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Despite the polarimetric detection in the infrared wavelengths of 8-10 um being of great importance and broad
applications, there has been limited addressing of the grating-based polarizers in this band. One of the main issues
lies in the process incompatibility between the conventional nanofabrication technique and the II-VI materi-
als such as HgCdTe, so that the direct integration of polarizers with sensors still remains a big challenge. This
paper reports our recent work on optimizing the grating structures, materials, and nanofabrication processes for
enhancing both the transmittance and the extinction ratio of polarizers on Si and/or ZnSe wafers, using numerical
simulations for the grating design and electron beam lithography for the nanoscale pattern generation. By utiliz-
ing the finite-difference time-domain method, both the transmittance and the extinction ratio are maximized by
optimizing the grating geometric dimensions and the duty cycle for two different grating materials of Al and Au
for comparison. Based on the designed structures, nanofabrications of sub-wavelength gratings in both Al and Au
are carried out, and the processes are compared for achieving high polarization performance. Optical characteriza-
tions of the fabricated polarizers demonstrate that both high transmittance and extinction ratio can be achieved in

feasible parameters and the nano-process developed in this work. ©2020 Optical Society of America

https://doi.org/10.1364/A0.378636

1. INTRODUCTION

Sub-wavelength gratings in metals are characterized as prom-
ising polarizers for polarimetric detection in both visible and
infrared wavelengths [1-6], being able to enhance the distinc-
tion of physical and chemical characteristics such as materials,
roughness, and textures between the target and the background.
Arising from the attractive characteristics of miniaturized
dimensions, high integrity, large incident window, and high
damage threshold, gratings-based polarizers are drawing grow-
ing efforts for applications in infrared polarization detectors
[7]. Using the high-accuracy registration technique in electron
beam lithography (EBL) [8], Au-gratings-based polarizers have
been successfully integrated onto InP/InGaAs detectors [9]
for detection in 1.0-1.6 um. However, during the process,
the baking temperature of the EBL resists must be kept below
90°C to avoid the instability of the bump-bonded indium
pillars as the interconnection, significantly limiting processing
freedom. Furthermore, the complicity of the optical property
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in InP/InGaAs confuses the local surface plasmonic modes in
metallic gratings, causing an extinction ratio of only 18:1, which
is over 50:1 once fabricated on a bare InP wafer. To avoid the
incompatibility between the Si-based process and the III-V
compounded detectors, gratings-based polarizers are fabricated
on conventional substrates such as quartz wafers for visible
wavelengths [10] and Si or ZnSe for infrared wavelengths. In
this way, polarizers can be manufactured in high volume at
low cost with limited restraints on the processing conditions.
The drawback lies in the energy loss in coupling the polariz-
ers to the detectors, which requires high performance of the
polarization characteristics to compensate for the loss. Zhang
et al. reported a process for Al grating polarizers on quartz for
visible wavelengths based on lithographical patterning followed
by plasma etch [10]. Although the extinction ratio of 75:1
has been achieved, the plasma etch to form the Al grating can
induce damage to the substrate. On the other hand, despite the
demands for polarimetric detections in 8-10 pm (e.g., laid and
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flush-buried mine detection [11], plant growth monitoring
in agriculture [12], and infrared photoconductive and photo-
voltaic detectors [13,14]), the polarizers in this region have been
rarely addressed to the best of our knowledge.

In this work, an optimization study of the grating structure
and the process for 8-10 pm polarizers have been conducted,
aiming to achieve an overall insight into its optical perform-
ance governed by the grating materials as well as the geometric
structures. Using the finite-difference time-domain (FDTD)
method, systematic simulations are first carried out in designing
the sub-wavelength gratings. Two different grating materials,
such as Al and Au, and two different substrate materials, such
as Si and ZnSe, respectively, are compared for achieving high
transmittance with high extinction ratio. The effects of the
grating profiles, the pitch and the height on the polarization, are
then theoretically studied to maximize the optical performance.
Guided by the simulation results, electron beam lithography
is carried out with a lift-off process to form the metallic grat-
ings. Optical characterizations prove the developed polarizer
is of magnificent performance for applications in polarimetric
detection.

2. DESIGN OF THE METALLIC GRATINGS

Figure 1 schematically illustrates the shape of the metallic grat-
ings on the same substrate. In this work, Si and ZnSe, both of
which are transparent in the infrared wavelengths, are used
as the substrate. The design parameters are listed in Table 1,
in which two different materials for the gratings, Al and Au,
are compared. All the gratings have a rectangular shape of the
cross section as schematically shown in Fig. 1(a). The aim of
the theoretical study is to maximize both the transmittance and
the extinction ratio of the metallic gratings in 8—10 pum by opti-
mizing the parameters, based on solving the Maxwell equations
using the FDTD simulation software supplied by Lumerical
Lid.

(a) (b)

thickness

v width

Fig. 1.  Schematic for the metallic gratings being modeled in
this work. Two different cross-sectional shapes of (a) rectangle and
(b) parabola, two different materials for the gratings, aluminum (Al)
and gold (Au), and two different substrate materials, Si and ZnSe, are
compared, respectively.

Table 1. Simulated Parameters

Wave band 8-10 um
Material Al, Au
Substrate Si, ZnSe
Thickness 100 nm
Period 400 nm
Duty cycle 0.5
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In the FDTD simulation, the Palik model is applied for the
metals of Au and Al; the periodic boundary condition is applied
in the x direction, and the perfect matching layer condition
is in the y direction [15]. The grating pitch is important to
ensure the sufficiently high extinction ratio. However, if it is too
short, the success yield in nanofabrication of gratings will drop
rapidly. Under the sub-wavelength condition with the ease in
nanofabricaiton, the pitch 0of 400 nm was adopted in this work.

Figure 2 presents the simulated transmittance [Fig. 2(a)] and
the extinction ratio [Fig. 2(b)] of the gratings in both Al and
Au. No matter whether Al or Au is used as the grating material,
the gratings on the ZnSe give rise to much higher transmit-
tance than those on Si. The main reason is that ZnSe has much
higher transmittance than Si in the wavelength region of inter-
est [Fig. 2(c)], and the thickness of both substrate materials is
500 um. Therefore, ZnSe is selected as the polarizer substrate.

With ZnSe as the substrate, the kinds of the metals have great
impacts on the extinction ratio. Figure 2(b) shows that the Al
grating has much higher extinction ratio than Au grating under
the assumption that the grating profile is rectangle. However,
the fabricated Al gratings have a parabolic profile, as illustrated
in Fig. 1(b), instead of rectangular one, so the extinction ratio is
considerably reduced [16]. On the other hand, the cross-section
profiles of the fabricated Au gratings are often relatively closer
to the rectangular shape [9], resulting in an extinction ratio
comparable to that of the Al grating with a rectangular shape.
Therefore, in the selection of Al or Au as the grating material, the
real structural shapes, as discussed above, need to be considered
in the performance optimization.

Numerical simulations for Al gratings with rectangular and
parabolic profiles, respectively, are carried out and presented
in Figs. 2(d) and 2(c). The comparisons between the results
show that the transmittances through the Al gratings with the
rectangular and the parabolic shapes are not quite distinct, as
both values are beyond 70%. However, the extinction ratio of
the Al gratings with a rectangular cross section is much higher
than that with a parabolic shape.

Furthermore, the polarization characteristics governed by
the grating geometric structure are also studied by the FDTD
method, which is applied for the Au gratings on the ZnSe
substrate. Figure 3 presents both the transmittance and the
extinction ratio in the 2D width-thickness planes of the grat-
ing with the pitch fixed to be 400 nm, with the grating-width
changing from 160 to 240 nm (duty cycle 0.4-0.6) and the
grating-thickness from 50 to 150 nm. Figures 3(a)-3(b) are for
the wavelength of 8 tm and Figs. 3(c)-3(d) for 10 um. Such 3D
curves provide us with a clear overview of both the transmittance
and the extinction ratio controlled by the grating geometric
dimensions. The optimized zones satisfying the requirements
for both the transmittance (>70%) and the extinction ratio
(>50:1) can be easily figured out in the width-thickness
planes as shown in Fig. 3. These zones guide us in adopting the
optimized grating width and grating thickness. Based on the fea-
sibility of the nano-process, the duty cycle of 0.5 and the grating
thickness of 100 nm are well in the optimized areas, and these
are adopted in the nanofabrication of sub-wavelength gratings
in this work.
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Fig. 2.

Theoretical comparisons of the (a) transmittance and (b) extinction ratio of Al and Au gratings on Si and ZnSe substrates, respectively.

(c) Comparison of the transmission through the bare substrates of Si and ZnSe. Comparisons of the (d) TM transmittance and (e) extinction ratio of

Al gratings with rectangular and parabolic shapes on the ZnSe substrate.

3. OPTIMIZATION OF THE NANO-PROCESS

Since both Si and ZnSe are transparent in the infrared wave-
lengths in 1-14 pm, the sub-wavelength gratings as polarizers
are fabricated on the two substrates for comparison.

A. Al and Au Gratings on Si Substrate

In this work, a bilayer of 380 nm PMMA-MAA (EL 11)/170 nm
PMMA (MW950K) was applied to fabricate the Al gratings on
Si. As comparison, a single layer of 450 nm PMMA (MW350K)
was also spin-coated to fabricate the Au gratings. To ensure full
glass transition of the resists, all the coated resists were baked in
an oven for 1 h at 180°C. E-beam exposure was carried out by
a state-of-the-art beamwriter, JEOL JBX6300, with a beam of
10 nm at 100 keV as the acceleration tension. After exposure,
the resist was developed in the mixture of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) (1:3) for 60 s at 23°C and thor-
oughly rinsed in IPA for 30 s. Careful dose tests for optimizing

the best profiles in the resists were conducted before the polariz-
ers were fabricated. Both the 100 nm Al and Au were deposited
by the thermal evaporation. The unwanted metals were finally
removed by stripping off the resists in the lift-off process in
acetone. Figures 4(a)—4(b) present the fabricated gratings in
Al and Au on silicon with the nominal thickness of 100 nm.
The Al grating lines are more like a parabolic shape, while the
Au grating ones are more square-like, which is in accordance
with paper [16], showing that the shape fabricated by the lift-off
process after the thermal evaporation is parabolic, caused by the
trench closure.

B. Au Gratings on ZnSe Substrate

Again, the state-of-the-art EBL was carried out on a single layer
of 450 nm PMMA (MW350K) spin-coated on a ZnSe wafer,
which was baked in an oven for 1 h at 180°C. To avoid the
charging effect, a 60 nm conducting e-spacer layer, supplied
by Allresist Ltd., was spin-coated on the top of the PMMA
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The simulated extinction ratios in the width-thickness plane at (b) A = 8 pmand (d) A = 10 pm, respectively. In all the simulations, the cross-section

shape of the grating is assumed to be rectangular.

Fig.4. Micrographs by scanning electron microscope (SEM) for the fabricated Al gratings in the sectional view (a) with 250 nm line width and Au
gratings in the tiltangle of 45° and (b) with 200 nm line width on Si substrates.
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on Si.

and baked on a hot plate at 90°C for 2 min. After the e-beam
exposure as described above, the e-spacer was first removed by
rinsing in deionized water for 2 min before the routine devel-
oping process. It was found in our work that the adoption of
an e-spacer was definitely necessary despite the weak conduc-
tion of the ZnSe substrate. Figure 5 shows the fabricated Au
gratings on ZnSe with the nominal thickness of 100 nm. The
fabricated sub-wavelength gratings were then subjected to the
optical characterizations for further study of their polarimetric
behaviors.

4. OPTICAL CHARACTERIZATIONS

A. Comparison of the Polarization Characteristics
Between Al and Au Gratings on Si

Optical characterization was carried out in standard thermo
infrared spectrum testing equipment in the long infrared wave-
length band (8—10 pum). As shown in Fig. 6, the transmittance of

Al gratings is higher than that of Au gratings, but the extinction
ratio is the opposite, which is contrary to the simulation results
as given above. This is because the cross-section structure of
the fabricated Al gratings is parabolic, as shown in Fig. 4(a),
while the simulated results were based on the model with the
rectangular shape of the Al lines. This explains the distinction
between the simulated and the measured results. However,
the measured extinction ratios of the sub-wavelength gratings
with both Al and Au metals are generally much smaller than
the numerically simulated ones as presented in Fig. 2(b). This
is because the structural difference between the real grating and
the modelled one in the simulation can cause significant reduc-
tion of the ratio. Clear defects in the fabricated gratings can be
seen in Fig. 5, which should be responsible for the major loss of
the ratio in practice. Nevertheless, it is clear that the parabolic
shape of the sub-wavelength grating enhances the transmittance
and the rectangular one is beneficial to the extinction ratio [16].
To ensure high transmittance as well as high extinction ratio,
Au gratings should be more favorable than Al in developing
gratings-based polarizers, considering that the cross-sectional
shape of the fabricated Au gratings is more square-like.

Furthermore, the measurement results also indicate that the
extinction ratios of the gratings for both Al and Au are not sat-
isfactorily high when Si is used as the substrate. ZnSe substrate,
with higher transmittance than Si, should be employed.

B. Polarization Performance of the Au Gratings on
ZnSe

Optical characterizations were then carried out on the fabricated
Au gratings on the ZnSe substrate. Figure 7 shows the measured
transmittances and extinction ratios for the gratings with line
widths of 180 nm [Fig. 7(a)] and 200 nm [Fig. 7(b)], respec-
tively. It can be seen that the extinction ratios are significantly
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Fig. 7.

Optically measured polarization properties of Au gratings with (a) 180 nm and (b) 200 nm line widths. (c) Polarization behavior of the

transmitted light for the linear incident light at 9 ptm. The open dots are the measured data, and the dashed line is the fitting line for eye guidance only.
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enhanced by 1 order of the magnitude for the line width increas-
ing from 180 up to 200 nm in correspondence to the duty cycle
being increased from 0.45 to 0.5, while the transmittances are
also as high as over 70%. Therefore, the duty cycle should be
another important factor in optimizing the extinction ratio. It
reaches its maximum when the duty cycle is fixed at 0.5. Such
a significant polarization performance also originates from the
ZnSe substrate being used as well as the rectangler shape of the
Au lines as shown by the scanning electron microscope (SEM)
photo in Fig. 5(b).

Figure 7(c) shows the polarization property of the fabricated
Au grating with 180 nm width by measuring the transmittance
(the open dots) changing with the azimuth angle of the incident
light through the gratings at 9 um. The dashed line is the fitting
curve as a guide to the eye. The maximum polarization trans-
mittance of our gratings is 72.3%, and the minimum is 0.69%,
giving rise to the extinction ratio of 105:1, which can be further
enhanced by using either the grating width of 200 nm (duty
cycle 0.5) or 150 nm thickness.

5. CONCLUSIONS

The optimization study of the grating materials, the grat-
ing geometric parameters, and the substrate materials for
sub-wavelength mertallic gratings-based polarizers has been
systematically carried out using the FDTD method in this
work. The optimum grating parameters, such as the width
and the thickness with a fixed pitch, have been determined for
maximized polarimetric performance. Although Al gratings
demonstrate higher transmittance and higher extinction ratio
than when Au is used from the simulated results, the parabolic
shape of the grating after nanofabrication deteriorates the
polarimetric performance. Instead, Au is finally adopted for the
polarizers on ZnSe, which gives rise to satisfactory performance
as far as both the transmittance and the extinction ratio con-
cerned. The optimization method proposed in this work should
be generally applicable for other light bands for the development

of commercial gratings-based polarizers asa whole.
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