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Abstract We fabricate a double-layer wire grid polarizer
(WGP) and perform optical characterization to clarify the re-
lationship between the structural and polarization characteris-
tics. For normal incidence, the fabricated double-layer WGP
exhibits an extinction ratio of 30.4 dB for a period of 400 nm.
The transverse magnetic transmittance peak angle is found to
vary with the period of the WGP. The peak shift can be ex-
plained on the basis of the extraordinary optical transmittance
phenomena exhibited by the surface plasmon polaritons
(SPPs) of metal slit structures according to the dispersion
curve of the SPP. From the simulation of rigorous coupled-
wave analysis, it is considered that the incident light passes
through the resist layer, followed by the excitation of SPPs at
the interface between the resist and Au. Subsequently, the
SPPs combine with the transmitted light in the glass substrate,
leading to strong transmitted light with transverse magnetic
polarization. Therefore, we demonstrate the extraordinary op-
tical transmittance phenomena exhibited by the SPPs by both
experiment and simulation.
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Introduction

A wire grid polarizer (WGP) is a filter-type polarizer. In this
study, we investigate the WGP. A WGP is a grating structure
arranged by periodic fine metallic patterning. The free elec-
trons can move easily in the direction of the line pattern but are
unable to move in the direction perpendicular to the line pat-
tern. Thus, the transverse magnetic (TM) and the transverse
electric (TE) light can easily be separated by optical anisotro-
py. In the 1960s, WGPs operating in the infrared region were
fabricated [1-3]. Since the 1990s, WGPs for the visible region
have been fabricated with nanostructures using electron beam
lithography (EBL) [4-9]. Wang and coworkers fabricated
WGPs by using narrow strips less than 100 nm that could be
used over a large range of wavelengths, such as the deep UV
to near infrared light [9]. The advantages of WGPs compared
with the prism-type polarizers are that they are thin and flat
structures and able to cover a wider range of incident angle;
however, the polarization character of WGPs, such as extinc-
tion ratio, is inferior to that of prism-type polarizers. By using
these WGP structures, wave plates, such as azimuthal or radial
polarization converters, were developed [10—12]. Recently,
subwavelength structures or surface plasmon polariton (SPP)
have been used to improve the polarization characters [13,
14].

Given these advantages, in this study, we used a double-
layer WGP that uses a double layer of metal wire to realize
a high optical extinction ratio when compared with a con-
ventional WGP. Furthermore, the double-layer WGP offers
the advantage of simplifying the fabrication by eliminating
the process of removing the resist. Z. Yu and coworkers
fabricated the double-layer WGP and obtained a higher
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Fig. 1 Schematic of the double-
layer WGP made on a glass
substrate (a), surface morphology
of the double-layer WGP, as
observed using SEM (b)
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extinction ratio compared with the conventional single-
layer WGP [15]. There are two reasons for the high extinc-
tion ratio exhibited by the double-layer WGP, the Fabry—
Perot interference and the surface plasmon resonance.
Ekinci and coworkers explained that the Fabry—Perot inter-
ference and near-field coupling occurred in the double-
layer WGP by simulation and experiment [16]. Z. Ye
et al. simulated the surface plasmon resonance in the
double-layer WGP [17]. They also fabricated a color filter
using bilayer metallic nanowire grating or nanowire arrays
[18, 19]. There has been theoretical speculation concerning
the double-layer WGP in these references, but surface plas-
mon resonance still has not been confirmed in the double-
layer WGP experimentally. Furthermore, Ebbesen et al.
showed extraordinary optical transmission using periodic
Ag subwavelength hole arrays [20]. This phenomenon
can be explained by the surface plasmon resonance com-
bining with the transmitted light. Related studies on the
extraordinary optical transmission using SPPs have already
been performed [21, 22]. Klein Koerkamp et al. fabricated
periodic arrays of subwavelength holes [21]. Schouten
et al. fabricated a double slit structure [22]. These studies
showed an extraordinary optical transmission with a nor-
mal incidence of light. In this study, we note the extraordi-
nary optical transmission in double-layer WGPs and at-
tempt to clarify this observation by the characterization of
the polarization property of the double-layer WGP. This
double-layer structure, as shown in Fig. la, is different
from the abovementioned structures. These structures are
composed of a metal layer and an electron beam (EB) resist
layer. This study also characterized the dependence of
transmission on the incident angle and clarified the rela-
tionship between transmission, incident angle, and the pe-
riod observed for the double-layer WGPs.
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Fig. 2 Schematic of the experimental set-up for the measurement of
transmittance
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Experimental Methods

The double-layer WGP made on a glass substrate is fabricated
by EBL (CABL-8000, CRESTEC) and DC magnetron
sputtering (SC-701MC, SANYU). The line and space patterns
are drawn using an EB resist (ZEP-520A, Zeon) on a glass
substrate. Details on EBL are in [23]. After developing the
resist layer, the Au layer is sputtered on the EB resist pattern.
This double-layer WGP structure can be fabricated easier than
the ordinal single-layer WGP because no lift-off process is
required. The thickness of the EB resist is 100 nm and that
of the Au layer is 40 nm. The period of the WGP (p) is varied
between 200 and 1000 nm. The duty ratio of these line and
space patterns is 0.5. The size of these samples was 1.5x
1.5 mm?®. The structures of the samples were observed by
scanning electron microscopy (SEM) in the EBL. The sche-
matics of the double-layer WGP are shown in Fig. 1a.

Polarization measurements were performed using a red la-
ser diode with a wavelength A=635 nm, as shown in Fig. 2.
TE or TM polarized light is used to illuminate the fabricated
sample. The incident angle can be changed by rotating the
sample. The dependence of the transmittance of the double-
layer WGP on incident angle was characterized for different
periods by varying the incident angle from 0 to 70 deg. The
Oth order transmitted light was detected by a photodiode.

Experimental Results
The structure of the fabricated WGP (Fig. 1a) was character-

ized using SEM. Figure 1b shows the surface morphology of
the double-layer WGP, as observed using SEM. The period of
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Fig.3 Dependence on TE and TM transmittance of normal incidence on
the period
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this sample is 600 nm. From the depth profile obtained from
AFM, the height is close to 100 nm.

The polarization property of the fabricated double-layer
WGP was then characterized. TE and TM polarized light were
used to illuminate the fabricated double-layer WGP, then the
intensity of the transmitted light was measured by the photo-
diode. First, the TE and TM transmittance of normal incidence
for various periods were characterized. Figure 3 shows the
dependence of TE and TM transmittance of normal incidence
on the period. The highest transmittance of TM polarization
was obtained for a period of 400 nm. Conversely, the trans-
mittance of TE polarization was about 1000 times smaller than
that of TM polarization. The extinction ratio for the 400-nm

Fig. 5 Schematic of the model
used for calculating the SPP
dispersion curve (a) and
dispersion curve of SPP for (b)
p<410 nm and (¢) p>410 nm

(b) Exciting by the 1st order diffraction

Period (nm)

period was 30.4 dB, which is almost the same as that of the
commercial products. Subsequently, we characterized the de-
pendence of TM transmittance on the incident angle. Figure 4
shows the relationship between the period and incident angle,
corresponding to the peak of TM transmittance. In both cases
of p<400 nm (Fig. 4a) and p>400 nm (Fig. 4b), when p is
400 nm, the peak angle is almost 0°. However, when p was
smaller or larger than 400 nm, the peak angle varied with the
period and shifted to the higher degree side. Conversely, TE
transmittance was about 1000 times smaller than TM trans-
mittance and was independent of the wavelength. For these
experiments, the incident plane is perpendicular to the direc-
tion of the WGP; thus, TE transmittance is expected to be
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Fig. 6 Relationship between the period and incident angle, which shows
a peak corresponding to the TM transmittance from the experimental data
and calculated data

almost 0 and there are no relationships between transmittance
and period like with TM transmittance. The extinction ratio at
p=318 nm is 33.8 dB. The maximum extinction ratio is 45 dB
for the research experiment [9] and 3045 dB for commercial
products. Our research data were close to those of commercial
products. The relationship between the peak angle and the
period of WGP is shown in Fig. 4c. When p is 400 nm, the
peak angle is 0°. For the other period, the peak angle is shifted
to higher angle.

Theoretical Results
To consider the peak shift of the incident angle, we first con-

sidered the interference between the reflection light from the
top and bottom Au layer. However, this interference cannot be

explained because there are no conditions for it at the wave-
length (635 nm) and height (100 nm). Therefore, we speculat-
ed on the extraordinary optical transmission phenomena by
surface plasmon resonance [20]. For the simplified model as
shown in Fig. 5a, composed of an Au grating and with a
dielectric medium of refractive index 1.25, which is the aver-
age of air and the resist, the dispersion relationship of the SPPs
and the incident angle that excites the SPPs are calculated as
follows. Given that the complex dielectric constant of a metal
is e;=¢;'+ie,"” and that of a dielectric is &,, the dispersion
relation for SPPs at the metal—dielectric interface with incident
angle 6 exciting the SPPs are given by the following equations
[24],

3
w | e'ey w( e'ey \? g”
hy =[R2 (e I
Toe 81’+52+lc (61'-1-52) 2¢,/% (1)
. 2 9
ksing — 2™_Sin% Re{kg 1, (2)

where £ is the wavenumber of the incident light, kg, is that of
the SPP, c¢ is the light velocity, w is the angular frequency of
the incident light, 6 is the incident angle, n is the refractive
index of the medium, and )\ is the wavelength of the incident
light in the air.

Figure 5 shows the dispersion curve of SPPs for (b)
p<410 nm and (c) P>410 nm. Figure 5b presents the SPP
dispersion curve of Au films on the right side of the light line.
This means that the SPPs cannot be excited on the Au film.
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Fig. 8 Mechanism of the extraordinary optical transmission phenomena

However, for the grating structures, the 1st order diffraction
contributes to the excitation of the SPPs. Figure 5c presents
the —1st order diffraction contribution to excite the SPPs. In
both figures, there are intersections between the dispersion
curves and the light energy (1.95 eV, 635 nm). From these
intersections, the incident angle exciting the SPPs can be ob-
tained. Figure 6 shows the relationship between the period and
incident angle, which shows a peak corresponding to the TM
transmittance of experimental data and calculated data. The
calculated data are almost identical to the experimental data.
From this result, the peak shift is found related to the exciting
SPP.

The distribution of the electrical field is calculated by the
rigorous coupled-wave analysis method using commercial
software (rcda-1d [Source Forage]). Figure 7 shows the de-
pendence of the Oth order transmission on the incident angle
and the calculated magnetic field. The peak angle is 30° (p=
318 nm) and 30° (p=635 nm), as shown in Fig. 7a, b. When p
is equal to 318 nm, the maximum calculated transmittance at
30° is 0.3. However, when p=635 nm, the maximum calcu-
lated transmittance at 30° is 0.3. The magnetic field distribu-
tions are shown in Fig. 7c, d. When the incident angle is the
same as the peak angle, the TM light can be transmitted to the
glass substrate. When p is equal to 316 nm, the incident TM
light can be transmitted to the glass substrate and a strong
magnitude of the magnetic field can be obtained. Notably, in
the interface between Au and the glass substrate, the magni-
tude of the magnetic field is largest. It can be shown that only
when the incident angle is identified with the exciting angle of
surface plasmon polariton, the TM light can be transmitted to
the glass substrate.

Discussion

The mechanism of the extraordinary optical transmission phe-
nomena is explained in Fig. 8, which shows the distribution of
magnetic field for a period of 318 nm and an incidence angle
of 30°. From the experiments and dispersion curve, p=250—

1000 nm are found as the exciting conditions of SPP. Our
studies have yet to find the reason for obtaining maximum
transmission. However it is considered that p=318 nm is half
of the wavelength of the incident light. The magnetic field is
concentrated at the interface of Au and the resist in the vicinity
of the glass substrate. It is suggested that the incident light
passes through the resist layer from its side wall, followed
by the excitation of SPPs at the interface between the resist
and Au. Subsequently, the SPPs combine with the transmitted
light in the glass substrate. This results in strong transmitted
light with TM polarization. In contrast to previous reports,
where light with a normal incidence was used [20-22], in this
study, the light is incident from an oblique angle. Therefore, it
is considered extraordinary transmission is observed in these
structures.

Conclusion

We clarified the relationship between the structural and polar-
ization properties in a double-layer WGP to determine the
optimal structure. The polarization property of the fabricated
double-layer WGP for different periods was characterized
with the incident angle varying from 0 to 70°. The peak inci-
dent angle of TM transmittance was found to vary as a func-
tion of the period. This can be explained on the basis of the
extraordinary optical transmission phenomena by surface
plasmons.
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