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This study focuses on the experimental and numerical investigations for the degradation characteristics of a
metasurface polarizer. The metasurface has a stacked complementary structure that exhibits a high extinction ratio of
the order of 10,000 in the near-infrared region. However, its performance has significantly degraded over time. To
clarify the origin of this degradation, the effects of surface roughness and metallic loss are investigated numerically.
The degradation is mainly attributed to increase in the loss. These numerical calculations also reveal that the extinction
ratio is enhanced by adjusting the thicknesses of the complementary structures to different values. This study paves a
way to realize a metasurface polarizer that has a low sensitivity to the time degradation and has a high extinction ratio.

Background

The control of light on the nanoscale has been inves-
tigated widely in nano-optics and nanophotonics. As a
result, different types of photonic nanostructures have
been proposed so far. For instance, the photonic crystal
(PhC) nano-cavities with ultra-high quality (Q) factors [1]
can confine light into a subwavelength region. Similar to
the PhC cavities, high Q factors are realized by micro-
disk [2, 3], spherical [4], and troidal [5] cavities. Those
cavities with high Q factors usually consist of transparent
dielectric materials. In contrast to those dielectric cavi-
ties, metallic cavities have low Q factors but can reduce
their entire cavity sizes. In particular, plasmonic sub-
wavelength cavities are important for controlling light on
an extremely small scale [6]. Although plasmonic cavi-
ties have low Q factors, they can squeeze light into a
deep subwavelength region [7]. This extremely confined
light is anticipated to be a key to merge photonics and
electronics [8].
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In addition to the abovementioned photonic nanos-
tructures, metasurfaces have been recently attracting a
considerable attention for designing highly functional and
ultra-thin optical devices. There are various types of meta-
surfaces that control refraction [9], reflection [10], pho-
toluminescence [11], fluorescence [12-14], waveplates
[15], and beam splitters [16]. Polarization state is one of
the fundamental and important properties of light that
can be controlled by metasurfaces [17-22]. Numerical
and experimental studies have shown that a metasur-
face polarizer with a stacked complementary structure
has a high extinction ratio of the order of 10,000 in the
near-infrared region [23-26]. The complementary struc-
tures have resonances at nearly the same wavelength due
to Babinet’s principle [27, 28]. When a complementary
structure is on resonance that exhibits a high transmit-
tance for a specific polarization, the other structure is
off resonance that exhibits a low reflectance for the same
polarization. As a result, the whole structure exhibits a
high transmittance. For the orthogonal polarization, the
role of the electric and magnetic fields exchanges, result-
ing in the high reflectance. Thus, the metasurface with
complementary structures exhibits a high extinction ratio.
However, there is a deep concern about the stability and
reliability of this high performance because the metasur-
face comprises silver, which degrades in the atmosphere.
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To circumvent this problem, an alternative approach is
to use gold as a plasmonic material but this diminishes
the performance of the polarizer due to increased metal-
lic loss. Therefore, for practical applications, the stability
and reliability of the metasurface polarizer should be
addressed.

In this study, we investigate the degradation charac-
teristics of the metasurface polarizer. We show that the
extinction ratio of the polarizer exhibits time degrada-
tion. As an origin of the degradation, we focus on the
effect of surface morphology on the high performance of
the polarizer. To describe the morphology, we introduce
two models. One describes surface roughness by a peri-
odic curve with a Gaussian white noise, while the other
describes the roughness by using randomly distributed
nanoparticles. We also investigated the effect of metallic
loss on the high performance. Throughout these numer-
ical calculations, we reveal a crucial factor that causes
the degradation and propose an optimized metasurface
polarizer with a high extinction ratio.

Methods/Experimental

The experimental setup for the high extinction ratio
measurement is schematically shown in Fig. 1. We used
an optical parametric oscillator (OPO) pumped by a
frequency-tripled Nd:YAG (yttrium iron garnet) laser
(Optolette 355, Opotek) as a light source. The pulse width
and repetition rate were 7 ns and 20 Hz, respectively.
The idler light from the OPO was focused on the sam-
ple by a lens and was linearly polarized by a Glan-laser
prism (GLP). The transmitted idler light was measured
by extended InGaAs photodetector (Edmund Optics). In
this optical system, the fluctuation of light intensity from
a single pulse causes a poor signal-to-noise (S/N) ratio.
Therefore, to remove the effect of this fluctuation, we
measured the mean transmittance of a single pulse. To
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monitor the light intensity of a single pulse, we inserted
a pair of beam samplers between the lens and the GLP. A
portion of the idler light was reflected at the second beam
sampler (BS2) and then reflected again at the reflective
neutral density (ND) filter, which adjusted the reflected
laser intensity not to damage a photodetector. The tuned
laser was incident on an extended InGaAs photodetec-
tor (Edmund Optics) through a pinhole, which blocked
unnecessary “ghost” light reflected at the back surface of
the BS2 (see the inset of Fig. 1). The first beam sampler
serves as a compensator of deviation of the optical path.

Using this setup, we evaluated the extinction ratio as
follows. The transmitted signal is calculated to be D; =
(1 — Rgs2) TGLp Tsamplel, where Rpsa, TGLp, Tsamples and 1
are the reflectance of the BS2, transmittance of the GLP,
transmittance of the sample, and the light intensity in
front of the BS2, respectively. The signal intensity of the
detector 2 is calculated to be Dy = RpspRNprl, where
Rnpr is the reflectance of the reflective ND filter. Note
that the light intensity is decreased sufficiently so that the
detected signal is proportional to the light intensity. Using
D; and D, we can calculate Tsample as

RpsoRnpr 1 Dy

— —. (1)
1—Rpsy Tgrp Do

TSample =
To evaluate Tsample, We also need to measure the
reflectance and transmittance of the optical elements,
such as the beam sampler. This is unnecessary because our
focus is on an extinction ratio, namely the ratio of trans-
mittance. By rotating the sample 90° and measuring the
transmittance by the same setup, we can simply obtain the
extinction ratio 1 as

H
_ TSample _ (DI/DZ)H

77 - L - L’
TSample (D1 / DZ)

(2)

Sample

5 :_—Trigger
( D2

~/=~<pH3

Fig. 1 A schematic of the experimental setup of the extinction ratio measurement. M mirror, PH pinhole, L lens, BS beam sampler, BD beam damper,
NDF neutral density filter, GLP Glan-laser prism, D detector
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where the superscripts H and L indicate the polarization
states that exhibit high and low transmittance, respec-
tively. In this paper, we measured the ratio D; /D, for the
orthogonal polarization states and evaluated the extinc-
tion ratio 7.

To confirm the validity of the measured data, we per-
formed numerical calculations based on the rigorous
coupled-wave analysis (RCWA) incorporated with the
scattering matrix method [29, 30] and an inverse Fourier
method [31]. The permittivities of Ag and silica were
obtained from [32] and [33], respectively. The number of
reciprocal lattice vectors used in the calculation was 2601.

To calculate transmittance of rough metallic structures,
we used a commercial software of COMSOL Multi-
physics, which is based on the finite element method. In
the previous study [34], the effects of the roughness on the
optical response are described by the increase in the imag-
inary part of the permittivity of metal. In this paper, in
addition to the increase in the metallic loss, we also con-
sidered the direct effects of structural changes followed by
the roughness on the transmittance. We dealt with these
two effects separately. When considering only the effects
of the structural changes, we applied bulk permittivity to
metallic structures with roughness. On the other hand,
when considering only the effects of the increased loss,
we applied the modified permittivity to metallic structures
without roughness. We set the relative tolerance of the
numerical calculations to be less than 1%.
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Results and Discussion

Figure 2a depicts the schematic of the three-layered meta-
surface polarizer. The first layer has a complementary
structure to the third layer (see Fig. 2b), with both lay-
ers comprising silver (Ag). The second layer and the
substrate comprise silica (SiO2). As shown in Fig. 1c,
the metasurface has an array of a rectangular hole (150
nm X 540 nm) pair and has a period of 900 nm in
the x and y directions. The thicknesses of the metal-
lic and dielectric layers are 45 and 200 nm, respectively
(see Fig. 2d). The sample was prepared by nanoim-
print lithography coupled with subsequent dry etching
techniques [35]. The details of the sample prepara-
tion are described in [26]. Figure 3 shows the scan-
ning electron microscope (SEM) images of the prepared
sample.

We used a spectrophotometer (V-7200, JASCO, Japan)
to measure the transmittance of the sample for the x and
y polarizations. Figure 4 shows the measured results. The
blue and green lines indicate the transmittance for the x
and y polarizations, respectively. The blue line that cor-
responds to the high transmittance is measured with a
high S/N ratio. However, the green line corresponding
to the low transmittance suffers from a low S/N ratio,
thus indicating that the polarizer has a high extinction
ratio. In particular, the green line has negative signals at
wavelengths longer than 1350 nm because the intensity of
transmitted light is under the spectrophotometer’s noise

Fig. 2 A schematic of the metasurface polarizer (a) that comprises three layers (b). The metasurface has an array of rectangular hole pair with a
period of 900 nm in the x and y directions (c). The thicknesses of the metallic and dielectric layers are 45 and 200 nm, respectively (d)
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Fig. 3 The SEM image of a the metasurface polarizer and b its magnified image

level. Hence, we used the optical system described in the
previous section to measure the high extinction ratio.

Figure 5a shows the measured transmittance spectra for
the x and y polarizations. The blue line that corresponds to
the high transmittance has a similar spectral profile as the
transmittance measured by the spectrophotometer. The
green line corresponding to the low transmittance has a
clear dip around the wavelength of 1625 nm, which was
not measured by the spectrophotometer. By dividing the
transmittance for the x polarization by that for the y polar-
ization, we evaluated the extinction ratio spectrum shown
in Fig. 5b. The extinction ratio spectrum has a peak value
exceeding 20,000 around the wavelength of 1640 nm.

To consider the validity of the measured data, we com-
pared the measured spectra to the numerical calcula-
tion results. As shown in Fig. 6a, the high transmittance
spectrum was consistent with the spectra measured by
the spectrophotometer. The low transmittance spectrum,
which is displayed in a logarithmic scale, has a clear dip
around the wavelength of 1640 nm. This feature agreed
well with that in the observed spectrum. The extinction

ratio spectrum shown in Fig. 6b has a peak of 15,000,
which is close to the observed value. Thus, the measured
transmittance and extinction ratio spectra were consis-
tent with the results of numerical calculation, indicating
that we had successfully observed the high extinction ratio
exceeding 20,000.

Following the experimental demonstration of the meta-
surface with the high extinction ratio, we focus on the
the stability to time degradation because the metasur-
face comprise Ag, which is subject to degradation in the
atmosphere. Figure 7 shows the time degradation of the
extinction ratio. The red, green, and blue lines are the
extinction ratio spectra observed after 6, 7, and 9 days
after metal deposition, respectively. The red line has a
peak value exceeding 20,000. After a single day of the red
line measurement, the extinction ratio degraded but still
had a peak value exceeding 10,000. However, two days
after the measurement of the green line, the extinction
ratio significantly degraded and had a peak value of 500.
The blue line has a broadened line width, indicating that
an increase in loss would be involved in this degradation.
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Fig. 4 Transmittance spectra measured by the spectrophotometer. The blue and green lines are the spectra for the x and y polarizations, respectively
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Fig. 5 a Transmittance spectra for the x (blue) and y (green) polarizations measured by the setup shown in Fig. 1. b The extinction ratio spectrum of

Thus, the extinction ratio exhibited a drastic degradation
and the performance degraded one order of magnitude.
We also found the blue-shifted peaks of the extinction
ratio spectra following the degradation. A study of crucial
factor involving degrading the performance is described.
The degradation proceeded rapidly, and the line widths
of the extinction spectra broadened, indicating that some
structural changes would be involved in this degradation
process. Therefore, we investigate the manner in which
the surface morphology of the metallic nanostructure
affects the performance of the polarizer. To describe the
morphology, we introduce two models. One describes the
surface by a periodic curve with a Gaussian white noise
and the other by randomly distributed nanoparticles.
First, we investigate the model using the periodic curve.
Figure 8a depicts the modeled surface. We introduced
the roughness only in the bottom metallic layer to save

CPU time and memory resources. Due to the rough sur-
face, the effective thickness of the metallic layer varies.
Hence, we varied the thickness of the bottom layer indi-
cated by the green arrow in Fig. 8b. Figure 9a, b shows the
transmittance and extinction ratio spectra of this struc-
ture, respectively. Even in the presence of the roughness,
the metasurface polarizer has high extinction ratios of
the order of 10,000, indicating that roughness does not
significantly degrade the performance. The numerical cal-
culations have also shown the red-shifted spectra of the
extinction ratio with the decrease in the thickness. This
red-shift is elucidated by the spectral features of transmit-
tance shown in Fig. 9a. The high transmittance has greatly
low sensitivity in relation to the variation in the metal
thickness, while the low transmittance has the red-shifted
dip position with the decrease in the thickness. The peak
position of the extinction ratio depends on the dip of the
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low transmittance, resulting in the red-shift. The red-shift
that appeared in the calculation does not agree with the
experimentally observed feature of the blue-shift.

Second, we investigate the model by the nanoparticles.
Figure 10a depicts the modeled surface, where nanopar-
ticles with radii of 15, 20, and 25 nm are distributed
randomly on the surface of the bottom metallic structure,
as shown in Fig. 10b. We placed the hemisphere-shaped
nanoparticles on the surface in accordance with uniformly
distributed random numbers. Under the random distribu-
tion, some of the particles have slight spatial overlap and
the mesh size between the particles becomes extremely
memory-consuming. In this case, to save the memory,
we manually shifted one of the particles and lowered the
mesh size. We set the thickness of the bottom struc-
ture to be 40 nm. Figure 11a, b shows the transmittance
and extinction ratio spectra of this structure, respectively.
Similar to the first model, the extinction ratio spectrum

has a peak value of the order of 10,000, and does not signif-
icantly degrade. The red-shifted peak has also appeared in
the presence of the nanoparticles. These features are also
the same as those observed in the first model, but they do
not agree with the experimental result of the degradation
characteristics and the blue-shift.

At this stage, we have numerically shown that the
variation in surface morphology does not significantly
degrade the performance of the metasurface polarizer.
This robustness of the morphology is attributed to Babi-
net’s principle. Babinet’s principle does not refer to the
surface morphology but it refers to the screens of the
complementary structures. The high-performance polar-
izer based on this principle is not strongly affected by
the morphology because the screens are invariant even
in the presence of the surface roughness, resulting in the
robustness to the morphology. Therefore, as an origin of
the degradation, we need to consider another effect of the
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surface morphology. Here, we focus on the metallic loss
related to the morphology. With the increase in the sur-
face roughness, the imaginary part of Ag increases due to
the surface scattering and grain boundary effects [36, 37].
This increase in the loss is explained by the damping con-
stant of Drude model described as y = pne?/m., where p,
n, e, and mi, are respectively the electrical resistivity, elec-
tron density, electron charge, and effective electron mass.
The resistivity consists of two terms. One is bulk resistiv-
ity and the other is surface one. The surface resistivity ps
is inversely proportional to the lateral correlational length
£, namely, ps oc £ [38]. With the increase in roughness,
the lateral correlation length £ decreases, thus resulting
in the higher surface resistivity and metallic loss. This
physical mechanism was not included in the calculation
because a periodic boundary condition was used and a
rough periodic structure was assumed. We consider the

effects of this increase in metallic loss on the extinction
ratio and modify the permittivity of Ag as follows:

€ag = Re (eAg) + C xIm (eAg) i, (3)

where €, is the permittivity of Ag obtained from [32], C
is a constant representing the increase in the metallic loss,
and i denotes an imaginary unit. Note that the real part of
the permittivity must be modified following the increase
in the imaginary part because the real and imaginary parts
are connected by the Kramers—Kronig relationship. In
this study, we modified only the imaginary part to have
a qualitative discussion. Using this modified permittivity,
we calculate the extinction ratio spectrum. This result is
shown in Fig. 12, in which the constant C is varied from
1 to 5. The extinction ratio drastically decreases with an
increase in the metallic loss. In addition, the peak position
of the spectrum exhibited the blue-shifted feature with the

in the calculation

Fig. 8 a Roughed surface modeled using a periodic curve with a Gaussian white noise. b The base thickness indicated by the green arrow is varied
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increase in the loss. These features of the drastic degrada-
tion and the blue-shift agree well with the experimentally
observed features. The origin of this blue-shift is eluci-
dated as follows. The dip value of the low transmittance
becomes increasingly shallow with the increase in the

metallic loss. As a result, the contribution from the peak
value of the high transmittance to the extinction ratio
increases. The peak position has a strong insensitivity
to the metallic loss and is at the shorter wavelength
than the dip position, resulting in the blue-shift

Fig. 10 a The top view and b bird’s eye view of the rough surface modeled using randomly distributed nanoparticles
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of the extinction spectrum. Thus, we have found that the
increase in the imaginary part is a crucial factor responsi-
ble for the degradation.

We propose that the extinction ratio is enhanced by
varying the thicknesses of the complementary metallic
layers. The peak position of the high transmittance is
located at a shorter wavelength than the dip position of
the low transmittance. To enhance the extinction ratio,
these peak and dip positions should be close to each other.
According to Babinet’s principle, the peak and dip must be
at the same wavelength. However, the principle assumes
that complementary structures comprise a perfect elec-
tric conductor with an infinitely thin thickness, which
is difficult to validate in the optical region even under
approximation. As a result, the complementary structures
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have different resonance wavelengths. To adjust the wave-
lengths, we consider the characteristics of the eigenmodes
responsible for the resonances. Figure 13a, b shows the
electric and magnetic field distribution patterns at the
peak and dip positions of the transmittance shown in
Fig. 6, respectively. These field distributions are depicted
in the z — x plane at y = 0 under the incident light inten-
sity of 1 W. The eigenmode of the high transmittance has
a characteristic of an electric dipole in the top metallic
structure, while that of the low transmittance has a char-
acteristic of magnetic loop in the bottom structure. The
resonance wavelength for the high transmittance is deter-
mined by the width of the air hole in the z — x plane. This
is a fixed parameter and impossible to adjust. On the other
hand, the resonance wavelength for the low transmittance
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is determined by the cross section of the bottom struc-
ture in the z — x plane. This is adjustable by varying the
metal thickness. These adjustments are consistent with
the thickness dependence of the transmittance that the
peak position of the high transmittance has a low sensi-
tivity to the thickness of the bottom metallic layer while
the dip position of the low transmittance has a high sen-
sitivity. Based on this analysis, we adjust the wavelength
as follows. With the increase in the thickness, the cross
section increases and the resonance wavelength of the low
transmittance shifts to shorter wavelengths. As a result,
the peak and dip positions become close and the extinc-
tion ratio is enhanced. To confirm this, we calculate the
dependence of transmittance and extinction ratio spectra
on the thickness. In this calculation, we fixed the thickness
of the top metallic layer to be 45 nm. Figure 14a shows
the transmittance spectra for the x and y polarizations.
With the increase in the thickness, the dip position of the
low transmittance shifts to shorter wavelengths and the
dip becomes deeper. On the other hand, the peak position
of the high transmittance is not strongly affected by vary-
ing the thickness even though the peak value decreases by
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~ 5%. Figure 14b shows the extinction ratio spectra. When
the thickness is 35 or 40 nm, the dip of the low transmit-
tance becomes shallower than that of 45 nm, resulting in
the lower extinction ratio. When the thickness is 50 or
55 nm, there is almost no enhancement. This is because
the enhancement by the adjustment of the peak and dip
positions is canceled out by the decrease in the peak value
of the high transmittance. When the thickness is 60 or
65 nm, there is a clear enhancement in the extinction
ratio. This is due to the combination of the deeper dip
value and the enhancement by the position adjustment.
As we have numerically shown, further enhancement of
the extinction ratio can be realized by adjusting the thick-
nesses of the complementary metallic structures. Such
varying thicknesses could be realized by repeating metal
deposition. First, metal deposition with a thickness of a
is conducted on a patterned substrate. Then, by wiping
with a clean cloth, only the top metallic layer is removed
from the surface of the substrate with metal thickness of
a. Subsequently, metal deposition with a thickness of b is
conducted on the sample. As a result, the thicknesses of
the top and bottom layers become b and a+b, respectively.
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Conclusions

We have investigated the degradation characteristics of
the high-performance metasurface polarizer. The pre-
pared metasurface exhibited a high extinction ratio of
the order of 10,000. We noted that the high perfor-
mance has degraded gradually. To clarify the origin of
this degradation, we have investigated the effects of
surface morphology on the extinction ratio. Two mod-
els were presented to describe the surface morphol-
ogy. One models a rough surface by a combination
of a periodic curve and a Gaussian white noise, while
the other models the surface by randomly distributed
nanoparticles. Both models indicated that the high per-
formance did not degrade by the surface roughness. This
is because the high extinction ratio is governed by Babi-
net’s principle, resulting in the robustness of the sur-
face morphology. We have also investigated the relation
between the extinction ratio and the increase in metal-
lic loss because of the surface roughness, which showed
drastic degradation of the extinction ratio. The spec-
tral feature of the blue-shift was also reproduced by
the numerical calculation, indicating that the degrada-
tion is due to the increase in the metallic loss. From
this result, we find that the metal deposition should be
conducted to reduce the scattering and grain bound-
ary losses that are related to the roughness. Through-
out the numerical calculation, we have found that the
low transmittance has a high sensitivity to the sur-
face morphology, while the high transmittance does not
have the high sensitivity. By utilizing these findings,
we proposed that the extinction ratio can be enhanced
by varying the thicknesses of the metallic layers. This
study paves a way for the development of a metasur-
face with a high performance and stability toward time
degradation.
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