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Extraordinary transmission of gold-capped
sphere arrays in mid-infrared range
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Nagatsuta, Midori-ku, Nagatuda, Yokohama 226-8502, Japan
*kajikawa@ee.e..titech.ac.jp

Abstract: We report an extraordinary transmission (EOT) of gold-capped silica microsphere
monolayers in the mid-infrared range of 5–25 µm. The observed transmittance is significantly
greater than that of a flat gold film with the same thickness, although the surface of the microsphere
monolayer appeared to be completely covered with gold when observing from above. The
calculations based on the finite difference time domain method indicate that light passes through
the openings between the gold coating on the substrate and that on the microspheres. The
EOT-type studied here occurs over the mid-infrared wavelength range, thus indicating that it is
not attributable to the resonance of the surface plasmons. This type of EOT is absent in the
visible and near infrared wavelength range, where gold does not function as an ideal metal. In
addition, spectral modification originating from localized phonon polariton resonance (LPhPR)
in silica microsphere is observed. LPhPR can be interpreted based on the analogy of the localized
surface plasmon resonance in metallic nanospheres, in the visible or ultraviolet wavelength range.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Dielectric microspheres are sometimes self-assembled on a substrate to form two-dimensional
crystals. When microspheres are capped with noble metal films, interesting optical properties
emerge. A successful application of this structure is in the surface-enhanced Raman scattering
(SERS) spectroscopy [1–5]. Intense electric fields of light are produced in the spaces between
the microspheres, resulting in an extremely enhanced SERS signal. Another application is in
sensitive optical sensors [6–12], based on the property that the resonance condition of the localized
surface plasmons produced in the metal-capped microspheres is sensitive to the refractive index
variation of the ambient medium. Other studies have been conducted on photoemission electron
microscopy [13] and optical properties [14–17], as well as numerical simulations [18,19].

Extraordinary transmission (EOT) is a phenomenon in which the light transmittance is greater
than that expected from the proportion of the hole or gap area in a metallic film [20–23]. EOT
occurs in a narrow wavelength range, thus suggesting that it emerges from surface plasmon
resonance. Hence, it is usually observed in periodically arranged arrays, such as two-dimensional
hole-arrays and slits. EOT phenomena are also reported in metal-capped microsphere crystals
[24,25]. When the microspheres form periodic structures in order of the light wavelength,
the EOT may exhibit a similar mechanism to that of ordered holes in a metallic film. This
interpretation is supported by abrupt EOT peaks in the transmission spectra. Although these
studies are carried out for visible or near-infrared (IR) light, the EOT at mid-IR range, which is
important in vibration spectroscopy and black-body radiation, remains unclear. To our knowledge,
one paper has reported EOT using a periodically perforated silicon-dioxide film at mid-IR
wavelengths [26], in which the transmission spectrum has a sharp peak.

In this paper, we report the broadband EOT phenomena in gold-capped silica (Au-SiO2)-
microsphere and gold-capped polystylene (Au-PS)-microsphere monolayers, in the mid-IR range
(5–25 µm). High transmittance was observed over the mid-IR range, although the surface
appears to be completely covered with gold when observing from above. Light passes through
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the openings between the gold coating on the substrate and that on the microspheres. The
EOT is observed in a wide wavelength range, which suggests that it is free from the resonance
phenomenon. Numerical calculations based on the finite difference time domain (FDTD) method
was performed to reveal the EOT mechanism.

2. Experiments and calculation

Figures 1(a) and 1(b) present the schematics of the Au-SiO2 monolayer and its preparation
process, respectively. Silica (SiO2) microspheres were immobilized on a silicon substrate
using an adhesive monolayer of a silane-coupling agent, and a 25-nm thick gold film was
vacuum-evaporated onto the microsphere monolayers.

Fig. 1. (a) Schematic illustration of a SiO2 microsphere monolayer and (b) its fabrication
process.

The colloidal SiO2-bead suspension (sicastar, MPT, Germany) was adopted to form the
microsphere monolayer. Their diameters, ϕ, were 0.3, 1, and 3 µm. The solid content of the
solution was 50 mg/ml. The colloidal suspensions were diluted with pure water at a certain
ratio (1/10, 1/103, or 1/105) to control the density of the SiO2 microspheres on a substrate. The
substrate was a 0.53-mm thick silicon wafer (P-type, high resistance, crystal orientation: 100)
with a dimension of 25 × 25 mm2. They were cleaned by sonication in an aqueous solution
of Extran MA 02 (Merk), pure water, isopropanol, and acetone. The substrate surface was
modified with an silane-coupling agent of N-(2 aminoethyl)-3-aminopropyltrimethoxysilane,
H2N(CH2)2NH(CH2)3Si(OMe)3 (S320, Sila-Ace, JNC). The S320 monolayer was formed by the
immersion of the substrate for 1 h in a mixture solution of an acetic acid/ethanol (5: 95 v/v), at a
volume concentration of 1.1%. The substrates were rinsed with ethanol, and were immediately
immersed in the SiO2 colloidal solution for 1 h, to form a SiO2-microsphere monolayer. Finally,
the substrates were rinsed with deionized water to remove excess SiO2 microspheres, and were
dried at room temperature. The SiO2-microsphere monolayer was coated with a 25-nm thick
gold thin film via thermal vacuum-evaporation.

For high-coverage Au-PS-microsphere monolayers, the PS bead solution was mixed with
ethanol at a mixing volume ratio of 1:3. In the ethanol solution, 0.2 v% of Triton X was added as
a surfactant. The PS bead solution was centrifuged at 6500 rpm for 10 min. Subsequently, 42.5%
of the solvent was removed from the solution. Then the solution was stirred again via sonication.
A mixed PS solution (30 µL) was dropped on a silicon substrate and spin-coated at 1000 rpm
for 6 s. Medium and low coverage Au-PS microsphere monolayers were prepared on a silicon
substrate covered with a self-assembled monolayer (SAM) of S320. The PS bead solution was
diluted with pure water at the mixing volume of 1:49 and 1:24 for medium and low coverage,
respectively. Then, the PS solution was dropped on the substrate, followed by a 30-min wait.
Excess PS particles were removed by rinsing the substrate in pure water and 2-propanol. Finally,
the sample was dried at room temperature before a gold film was deposited.
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IR transmittance spectra were obtained with a Fourier-transmission infrared spectrometer
(FT/IR-4600, JASCO). The spectral range was from 400 cm−1 to 4000 cm−1, with a resolution of
2 cm−1. The collimated infrared light is normally incident to the sample with no focusing. The
corresponding wavelength range is 2.5–25 µm. The spot aperture size was 5 mm in diameter. A
silicone plate was adopted as a reference to measure the baseline. The monolayer was observed
via scanning electron microscopy (SEM) with JSM-6610A (JEOL), and the surface coverage of
the microspheres was evaluated by SEM images, using the ImageJ software (National Institutes
of Health, USA) [27–29].

To elucidate the mechanism of the EOT, electromagnetic field analysis was performed using a
FDTD software (Full WAVE, Synopsys Inc.). The Yee mesh size in the x, y, and z-direction was
10 × 10 × 5 nm3. The periodic boundary condition was applied in the x and y-directions, as well
as the perfectly-matched-layer condition in the z-direction, where the z-direction is along the
surface normal. The dielectric constant of silica was taken the literatures presented by Malitson
[30] and Kitamura [31] to cover the wide wavelength range, from ultraviolet to mid-IR. The
dielectric constant of PS is taken from the literatures [32,33]. The dielectric constant of gold is
taken from the literature presented by Olmon [34]. The dielectric constants were installed in the
FDTD software.

3. Results and discussion

3.1. Experiments

3.1.1. SiO2- and Au-SiO2-microsphere monolayers

Figure 2 presents SEM images of the Au-SiO2-microsphere monolayers. The diameter of the
microspheres and the thickness of the gold coating were 1 µm and 25 nm, respectively. The
Au-SiO2-microsphere monolayers with three different microsphere coverages were prepared
by altering the dilution ratio of the colloidal suspension: (a) 1/10, (b) 1/103, and (c)1/105,
respectively. The mean coverages, σ, evaluated from the SEM images were 0.87, 0.25 and
0.04. At the highest coverage, (a), the microspheres are ordered, and they form two-dimensional
crystals. At σ = 0.25, (b), the microspheres form linear aggregates and the distance between the
aggregates are ∼ 10 µm. At a low coverage (σ = 0.04), (c), most microspheres are isolated, and
some from dimers or trimers.

Fig. 2. SEM images of the Au-SiO2 microsphere monolayers.

The transmittance spectra of the Au-SiO2- and SiO2-microsphere monolayers are presented
in Fig. 3. The baseline was taken with a silicone plate that was used as a substrate. The
transmittance was evaluated as the ratio of the light intensity transmitted through the sample to
that of the silicone plate. The coverages of the microspheres are 0.87 and 0.86, respectively. The
transmittance spectra of a 25-nm thick flat gold film was also measured. The SiO2-microsphere
monolayer has a transmittance approximately 100% over the wavelength ranges, except for the
wavelengths of the localized phonon polariton resonance (LPhPR), at 9 and 21 µm, which will be
discussed later. The transmittance, T , is higher than 100% at the wavelengths from 3 to 7.5 µm,
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as it functions as an antireflection coating and reduces the reflectance at the silicone surface. The
Au-SiO2-microsphere monolayer has a transmittance approximately 60% over the wavelength
range of 5–25 µm, except for the wavelengths of the LPhPR, although the surface was fully
covered with a 25-nm thick gold film. A 25-nm thick flat gold film has a transmittance less than
1.5% over this wavelength range, which is significantly less than that of the Au-SiO2-microsphere
monolayer. These results imply that the gold coating does not prevent the light transmission
at the wavelengths. In a previous report [25], the EOT is observed in a narrow wavelength
range of near-IR. The high transmittance observed in this study has no peak, which indicates a
different EOT mechanism. The low transmittance at wavelengths shorter than 5 µm stems from
the imaginary permittivity of gold at this wavelength range. This also triggers the slight increase
in the transmittance spectra of the flat gold film at this wavelength range.

Fig. 3. Transmittance spectra of the SiO2- and Au-SiO2-microsphere monolayers 1-µm in
diameter. Both coverages of the microspheres are approximately the same (σ ∼ 87%).

The observed dips at 9 and 21 µm in the transmittance spectra stem from the LPhPR [35]. It
originates from the negative real-permittivities of SiO2. Real and imaginary permittivities of
silica are plotted in Fig. 4(a), with resonances at 9 and 21 µm, respectively, where imaginary
permittivity has a peak and the real permittivity is negative. Figure 4(b) presents the absorption
cross-section, Cabs, of silica microsphere with a 1-µm diameter, calculated as a function of the
wavelength, based on the Mie theory. This LPhPR appears as two absorption cross-section peaks
at 8.5 and 20.5 µm. The LPhPR wavelengths correspond to those at which the real permittivity
is equal to -2, by analogy to the localized surface plasmons in metallic nanospheres, under the
quasi-static approximation.

3.1.2. Coverage dependence

Figure 5(a) presents the transmittance spectra of Au-SiO2-microsphere monolayer with different
coverages, σ. Atσ = 0.87, the transmittance is highest (approximately 60%), and atσ = 0.25 and
0.04, it is approximately 15% and 3%, respectively. The transmittance decreases with a decrease
in the coverage, indicating that the light is transmitted through the gold-capped microspheres.
The transmittance normalized by the coverage, T/σ, is also plotted in Fig. 5(b), to evaluate the
transmittance through the microsphere, because the transmittance of the flat gold films on the
substrate is negligible. Even in the normalized transmittance spectra, the transmittance decreases
with a decrease in the coverage. This means that the transmittance is not proportional to the
number of microspheres.

3.1.3. Au-PS-microsphere monolayer

We also measured the transmission spectra of the Au-PS-microsphere monolayers, to present the
EOT with no LPhPR. We prepared Au-PS-microsphere monolayers (ϕ = 0.25 µm) with coverages
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Fig. 4. (a) Permittivity of silica and (b) Absorption cross-section of silica spheres of 1 µ
diameter. The LPhPR occurs at the wavelength of the real permittivity equal to -2.

Fig. 5. (a) Transmittance spectra of the Au-SiO2-microsphere monolayers with different
coverages, σ, and (b) their transmittance spectra normalized by the coverages.

of σ = 0.65, 0.34, and 0.10. The SEM images are presented in Fig. 6. The microspheres form
two-dimensional crystals at σ = 0.65, and they are isolated in the Au-PS-microsphere monolayers
at σ = 0.30 and 0.10. The coverages are similar to those of the Au-SiO2-microsphere monolayers,
as discussed above.

Fig. 6. SEM images of the Au-PS-microsphere monolayers at various coverages, σ.

The transmittance spectra of the Au-PS-microsphere monolayers are presented in Fig. 7(a),
together with the spectra of a 25-nm thick flat gold film. The transmittance is almost constant
with no peaks, and is approximately 60%, 25%, and 6% for σ = 0.65, 0.34, and 0.10, respectively.
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The corresponding transmittance normalized by the coverage is presented in Fig. 7(b). Similar
to the results of the Au-SiO2-microsphere monolayers, the normalized transmittance of the
Au-PS-microsphere monolayers decreases with decreasing coverage. The EOT observed in the
Au-PS-microsphere monolayers without any dips suggests that the EOT observed in this study is
not due to LPhPR. This is supported by the FDTD calculation below.

Fig. 7. (a) Transmittance spectra of the Au-PS-microsphere monolayers with various
coverages, σ and (b) their normalized transmittance spectra.

3.1.4. Size dependence

Transmittance spectra of the Au-SiO2-microsphere monolayers comprising different microsphere
sizes were examined. Figure 8 presents their SEM images. The monolayer (ϕ = 0.3 and 1 µm)
consists of two-dimensional crystals, and the microspheres are attached, whereas the microspheres
in the monolayer (ϕ = 3 µm) are not ordered well, and the microspheres are separated with
gaps, resulting in the lower coverage. This low order may be triggered by the large deviation of
the microsphere sizes. The transmittance spectra of the Au-SiO2-microsphere monolayers are
presented in Fig. 9(a), and the spectra normalized by the coverages are presented in Fig. 9(b).
The ordered monolayers of (ϕ = 0.3 and 1 µm) have a high transmittance, whereas that of ϕ =
3 µm is low approximately 30%, even in the normalized spectrum. This low transmittance at
ϕ = 3 µm is owing to the gaps between the microspheres, as discussed in the next session, based
on the FDTD calculations.

Fig. 8. SEM images for the Au-SiO2-microsphere monolayers of different microsphere
diameters.
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Fig. 9. (a) Transmittance spectra for the Au-SiO2-microsphere monolayers of different
diameters, and (b) their transmittance spectra normalized by the coverage, σ.

3.2. FDTD calculation

3.2.1. SiO2-, Au-SiO2- and Au-PS-microsphere monolayers

To investigate the EOT mechanism, we modeled the SiO2- and Au-SiO2-microsphere monolayers,
where the microspheres form a square lattice, with a lattice constant equal to the microsphere
diameter at ϕ = 1 µm. Then, the coverage is σ = π/4 =0.79. First, we demonstrate the
transmittance spectra of the SiO2- and the Au-SiO2-microsphere monolayers in Fig. 10(a). The
gold film thickness to cap the microsphere was set to be 25 nm. The corresponding experimental
spectra are presented in Fig. 3. In the mid-IR region (5 – 25 µm), a high transmittance is observed
for both structures, except for the LPhPR dips at 9 and 21 µm. The absolute transmittance almost
agrees with the experimental results, as presented above. Hence, the FDTD calculation optimally
reproduce the experimental results.

Fig. 10. (a) Calculated transmittance spectra of the SiO2- and Au-SiO2-microsphere
monolayers 1-µm in diameter. (b) Calculated transmittance spectra of the Au-SiO2- and
Au-PS-microsphere monolayers 1-µm in diameter.

Figure 10(b) presents calculated transmittance spectra of the Au-SiO2- and Au-PS-microsphere
monolayers 1-µm in diameter. The transmission spectra are almost similar except for the
wavelengths of the LPhPR regions of SiO2 at 9 and 21µm. In the experimental transmittance
spectra of the Au-PS-microsphere monolayers (Fig. 7(a)), the dips stemming from the LPhPR are
absent. Thus, we can conclude that the LPhPR does not play a role in the EOT observed in this
study.
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3.2.2. Size dependence

We present the transmittance spectra calculated for the Au-SiO2-microsphere monolayers of
different diameters, ϕ, in Fig. 11(a). The corresponding experimental results are presented
in Fig. 9. To compare the calculated spectra with the experimental results, the spectra were
normalized by the coverage, as illustrated in Fig. 11(b). It is obvious that the transmittance
decrease with the size of the microsphere, even in the normalized spectra. This results does not
agree with the experimental results, in which the Au-SiO2-microsphere monolayers at ϕ = 0.3
µm are similar to that at ϕ = 1 µm, in the normalized transmittance spectra in Fig. 9(b). The
difference may be triggered by the low coverage of the Au-SiO2-microsphere monolayer (ϕ = 0.3
µm), where the microsphere crystals are separated, and low order of the microspheres (ϕ = 3
µm).

Fig. 11. (a) Calculated transmittance spectra of the Au-SiO2-microsphere monolayers with
various sizes ϕ = 0.3, 1, and 3 µm and (b) their transmittance spectra normalized by the
coverage, σ.

The decrease in transmittance with the size of the microsphere suggest that light is transmitted
along the surface of the gold-capped microspheres (outer circumference), rather than through the
entire microspheres. Consider the top-view of a microsphere monolayer forming a square lattice.
The surface number density of the microsphere, N, in a square lattice is written as N = 1/(4r2),
where r is a diameter of the microspheres relative to the unit length. The surface area of the
microsphere is constant at π/4, and is independent of the microsphere size. In contrast, the length
of the microsphere circumference, L, is L = π/(2r), indicating that L increases with decreasing r.
Considering the results in which transmittance increases with decreasing size, it is suggested that
the light propagates along the microsphere circumference. For instance, light passes through the
gaps between the gold film on the substrate and that on the microspheres; hence the transmittance
is higher as microspheres are smaller. This picture is supported by the temporal variation of the
electric field calculated by the FDTD calculation, as described below.

3.2.3. Coverage dependence

We present the transmittance spectra of the Au-SiO2-microsphere monolayers (ϕ = 1 µm) with
different inter-sphere gaps, g, in Fig. 12(a). The models with six different gaps were examined.
The spheres are attached at g = 0. The transmittance T decreases with the increase in the gap
distance g over the spectral range. The low transmittance is not solely owing to the low coverage
of the microspheres. To validate this statement, we present the transmittance normalized by the
coverage, σ, in Fig. 12(b). Even normalized transmittance decreases with σ, indicating that the
transmittance is significantly affected by the gap distance.
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Fig. 12. (a) Calculated transmittance spectra of the samples with various inter-particle
distances, and (b) their transmittance spectra normalized by the coverage, σ.

Figure 13 plots calculated and measured transmittance, T , as a function of coverage σ at 16
µm, where the silica microsphere is free from the LPhPR. The measured transmittance is taken
from the Fig. 5. The calculated and measured transmittance are discrepant, particularly at low
coverage. This is owing to the aggregation of the microspheres in the Au-SiO2-microsphere
monolayers at σ = 0.25 and 0.04, as presented in the SEM images of Figs. 2(b) and 2(c). In
the calculation models, the microspheres are isolated. Aggregated microspheres exhibit higher
transmittance than those of isolated microspheres.

Fig. 13. Calculated and measured transmittance at a wavelength of 16 µm, T , as a function
of coverage σ and the gap distance.

3.2.4. Gold thickness dependence

The calculated transmittance spectra of the Au-SiO2-microsphere monolayers (ϕ = 1 µm) with
different gold thickness, d, are presented in Fig. 14. With increasing the gold thickness, the
transmittance gradually decreases, and it is greater than 40% even for the thick gold film at d = 45
nm. The transmittance of the Au-SiO2-microsphere monolayers with d ≥ 50nm are significantly
lower than the others at wavelengths longer than 5 µm. This may be due to gold clogging up the
spaces between the gaps and the gold caps become continuous with low resistivity. Details are
under investigation and will be reported elsewhere.
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Fig. 14. Calculated transmittance spectra of the Au-SiO2-microsphere monolayers (ϕ = 1
µm) with different gold thicknesses, d.

3.2.5. Gap between microspheres

To investigate the EOT, the transmittance spectra of two models are calculated. Model 1a is an
Au-SiO2-microsphere monolayer on a silicone substrate. The microspheres are attached, i.e., g =
0, as shown in Fig. 15(a). The thickness of the gold coating is 25 nm. Model 1b is a 25-nm-thick
gold film with 1-µm diameter holes. Model 1b is the geometry of Model 1a without the spheres.
The surface appears to be covered with gold when observed from the top. The side view is the
cross-sectional view containing the points where the spheres are in contact. Gold was absent
on this cross-sectional plane, although thin diamond-shaped gold films exist on the silicone
substrate.

The calculated spectra of Model 1a and 1b are presented in Fig. 15(b). Model 1b has a high
transmittance over the mid-IR range, although the coverage of the thin diamond-shaped gold
films is calculated as 21%. This means that the light is transmitted through the circular gaps
between the diamond-shaped gold films, because each diamond-shaped gold film is isolated. We
previously reported a similar EOT phenomenon via metallic grating, in the IR range [36].

Figure 15(c) presents the top and side view of the Model 2a with g = 0.05 µm. In contrast to
Model 1, the gold film on the substrate is continuous and contains holes, and thus the transmittance
is low. The calculated spectra of Models 2a and 2b are presented in Fig. 15(d). The transmittance
of Model 2b monotonically decreases with the wavelength. The transmittance of Model 2b is
higher than that of Model 2a at a wavelength range longer than 10 µm. In this wavelength region,
the gold-capped SiO2 microspheres promotes the transmission, and the transmittance of Model
2a is greater than that of the Model 2b. This means that the gold-capped silica spheres function
as light collectors to collect the light and allow it to pass through the hole, thereby resulting in a
greater transmittance.

3.2.6. Electric field distribution

Temporal variations in the electric field distribution are calculated via the FDTD method at a
wavelength of 16 µm, where the silica microspheres are free from the LPhPR effect. We present
the top and side views of the model for the calculation in Fig. 16(a). The calculation model is the
Au-SiO2-microsphere monolayer forming a square lattice, where the microspheres are attached
(g = 0 µm). The absolute value of the incident field was set to be unity.

We present both electric field distributions in the cut plane including AB and CD. The electric
field is enhanced at the point where the spheres are attached, and the light is transmitted as in the
electric field distribution map of the cut plane including AB. The white parts at the boundary
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Fig. 15. (a) Schematic drawing of Model 1, where the microspheres are attached (g = 0).
Model 1b is Model 1a without the microspheres. (b) Transmittance spectra of Models 1(a)
and 1(b). (c) Schematic drawing of Model 2, where the microspheres are separated with a
gap of 0.05 µm. Model 2b is Model 2a without the microspheres. (d) Transmittance spectra
of Model 2(a) and 2(b).

(indicated by arrows) represent the electric field grater than 6, and the maximum electric field
is calculated to be approximately 18. The electric field behind the gold cap is negligibly weak
owing to the low transmittance of the gold film capping the microspheres. Hence, we infer that
light passes through the gaps and openings between the gold-capped microspheres.

The electric field distributions in the cut plane with CD, where spheres are not in contact, are
also illustrated. Even in this model, light is transmitted in a direction along the microsphere surface.
These phenomena are not observed for the model with no gold caps, i.e., SiO2-microsphere
monolayer. Therefore, the gold cap plays an important role in the EOT. Figure 16(b) presents
the electric field distribution of Au-SiO2-microsphere monolayer that has a gap of g = 0.05 µm.
The enhancement of the electric field is weaker than that of Au-SiO2-microsphere monolayer
with a gap of g = 0 µm, and the transmitted light is less, as summarized by the results in Fig. 13.
Consequently, the electric field enhancement between the spheres facilitates the EOT in the
mid-IR region.

To clarify which part of the substrate the light passed through, we also present electric
field distribution profiles at substrate surface (z = 0) in Fig. 17. The profiles of Au-SiO2
microsphere monolayers forming a square lattice (a) and a hexagonal lattice (b) are presented.
The microspheres are attached (g = 0 µm), and excited by light at a wavelength of 16 µm,
polarizing in x direction. In both cases, the electric field is localized at the thin gold films
diamond-shaped (a) and triangle (b). Hence, we conclude that light passes through the gaps
between the Au-SiO2 microspheres and passes through the thin gold films on the substrate.
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Fig. 16. (a) Electric field distribution profile of the Au-SiO2 microsphere monolayer
forming a square lattice, where the microspheres are attached (g = 0 µm), and excited by
light at a wavelength of 16 µm. Both electric field distributions in the cut plane including AB
and CD are illustrated. The white parts at the boundaries A and B represent the electric field
grater than 6 (indicated by arrows). (b) Electric field distributions in the cut plane including
AB, where the spheres are separated with gaps (g = 0.05 µm). For better understanding, the
temporal change in the field distribution is provided in Visualization 1.

https://doi.org/10.6084/m9.figshare.15096699
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Fig. 17. (a) Electric field distribution profiles of the Au-SiO2 microsphere monolayer
forming a square lattice (a) and a hexagonal lattice (b), where the microspheres are attached
(g = 0 µm), and excited by light at a wavelength of 16 µm. Both electric field distributions
in the cut plane at z = 0, at the substrate surface. For better understanding, the temporal
change in the field distribution is provided in Visualization 2.

4. Conclusion

We report EOT phenomena in Au-SiO2- and Au-PS-microsphere monolayers in the mid-IR range
from 5 to 25 µm. The observed transmittance is significantly greater than that of the flat gold film
with the same thickness, although the surface of the Au-SiO2 microsphere monolayer appears
to be completely covered with gold films when observed from above. The FDTD calculation
indicates that light passes through the openings between the gold film on the substrate surface
and the gold cap. The EOT occurs in a wide wavelength range of the mid-IR, indicating that the
EOT is not attributed to the resonance of the surface plasmons in a metal. This type of EOT is
absent in the visible and near-IR wavelength range, where gold does not function as an ideal
metal. In addition, spectral modification stemming from LPhPR in silica microsphere is also
observed. The LPhPR can be interpreted based on the analogy of the localized surface plasmon
resonance in metallic nanospheres, in the visible light or ultraviolet wavelength range.
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