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Abstract: The spectral dependence of the extraordinary transmission
through monolayers of close-packed silica or polystyrene microspheres
on a quartz support, covered with different thin metal films (Ag, Au
and Ni) was investigated. The measured spectra were compared with
modeled transmission spectra using finite difference time domain (FDTD)
calculations. Measured and modeled spectra show good overall agreement.
The supported modes in the sphere array were found to be of utmost
importance for the transmission mechanism and the results also suggest that
the presence of guided modes in the photonic crystal may further enhance
the extraordinary transmission through the metal film.
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1. Introduction

Extraordinary optical transmission (EOT) through thin metal films has attracted increasing
interest in the last few years [1, 2]. EOT observed in symmetrically perforated thin metal
films [3, 4, 5, 6], the squeezing of the optical near-field by plasmon coupling resulting in
focusing light into very small volumes[7], and beaming of light via a single slit (or hole) in
thin metal films surrounded by a grating like structure [8] are only a few of many interesting
examples. A vast number of applications have been suggested and some are currently in use,
e.g., wavelength tunable filters, sub-wavelength lithography, near-field microscopy, surface en-
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2 µm

Fig. 1. Scanning electron microscope (SEM) picture of a Ni-coated monolayer of quartz
(a-SiO2) microspheres of diameter d = 0.72 μm. The support is a 1.0 mm thick a-SiO2
platelet.

hanced Raman spectroscopy, etc.
Recent papers involve experiments and simulations of metal films and gratings of rather

simple geometry[3, 5, 6, 9, 10, 11, 12, 13, 14, 15]. One drawback, considering applications,
with these structures is that they are usually produced via focused ion beam material removal
and/or complex, multi-step lithographic methods. In the present report we analyze metalized
slabs of self-assembled arrays of microspheres, which show many similarities in transmission
properties with those in perforated metal films, with the advantage of being easily deposited
over relatively large areas. Moreover, the following metal deposition can be done by standard
techniques.

Microspheres of different materials have been utilized in various fields of research in the
past few years. Examples of applications are micro-resonators with high quality factors [16],
in mask lithography [17], and also as lens arrays for different types of laser-induced micro-
and nano-patterning of material surfaces. In case of laser-induced applications, close-packed
two-dimensional (2D) lattices of usually transparent microspheres are used as a lens array al-
lowing single step large area parallel processing[18, 19, 20, 21, 22]. Among those are patterns
generated from metal-coated monolayers of microspheres by laser-induced forward transfer
(LIFT)[23, 24, 25, 26].

Monolayers of close-packed arrays of microspheres behave like 2D photonic-crystal slabs
(PCS) with photonic modes that may couple to the incident light. It has been shown that the
strength of coupling and the position of the observed transmission dips could easily be altered
by deposition of, e.g., amorphous Si onto the microsphere arrays [27, 28]. If the microsphere
array is instead covered with a thin metal film, EOT through the slab has been observed[29].

In this paper we present new experimental results and analyze the transmission spectra with
by finite difference time domain (FDTD) modeling. The good agreement between measured
and modeled spectra allows further in-depth interpretation of the origin of the different features
observed in the measured transmission spectra, highlighting the relevance of waveguide modes
in the microsphere array on the EOT properties.
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2. Methods

2.1. Experiment

Close-packed monolayers of amorphous silica (a-SiO2) or polystyrene (PS) microspheres (di-
ameters d = 0.39, 0.78, 1.0, and 1.42 μm) were deposited on quartz supports (1 mm thick)
using colloidal suspensions. The areas of close-packed monolayers were, typically, of the order
of ∼cm2. Because of certain size dispersion of the microspheres and the deposition technique
employed [30], the monolayers exhibit a polycrystalline structure with a typical domain size
of about 50-100 μm. The monolayers were covered with different metals (Ag, Au, Ni) and
film thickness (30 - 300 nm) using standard evaporation techniques. A typical metal covered
monolayer is shown in Figure 1.

Transmission experiments were performed at normal incidence on both bare PCSs and slabs
covered with different metals (Ag, Au, Ni). The measurements were done in the far-field, in
a configuration that only collected the zero-order transmission. The metal films cover approx-
imately the upper half of single spheres, while the lower half remains uncoated. At the top
of spheres the thickness of the coating is about equal to that measured with a nearby quartz
crystal microbalance (QCM). Towards the equator, the film thickness slightly decreases. In the
interstices between the spheres, the coating is placed on the quartz support. Within these ar-
eas, the film thickness measured by means of an atomic force microscope (AFM), is equal
to that measured by QCM. Zero order transmission spectra within the region 300 - 2500 nm
were recorded by means of an ultraviolet to near infrared spectrometer (Cary 500). Because
of some size dispersion of the microspheres, the monolayers exhibit a polycrystalline structure
with typical domain sizes of about 50-100 μm. Since aperture diameters of 1-3 mm were used
for the transmission measurements, any polarization dependent effects could not be probed and
non-polarized light was used.

2.2. FDTD Modeling

Simulations were performed by using the Finite Difference Time Domain (FDTD) method. A
small grid size of 6 nm was used in all reported results. The dielectric constant of the different
metals considered were taken from their bulk values, and approximated by a Drude-Lorentz
functional form (the details can be found in Ref.[31]). Dielectric constants for the quartz sup-
port, and the silica and polystyrene microspheres were assumed wavelength independent and
set to 1.52, 1.392 and 1.572, respectively. As the geometry of the metal layer is not precisely
known, for simplicity the thickness of the metal film on the top of each sphere was assumed
to be constant. In addition, slightly different thickness values than the experimentally observed
have been used to commensurate to the mesh size. However, we expect that this simplification
of the metal geometry will induce at most some small spectral displacements of the transmis-
sion resonances and of the average transmittance, but will otherwise have a negligible effect
on the overall transmission properties of the system. In order to compare with the experimental
transmittance, only transmission into the zeroth diffraction order was computed.

3. Results and discussion

Figure 2 compares measured and modeled spectra for silica sphere arrays covered with Ni, Ag
and Au metals. Overall, the modeled spectra reproduce quite well the observed features with
respect to both the absolute transmission values and peak positions. The main difference that
can be observed is the additional peak at around 1300 nm in the calculated spectra. For the case
of Ni, this peak seems to be hidden under the shoulder of the main peak. For Ag and Au it
seems to be absent in the measured spectra. All peaks in the measured spectra are also slightly
broader, likely because of the size-dispersion of the spheres and the polycrystalline structure
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Fig. 2. Measured (black) and calculated (red) zero order transmission through metal coated
MLs of a-SiO2 microspheres (d = 1.42 μm).

of the array. Nevertheless, the overall good agreement suggests that this simple fabrication
route leads to structures where disorder is small enough as not to spoil the optical transmission
resonances expected in perfect arrays.

In the optical regime, the different behavior of the metals is notable. The peaks for Ni are
less pronounced, while Ag and Au presents more detailed fine structure in both measured and
modeled spectra. This effect is related to the difference in optical properties of these metals.
Nickel is a less ”ideal” metal with relatively high absorption in the wavelength region of inter-
est, resulting in less pronounced features in both measured and modeled spectra. The calculated
spectra for gold and silver have more defined (and stronger) peaks in comparison to the meas-
ured ones at shorter wavelengths. This may be due to the presence of disorder in the sample,
where not all unit cells are strictly equal. Also, films deposited onto the microsphere arrays
exhibit a poly/nano-crystalline structure, which may alter the optical properties of the metal
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relative to bulk values used in the calculations. Both such alterations impair resonant behavior,
being therefore more evident in Ag and Au than in Ni (where resonances are already hampered
by intrinsic absorption of the metal).

The situation is different in the telecom regime (transmission peaks appearing around 1600
nm in Fig. 2). In this case, the transmission levels for all metals considered is similar, being
even larger for Ni than for Au or Ag. Notice that, in this case, the full-width-at-half-maximum
(Δλ ) is very very similar for all three metals considered: 163 nm for Ni, 154 nm for Ag and
126 nm for Au. Given that the dielectric constant of Ni is very different from that of Ag and
Au, this implies that the time that the electromagnetic field stays at the structure is limited by
radiation, more than by absorption. This time can be estimated as T = λ 2

max/(cΔλ ) and the
distance that the EM field travels on the surface as LT = λ 2

max/Δλ , where λmax is the spectral
position of the transmission maximum and c the speed of light. From the simulation we can
estimate LT = 16.2 μm, 17.4μm and 12.6μm for Ni, Ag and Au, respectively. These values
are smaller than, for instance, the propagation lengths of surface plasmon polaritons at λ =
1600 nm (which approximately are 25μm for Ni, 360μm for Ag and 360μm for Au), which
reinforces the hypothesis that radiation losses dominate over absorption. Notice also that the
larger absorption in the case of Ni could be compensated by the larger skin depth (33 nm in Ni,
22 nm in Ag and 23 nm in Au for λ ≈ 1600 nm), which implies both a larger direct transmission
through the metal layer and a larger effective hole radius.

To further study the behavior of this composite structure and the validity of using the FDTD
method, different parameters were investigated. Here, the refractive index of the spheres was
changed by considering polystyrene microspheres. The sphere diameters (periodicity) was also
altered, see Figure 3. As expected, by using monolayers of polystyrene spheres (with a higher
refractive index than a–SiO2) with different diameters, one finds that the main peak shifts with
the periodicity of the array. Again, measured and modeled spectra show good agreement (Fig-
ure 3). We associate the higher values for the calculated peaks both to disorder in the actual
sample and to the fact that absorption in the PS spheres was neglected in the calculations.

The main peak is further red-shifted relative to the diameter by about a factor of 1.3d,
whereas a factor of 1.2d was observed for the silica spheres (Figure 2). This is related to the
higher refractive index of the polystyrene spheres relative to silica. The same effect is observed
for PCS without metal, that is, a higher ”effective” refractive index red-shifts the main minima
(dip) in transmission[27, 28]. Additionally, the main dip in the dotted curves in Figure 3, that
show the transmission of the bare MLs, and the main transmission peak of the metal coated
arrays show a clear correlation. The main transmission peak is slightly red-shifted compared to
the main dip. This behavior implies that the transmission is related to the supported modes of
the bare (uncoated) 2D photonic crystal slab as suggested earlier [29]. The transmission spectra
of the bare PCSs are also included in the graphs where once again can see the differences in the
transmission curves. The modeled spectra show much narrower main dips than the measured
ones, again pointing to the influence of absorption in the PS spheres, and also to size dispersion
of spheres and grain boundaries within the monolayers. In any case, as can be seen in Figure 3,
our fabrication method allows for simple scaling (positioning) of any transmission peak (or
dip) of interest. It is also demonstrated in Figure 3c that the main peak can be easily shifted
to the visible wavelength region. This could be interesting with possible application for these
composite structures as, e.g., for the fabrication of relatively narrow band filters.

Importantly, the close spectral correspondence between transmission dips in the uncoated
system and transmission peaks in the coated one is also present in the calculation, even more
clearly so, as spectral features are narrower here than in the experiment.

The thickness of the metal deposit was also varied for both Ag and Au metals on silica
spheres, see Figure 4. For both metals, the intensity of the main transmission peak decreases
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Fig. 3. Measured (black) and modeled (red) zero order transmission through monolayers
of polystyrene spheres. Bare monolayer - dotted curves (right y-scales) and coated with 75
nm silver - full curves (left y-scales). a) d = 1.0 μm, b) d = 0.78 μm, c) d = 0.39 μm. The
main peak (or dip) scales with the periodicity (d).

roughly exponentially. Notice that the measured transmission is higher for thicker deposits com-
pared to modeled spectra, which we associate to the assumption of homogenous film thickness
in the calculations. Again, quite large discrepancies can be observed between measured and
calculated spectra in the short wavelength region. Also, the main peak red shifts as the thick-
ness is increased. (More pronounced for the measured spectra.) Possibly, this can be related to
coupling of the modes on the two interfaces; PCS/metal and metal/air. For films with thickness
less than 50 nm, two peaks can be observed in the calculated spectra, whereas only one peak is
observed for the thicker deposits, suggesting a coupling/decoupling behavior of the two modes
as the thickness is increased.

The rest of the paper is devoted to ascertain which are the relevant mechanisms for the trans-
mission resonances in this system. Notice that the composite slab is quite complex, and trans-
mission resonances could be due to one or several factors, like: surface plasmons coupled either
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through the holes in the interstices or through the metal (if the metal film is optically thin), pho-
tonic crystal modes in the sphere layer (weakly or strongly coupled), Mie resonances of the
spheres, particle plasmon modes of the triangular metal deposit on the quartz support, etc. The
good agreement between measured and calculated spectra allows us to study of the relevance
of these different mechanisms, through the modeling of similar but simpler systems.

To start with, two different but related structures were modeled: Metal coated sphere arrays
without any metal on the support and sphere arrays fully covered with metal (and consequently
no metal on support either). The calculated results are shown in Figure 5. Interestingly, the
calculations reveal that the metal deposit on the support has negligible influence on the overall
transmission and, more importantly, that the transmission spectra remains practically unaltered
if the holey metal cap covering the spheres is replaced by a continuous metal cap. So, for this
parameter range, the coupling across the metal film is mainly due to coupling through the metal,
and not through the holes. This calculation also shows that there is no need for improvements
in the fabrication process in order to get rid of the deposited metal on the substrate.

In order to investigate the importance of a PCS and its guided modes as support to the metal
film, the spheres were simply removed in the model system by introducing a uniform refractive
index below the corrugated metal film (both with and without holes). In this case, the transmis-
sion process can be explained by a resonant model involving surface plasmon excitations and
tunneling through the corrugated thin metal film[5, 32]. The results are depicted in Figure 6.
Remarkably, in the uniform dielectric case, absolute transmission values are much lower than
those obtained for the sphere system. In addition, we have computed the transmission for a thin
planar film with triangular holes (with the same size as those in the experiment) in graphene
symmetry. Again transmission values are low when compared with those in the capped sphere
system. These findings suggest that the presence of the photonic crystal layer is of great im-
portance in the overall transmission mechanism. The close spectral correspondence between
transmission peaks in the coated case and transmission dips in the uncoated one, already points
to the possible relevance of guided modes in the photonic crystal. This relevance is corrob-
orated by the computed electromagnetic field distributions (see Figure 7 for a representative
case), which present strong field confinement at the location of the spheres.

It is interesting to highlight the differences on the transmittance between guided modes in a
photonic crystal and guided modes in a uniform dielectric slab. The first difference is related to
the ”energetics”. A first estimation of the spectral position at which EOT features appear can
be obtained by computing the frequency of the surface mode involved, at a wavevector equal to
the shortest reciprocal lattice vector (for the case of normal incidence considered here). Simi-
larly, dips in the corrugated dielectric are expected to appear at the same condition, as Figure 3
shows. Let us start by considering the uniform dielectric slab. The point here is that the guided
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modes in a vacuum-metal-dielectric film-substrate (VMDS) waveguide are different from the
ones in a vacuum-dielectric film-substrate (VDS) configuration, due to the large differences
between the Fresnel coefficients for metal/dielectric and metal/air interfaces. Therefore, fea-
tures in a corrugated dielectric and a corrugated metal, each of them placed on top of dielectric
slab, should appear at different wavelengths. To illustrate this point, we have computed the
wavelengths of the guided modes in both VMDS and VDS configurations, for the following
parameters (motivated by the experimental setup): the dielectric film has a dielectric constant
ε = 1.572 and a thickness t = 780 nm. The substrate has a dielectric constant ε = 1.52. The
considered wavevector is k = 2π/t (in a sphere array the inter-distance between spheres is
equal to the dielectric film thickness). The metal thickness is 70 nm and its dielectric constant
is taken as εmetal = −50 (approximately the value for Au at λ ∼ 1000 nm). We obtain that the
wavelengths of the guided modes are: 1176 nm for the VDS configuration and 1235 nm for the
VMDS case. On the contrary, the dispersion relation of guided modes in the photonic crystal
(composed by the two-dimensional arrays of dielectric spheres) is weakly affected by the pres-
ence of the metal film (calculations not presented here estimate that the difference between the
wavelengths of the guided mode in the metal capped and un-capped configurations is of the
order of 5 nm). This is so because, in this case, the z-component of the electric field (which is
the relevant one for guided modes) is more concentrated close to the center of the spheres (see
Fig. 7), so a smaller fraction of the field senses the different Fresnel coefficients alluded above.

The second difference is related to the coupling of the light, passing through the metal film
in the presence of guided modes, to the different radiation orders. Guided modes in photonic
crystals represent a weaker coupling to radiation modes than either guided modes in a dielectric
or surface plasmons (again due to the previously cited concentration of the electric field in the
photonic crystal guided modes). Notice that radiation damping impairs the resonant transmis-
sion process, so this feature of photonic crystal modes explains why the configuration of metal
film on top of a photonic crystal is so efficient for EOT phenomena (see Fig. 5 and 6).

Finally, it must be noted that in the present report we have concentrated on the observed main
transmission peak. However, the transmission behavior at shorter wavelengths also show a close
correspondence between transmission dips in the uncoated system and transmission peaks in
the coated one, again pointing to the relevance of guided modes. These modes could be due to
either re-mappings (aided by a reciprocal lattice vector) of the fundamental guided mode or to
higher order guided modes. No attempt has been made in this work to assign a definite origin
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Fig. 7. Contour plots for the modulus of the z-component of the electric field across a plane
passing through the center of the spheres. The system under study is the one considered in
Figure 3 (b). Panel (a): uncoated case at the wavelength of the main transmission dip (λ =
944 nm). Panel (b): coated case at the main transmission maximum (λ = 1002 nm)

to these modes as they give rise to small transmission peaks.

4. Summary

In summary, high extraordinary optical transmission was observed in different microsphere
based photonic crystal slabs covered with thin metal films. Measured spectra were compared
with spectra calculated by FDTD calculation and the good agreement allowed modeling of
slightly modified structures to get further information about possible transmission mechanisms.
The calculations indicate that the guided modes in the PCS are mainly responsible to the rela-
tively large transmission values observed (especially for the main peak). In contrast, the small
holes in the thin metal film (at the interstices between three adjacent spheres) and metal deposit
onto the support do not strongly influence the main transmission peak. The high transmission
values, straight-forward fabrication and easy up-scaling of the metal covered slabs together
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with simple peak positioning in a broad wavelength region (VIS/IR) make these structures a
good candidate for different application purposes.
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