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Abstract—Resonantly enhanced transmission through
subwavelength periodic structure in metallic film has
received much attention since the phenomenon of
extraordinary optical transmission (EOT) was discovered by
Ebbesen in 1998. A variety of novel phenomena caused by
the interaction of light with metallic film, the surface
plasmon polaritons (SPPs) plays a crucial role. The research
work about the phenomenon of SPP has been focused on
relatively thick metallic films, while ultrathin films with the
thickness smaller or comparable to the skin depth are almost
neglected. Therefore, a series of ultrathin gold films with
hexagonal arrays of subwavelength holes of various hole
diameters have been fabricated using nanosphere
lithography technique and oxygen reactive ion etching. Their
optical transmittances are measured and compared with the
simulated results using the FDTD method. The experimental
and measurement results demonstrate that the transmittance
spectra can be precisely engineered by tuning the geometry
parameters of the nanostructures. These investigations
provide a guide for the design and fabrication of transparent
electrodes based on ultrathin metal films.
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. INTRODUCTION

Since T. W. Ebbesen et al. reported extraordinary
optical transmission through an optically thick metal film
perforated by periodic subwavelength holes in 1998 [1],
the research on optical properties of such structure has
attracted surge of scientific interest. Based on numerous
investigations, it is generally believed that the
extraordinary transmission is attributed to a coherent
resonance induced by the interaction between external
optical field and free electrons of metal surface, which is
called surface Plasmon polariton (SPP). For an optically
thick metal film, the transmission through periodic
subwavelength hole arrays increases with decreasing film
thickness down to about 100 nm, where it is believed to
saturate. For an optically thin metal film, J. Braun
observed less light is transmitted through an ultrathin semi-
transparent metal film with periodic subwavelength holes
compared to a flat metal film [2].

Currently, how to reveal electromagnetic interaction
between the metallic nanostructure with sub-wavelength
holes and incident light has become a significant subject
in photonic field. It is necessary to carry out further
related researches to investigate some new phenomena.



However, the research work has been focused on
thick metallic films [3-4

relativel / , while ultrathin films

Figure 1. . SEM image of the Au ultrathin films with subwavelength
hole arrays, for etching time: (a) 90s, (b) 120s, (c) 150s, respectively. (d)
Diameter of PS spheres as a function of RIE time T.

with the thickness smaller or comparable to the skin
depth are almost neglected. In addition, broadband optical
enhancement of thin films based on surface plasmons is
quite essential for some optoelectronic devices. In this
paper, we present the experimental and theoretical
investigations on optical transmission through hexagonal
arrays of subwavelength holes in ultrathin gold films with
a thickness of 20 nm in a wide wavelength range from
ultraviolet (UV) to far infrared (far IR).

Il.  EXPERIMENT, SIMULATION AND DISCUSSION

The ultrathin films under study are prepared by a
modified nanosphere lithography (NSL) technique [5],
which is low-cost, scalable, and highly efficient. In our
experiments, the polystyrene (PS) spheres (from Thermo
Fisher Scientific Inc) with a diameter of 530 nm (diluted
in water) are self-assembled onto the water surface in a
vessel, and then form a closed-packed hexagonal
monolayer [6]. It is worth mentioning that the PS spheres
have a size deviation of less than 3% to ensure the
uniformity of the monolayer of the PS spheres. After that,
the monolayer of PS spheres is transferred onto a clean
glass substrate and dried appropriately. The diameter of
the PS spheres is tailored by means of oxygen reactive ion
etching (RIE) (manufactured by Institute of Micro-
electronics of Chinese Academy of Sciences). By tuning
the etching time when the oxygen flow rate and RIE
power are fixed, three types of monolayer PS templates
with various subwavelength hole diameters are prepared.

Figure 2. The photo of a glass substrate with a perforated gold ultrathin
film.
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Figure 3. Optical transmission spectra of the subwavelength hole arrays
with different hole diameters.

Figure 4. Schematics of subwavelength hole arrays in the gold films
with periodicity p, diameter a, and thickness h.

The diameter of the etched PS spheres as a function of
the etching time of oxygen reactive ion is shown in Fig.
1(d). After etching, electron beam evaporation technique
is used to deposit a chromium adhesion layer with a
thickness of 2 nm, and subsequently a gold film with a
thickness of 20 nm on the etched PS sphere templates.
After the PS spheres are removed by ultrasonic treatment
in chloroform with an ultrasonic bath for 10 minutes, gold
subwavelength holes show up at the positions shadowed
by the PS spheres. The closed-packed periodic hexagonal
arrays with different sizes of PS sphere can be
characterized by scanning electron microscope (SEM), as
shown in Fig. 1(a)~(c). The diameter of the holes
decreases and the gold padding between the holes
increases, when etching time is gradually raised. However,
in Fig. 1(c), the shape of the holes is not a regular circle,
which might be attributed to the size deviation of PS
spheres, the control of process flow during preparation or
the cleanliness of the environment. Fig. 1(c) shows the
SEM image at the etching time of 150 s. Due to the
unimproved preparation process, the quality of the
metallic films with subwavelength holes might affect the
accuracy of the measurement results.

As can be seen from Fig. 2, the perforated gold
ultrathin film seems much more transparent than the flat
gold ultrathin film, which means the gold ultrathin film
with subwavelength holes has higher transparency than
the flat gold ultrathin film in the visible range.
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Figure 5. Numerical results of optical transmission spectra
of subwavelength hole arrays with different hole diameters.
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All the samples are measured using a dual-channel

fiber optic spectrometer (Avantes AvaSpec 215~2500 nm).

In the measurement, the samples are illuminated with a
balanced Deuterium-Halogen light source at normal
incidence and their transmittance spectra are shown in
Figure 3.The transmittance spectrum of the flat metal film
consisting of 20 nm gold and 2 nm chromium, is also
demonstrated for comparison in Fig. 3. A transmission
peak around 521 nm is observed in both the spectrum of
flat metal film and the spectra of perforated metal films,
which is at the wavelength around the period (530 nm) of
the subwavelength hole arrays. The origin of this
phenomenon might be the d-p interband transition at
about 521nm [8-10]. Compared with the pristine film, an
additional strong absorption occurs in the wavelength
ranging from 500 nm to 1000 nm in the spectra of
perforated films. The pronounced absorption peak in this
wavelength range arises from the excitation of a strongly
damped short range surface plasmon [2], which leads to a
near-field enhancement and is critical to the development
of metallic transparent electrode in OSCs. The resonant
absorption wavelength can be altered over abroad spectral
range by adjusting the diameter of the subwavelength
holes. With the increasing of the etching time, the holes'
diameter deceases, then the transmission valleys induced
by surface plasmon resonance are red-shifted.
Additionally, Fig. 3 also illuminates that more light
energy is blocked from passing through the perforated
gold film as etching time increases. The shift of spectra is
critical to the development of metallic nanostructures for
transparent electrodes in OSCs. Furthermore, the
transmittance of the perforated gold films is up to 70%, at
the wavelength ranging from 1000 nm to 2000 nm.
Therefore, the perforated gold ultrathin films with
hexagonal hole arrays demonstrate a high transmission
property in a relatively wide wavelength range from 300
nm to 2000 nm.

The measurement results of transmittance are
validated by performing a 3D finite-difference time-
domain (FDTD) electromagnetic simulation, using
Lumerical FDTD solutions. The schematic drawing of the
proposed subwavelength hole arrays is shown in Fig. 4,
with the inset describing one cell of a hexagonal lattice.
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Figure 6. Simulated and experimental transmission spectra

of three samples (a) sample with etching time of 90s.(b)sample
with etching time of 120s, (c)sample with etching time of 150s.

The incident light propagates along negative z axis.
Periodic boundary conditions are used in the x and y
directions, while perfect match layer (PML) is used in the
z direction in the simulation.

The transmission spectra of the gold films with holes
of different diameters are shown in Fig. 5. However, the
whole spectra, including both the perforated and solid film,
show obvious difference with the measured spectra, in the
wavelength range from 300 nm to about 350 nm. It seems
that light is strongly absorbed by glass in ultraviolet range.
Moreover, due to the short etching time, metal is not well
deposited on the glass substrate. This leads to an
unsatisfied quality of the sample. There is a distinction
between experiment and the numerical results in the
spectra when etching time is 90 s in the Fig. 6(a). The
distinction might be attributed to the poor adhesion of the
metal as the size of the gap between each hole is relatively
small, which lead to a breakage of metal between each
hole. The simulated transmission spectra of the other three
samples show excellent agreement to the experimental
results, as shown in Fig. 6(b)-(c). Therefore, the design is
proved to be promising for the further research on novel
transparent electrodes.

IIl.  CONCLUSIONS

In summary, we have fabricated ultrathin gold films
with hexagonal arrays of subwavelength holes by a simple
and versatile method. The simulated transmission spectra
show excellent agreement to the experimental results for
most of the samples. The transmission enhancement



through the subwavelength hole arrays is induced by the
excitation of SPPs. The transmittance spectra can be tuned
by changing the diameter of the holes. Both measurement
and simulation have demonstrated significant coherency,
which reveals the novel optical properties of ultrathin gold
films with subwavelength holes.
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