abstract We have employed a parallelized 3D FDTD
(finite-difference time-domain) solver to study the elec-
tromagnetic properties of random, semicontinuous, metal
films. The structural features of the simulated geometries
are exact copies of the fabricated films and are obtained
from SEM images of the films themselves. The simulation
results show good agreement with the experimentally ob-
served far-field spectra, allowing us to also study the non-
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linear moments of the optical responses for these realistic
nanostructures.

These results help to further our understanding of the de-
tails of the electromagnetic response of randomly structured
metal films. Qur results can also be applied in the optimiza-
tion of random metal nanostructures and in the design of
surface-enhanced spectroscopies and other plasmonic appli-
cations.

1 Introduction

Much of the recent work on simulating complex metal—
dielectric structures has been focused in one of two cate-
gories, Many metal-dielectric systems are periodic or ex-
hibit a known geometry; these structures are studied numer-
ically using finite-element methods, finite-difference meth-
ods, or even analytical methods in some cases. The other cat-
egory for numerical simulations of metal-dielectric compos-
ites centers on modeling the system properties using macro-
scopic parameters that are relatively easy to obtain, such as
the use of volume filling fractions and constituent permit-
tivities in Bruggeman’s effective medium theory (EMT) [1].
Unfortunately, neither of these categories of numerical sim-
ulation approaches is directly applicable to random metal—
dielectric structures with strongly interacting metallic ele-
ments. This is due to the fact that simple models such as
EMT do not take into account metal-particle interactions and
therefore fail to properly predict important aspects of the
film response, such as absorptance. While full-wave simula-
tions such as FDTD would predict these responses properly,
such numerical methods require a known geometry. Such
exact geometries of random metal-dielectric films are essen-
tially impossible to predict before fabrication. In this work,
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we have taken a hybrid approach to simulating the electro-
magnetic response of semicontinuous metal films (SMFs),
which are composed of a random metal film deposited
on a dielectric substrate. These SMFs are random, fractal-
type [2] metal-dielectric composites with nanometer-sized
metallic structures and are sometimes referred to as perco-
lation films. Such films consist of clusters and elongated is-
lands of metal that resonate in a broad spectral range, ex-
tending from the UV into the near-IR and beyond [3, 4].
SMFs exhibit unusual optical and electrical properties that
are significantly different from the constituent materials,
Such materials can show interesting properties near the per-
colation threshold, which is defined as the metal filling frac-
tion where the conductivity of the film undergoes a transi-
tion from being dielectric in nature to metallic in nature.
One of the most remarkable properties of such compos-
ite films is the localization and large enhancement of elec-
tric and magnetic fields in the visible and infrared spec-
tral ranges |5, 6]. Substances placed in the vicinity of the
films experience dramatically enhanced optical responses in
a broad spectral range that can extend from the visible to the
infrared spectral region. Films such as SMFs can be used for
surface-enhanced Raman and infra-red absorption spectro-
scopies (SERS [7-11], SEIRA [12-15]) with extremely high
sensitivities capable of monolayer molecular spectroscopy.
Semicontinuous metal films can also be used in solar cells
[16, 17] or for developing novel optical elements such as op-
tical filters with (ransparency windows that can be controlled
by local photo-modification in the composite films [18, 19].

Metal-dielectric composites are typically fabricated by
depositing metal vapor onto a dielectric substrate. At low
metal concentrations, the film consists of mutually separated
grains of metal with sizes of the order of tens of nanome-
ters. As the metal filling fraction increases, the metal grains
start to coalesce together to form irregular fractal-like strue-
tures. At a particular metal concentration called the percola-
tion threshold {p.) the metal particles combine together to
create an infinite metal cluster that forms a continuous path
across the sample. Hence, the percolation threshold marks
a dielectric-to-metal phase (ransition [20]. At even higher
metal concentrations, the film becomes mostly metallic with
dielectric voids that will finally vanish through additional
metal deposition to eventually produce a uniform metal film.
The dependence of SMF electrical resistance as a function
of the filling fraction (p) was discussed in [21].

The optical properties of thin noble metal films also
strongly depend on their local nanostructure. The unique
geometrical properties of metal films near the percolation
threshold lead to localized surface plasmons and localiza-
tion of strongly enhanced electromagnetic fields in regions
called “hot spots” [22-24]. The electromagnetic energy den-
sity in the hot spots can exceed the incident energy density
by up to 10° [5].
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Due to the enormous complexity of the problem, the nu-
merical studies of semicontinuous films in the past were
limited to mean field theories [1, 25], quasi-static approx-
imations [3, 6] or other approximations like lumped-circuit
models [6]. For linear problems, predictions from Brugge-
man’s effective medium theory [1] are usually sensible phys-
ically and offer quick insight into problems that are difficult
to approach by other means. However, the effective medium
theory has a disadvantage that is typical of all mean field
theories—it diminishes the role of fluctuations in a system.

In this paper we have employed a parallelized 3D FDTD
(finite-difference time-domain) solver to study the electro-
magnetic properties of semicontinuous metal films without
any approximations except for the discrete nature of the
method. Moreover, the structural features of the simulated
geometries are exact copies of the realistic films and are ob-
tained from SEM images. This enables direct comparisons
against computer-generated random structures and against
the predictions from an EMT-based analysis. In addition to
simulating the linear electromagnetic properties of the com-
posites, we have also studied the nonlinear moments of opti-
cal responses, which are also calculated for reaiistic nanos-
tructures.

2 Semicontinuous metal films
2.1 Fabrication

Silver films of various thicknesses were deposited on glass
substrates (microscope slides, Erie Scientific) at room tem-
perature using an electron-beam vacuum evaporation system
(CHA Industries Model 600, modified in-house). Shortly be-
fore the evaporation process, the glass substrates were sub-
merged in piranha (Ho0:2H2804) bath for 20 minutes and
were then rinsed with ultrapure water. Next the substrates
were rigorously rinsed multiple times with methanel, iso-
propyl alcohol and acetone and dried with gaseous nitro-
gen. The substrates were then loaded into the e-beam sys-
tem whose initial pressure inside the vacuum chamber was
approximately 10~% Torr. The film thickness and deposi-
tion rate were monitored with a quartz crystal oscillator.
The silver deposition rate for all the samples was kept at
0.05 nms L. Silver from Alfa Aesar (99.9999% purily) was
used as a source material. An intermediate layer of silicon
dioxide (8i0Oz, Kurt J. Lesker Company, 99.999% purity)
was deposited prior to the metal tn the same evaporation
process. The fabricated samples were stored in a dry N2 en-
vironment for up to several weeks prior to characterization
or further studies.

2.2 Characterization

The fabricated films were characterized with a field-emission
scanning electron microscope (FESEM, Hitachi $-4800) in
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order to determine the metal nanostructure. The metal cov-
erage ratio of each film was calculated from the FESEM im-
ages. The transmittance of the films at normal incidence was
measured with a Lambda 950 spectrophotometer (Perkin
Elmer) in the 0.3-2.5 um wavelength range. The reflectance
of the films was measured at 8° incidence in the 0.3-2.5 um
wavelength range using a 150 mm integrating sphere acces-
sory and the spectrophotometer. The wavelength step size
for both transmittance and reflectance measurements was
set at 5 nm.

2.3 Simulations

As mentioned above, a parallelized 3D FDTD solver [26]
was employed to study the electromagnetic properties of
the nanostructured metal films. The permittivity of silver
was modeled using the Drude equation with parameters ob-
tained from experimental results [27]. The FDTD results
were compared with the Bruggeman effective medium the-
ory (EMT) [1] and experimentally measured data. The EMT
predicts that the local electric field should be the same in all
metal grains regardless of their local arrangement in a com-
posite. Therefore, the local field is predicted in EMT to be
almost uniform even near the percolation threshold. This is
counterintuitive since percolation represents a phase transi-
tion where one would expect fluctuations to play a crucial
role in determining the system’s physical properties [5]. Ac-
cording to the Bruggeman EMT, the effective permittivity
(&.) of a d-dimensional metal-dielectric composite consist-
ing of a metal with permittivity &,, and filling fraction p and
a dielectric with permittivity &4 and filling fraction (1 — p)
is given by (1). This is a quadratic equation which has two
solutions for the effective permittivity £,. We select the so-
lution that has a positive imaginary part &/

(Em == Ee) (g4 — Ee)
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2.4 Experimental films

As mentioned above, the optical properties of thin noble
metal films strongly depend on their nanostructure. The cor-
relation between the fabricated silver film geometries and
their transmittance, reflectance and absorptance spectra can
be clearly seen in Figs. 1 and 2, respectively. The sample
with a mass thickness of 7 nm has a distinct absorptance
band in the visible, centered at about 500 nm (this corre-
sponds to a dip in transmittance). This band extends well
into the infrared part of the spectrum. The transmittance
of the film reaches almost that of the bare glass substrate
at a wavelength slightly above 2 pm. For the longer wave-
lengths, the film is highly transparent. The source of such
an optical response lies in the film’s metal structure. The

Fig. 1 FESEM image of semicontinuous silver films at various equiv-
alent mass thicknesses
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Fig. 2 Transmittance, reflectance and absorptance of SMFs with vari-
ous equivalent mass thicknesses

film consists of densely packed silver particles with vari-
ous sizes and shapes that are mostly spheroidal with low as-
pect ratios. Such structures have plasmon resonances in the
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visible and the near-IR. For films with higher silver mass
thicknesses, the shape of metal particles becomes more ir-
regular, and the particles start connecting and forming small
fractals. The transmittance of these films decreases, espe-
cially at longer wavelengths, as a result of an increase in
both reflectance and absorptance, The film undergoes a tran-
sition from dielectric-like behavior to metal-like behavior
at a silver thickness somewhere between 9 and 11 nm.
'These two samples show spectral properties that are almost
wavelength-independent in the measured range. With the ad-
dition of more metal, the film structure becomes more con-
tinuous; the reflectance quickly increases, resulting in a de-
crease in both transmittance and absorptance. The depen-
dence of the spectral response of semicontinuous metal films
on the structure and mass thickness were studied previously
by many groups and have been extensively reported [28-31].

3 Simulation results and discussion

Our FDOTD simulations aliow direct modeling of the ex-
perimentally realized metal nanostructures using a foot-
print of the electron microscopy images. In contrast to any
computer-generated structures, the footprint method auto-
matically incorporates all of the details of the fabricated
films. Below we compare the computer-generated and foot-
print models.

3.1 Simulations with computer-generated films

Figure 3 shows a random film sample generated by a com-
puter, The white pixels represent metal, while the black
pixels represent areas of dielectric material. This film was
generated without using any kind of correlation or physi-
cal model. In order to generate these films, we start with
a completely dielectric film and randomly select pixels and

500

0

Fig, 3 A sample computer-generated random film where the surface
coverage is 50%. The axis shows the length in nm
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convert them to metal. This process is continued until the
desired metal filling-fraction is reached. Consequently, we
see significant differences between the metal structure of the
computer-generated film and the actual film. Because of the
differences, we expect that the computer-generated film will
not produce a simulated local-field distribution that is com-
pletely consistent with the real semicontinuous metal film.

In Fig. 4 we show the local intensity enhancements ob-
tained from FDTD simulations for a computer-generated
silver film on a glass substrate with a surface coverage as
shown in Fig. 3. The height of all the silver particles was set
at 20 nm, and the particles were modeled with vertical side-
walls. The results of the FDTD simulations show huge local-
field intensity enhancements, up to a few thousand times the
incident field intensity. This figure is in agreement with pub-
lished values [5]. These huge local-field intensities enhance
the nonlinear response of these films, making the films very
attractive for the large number of previously mentioned ap-
plications,

In order to obtain a comparison with EMT, we simulated
multiple realizations of random films with the same filling
fraction and averaged the spectra of all the realizations to
get an overall spectral response. Figure 5 shows the results
obtained by averaging the results of four individual realiza-
tions. As before, the film was a 20 nm-thick silver-air com-
posite with a 50% metal filling fraction, The light green lines
show the results of the individual realizations, and the dark
sclid lines show the average. The dashed line shows the re-
sults predicted by EMT. As seen in the figure, our averaged
FDTD simulation results agree very well with EMT,

In Fig. 6 we show the comparison between our FDTD
and EMT results for various filling fractions. As we saw
before, the agreement is very good for a metal filling frac-
tion of 50%, which corresponds to the theoretical percola-
tion threshold for our thin film composites. However, the
agreement between EMT and FDTD progressively wors-
ens as the filling fraction moves away from 50%. Figure 6
shows that cur FDTD simulations in general predict a wider
absorptance band than that predicted by EMT. At a 50%
filling fraction, both EMT and FDTD predict a very wide
absorptance band, as is expected at the percolation thresh-
old. However, as the filling fraction deviates from the per-
colation threshold, the EMT model predicts a narrower ab-
sorptance band with a very well-defined and sharp edge. In
contrast, our FDTD simulations predict a wider absorptance
band with a smooth edge and are therefore consistent with
other numerical results [6], This indicates a limitation on the
applicability of EMT at filling fractions away from the per-
colation threshold.

3.2 Simulations with realistic films

As noted in the previous section, the computer-generated
films do not accurately mimic the physical films that are
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Fig. 4 Local intensity
enhancement in the
semicontinuous silver film at
four different wavelengths
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Fig. 5 The transmittance, reflectance and absorptance spectra for a
20 nm-thick silver dielectric composite with a 50% filling fraction. The
results were obtained by averaging the results of 4 iterations. The light
green lines show the results for individual iterations and the solid lines
shows the average. The dashed lines show the result expected from
EMT

fabricated using electron-beam deposition. Qur computer-
generated films are created using uncorrelated, random
number sequences and do not incorporate any physics-based
models to determine the aggregation effects that are ex-
pected in the growth of the actual films. Therefore, we would
expect a copy or image of the experimental nanostructure to
be a much better representation of the nanostructure for sim-
ulating the response of the physical films. Hence, we have
used a number of SEM images of real films as inputs to
our FDTD simulations. The SEM images were converted to
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Fig. 6 Comparison of FDTD and EMT results for various silver fill-
ing fractions (p). (a) p = 30%, (b) p = 50%, (¢} p = 70% and
(d) p =90%. In all cases the film was 20 nm thick. The solid lines
represent the FDTD results and dashed lines show the results predicted
from EMT

binary (black/white) images using an appropriate threshold
to distinguish the regions on the film that are occupied by
metal from those that are dielectric.

We have studied three separate samples using this meth-
od. The samples, herein referred to as Samples A, B and
C, correspond to the films presented in Figs. 1 and 2 with
thicknesses of 8, 9 and 16 nm, respectively. The samples are
presented in Fig. 7, where we show both the representative
original SEM images and the processed and binarized im-
ages of the three samples. Samples A, B and C have metal
filling fractions around 40%, 54% and 90%, respectively.
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Fig. 7 SEM and corresponding binarized SEM images for Sample A
(a, b), Sample B (c, d) and Sample C (e, f). Samples A, B and C have
filling fractions of 40%, 54% and 90% respectively. The white or light
gray regions represent metal, while the black or dark gray regions rep-
resent dielectric material

Several SEM images were processed and binarized to pro-
vide the FDTD input geometries for each of the samples.
This ensured that there was sufficient statistical averaging to
smooth out the local anomalies in some of the images. All
the samples were approximately 20 nm thick and were fabri-
cated by depositing silver on a glass substrate with refractive
index of 1.52.

In Fig. 8 we show the results of our FDTD simulations
for Sample B for a single geometry (that is, for a single
processed SEM image section). The plots show the local in-
tensity, normalized with respect to the incident intensity, at
various incident wavelengths. The intensity map was calcu-
lated in a plane just inside the glass substrate and below the
film/substrate interface. In the plots in Fig. 8, the maximum
value of the color axis was set at 100 to improve clarity;
the maximum and minimum local intensities and the wave-
length are provided in the title of each plot. From the in-
tensity maps, it is clear that the film shows large local-field
enhancements for a wide range of wavelengths. This is typ-
ical of films near the percolation threshold as is the case
with this film. Secondly, the regions in the film that provide
the highest local enhancements vary with the wavelength. In
other words, different regions in the film resonate at differ-
ent wavelengths.

For Sample C, Fig. 9 shows the field intensity results
from our simulations. As is clear from the geometry of
Sample C, the sample has a very large metal filling frac-
tion (~94%) and is well beyond the percolation threshold.
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Fig. 8 (a) In-plane geometry of the simulated film (Sample B).
(b—f) Local intensity maps of the film at various incident wavelengths.
The intensity maps were calculated inside the glass substrate just below
the film/substrate interface. The green outlines show the boundaries of
the metal islands for reference. The maximum and minimum local in-
tensities with respect to the incident intensity are shown in the title of
each panel

At such a high filling fraction, the film is largely a con-
tinuous film with a few dielectric voids. Consequently, the
film should have a narrow absorptance band according to
the EMT theory. This is indeed the situation we observe in
our FDTD results, which indicate a decrease in the regions
of high field intensity for longer wavelengths. Figure 9(b)
shows the local-field intensities for Sample C at an incident
wavelength of 400 nm. We can clearly see surface plasmons
propagating away from the voids. Hence it is possible for
surface plasmons to be excited by the voids. These plasmons
can then propagate along the sections of the metal film that
are continuous. As the wavelength is increased to 700 nm in
Fig. 9(c), strong local-field enhancement is observed, giving
rise to strong hot spots along the boundaries of the voids.
However, as the wavelength is increased further to 1000 nm
and beyond, there is significantly and progressively lower
intensity enhancement in the film. This is consistent with
the EMT picture, which predicts a strong local intensity en-
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Fig. 9 (a) In-plane geometry of the simulated film (Sample C). (b-)
Local intensity maps of the film at various incident wavelengths. The
intensity maps were calculated inside the glass substrate just below
the film/substrate interface. The green outlines show the boundaries
of the metal islands for reference. The maximum and minimum local
intensities with respect to the incident intensity are shown in the title
of each panel

hancement at wavelengths within the absorptance band of
the structure.

The simulation results of the individual geometries (that
is, of individual SEM image sections) can vary widely from
each other even if the geometries were obtained from SEM
images of the same sample. Hence, in order to obtain a sta-
tistical average of the overall response of the film, we sim-
ulated a representative number of geometries for each film,
The various realizations were obtained from SEM images of
the film from various regions across the entire sample sub-
strate.

Figure 10 shows the statistical average response for far-
field spectra obtained for Sample B using multiple realiza-
tions of the film structure. In this case, 16 different geome-
tries were simulated to obtain individual far-field spectral
responses, and the results were averaged to obtain the mean
response. In the figure, the light green lines represent the
results of individual realizations, while the solid lines repre-
sent the average response of the 16 realizations. The dashed
lines show the experimental spectra for Sample B. Although
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Fig. 11 The simulated and experimental transmittance, reflectance
and absorptance spectra for Sample A (a), Sample B (b), and Sam-
ple C(c)

the individual spectra may show wide deviations, the aver-
aged simulated spectra show very good agreement with the
measured, experimental spectra.

Similar simulations were performed for Samples A
and C. Figure 11 summarizes the results for the three sam-
ples under consideration. Sample A has a filling fraction
of 40% and is consequently below the percolation thresh-
old. As aresult, its transmittance spectrum shows a gradual
increase with increasing wavelengths. On the other hand,
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Sample B is very close to percolation and hence shows an
almost flat profile for its spectrum, as is expected from EMT.
Sample C has a very high filling fraction and shows a trans-
mittance spectrum that decreases with wavelength, much
like a continuous silver film. According to Fig. 11(c), FDTD
predicts a narrower absorptance band for Sample C when
compared to its experimental spectra. This may be caused
by the surface roughness of Sample C, which is not incor-
porated in our FDTD simulations. The surface roughness
results in additional light absorption in the long-wavelength
region,

For applications like SERS, we are more interested in
the local-field enhancements in the near-field region as op-
posed to the far-field spectra. Of particular interest is the
distance dependence of the local-field enhancement as we
move away from the film. This dependence is critical in eval-
uating the SERS enhancements for large analytes like pro-
tein molecules, organic cells, viruses, and others. Intuitively,
one would assume an exponential decay for the field inten-
sities based on the fact that the highly localized hot spots
are the result of modes that are evanescent in nature, i.e.
modes with high transverse k-vectors. As an example, in
Fig. 12 we show the intensity map of one of the geometries
of Sample B at different distances away from the film. The
maximum local intensity shows a rapid decay as the dis-
tance increases from the film/glass interface. Figure 12(e)
shows that the maximum local intensity enhancement at the
film/glass interface is around 1.8 x 10%. Figure 12(d) shows
the local intensity plot for a slice passing through the center
of the film; it shows a maximum intensity enhancement of
about 8 x 10%, which decreases further to about 1.8 x 102
at the film/air interface as shown in Fig. 12(c). The inten-
sity also decreases rapidly at locations further into the glass
substrate, as is clear from Fig. 12(f). This observation has
important consequences for sensing and SERS, which rely
on these strong local enhancements. Usually, for SERS ap-
plications the analyte is placed on top of a semicontinuous
metal film, allowing the analyte molecules to experience the
high local fields within the film structure and on top of the
film. However, our results show that the strongest enhance-
ments actually occur inside the substrate, and these hot spots
are not accessible by the analyte. We could significantly in-
crease the efficiency of a SERS signal by moving the high
field enhancements from the substrate region to the film and
air regions. In the next section we will look in more detail at
the local-field enhancements and also consider an option for
achieving high field enhancements inside the film and at the
film/air interface.

3.3 High-order field moments

In order to quantitatively study the implications of the local-
field enhancement on nonlinear processes in the film, we

Q_)_ Springer
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Fig. 12 (a) In-plane geometry of the simulated film (Sample B).
(b) Schematic showing the z-coordinate definition for the sample.
(c—f) Intensity maps corresponding to different values of z. The wave-
length was fixed at 700 nm. The green outlines show the boundaries
of the metal islands for reference, The value of z and the maximum

and minimum local intensities with respect to the incident intensity are
shown in the title of each panel

considered the high-order field moments defined by the fol-
lowing equation [5]

gl “EI?IEH!)

nm — W! (2)

where Ej represents the incident field and E represents the
local field. The angular brackets represent averaging over
the entire film surface. The high-order field moments are
very important parameters as they are directly related to
the enhancement factors for various processes. For exam-
ple, Mok ~ (E™+*E*X) (where 2k = n) corresponds to a
multiphoton process where in one elementary act m + k pho-
tons are created and k photons are annihilated. The complex
conjugation on the second term represents the annihilation
of photons. In this manner, all the high-order field moments
have a corresponding multiphoton process associated with
it. Table 1 lists some of the more important field moments
and the associated multiphoton process. We have calculated
M3,0 and My g for the three samples (Samples A, B and C)
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Table1 Relationship between some high-order moment terms and the
corresponding nonlinear processes [5]

Expression Nonlinear process

My 2 Kerr optical nonlinearity

|Mo,2|? Second harmonic generation (SHG)
|Mo,3|2 Third harmenic generation (THG)

Mo Surface-enhanced Raman spectrum (SERS)
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Fig. 13 High-order field moments for Samples A, B and C. (a) M
at the film/glass interface, (b) M4 ¢ at the film/glass interface, (c) M2
at the film/air interface, and (d) My g at the film/air interface

using our FDTD simulation results to obtain the local-field
distributions. Moment M3 o simply corresponds to the ay-
erage intensity enhancement, whereas M, g is related to the
enhancement in the Raman spectrum as shown in Table 1.

In Fig. 13 we plot these moments for the three samples as
a function of the wavelength. The light was incident from the
air side of the sample. In Fig. 13, panels (a—b) show the field
moments at the film/glass interface, and panels (c—d) show
the moments at the film/air interface. From these plots, it is
clear that Sample B shows the highest field moments among
the three samples. This is expected since Sample B is closest
to the percolation threshold as seen from its far-field spec-
tra (Fig. 2). Sample A also shows sizeable moments since it
is also reasonably close to the percolation threshold. How-
ever, Sample C shows much lower moments since it is far
above the percolation threshold with a metal filling fraction
of 94%. Another important conclusion that can be derived
from the data presented in Fig. 13 is the position dependence
of these moments. Comparing the moments at the film/glass
and film/air interfaces, we can see that these moments are
lower at the film/air interface. For sensing applications, we
need a higher moment at the film/air interface since that is
where the analyte is usually located.

80 50
60 40 o -
/\'._ -
s 5 30 Y —=Air-side illumination
= 40 E == we (Glass-side illuminatios
5 ———
07 airside iltumination
0 = == (lass-side illumination|

0.5

1.0 1.5 0.5 1.0 1.5
Wavelength, 4 (m) b Wavelength, A (um)

Fig. 14 High-order field moments for Sample B under different source
directions. (a) M3 g at film/glass interface, (b) M3 g at film/air interface

In the above simulations, the light was incident from the
air side of the sample. An obvious suggestion would be to
illuminate the sample from the glass side to see if this will
affect the locations of the high field moments. Since Sam-
ple B shows the highest overall moments, we compared the
moments of Sample B with illumination from both sides.
Figure 14 shows the results of these simulations. From the
figure, we see that with glass-side illumination, the moment
is lower at the film/glass interface for shorter wavelengths,
As the wavelength increases, the moments at the film/glass
interface converge to the same value regardless of the il-
lumination side. At the more important film/air interface,
however, glass-side illumination yields a significantly higher
moment at all wavelengths.

4 Summary

In order to quantitatively study the near-field response
and local-field fluctuations in semicontinuous metal films
(SMFs), we performed full-wave simulations of such films
using the 3D finite-difference time-domain (FDTD) method.
Most of the results from FDTD show excellent agreement
with the experimentally observed far-field spectra. However,
there remains some discrepancy in the width of the absorp-
tance band for samples with metal filling fractions that are
significantly different from the percolation threshold. This
could be the result of surface roughness in the film, which
is currently not incorporated in the FDTD simulations. The
effective medium theory predicts the far-field spectra of the
semicontinuous metal films very well when the films are
near the percolation threshold, but EMT underestimates the
absorptance band of these films for filling fractions that are
away from the percolation threshold. Another disadvantage
of EMT is that it does not provide local-field or intensity dis-
tributions, and hence cannot describe the local fluctuations
in either the electric field or the intensity. These fluctuations
play a very important role in the enhancement of nonlin-
ear processes such as SERS. In contrast, the FDTD method
provides very useful insight into the local behavior of these
fields. Specifically, we looked into the behavior of the high-
order field moments for several semicontinuous metal film
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samples. We observed that illuminating the sample from the
glass side can result in higher field moments and conse-
quently result in a stronger nonlinear response at the film/air
interface.
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