
Appl. Sci. Converg. Technol. 25(2): 42-45 (2016)

http://dx.doi.org/10.5757/ASCT.2016.25.2.42

42

Optical Properties of Long Wave Infrared Spoof Plasmon using 

Hexagonal Periodic Silver Hole Arrays

Byungwoo Lee, Hoe Min Kwak, and Ha Sul Kim*

Department of Physics, Chonnam National University, Gwangju 61186

Received March 18, 2016; revised March 31, 2016; accepted March 31, 2016

Abstract  A two-dimensional metal hole array (2DMHA) structure is fabricated by conventional photo-lithography and

electron beam evaporation. The transmittance of the 2DMHA is measured at long wave infrared (LWIR) wavelengths

(λ~10 to 24 μm). The 2DMHA sample shows transmittance of 70 and 67% at 15.4 μm due to plasmonic resonance

with perforated silver and gold thin films, respectively, under surface normal illumination at LWIR wavelengths. The

measured infrared spectrum is separated into two peaks when the size of the hole becomes larger than a half-pitch of

the hole array. Six degenerated plasmon modes (1,0) at the metal/Si surface split to three modes at an incident beam

angle of 45o with respect to the surface normal direction, and wavelength shifts of the transmitted spectrum are

observed in a red shift and blue shift at the same time.
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I. Introduction

An extraordinary transmission property through

subwavelength metal holes has been studied since its first

observation in 1998 by Ebbesen et al. [1]. This unusual

transmission property with a thin metal film having a

perforated periodic hole array is known as spoof plasmon

(SP) polarity due to the collective excitations of the

electron on the surface of a metal. The study of spoof

plasmons has been focused on electrical, optical, and

thermal properties of plasmonic devices due to the wide

range of related applications such as solar cells, microscopy,

and magneto-optics [2,3]. The experimental studies have

focused on the enhancement of transmission and reflection

from the visible to short wavelength infrared (SWIR)

regions of plasmonic devices. Because photodetectors are

based on conventional silicon, InGaAs, and Ge, such

semiconductors can only cover the range from ~0.4 to

1.7 μm. Recently, spoof plasmon studies have shown

promising results in the mid-wavelength infrared region

(MWIR, 3 to 5 μm) and long wavelength infrared region

(LWIR, 8 to 15 μm) [4-7]. 

In this letter, we describe the experimental results of the

transmission property of SP devices in the range from 10

to 24 μm because this infrared region is mostly used by the

military in uncooled and cooled thermal detectors. Hence,

we can apply spoof plasmon structure to a specific

photodiode for LWIR sensing. Also, some toxic gas sensors

use this wavelength region because the absorption

coefficient of harmful gases (such as hydrogen fluoride)

overlap with this infrared band. Therefore, plasmonic

devices for LWIR detection can be commonly used in the

sensor industry. In addition, we compared the transmission

characteristics of the same dimensional plasmonic device

with different metallizations using silver and gold

perforated thin films. We show that the performance of a

plasmonic device that is fabricated by a silver film

produces results similar to a plasmonic device using gold

film. Therefore, we can develop an economical plasmonic

device in the future.

II. Experiments and Discussion

The transmitted peak wavelength can be engineered by

solving Maxwell’s electromagnetic equations under proper

boundary conditions, leading to the SP dispersion relation.

For an interface between a metal and a dielectric material,

the spoof plasmon wave vector ksp is given by

(1)

where ω is the frequency of spoof plasmon, εd is the

dielectric constant of the substrate, εm represents that of the

metal, and c is the speed of light [8]. By adjusting the

periodicity of the metal hole, we can control the SP coupling

condition, thereby yielding a specific SP resonance between

the dielectric material and the metal surface. For the

hexagonal hole array, the transmitted maximum wavelength

at the surface normal incidence is given by

ksp
ω

c
----

cdcm

εd   m∈+
--------------------=

*Corresponding author
E-mail: hydenkim@jnu.ac.kr

Research Paper



Optical Properties of Long Wave Infrared Spoof Plasmon using Hexagonal Periodic Silver Hole Arrays 43

Appl. Sci. Converg. Technol. | Vol. 25, No. 2 | March 2016

(2)

where k and j are arbitrary integers, and d is the period of

the holes [9].

III. Device Fabrication

The hexagonal 2DMHA structures on the silicon substrate

were fabricated using standard optical photolithography,

electron beam evaporation, and a metal liftoff process. First,

a photoresist was spun on the silicon substrate. Second, the

sample was developed after an alignment process with a pre-

patterned mask. A 50 nm-thick metal film was deposited

by an electron beam evaporator on the sample. A thin

titanium (Ti, ~5 nm) film was pre-deposited as an adhesion

promoter between a silicon substrate and the targeted metal.

Finally, the sample was lifted off using acetone, maintaining

hexagonal 2DMHA on the top of the substrate. The device

fabrication procedure is shown in Fig. 1. All fabricated

samples have an area of 10 mm×10 mm. 

Figure 2 shows a scanning electron microscope (SEM)

image of the fabricated 2DMHA structure from a bird’s

eye view. The transmittance of the fabricated sample was

measured using Fourier transform infrared (FTIR)

spectroscopy in the range from 10 to 24 μm. The speed of

the mirror in the FTIR was set to 0.69 cm/s. Each spectrum

was taken after 32 scans to remove electronic and optical

noise. The transmitted spectrum from the 2DMHA

structures was normalized to that of a bare silicon substrate

in order to obtain an absolute transmittance.

IV. Results and Discussion

Figure 3 shows the normalized transmission spectra

taken from hexagonal 2DMHA samples with the same

λmax

d
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2
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Figure 1. Fabrication process for two-dimensional metal hole
array (2DMHA) samples. 

Figure 2. SEM image of two-dimensional hole array in a
50 nm-thick perforated metal thin film.

Figure 3. Transmission spectra 2DMHA structures with the
same hole size (a=2.0 μm) and four different pitch sizes (d=
4.0, 4.5, 5.0, and 5.5 μm), but with different metal films: (a) Ag
and (b) Au. 



44 Byungwoo Lee, Hoe Min Kwak, and Ha Sul Kim

www.e-asct.org//DOI:10.5757/ASCT.2016.25.2.42

hole size (a=2.0 μm), five different pitch sizes (d=4.0, 4.5,

5.0, and 5.5 μm), and perforated silver and gold

metallization (t=50 nm). The measured sharp transmission

peak is due to the SP polariton resonance. The fundamental

resonance SP mode at an incidence angle of zero degrees

from the surface normal can be calculated using Eq. (2)

with k=1, j=0, and the dielectric constants of silver, gold,

and silicon. The calculated peak wavelength is represented

by the vertical bold arrows shown in Figs. 3(a) and (b) for

the sample with a pitch of 5.0 μm. We use a silicon

dielectric constant of 11.56 during the calculation. The

measured peak wavelength is 15.2 μm, and the calculated

peak wavelength is 14.7 μm. The minor peak wavelength

difference between the experiment and the calculation is

due to the mathematical approximation relation given in

Eq. (2).

Figure 4 shows the transmission spectra taken from the

hexagonal 2DMHA samples using two different metallization

methods. The metallization of the first and second samples

used silver (t=50 nm) and gold (t=50 nm), respectively. The

hexagonal 2DMHA samples have the same hole size

(a=3.0 μm) and pitch (d=5.0 μm). The peak transmittance

of T=70 and 67% at a wavelength of 15.4 μm was

observed using FTIR spectroscopy measured from the

silver- and gold-deposited sample. We observed two SP

modes from the two samples, with frequencies of ω+ and

ω-. The lower peak of transmittance on the left side shows

the ω+ mode at a wavelength of 14.9 μm. The higher peak

of transmittance on the right side represents the ω- mode at

a wavelength of 15.4 μm. When the size of a hole is larger

than one-half of the pitch of the perforated metal, different

energy states are formed with frequencies of ω+ and ω-,

thus showing the formation of a different SP band gap due

Figure 4. Transmission spectra taken from hexagonal 2DMHA
samples using two different metallization methods. The
different energy states are formed with frequencies ω+ and ù-

due to the surface charge distribution difference. 

Figure 5. Measured transmission spectra taken from
hexagonal 2DMHA samples with the same pitch (d=5.5 μm)
and three different hole sizes. For the same geometry
structure, the plasmon devices show a similar magnitude of
transmittance: T=62.1% and 62.3% for the perforated silver
and gold metal films, respectively, with hole size a=3.0 μm at a
wavelength of 16.9 μm.

Figure 6. Transmission spectra of incident angle dependence
for perforated (a) silver and (b) gold metal film with hole size
of a=3.0 μm. When the incident angle is adjusted at an angle
of 45o with respect to the surface normal direction, the six
degenerated modes split into the three spoof plasmon modes.
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to the surface charge distribution difference. 

Figure 5 shows the measured transmission spectra taken

from hexagonal 2DMHA samples with the same pitch (d=

5.5 μm) and three different hole sizes. Figure 5(a) shows

transmittance spectra of 45.7, 54.7, and 62.1% at a

wavelength of 16.9 μm with silver metallization for hole

sizes of 2.5, 2.75, and 3.0 μm, respectively. Figure 5(b)

displays transmittance spectra of 38.6, 50.6, and 62.3%

using gold thin film metallization and the same dimensions

of the device and measurement conditions as those shown

in Fig. 5(a). The experiment results show that the

maximum transmittance is of a similar order of magnitude

when we use a silver or gold thin film. We also observed

that the measured minimum transmission is consistent with

Wood’s anomaly; this is marked by the vertical dashed

arrow in Figs. 5(a) and (b). 

Figure 6 shows the transmission spectra of the incident

angle dependence. The incident angles were increased in

steps of 15o with respect to the surface normal direction.

Both samples have the same dimensions (pitch d=6.0 μm,

hole size a=3.0 μm, and metal thickness t=50 nm), but

with different metal films of silver and gold. The six spoof

plasmon modes--(1,0), (0,1), (0,-1), (-1,0), (-1,-1), and

(1,1)--are degenerated as the (1,0) mode at the surface

normal incidence of the illumination. According to Eq. (2),

the peak transmission of the six degenerated (1,0) metal/

silicon modes will be at a wavelength of 17.7 μm. Then, the

measured peak position is 18.4 μm. When the incident

angle is slanted at an angle of 45o with respect to the surface

normal direction, we can observe the six degenerated

modes split into the three spoof plasmon modes for both

samples, as shown in Figs. 6(a) and (b).

V. Conclusions

Two-dimensional metal hole array (2DMHA) samples

with a silver and gold thin film were fabricated. The

hexagonal 2DMHA samples (with the same hole size of

3.0 μm and pitch of 3.0 μm) show a peak transmittance of

T=70 and 67% at λ=15.4 μm using silver and gold thin

metal films, respectively, at the surface normal incident

wave. The six degenerated spoof plasmon modes were split

into the three modes at an incident beam angle of 45o from

the surface normal direction, showing both red shift and blue

shift at the same time. The performance of the perforated

silver-based plasmon device shows a comparable optical

transmittance compared to the plasmon device using gold

metallic film. Therefore, we can achieve a more inexpensive

plasmonic device by using silver instead of gold. 
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