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The optical, plasmonic, and imaging performance of an infra-red polarized system exceeds that of
a conventional infra-red detector due to its high resolution and precision. The wire-grid polarizer has
large potential for use in an infra-red polarized imaging device owing to its large polarization efficiency.
In this study, we theoretically and experimentally investigate a method to improve the polarization
efficiency of a wire-grid polarizer. Here, we demonstrated a high-performance wire grid polarizer with
a maximum extinction ratio (ER) of 355 using a bilayer structure and dielectric material in the mid-
wavelength infra-red (MWIR) region (3000 nm-5000 nm), which is a 4 times higher ER value than that
of the monolayer structure. More interestingly, we were able to improve the performance of the bilayer
wire-grid polarizer by devising a method to improve the surface roughness using Ar ion milling. The ER
for the after-milled sample was 1255, which was markedly larger than that of the before-milled sample.

The results of transmittance measurement confirmed that the improvement in the ER was due to the
Received 4th October 2022 Fabry—Perot (F—P) ph db tructi destructive interf in the bil o
Accepted 9th December 2022 abry—Pero phenomenon caused by constructive or destructive interference in the bilayer wire
grid structure and the enhancement of the surface smoothness. These results will help design a polarizer

DOI: 10.1039/d2na00679%k structure that will maximize the polarization efficiency and realize a high-performance infrared polarized
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Introduction

Infrared polarization images are used in light detection and
ranging, bio-sensing, refractive-index sensing, military, opto-
electronics, etc. owing to their high resolution and precision in
real time. The image of an object captured by a conventional
infrared detector will have a low contrast, unless the target
object's temperature is significantly different from that of its
surroundings. Thus, at narrow temperature differences, the
object in the image nearly blends with the background.'**
Polarized images possess different polarization properties
arising from the scattering, absorption, and reflection of light
due to the structure and texture of the object's surface. These
properties still can be used to discern an object from the
background. Hence, it can produce a considerably clearer image
than the conventional system that only detects the optical
radiation from an object. The polarized image enables the
detection of an object that is not identified by the
background.>*
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The polarizer is the most important component of a polari-
zation imaging device; common examples include angle, liquid-
crystal, and wire-grid polarizers.”® The wire-grid polarizer is
composed of an array of metal grids with a shorter period than
the incident wavelength. It has garnered more interest than the
other polarizers owing to its excellent polarization efficiency,
wide viewing angle and wavelength range, high stability, and
compatibility with other optical components.'* When an inci-
dent light wave is polarized perpendicular to the wire grid,
a high-efficiency transmitted transverse magnetic (TM) wave is
generated. When it is polarized parallel to the wire grid, a re-
flected or absorbed transverse electric (TE) wave is generated.
Therefore, to improve the performance of this polarizer, the
extinction ratio (ER), defined as the transmission ratio of the
TM-polarized light to the TE-polarized light (ER = Tpy/Trg),
should be increased. The performance of a wire-grid polarizer is
governed by structural parameters such as the period of the wire
grid, width of the wire, depth of the grid, metal thickness, and
complex refractive index of the metal. The polarizer must have
a narrow and uniform pitch to achieve a high ER.*'"** Recently,
Au has been widely used as a wire-grid material because it has
a lower resistivity (2.44 x 10~® Q m) than other materials, and
consequently a higher extinction coefficient in the terahertz
region."

Wire-grid polarizers of various structures with high ERs have
been produced in the visible or long-wavelength infrared
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region. The typical structures of wire-grid polarizers are the
monolayer and bilayer structures. The monolayer structure has
a disadvantage in that its ER is smaller than that of the bilayer
structure. Thus, polarizers with this structure tend to perform
poorly. The reason the bilayer structure has a larger ER is that
the light reflected from the second grid of the bilayer is partially
re-reflected at the first grid, resulting in the constructive or
destructive interference of light."*** Although the bilayer wire-
grid polarizer shows better performance than the monolayer
polarizer, the fabrication of the bilayer polarizer requires
precise process control, complex processes, and expensive
process equipment.*>*

The objective of this research was to experimentally and
theoretically optimize the bilayer wire-grid polarizer performance.
In order to maximize the efficiency of the bilayer wire-grid
polarizer fabrication process and increase the polarization effi-
ciency, we introduced the dielectric material and the secondary
etching method using Ar ion milling on the bilayer wire-grid
polarizer. To this end, first, to maximize the TM, TE, and ER,
the thickness of the dielectric material was optimized to produce
a bilayer structure based on the monolayer polarizer structure.
Second, by using Ar ion milling, we tried to maximize the ER by
improving the surface smoothness of the bilayer wire-grid polar-
izer. To evaluate the performance of the after-milled bilayer wire-
grid polarizer with a dielectric material, transmission spectra were
measured and compared with those of the monolayer and before-
milled bilayer wire-grid polarizer. By using these approach
methods, the ER for the after-milled bilayer polarizer was 1255,
which was markedly larger than the 90 and 460 of the monolayer
and before-milled bilayer polarizer samples, respectively. These
results indicate that the bilayer wire-grid polarizer sample
including the dielectric material with enhanced surface smooth-
ness will maximize the polarization efficiency and realize a high-
performance infrared polarized imaging system.

Experimental
Polarizer fabrication

To compare the ER between the two structures, monolayer and
bilayer polarizers were fabricated using the nanoimprint
method. Fig. 1 illustrates the schematic of monolayer polarizer
fabrication using nanoimprint lithography.

peTimold
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S

Fig. 1 Schematic of fabrication of monolayer polarizers using nano-
imprint lithography.
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First, an Si master mold with a period of 400 nm and
a linewidth of 200 nm was fabricated using e-beam lithography.
Second, the pattern of the Si master mold was duplicated using
OrmoStamp® and polyethylene terephthalate (PET) to create
a PET mold. Third, a 150 nm-thick layer of PMGI-SF3, a lift-off
solution, was coated on a sapphire substrate and cured at
180 °C for 5 min. Subsequently, a layer of LV400 is coated on the
PMGI-SF3 layer, soft-baked at 140 °C for 1 min, and imprinted
with the PET mold to engrave a pattern. Finally, the nanosized
pattern engraved on the resist (PMGI-SF3 and LV400) was
etched by reactive ion etching (RIE). In the case of the mono-
layer polarizer, after etching the resist, Au was deposited and
lifted off using N-Methyl-2-pyrrolidone (NMP).

To develop the bilayer polarizer, the same impressing
process was repeated on a 650 nm-thick SiO,-deposited
substrate. Next, a 7 nm-thick Cr mask layer was deposited on it
to etch a 350 nm-thick SiO, layer. Finally, Au was deposited on
this layer.

Simulation

The ER is expressed as ER = Try/Tre. A higher TM trans-
mittance and a lower TE transmittance are indispensable for
a higher ER. Therefore, we simulated the structure, and
accordingly fabricated a polarizer with a higher ER in the mid-
infrared band of 3-5 pm. The simulations were conducted using
the Computer Simulation Technology (CST) Microwave Studio
packages. CST Microwave studio is a simulator based on the
finite integration technique (FIT) first proposed by Weiland and
analyses the electromagnetic field of 3D structures.'® FIT dis-
cretizes the integral form of Maxwell's equations. This applies
to the 3D structure that creates a suitable meshing system, and
subdivides it into several small cuboids, the so-called grid cells.
To solve this numerically, a finite calculation domain contain-
ing the considered application problems is applied. In this way,
CST calculates various electromagnetic quantities such as
electric fields, magnetic fields, surface currents, power flows,
current densities, surface and volumetric power loss densities,
electric energy densities, and magnetic energy densities. In the
simulation, a GaSb substrate with a refractive index of 3.7 and
structures fabricated using the period of the wire grid from the
nanoimprint process (p = 400 nm), width of the wire (w = 200
nm), and thickness of Au (thyea = 50 nm) were applied.

Results and discussion

Dielectric materials can absorb transmitted light, reduce loss,
and consequently improve the performance of the polarizer.”” "
To find the optimal thickness of the dielectric material, we
simulated the transmittance properties of the polarizer
according to the deposited-SiO, thickness (thsio,) with p =
400 nm, w = 200 nm, and thet) = 50 nm. Fig. 2 is a schematic
of the monolayer structure with SiO, used in this simulation.
Fig. 3 illustrates the TM, TE, and ER simulation results
according to thg;o,. Fig. 3a depicts the change of TM according
to thsio,. Beyond a thgjo, of 1000 nm, a resonance dip occurred
as it further increased. The effect of the Fabry-Perot (F-P)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the monolayer with SiO, used in the simulation,
where the period of the wire grid is 400 nm, the width of the wire is
200 nm, and the thickness of Au is 50 nm.
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Fig. 3 Simulation results of (a) TM, (b) TE, and (c) ER characteristics
according to the thickness of the SiO; layer.
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resonance can also be confirmed in TE simulation. As shown in
Fig. 3b, TE gradually decreases from 400 to 800 nm in thgjop,
and a small peak appeared from 1000 nm due to the F-P reso-
nance. As illustrated in Fig. 3c, when thgio, is 1000 nm or
greater, ER decreases in the relatively short-wavelength region
due to resonance. However, when it is 600-800 nm, the TM is
unaffected by resonance, and moreover no TE peak appears.
Hence, the ER is large in the full-wavelength region. To realize
the best possible polarizer performance with a high ER based
on these results, we fabricated a bilayer polarizer with a thg;o, of
650 nm.

Fig. 4 shows a schematic of the monolayer structure,
monolayer structure with SiO,, and bilayer structure used in
this simulation. Here, the monolayer structure consists of p =
400 nm, w = 200 nm, and th;,e) = 50 nm and the monolayer
structure with SiO, uses the same structure as the monolayer,
whereas 650 nm of SiO, is deposited on the substrate. The
bilayer structure was fabricated by etching 350 nm of SiO, using
a photolithography process in a monolayer structure with SiO,.

Fig. 5 displays the simulation results of the transmittance
characteristics according to the structure. In the wavelength
range of 3-5 um, the basic structure of the monolayer polarizer
exhibited approximately a TM transmittance of 65%, and ERs of
17 and 29 at wavelengths of 3.5 and 4.5 pum, respectively.

Next, a 650 nm-thick SiO, (a monolayer with SiO,) was added
to increase the TM transmitted light. The introduction of SiO,
confirmed that the TM transmittance increased above 70%, and
the TE transmittance decreased. Hence, the polarizer exhibited
an ER of 158 at 3.5 um and an ER of 239 at 4.5 um. Therefore,
a dielectric material must be used to increase the ER and
maximize the performance of the polarizer. However, this
monolayer with the SiO, structure exhibited non-uniform T™M
transmitted light in the entire wavelength region. Therefore,
a bilayer structure was introduced to obtain a uniform trans-
mittance of the TM light. According to our previous simulation
results, the ER value increased as the thickness of the etched
SiO, post layer (thp,s) increased. However, due to difficulties in
the fabrication process with the high-aspect-ratio structure,
thy,os Was set to 350 nm, which is smaller than p. A uniform T™M
transmittance of over 90% in the entire wavelength region was
observed in the bilayer structure. This occurred because of the
F-P phenomenon caused by constructive or destructive inter-
ference, as the light reflected from the second grid was partially
re-reflected from the first grid. In the bilayer structure, the
amount of light reflected by the upper and lower grids
increased; therefore, the transmitted TE light significantly

\\»\\-ﬁ'

Fig. 4 Schematic of the (a) monolayer, (b) monolayer with SiO,, and
(c) bilayer structures used in the simulation, where the period of the
wire grid is 400 nm, width of the wire is 200 nm, and thicknesses of Au,
SiO,, and the SiO, post layer are 50, 650, and 350 nm, respectively.
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Fig. 5 Simulation results of (a) TM, (b) TE, and (c) ER characteristics
according to the structure.

decreased compared with that in the monolayer. Consequently,
TM transmittance increased, and TE transmittance decreased,
resulting in ERs of 1.2 x 10* at 3.5 um and 1.7 x 10* at 4.5 um in
the bilayer structure. Evidently, this improvement in the ER was
due to the increase of the light reflectance because of the
combination of the bilayer polarizer metal and the dielectric
material.

To better understand the influence of the bilayer, we inves-
tigate x- and z-components of the electric field intensity along
the z-direction of the structure at 3.5 um for the three types of
samples. As shown in Fig. 6 we observe the maximum accu-
mulated charges and the x-component electric field (|Ex(Z)|y—o)
around the upper metal and lower metal grating at the bilayer
structure. Also, the z-component electric field (|E,(Z)|,—o) can be
considered as the coupling between the upper metal and lower
metal grating, which is clearly shown in the E,(Z) distribution.
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Fig. 6 Simulation results of the near-field image according to the
structure.

The performance of the bilayer is further enhanced by a strong
coupling between the evanescent fields on the surfaces of the
bilayer's metal resulting in a high TM transmission.

In general, light energy can cause thermal fluctuations, so
this will affect the performance of the device in which the wire-
grid polarizer is used.” When the bilayer is used, the light
absorption increases, so the thermal fluctuation (at this time,
TM has a greater effect than TE) caused by this also acts as a very
important factor in the development of a device using a wire-
grid polarizer. Therefore, it is also very important to under-
stand the thermal properties of polarized light.

To experimentally verify the performance of the polarizer as
predicted through the simulation, we fabricated a polarizer with
two structures on a sapphire (Al,O;) substrate. The fabricated
structure was the same as the one performing optimally as
predicted through the simulation.

The transmittance measurement revealed no significant
change in the TM transmittance in the two structures. The TE
transmittance of the bilayer structure, however, exhibited
alower value than that of the monolayer structure. As illustrated
in Fig. 7a and b, at a wavelength of 3.5 pm, the transmittance
values of the TE light through the polarizer were approximately
0.91% and 0.23% for the monolayer and the bilayer, respec-
tively. Evidently, the bilayer structure transmitted weaker TE
waves than the monolayer structure because the laminated
metal of the bilayer polarizer reflected most of the light waves,
and consequently reduced the transmittance.” Comparing the
ER in terms of the structure, at 3.5 um, the ER of the monolayer
structure was 90, but the ER of the bilayer structure was 355,
which is 4 times that of the monolayer.

Theoretical (Fig. 5) and experimental (Fig. 7) characteristics
have qualitatively consistent trends but significantly different
quantitatively. For example, the theoretical ER in the bilayer
structure is 1.2 x 10* while the experimental ER in the bilayer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Experimental results of (a) TM, (b) TE, and (c) ER characteristics
according to the structure.

structure is 355 at a wavelength of 3.5 um. To confirm our
speculation, we have employed Computer Simulation Tech-
nology Microwave Studio packages. It was carried out on the
polarizer to investigate the effect of structure variation on its ER
behaviour. In reality, ER properties could depend not only on
the period of the wire grid, width of the wire, depth of the grid
and metal thickness but also depend on microstructural
features such as interface roughness, grain size and texture.
Even though it was impossible to incorporate these details in
our rather simplified modelling effort, we presume that the
predicted ER values may at least serve as the upper bound
values at each structure.

To maximize the polarizer performance, we fabricated an
etched SiO, post layer with a thickness of 350 nm through RIE.
In this case, a local non-uniform etched area occurs through

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM image of the surface of the bilayer wire-grid polarizer
before and during Ar ion milling.

long-term etching. This inevitably degraded the etched SiO,
post layer surface smoothness at the top as well as on the side.
Therefore, Au deposited on the etched SiO, post has poor
surface smoothness at the top and forms a sidewall, which
scatters the light and reduces its transmittance, deteriorating
the performance of the polarizer.”>* Therefore, we attempted
to improve the surface smoothness using the secondary etching
technique. To reduce the surface roughness and sidewall, Ar ion
milling was performed to etch the irregular shape of the metal.
Because the dependence of surface properties on the ER is
important for evaluating the performance of polarizers, the
effect of surface properties on the ER was also studied.

Fig. 8 displays the scanning electron microscopy (SEM)
image of the before-Ar-ion-milling surface with respect to the
Ar-ion-milling time. To verify the change of surface roughness
and sidewall, we conducted an experiment while increasing the
milling time in 90 s increments. After the first 90 s, compared
with those of the before-milling surface, the surface roughness
and sidewall of the after-milling surface improved notably.
However, the surface was still rough. An additional round of Ar
ion milling was performed for 270 s, which significantly
reduced the surface roughness and sidewall. However, the
surface roughness and sidewall at 360 s were not significantly
different from those at 270 s.

Fig. 9a—c illustrate the simulation results of the light trans-
mittance characteristics according to the surface roughness. As
depicted in Fig. 9a and b, as the surface roughness was reduced,
TM transmittance increased in the short-wavelength region.
Thereafter, no significant change, or rather a subtle decrease in
the long wavelength region, was observed. However, TE trans-
mittance first plummets and subsequently declines gradually.
The ER values at wavelengths of 3.5 and 4.5 pm obtained from
the simulation results are illustrated in Fig. 6c. As indicated in
the figure, the ER value increased as the surface became
smoother for both the wavelengths, and the value gradually
saturated as the roughness decreased further.

Fig. 9d-f depict the experimental results of transmittance
according to the ion milling time. As indicated in the simula-
tion result, with an increase in the milling time, TM

Nanoscale Adv., 2023, 5, 633-639 | 637
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Fig. 9 Simulation results of (a) TM, (b) TE, and (c) ER characteristics
according to surface roughness. Experimental results of the (d) TM, (e)
TE, and (f) ER characteristics according to the Ar ion milling time.

transmittance increased, and TE transmittance declined. We
confirmed that the surface roughness and sidewall decreased
with the milling time. The transmittance measurements
revealed that TM transmittance increased and TE transmittance
decreased due to reduced light scattering. Hence, the ER
increased. As depicted in Fig. 9f, the ER for the 360 s milled
sample was 1255, which was markedly larger than those (460
and 600) of the 0- and 90 s milled samples, respectively. These
results indicate that the Ar-ion-milled samples with enhanced
surface smoothness exhibited an improved ER compared with
the rough ones. Notably, the performance of the polarizer
remarkably increased for smoother surfaces.

In general, bilayer wire-grid polarizers show better perfor-
mance than monolayer polarizers, but the fabrication of bilayer
polarizers has disadvantages in that it is difficult to manufac-
ture because precise process control, complicated processes,
and expensive process equipment are required. However, we
were able to improve the performance of the bilayer wire-grid
polarizer very easily by devising a method to improve the
surface roughness using Ar ion milling to overcome the diffi-
culties of fabrication of bilayer wire-grid polarizers with such
high performance.

Conclusions

We theoretically and experimentally demonstrated a high-
performance wire-grid polarizer using a dielectric material,
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a bilayer structure, and enhanced surface smoothness. The
dielectric material absorbs the transmitted light and reduces
loss. The bilayer structure allows the light reflected from the
second grid to be partially re-reflected from the first grid,
resulting in the F-P phenomenon caused by constructive or
destructive interference. The enhanced surface smoothness
reduces light scattering and increases transmittance. The
material, structure, and smoothness increase the TM trans-
mittance and decrease the TE transmittance, thereby increasing
the ER and ultimately improving the performance of the wire-
grid polarizer. These results will help design a polarizer struc-
ture that will maximize the polarization efficiency and realize
a high-performance infrared polarized imaging system. The
proposed method can be seamlessly extended to the develop-
ment and optimization of optical, plasmonic, and polarization
imaging systems where the polarizer is the most important
component for achieving high-resolution and high-precision
images.
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