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Highly Sensitive and Cost-Effective Polymeric-Sulfur-Based
Mid-Wavelength Infrared Linear Polarizers with Tailored

Fabry—Pérot Resonance

Woongbi Cho, Jehwan Hwang, Sang Yeon Lee, Jaeseo Park, Nara Han, Chi Hwan Lee,

Sang-Woo Kang, Augustine Urbas, Jun Oh Kim, Zahyun Ku,* and Jeong Jae Wie*

Inverse-vulcanized polymeric sulfur has received considerable attention for appli-
cation in waste-based infrared (IR) polarizers with high polarization sensitivi-
ties, owing to its high transmittance in the IR region and thermal processability.
However, there have been few reports on highly sensitive polymeric sulfur-based
polarizers by replication of pre-simulated dimensions to achieve a high trans-
mission of the transverse magnetic field (T1y) and extinction ratio (ER). Herein,
a 400-nanometer-pitch mid-wavelength infrared bilayer linear polarizer with
self-aligned metal gratings is introduced on polymeric sulfur gratings integrated
with a spacer layer (SM-polarizer). The dimensions of the SM-polarizer can be
closely replicated using pre-simulated dimensions via a systematic investigation
of thermal nanoimprinting conditions. Spacer thickness is tailored from 40 to
5100 nm by adjusting the concentration of polymeric sulfur solution during spin-
coating. A tailored spacer thickness can maximize Ty, in the broadband MWIR
region by satisfying Fabry—Pérot resonance. The SM-polarizer yields Try; of 0.65,
0.59, and 0.43 and ER of 3.12 X 103, 5.19 x 103, and 5.81 x 10° at 4 um for spacer
thicknesses of 90, 338, and 572 nm, respectively. This demonstration of a highly
sensitive and cost-effective SM-polarizer opens up exciting avenues for infrared
polarimetric imaging and for applications in polarization manipulation.

1. Introduction

Since the first report on inverse vul-
canization of elemental sulfur in 2013,
polymeric sulfur has received consider-
able attention in various fields, including
thermal imaging,>™ energy storage
applications,[*® and triboelectric nano-
generators.”!% As elemental sulfur is a
by-product of petroleum-refining pro-
cesses that generate a vast annual surplus
of 7 million tons, low-cost mass produc-
tion of polymeric sulfur is feasible." Fur-
thermore, polymeric sulfur is recyclable,
owing to its dynamic covalent disulfide
bonds.*2l In particular, the elemental-
sulfur-based backbone of polymeric sulfur
exhibits a high intrinsic transmittance in
the infrared (IR) region, unlike organic
carbon-based polymers.*>12l These advan-
tages make polymeric sulfur a promising
alternative to brittle, heavy, and expensive
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such as Ge, KBr, KRS-5, GaAs, ZnSe, ZnS, BaF,, and CaF,,
which are commonly used for mid-wavelength infrared
(MWIR) optics.> Moreover, the aforementioned conven-
tional inorganics require an expensive process—interference
lithography—to fabricate highly sensitive IR polarizers for
high-end applications.>"] However, polymeric sulfur has tem-
perature-dependent rheological properties that enable thermal
processability; therefore, it can be used for the cost-effective
thermal fabrication (i.e., thermal nanoimprinting) to prepare
IR polarizers.[’81]

For a high-quality polarimetric image, polarization sensi-
tivity is crucial for distinguishing the object from complex
natural backgrounds by obtaining additional information such
as shading and surface morphologies.?*-?°! For highly sensitive
polarizers, both a high transmission of the transverse mag-
netic field (Tty) and a high extinction ratio (ER) are required
in the broadband wavelength region to achieve high polariza-
tion sensitivity. The ER represents the separation performance
from unpolarized to polarized light, obtained by dividing the
Ty by the transmission of the transverse electric field (Trg).
An ideal polarizer would have an infinite ER, because it would
completely penetrate the transverse magnetic field (TM) and
block the transverse electric field (TE);?% thus, an ideal polar-
izer could provide the desired additional information with high
contrast. Recently, polymeric sulfur has been used to prepare
MWIR linear polarizers via a 2-step process involving thermal
nanoimprinting lithography (NIL) and metal deposition.?223 To
achieve a bilayer wire-grid polarizer structure, 1D nano-gratings
were integrated with a spacer layer based on polymeric sulfur
via thermal NIL, and metal deposition was subsequently used
to achieve self-aligned metallic wire-grid gratings. However,
these two reports have only fabricated polarizers with pitches
larger than 700 nm that cannot maximize ER and have limi-
tations with high-quality replicating the pre-simulated target
dimensions that assure the high polarizer sensitivity, due to the
insufficiently investigated thermal NIL process. Furthermore,
these each previous studies investigated the spacer thickness
that satisfied the Fabry—Pérot (F-P) resonance in broadband IR
region only via numerical simulation.

For a fixed grating width and a duty cycle (width/pitch ratio),
the ER of polarizer with bilayer 1D grating structure can be
enhanced by reducing the wire-grid pitch because the ability to
block the TE is increased.?>?”28 Therefore, a smaller pitch is
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required to achieve highly enhanced polarization sensitivity.?’]
However, the difficulties of high-quality replicating the smaller
pitch design exponentially grow by thermal NIL, due to a drasti-
cally increased surface tension originating from the enhanced
surface-area-to-volume (SA/V) ratio.?%3 Furthermore, the
high melt viscosity of polymeric sulfur can prevent complete
filling of the nano-structured mold. To achieve a high-quality
replication of simulated 3D geometries, the transition from the
unfilled Cassie—Baxter state to the fully filled Wenzel state must
be achieved by regulating thermal NIL conditions, including
compression pressure, processing temperature, and time.[3%33l
When thermal NIL conditions are unsuitable to overcome high
surface tension and melt viscosity, a less-filled intermediate
state is obtained, which imparts round-shaped upper gratings
to polymeric sulfur-based 1D nano-gratings. When the metal
layer is deposited on the round-shaped polymeric sulfur grat-
ings, it resulted in the connection of upper metal layer with
lower metal layer. This connection can physically block inci-
dent light from entering the polymeric sulfur spacer layer and
thereby decrease Try. Hence, a systematic investigation of
thermal NIL conditions is required to achieve high-fidelity poly-
meric sulfur-based 1D nano-gratings.

In particular, optimization of spacer layer thickness is
required to achieve boosted Tty in broadband IR region in
polarizer with bilayer 1D grating structure. When light enters
an F-P interferometer (spacer in polarizer with bilayer 1D
grating) comprised of uniformly spaced parallel semi-trans-
parent reflectors, it undergoes multiple reflections and inter-
ferences.?¥ Constructive interference occurs when the phase
of these numerous reflected lights matches, and this condition
demonstrates F—P resonance that maximizes the Ty of polar-
izer. This phase of reflected light is highly related to the dis-
tance between two parallel semi-transparent reflectors in the
F-P interferometer. An optimal spacer thickness is required to
satisfy F-P resonance in broadband IR region to achieve highly
sensitive IR polarizer.13’)

In this study, we demonstrate the high-quality replication of
pre-simulated dimensions in a waste-based MWIR wire-grid
linear polarizer (SM-polarizer) with a pitch of =400 nm. The
SM-polarizer has a bilayer structure constructed on a Si sub-
strate and is composed of a self-aligned bilayer-Au-based wire-
grid above the high-fidelity 1D nano-gratings integrated with a
spacer layer based on polymeric sulfur. Before the fabrication
of the SM-polarizer, a numerical simulation was performed
to guide the effective dimensions of an SM-polarizer with a
400 nm pitch, including grating width, grating height, Au thick-
ness, and spacer thickness. A pitch of 400 nm is significantly
smaller than previous reports, making thermal NIL more dif-
ficult. To overcome this processing difficulty, we systematically
investigated thermal NIL conditions, including temperature,
pressure, and time in order to determine the optimal condition
for high-fidelity nanofabrication of the pre-simulated design
for the SM-polarizer. Thermal NIL conditions can be further
fine-tuned by considering the correlation of time and pressure
as explained by Stefan’s squeeze flow equation and thermal
behavior of polymeric sulfur including glass transition and
thermal degradation. Importantly, wide range control of spacer
thickness in SM-polarizer is conducted by adjusting the con-
centration of the polymeric sulfur solution during spin-coating

© 2022 Wiley-VCH GmbH

85U8017 SUOWIWOD BA 181D 3ol [dde a3 Aq pauenob ae sappile VO ‘8sN JO Sa|n. 10} Al TauIUQ A3 UO (SUONIPUOD-pUe-SWB) L0 A | 1M Alelq 1 joulUo//Sdny) SUORIPUOD pue swie | 8y} 88S *[zz02/2T/0z] uo Ariqiauluo A8 |im ‘Evehese som) AiseAluN anpind Aq 2/£602202 eWPe/Z00T OT/I0p/W0d" A3 1M Aelq 1jpul|uo//sdny Wwoj papeojumod ‘0 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

process at a fixed spin-speed, to identify the optimal spacer
thickness which satisfies the F-P resonance for broadband IR
region. Finally, we employed Fourier transform infrared spec-
troscopy (FT-IR) measurements and simulations to investigate
the optical performance of the SM-polarizer, including Ty,
Trg, and ER. This study provides guidelines for upcycling poly-
meric sulfur to high-optical-performance waste-based MWIR
linear polarizers via high-fidelity 1D nano-grating structures
and effective F-P cavity resonance in thickness-controlled
spacers.

2. Results and Discussion

2.1. Numerical Analysis to Optimize the Structural Parameters
of the SM-Polarizer

To effectively guide the design of an SM-polarizer with high
polarization sensitivity, we numerically simulated and theoreti-
cally analyzed its optical properties based on the geometrical
parameters. The proposed structure comprises a self-aligned
bilayer metallic grating (upper and lower Au gratings), spacer
layer (used as the optical cavity), and Si substrate (Figure Sla,
Supporting Information). The geometrical parameters of the
SM-polarizer include the pitch (p), width of upper grating
(w), width of lower grating (p-w), spacer thickness (t;), grating
height (t,), and Au thickness (t,). The duty cycle (r) is defined
as the ratio of the width of the upper Au grating (w) to the pitch
(p)- In the simulation, the transverse electromagnetic (TEM)
plane wave was normally incident in the z-direction. The trans-
verse magnetic (TM) and transverse electric (TE) modes are
defined as the polarization states in which the electric field
direction is perpendicular (x-direction) and parallel (y-direction)
to the Au gratings, respectively. To understand the mechanism
of the optical cavity in the SM-polarizer structure, we per-
formed a theoretical analysis based on a multiple-layer model,
as shown in Figure S1b (Supporting Information). When the
distance between the lower Au gratings/spacer layer and the
spacer layer/Si substrate satisfied the quarter-wavelength
optical thickness, the transmission of TM was maximized
because of the constructive interference between the incident
and reflected light. The peak resonance was observed when
the half-wavelength distance between the Si substrate and the
lower Au gratings corresponded to the F-P mode. The F-P
cavity satisfied the round-trip phase condition (}), as expressed
in Equation (1) 126:36]

Y=0(tn)+9 (rs)—28=2mm,|m|=0,1,2 1

where ¢(r,;) and ¢(r,3) are the reflection phases at the lower Au
gratings/spacer layer interface and spacer layer/Si substrate
interface, respectively, obtained from numerical simulations
using CST Microwave Studio;®” = ngy,cer X k X tq is the propa-
gating phase in the cavity, where ng,,cer, k, and t4 are the refrac-
tive index of the spacer layer, the wave vector, and the spacer
thickness, respectively; and m is an integer denoting the order
of the F-P resonance. The refractive indices of the substrate and
spacer layer were the averages of ng; = 3.4 and ngy,cer = 1.7, respec-
tively. The imaginary part of the refractive index (extinction
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coefficient: k) of the spacer layer was neglected, owing to the
very low absorption coefficients. Drude model was used for Au
permittivity, which is given by &x, = 1 - @,Y@(® + i@,), with the
plasma frequency @, = 1.38 x 10'® Hz and collision frequency
@, = 5.71 x 10® Hz.*¥

Figure 1 shows the simulated TM transmission (Tty), TE
transmission (Ttg), and extinction ratio (ER) for spacer thick-
ness, grating height, and duty cycle in the SM-polarizer at
a pitch of 400 nm and Au thickness of 100 nm. As shown
in Figure 1a, the Tpy spectra of the SM-polarizer are plotted
as a function of the wavelength and spacer thickness (t4)
for w = 0.2 um and t, = 0.2 pum. When the spacer thickness
increases from 0.05 to 6 um, the higher-order resonance peaks
appear with ten resonance modes (white dashed lines) corre-
sponding to ten peak wavelengths, which is consistent with the
calculations obtained using Equation (1). The T (Figure 1b)
also exhibits a resonance peak as the spacer thickness increases,
and the ER (Figure 1c) fluctuates between 10* and 5x10° at a
wavelength of 4 pm. To examine the influence of the grating
height on the polarization sensitivity of the SM-polarizer, Ty,
Trg, and ER were analyzed as the grating height increased from
120 to 400 nm at w = 0.2 um and t4 = 0.2 um, as shown in
Figure 1d—f. High Tyy (>0.8) was achieved for grating heights
above 200 nm over the entire MWIR range of 3-5 pm. When
the grating height was increased to 400 nm, Ty extended
to the wavelength range of 2.1-9.5 um. The Tpg spectra were
almost independent of the increase in grating height from 120
and 400 nm, as shown in Figure le.

Thus, the ER (Figure 1f) remained constant in the mid-wave-
length range regardless of the change in the grating height.
The aspect ratio (grating height/width of upper grating) of the
grating structure also increased, which made fabrication via
thermal NIL more difficult, owing to the reduced bending stift-
ness, which is proportional to the third power of the grating
height.’% Figure 1g-i shows the Ty, Trp, and ER spectra of
the SM-polarizer, plotted as a function of the wavelength and
duty cycle for ty = 0.2 um and £, = 0.2 pum. When the duty
cycle was between 0.5 and 0.65, the Ty (Figure 1g) was higher
than 0.8, whereas Tr;; (Figure 1h) was lower than 10> over the
entire MWIR range. By contrast, the Ty decreased as the duty
cycle approached 0 or 1. The Ty was less than 10~ for duty
cycles between 0.5 and 0.65 in the MWIR range, and the ER
(Figure 1i) was determined to be more than 8.6 x 10*%. Figure 1j-1
shows the Ty and ERs for different spacer thicknesses, grating
heights, and duty cycles at a wavelength of 4 um (center wave-
length in the MWIR band), respectively. Both Ty, and ER at
4 um were dominated by strong oscillations caused by the
typical F-P resonance, depending on the spacer thickness
(Figure 1j). The peak wavelengths of Tty appeared at spacer
thicknesses of 0.2, 1.4, 2.6, 3.8, and 5 um, corresponding to the
round-trip propagation phases () of 0, =27, —4x, —67, and 87,
respectively. The Ty increased monotonically with the grating
height, whereas the ER varied between 1.5-2.1 x 10° (Figure 1k).
Above a grating height of 200 nm, the Tty was larger than 0.95.
The Ty initially increased and then decreased after achieving
a maximum value of 0.97 (r = 0.6), as r increased from 0.05 to
0.95 (Figure 1I). When the duty cycle was between 0.5 and 0.7,
the Ty and ER exceeded 0.95 and 1.5x10° at a wavelength of
4 um, respectively. The grating height and duty cycle were set
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to 200 nm and 0.5, respectively, to accommodate performance
variations caused by fabrication imperfections. Other geometric
parameters affecting the polarization sensitivity of the SM-
polarizer include the pitch, Au thickness, and refractive index
of the spacer layer. As the pitch of the grating decreased, the
Ty and Trg increased and decreased, respectively, resulting
in a higher ER (Figure S2, Supporting Information). When the
pitch decreased to 400 nm, the Ty exceeded 0.95 at a wave-
length of 4 um and the ER exceeded 1.5 x 10°. At an Au thick-
ness less than 100 nm, the ER was less than 8 x 10%, although
the Tty exceeded 0.95 at the wavelength of 4 um (Figure S3,
Supporting Information). When the Au thickness exceeded
100 nm, the Tty decreased rapidly while the ER increased
above 1.5 x 10°, owing to the bilayer grating covered with the Au
film. The pitch and Au thicknesses were set to 400 and 100 nm,
respectively, which had polarization sensitivities of Ty > 0.95
and ER > 10°. Finally, the refractive index of the spacer layer
used as the optical cavity was investigated (Figure S4, Sup-
porting Information). The Try spectra of the SM-polarizer
were analyzed in the refractive index range of the spacer layer
from 1 to 3.3 at p = 400 nm, w = 200 nm, ty = 200 nm, and
tay = 100 nm. A spacer thickness that satisfied the F-P reso-
nance condition of y= 0 was applied to each refractive index of
each spacer. To achieve a Tty above 0.95, the refractive index of
the spacer must be in the range of 1-1.7 (e.g., KBr, SiO,, MgF,).
The sulfur polymer used in this study was found to be a suit-
able infrared material in this range.

2.2. Preparation of the SM-Polarizer

To achieve a highly polarization-sensitive SM-polarizer, the ele-
mental sulfur (S) content in the poly(S-r-DIB) [poly(elemental
sulfur-random-1,3-diisopropenyl  benzene)], which affects
refractive index (n), was determined by considering the effec-
tive Ngpacer from the simulation results as well as process-
ability. As mentioned previously, the simulation revealed
that the optimal ngy.e, to achieve a Ty above 0.95 was in
the range of 1.0-1.7, indicating that the sulfur content during
the synthesis of the poly(S-r-DIB) must satisfy the refractive
index of 1.0-1.7. Previous reports have also established that
the refractive index of the poly(S--DIB) strongly depends on
the elemental sulfur content and that the poly(S-r-DIB) has a
refractive index higher than 1.7 from 633 to 1554 nm for sulfur
content greater than 50 wt.%.5! The poly(S--DIB) with sulfur
content less than =50 wt.% can be prepared using carbon-
based organic solvents such as 1,2-dichlorobenzene (DCB),
enabling the use of facile polymer processing approaches such
as spin-coating, dip-coating, painting, and roll-to-roll coating.
Therefore, for the formulation of polymeric sulfur, we used
40 wt.% of elemental sulfur and 60 wt.% of DIB (poly(S.-
r-DIBg)), to ensure satisfactory optical performance and
processability.

For the synthesis of poly(S,-r-DIBg), elemental sulfur was
melted at 185 °C, which is higher than its floor temperature of
159 °C. DIB was added to the molten sulfur, and polymeriza-
tion was conducted at 185 °C for 8 min (Figure 2a). The orange-
colored molten sulfur liquid transformed into dark-red-colored
poly(S4o-r-DIBgg) during polymerization (Figure S5, Supporting
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Information). According to the differential scanning calorim-
etry (DSC) thermogram of the 2nd heating cycle, poly(S-
r-DIBg) had a glass transition temperature of (T,) of 27 °C,
without any melting peak, for 8 min of polymerization
(Figure S6, Supporting Information). The poly(S4-7-DIBg)
was quenched by liquid nitrogen to grind into a fine powder,
and the poly(S4--DIBg) powder was dissolved in the DCB
at 160 °C for 10 min with concentrations ranging from 0.20
to 1.85 g mL™ (Figure S7, Supporting Information). The
poly(S4o-r-DIBgy)/DCB solution was spin-coated on a Si wafer,
followed by vacuum baking at 160 °C for 20 min to eliminate
the residual DCB solvent in the poly(S--DIBgg) thin film.
The vacuum baking was performed to effectively remove the
residual DCB at a temperature lower than the boiling tempera-
ture of DCB (180 °C) to prevent bubbling defects resulting from
rapid boiling (Figure 2b(i)). The thickness of the spin-coated
poly(S4--DIBg) films on the Si wafer could be controlled from
134 to 5370 nm by adjusting the concentrations of the poly(S,o-
r-DIBgy)/DCB solution from 0.20 to 1.85 g mL™ at a fixed spin
speed (Figure S8a-b, Supporting Information). Furthermore,
the thickness of spin-coated poly(Sy-r-DIBgy) film can also
be controlled by adjusting the spin-speed (Figure S9a-b, Sup-
porting Information). During spin coating, when the spin-
speed was changed from 2000 to 8500 rpm while the con-
centration of the poly(S,-r-DIB4y)/DCB solution was fixed at
0.4 g mL\, the thickness of spin-coated poly(S,-r-DIBg) was
reduced from 436 to 363 nm and almost saturated. Hence, a
variation in concentration of poly(S4-r-DIBgy)/DCB solution
provided a wider range of the thickness control for poly(S4-
r-DIBg) film in comparison with the spin-speed variation
during spin-coating. Hence, we mainly controlled the concen-
tration of poly(S4-r-DIBgg) solution with fixed 8500 rpm of spin-
speed to achieve a wide range of spacer thickness variation.
The refractive index of poly(S4-r-DIBgg) was also defined as a
function of wavelength and compared to refractive indices of
previously reported the poly(S-r-DIB)s with different sulfur con-
tents (50-80 wt.%, 10 wt.% interval) (Figure S10a-b, Supporting
Information). The spin-coated poly(S,-r-DIBgy)s prepared by
using different concentration of poly(Sy-r-DIBg)/DCB solu-
tion show negligible deviation of refractive index among sam-
ples originating from its polydisperse molecular weight. The
refractive index at fixed wavelength of poly(S,-r-DIBg) is well
matched with rule of mixtures depending on the sulfur weight
percent in poly(S-r-DIB).

After the spin-coating process for the thickness-controlled
spacer, 1D nano-gratings integrated with spacer layer based
on the poly(S4-7-DIBgg) (poly(S4--DIBgy) 1D nano-gratings)
were fabricated via the thermal NIL process (Figure 2b(ii);
Figure S11, Supporting Information). We prepared a thermally
stable thermal NIL stamp with high fidelity 1D nano-gratings
by replica-molding the Si master mold using UV-curable Ormo-
Stamp.[*! To support the Ormostamp layer, a poly(ethylene tere-
phthalate) (PET) film was adapted as a rigid substrate for the
thermal NIL stamp. A poly(dimethylsiloxane) (PDMS) layer was
employed to apply uniform pressure during the thermal NIL
process. After the thermal NIL, the imprinted poly(So-r-DIBg)
was cooled below the T, (27 °C) of poly(S4-r-DIB4) to pro-
duce the poly(S4-r-DIBgy) 1D nano-gratings. A structural color
sequence can be reflected from the periodic nano-structures
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Figure 2. a) Schematic illustration of the synthesis of poly(S4-r-DIBgg). b) Schematic illustration of the preparation of the SM-polarizer. i) Preparation
of thickness-controlled spin-coated poly(S4-r-DIBgg) on a Si wafer. The thickness of the spin-coated poly(S4-r-DIBgg) is controlled by using different
concentrations of the poly(S-r-DIBg) /DCB solution. ii) Preparation methods of the thermal NIL stamp. A PET film is employed as a superstrate of
the thermal NIL stamp to support Ormostamp layer. i) Thermal NIL and Au deposition on the thickness-controlled poly(S4-r-DIBgg) film to prepare
the SM-polarizer. A PDMS layer is used to apply uniform pressure over the entire area of the poly(S4-r-DIBgg) film during thermal NIL.

of the poly(S4-r-DIBgy) 1D nano-gratings. The fabrication of  information on the materials and preparation methods are

the SM-polarizer was completed after deposition of Au on the  provided in the Experimental section and the Supporting
poly(S4-r-DIBgy) 1D nano-gratings (Figure 2b(iii)). Additional Information.
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2.3. Spacer-Thickness-Tailored SM-Polarizer with High-Fidelity
1D Nano-Gratings

2.3.1. Investigation of Thermal NIL Conditions for Constructing
High-Quality Poly(S5-r-DIBg) 1D Nano-Gratings

To fabricate a highly polarization-sensitive SM-polarizer, a
high-quality thermal NIL stamp must be prepared prior to
conducting thermal NIL. During preparation of thermal NIL
stamp, the Ormotamp precursor is dropped onto the Si master
mold and pressed with PET film to fill the nano-cavity of the
master mold. If the trapped air in nano-cavity of master mold is
not completely removed during filling of the Ormostamp pre-
cursor, the resulted thermal NIL stamp has rounded upper grat-
ings after UV curing. In this instance, low-quality thermal NIL
stamps can result wherein the Ormostamp precursor has insuf-
ficiently filled the cavity of the master mold during preparation
of thermal NIL stamp (Figure S12a, Supporting information).
There are four possible geometries of the thermally imprinted
1D nano-gratings (Figure 3a). Figure 3a(iii) depicts the pos-
sible geometries of the thermally imprinted 1D nano-gratings
prepared using a low-quality thermal NIL stamp. Round-shape
lower gratings in the poly(S4-r-DIBgy) 1D nano-gratings were
generated owing to the round-shape upper gratings in the low-
quality thermal NIL stamps, regardless of the suitability of the
thermal NIL conditions (Figure S12b, Supporting Information).
Therefore, the high-quality thermal NIL stamp was required in
advance to prevent round-shape lower gratings in the poly(S4-
r-DIBgg) 1D nano-gratings.

While using a high-quality thermal NIL stamp, the quality
of the resulting 1D nano-gratings highly depends on the suit-
ability of the thermal NIL conditions. Hence, investigation of
thermal NIL conditions including imprinting pressure, temper-
ature, and time are required for overcoming the energy barrier
of the Cassie-Baxter state, originating from the high surface
tension and viscosity of poly(S4-r-DIBgg). At the beginning of
the thermal NIL, the poly(S4-r-DIBg) film was in the unfilled
Cassie—Baxter state. Ideally, the final result from the thermal
NIL process is the fully filled Wenzel state. When the energy
barrier cannot be overcome because of the unsuitable thermal
NIL conditions, the polymeric sulfur cannot fill the cavity of
the thermal NIL stamp, resulting in an incompletely filled
upper gratings, called the intermediate state (Figure 3af(iii);
Figure S12c, Supporting Information). When the Au deposi-
tion is conducted onto low-fidelity poly(Sy-r-DIBg) 1D nano-
gratings with round-shape upper gratings, the resulting upper
Au layer has the same round-shape (Figure S13a, Supporting
Information). The round-shape of upper Au layer reduces the
gap between upper and lower Au layers which deteriorates
the ER due to reduced Try. According to simulation results,
it is clear that the low-fidelity of the poly(S,y-r-DIBg) 1D nano-
gratings adversely affects the Tpy, Trg and ER of the SM-
polarizer (Figure S13b-d, Supporting Information). As the
edge radius increases (i.e., SM-polarizer with low fidelity 1D
nano-gratings), the Tty decreases rapidly compared to the SM-
polarizer with high-fidelity 1D nano-gratings. For this reason, to
avoid the intermediate state and achieve the Wenzel state, the
energy barrier of the Cassie-Baxter state can be significantly
reduced by applying higher thermal NIL temperatures, which
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can simultaneously reduce the surface tension and viscosity.
Imprinting time is an important processing parameter in the
thermal NIL of polymeric materials, because of time-dependent
viscoelasticity of the poly(S4-r-DIBgg) film on Si wafer. There-
fore, to achieve high-fidelity poly(S4y-r-DIBgo) 1D nano-gratings,
a high-quality thermal NIL stamp and suitable conditions are
both required to induce a complete Cassie—Baxter-to-Wenzel
transition (Figure 3a(iv) and Figure 3b).

Before a systematic investigation of the thermal NIL condi-
tions, the Ormostamp/PET thermal NIL stamp was prepared as
a high-quality replica of the master mold with the 1D nano-grat-
ings (Figure S14, Supporting Information). The first imprinting
was performed under a fixed imprinting temperature of 80 °C,
corresponding to ~T, + 50° where typically shows rubbery pla-
teau. The imprinting time was systematically adjusted to 60,
90, and 120 min at a fixed imprint pressure of 15 kgf cm™. At
80 °C, under 15 kgf cm™ of pressure, 120 min of imprinting
time was required to obtain high-fidelity poly(S,-r-DIBgy) 1D
nano-gratings, which is excessively long for practical applica-
tions (Figure 3c(i)). Therefore, a temperature higher than 80 °C
was deemed necessary to reduce the activation energy of the
Cassie—Baxter-to-Wenzel transition and lower the imprinting
time. To identify the appropriate temperature range, the degra-
dation behavior of poly(S,-r-DIBgg) was measured by thermal
gravimetric analysis (TGA, Figure S15, Supporting Informa-
tion). The poly(S4-r-DIB4) exhibited an onset decomposition
temperature (Tysyo) of 195 °C under an air atmosphere with
a heating rate of 20 °C min~'. An isothermal test was also con-
ducted under air to investigate the time-dependent thermal
degradation behavior of poly(S,y-r-DIBgg) below the Ty sy o At
110 °C, the weight loss of poly(S4-r-DIBg,) was found to be less
than 0.3 wt.% over 15 min of the isothermal test. The thermal
NIL was conducted at 110 °C by systematically increasing the
imprinting pressure to 10, 15, and 20 kgf cm™2 over 10 min
(Figure 3c(ii)). Above 15 kgf cm™ at 110 °C, a high-fidelity
poly(S4-r-DIBg) 1D nano-grating was successfully obtained
with a significantly shorter imprinting time of 10 min com-
pared to the 120 min required at 80 °C and an imprinting pres-
sure of 15 kgf cm™2.

To further enhance processing efficiency, an additional
precise control of thermal NIL conditions was performed.
The imprinting time was adjusted from 10 to 5 min, and the
imprinting pressure was elevated from 15 to 30 kgf cm™ to
compensate for the reduced imprinting time and prevent less-
filled results with low fidelity, according to Stefan’s squeeze-
flow equation (Equation 2).1*!

1 :i_’_ Zpt
nty hi o ()

where h(t), hy, p, 7, w, and t are the grating height, initial thick-
ness, applied pressure, viscosity, grating width, and thermal
imprinting time, respectively. The thermal NIL temperature was
also adjusted from 110 to 100 °C, considering the thermome-
chanical properties of the PET layer in the thermal NIL stamp
to prevent undesirable defects resulting from thermal deforma-
tion of the thermal NIL stamp. From the maximum tan & of
the dynamic mechanical analysis (DMA) temperature sweep
test, the glass transition temperature of the PET superstrate
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(a)

Low fidelity High fidelity
Gold layer (iii) (iv)
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Figure 3. a) Schematic illustrations of SM-polarizers with four possible geometries. Low fidelity: i) rounded upper and rounded lower gratings,
i) flat upper and rounded lower gratings, and iii) rounded upper and flat lower gratings. High fidelity: iv) flat upper and flat lower gratings. The red
line indicates the gap between the upper and lower gratings. b) Schematic illustration of the formative principle of the high-fidelity poly(S4o-r-DIBgo)
1D nano-gratings during thermal NIL. c) SEM images of poly(S4-r-DIBgo) 1D nano-gratings fabricated using i) Three different thermal NIL times at a
fixed pressure of 15 kgf cm™2 and temperature of 80 °C and ii) Three different NIL pressures (10, 15, and 20 kgf cm~2) at a fixed temperature of 110 °C
and imprinting time of 10 min. iii) High- and low-magnitude SEM images of poly(S4-r-DIBgg) 1D nano-gratings fabricated under the final thermal NIL
conditions—a pressure of 30 kgf cm~2, a temperature of 100 °C, and an imprinting time of 5 min.

was determined to be 116 °C (Figure S16, Supporting Informa-  second-order transition. The storage modulus (E’) of the

tion), which is close to the immediately preceding imprinting ~ PET, which exhibits resistance to external deformation, was
temperature of 110 °C, because the glass transition is a broad  determined to be 1995.6 and 1491.5 MPa at 100 and 110 °C,
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respectively, indicating that a process temperature of 100 °C
better ensures the thermomechanical durability of the thermal
NIL stamps than 110 °C. Furthermore, the thermal decompo-
sition and denaturalization of poly(S4-7-DIBg,) were prevented
by simultaneously reducing the time and temperature. Finally,
high-fidelity poly(S4-r-DIBgy) 1D nano-gratings were achieved
over an area of 1 X 1 cm? by applying thermal NIL conditions
of 30 kgf cm™ at 100 °C for 5 min, as demonstrated by cross-
sectional and tilted SEM images (Figure 3c(iii)).

For the SM-polarizer, the Au deposition was con-
ducted immediately after the thermal NIL process on the
poly(S4--DIBg) 1D nano-gratings at 30 kgf cm™ and 100 °C
for 5 min. The Au layers, located on the upper and lower

www.advmat.de

gratings of poly(S4-r-DIBgy) 1D nano-gratings, were separated
without physical connection owing to the nearly right-angled
nano-gratings, as evident from the SEM images (Figure 4a).
Furthermore, the SM-polarizer reflected incident white light to
an angle-dependent structural color sequence, indicating the
successful application of the uniform periodic 1D nano-gratings
to the preparation of the SM-polarizer. The RGB values from
the digital images of the structural color reflection at various
set angles were converted to XYZ values and plotted in the CIE
1931 space (Figure S17, Supporting Information). In addition to
the high-quality imprinting of the 1D nano-grating, a suitable
spacer thickness is important for achieving high polarization
sensitivity. According to the simulation results in Figure 1a, the

(b)

(i) 0.20 g mL 0.40 g mL""

0.80 g mL"!

Scale bars: 0.5 ym
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Figure 4. a) SEM images of the SM-polarizer. i) Cross-sectional view. The yellow regions indicate the Au-deposited layer. ii) Tilted view. iii) Top-down
view. (w: Width of upper grating, t,: Grating height, p: Pitch, and ta,: Thickness of the Au layer). b) Cross-sectional SEM images of i) the SM-polarizer
fabricated by using different concentrations of the poly(S4-r-DIBgo) /DCB solution. The orange-colored regions in the SEM images indicate the spacer
layer of the SM-polarizer. ii) Spacer thickness of the SM-polarizer is plotted as a function of applied the concentration of the poly(Ss-r-DIBgg)/DCB
solution during preparation.
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Oth F-P order provided a high Ty in the broadband MWIR
region, suggesting that the spacer thickness of the SM-polarizer
should be tailored to ensure the Oth F-P order for a high polari-
zation sensitivity. To tailor the spacer thickness of the SM-polar-
izer, we increased the concentration of the poly(S4y-r-DIBgg)/
DCB solution from 0.20 to 1.85 g mL™! for the spin-coating
process. Cross-sectional SEM images indicated an increase in
spacer thickness according to increase in applied concentration
of the poly(S,o-r-DIBg4y)/DCB solution (Figure 4b(i); Figure S18,
Supporting Information). The spacer thickness of the SM-
polarizer increased from 40 nm at 0.20 g mL™! to 5100 nm at
1.85 g mL™! (Figure 4b(ii)). Thus, the desired control of F-P

(a) 3 4 5 6 7 8 3 4 5

www.advmat.de

resonance were achieved in the SM-polarizer by tailoring the
spacer thickness via facile conventional spin-coating.

2.4. Spacer-Thickness-Dependent Polarization Performance of
the SM-Polarizer

To determine the polarization sensitivity of the designed SM-
polarizer structure based on simulations and theoretical cal-
culations, we measured the Ty and Tpp for the fabricated
SM-polarizers using a Fourier transform infrared (FI-IR)
spectrometer. Figure 5a shows the measured Ty spectra of

(b) Simulated Ty
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Figure 5. a) FT-IR-measured TM-transmission spectra of SM-polarizer with controlled spacer thickness, fabricated using different concentrations of the
poly(S4o-r-DIBgg) /DCB solution. b) Simulated Ty color maps for different thicknesses of spacer layer in the SM-polarizer with p = 0.4 um, w=0.2 um,
t,=0.2 um, and ta, = 0.1 um. The symbols indicate the peak wavelengths of the measured Try data corresponding to the F-P cavity resonance mode.
¢) Simulated and measured Tt and ER of the SM-polarizer as functions of the spacer thickness at 4 um wavelength. The dashed lines and symbols

indicate the simulation and measurement results, respectively.
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the SM-polarizers (p = 400 nm, w = 200 nm, ty = 200 nm, and
ta, = 100 nm) with different spacer thicknesses (measured
Trg spectra can be found in Figure S19, Supporting Informa-
tion). As the spacer thickness increased from 40 to 827 nm,
only the Oth F-P resonance occurred, and the peak wavelength
red-shifted from 4.31 to 748 um. At spacer thicknesses above
827 nm, higher-order resonances appeared in sequence. For
spacer thicknesses of 40, 90, 179, 211, 338, 572, and 827 nm,
peak wavelengths (maximum Try;) were observed at 4.31 (0.61),
435 (0.65), 4.88 (0.64), 5.08 (0.63), 5.61 (0.59), 6.58 (0.43), and
748 (0.37) um, respectively. Notably, the transmission of the Si
substrate without an anti-reflective coating was 0.54. Figure 5b
shows the simulated Ty of the SM-polarizer structure as func-
tions of the spacer thickness and wavelength. The symbols
indicate the measured peak wavelengths; the black-, red-, blue-,
magenta-, olive-, and violet-colored symbols correspond to the
round-trip propagation phases of 0z (m = 0), -2z (m = 1), -4«
(m=2),-6m (m=3), -8z (m=4) and —107 (m = 5), respectively,
which satisfy the F-P resonance conditions. The experimental
results (Figure 5a) and numerical simulation (Figure 5b) for
the peak wavelengths of the SM-polarizer with various spacer
thicknesses were consistent. Figure 5c shows the simulated and
measured Tty and ER of the SM-polarizer for different spacer
thicknesses, tq. Owing to the mismatch of the Tty and Trg
spectra (Figure 1a), ER was shifted by 200 nm with respect to
the Ty, whereas the spacer thickness increased. The optimal
spacer thickness was 200 nm according to the numerical anal-
ysis, yielding the highest Ty and correspondingly high ER at
the wavelength of 4 um. By contrast, the optimal spacer thick-
ness for a high ER was 400 nm. The measurement results
showed that the Ty and ER for t4 = 179 nm were 0.60 and 4070,
respectively. The SM-polarizer with a spacer thickness of 90 and
572 nm exhibited the highest Ty of 0.65 with ER of 3121, and
the highest ER of 5810 with a Ty of 0.43, respectively, among
the prepared real samples at 4 um wavelength. At a spacer
thickness of 338 nm, both high Tty and ER of 0.59 and 5190
were obtained at the same 4 pm. Thus, a high Tty and ER can
be obtained for an SM-polarizer by controlling the spacer thick-
ness, tg, between 90-572 nm. Finally, we summarize the geo-
metric parameters and their corresponding Tty and ER of the
SM-polarizers (spacer thickness: 90, 338, and 572 nm), and pre-
viously reported polymeric sulfur-based polarizers in Table S1
(Supporting Information).

3. Conclusion

In this study, we developed a polymeric-sulfur-based MWIR
linear polarizer (SM-polarizer), composed of self-aligned Au
gratings (upper and lower) on polymeric sulfur-based 1D grat-
ings with spacer layer and an Si substrate. The solution- and
thermal-based processabilities of the poly(S4-r-DIBg), respec-
tively, provided controllability of spacer thickness and appli-
cability of thermal NIL, which is a relatively facile and cheap
process compared with optics-based lithography. During fab-
rication, the nanoscale spacer thickness was first controlled
as a function of the concentration of the poly(S-r-DIBgg)/
DCB solution in a low-cost spin-coating process. Approxi-
mately right-angled 1D nano-gratings with controlled spacer
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thicknesses were fabricated using a systematically tailored
thermal NIL process, during which the pressure, temperature,
and time were varied, considering the quality of the imprinting
results, economic feasibility of the process, and thermal deg-
radation of polymeric sulfur. The preparation of high-fidelity
poly(S4-r-DIBgo) 1D gratings is important for a highly polari-
zation-sensitive SM-polarizer by ensuring physical separa-
tion of each self-aligned Au layer after the Au deposition. The
SM-polarizer yielded a Tpy of 0.65, 0.59, and 0.43 and an ER
of 3.12 x 103, 5.19 x 103, and 5.81 x 10% at 4 um for spacer thick-
nesses of 90, 338, and 572 nm based on FT-IR measurements.
These values are superior to those of commercial polarizers
based on semiconductors and chalcogenides such as BaF,,
ZnSe, and KRS-5, which typically have an ER of 0.15 x 10% and
a Ty of approximately 0.50-0.65 (Source: Edmund Optics). In
particular, the maximum ER (5.81 x 10%) at 4 um of our SM-
polarizer was 19.1 times higher than that of previously reported
polymeric sulfur-based polarizer (0.30 x 10° of ER). This
research can facilitate the application of polymeric sulfur for
cost-effective fabrication of waste-based MWIR polarizers with
high polarization sensitivities.

4. Experimental Section

Materials: Elemental sulfur (Ss, reagent-grade sublimed powder,
Sigma—Aldrich),  1,3-diisopropenylbenzene  (DIB,  97%, TCl),
1,2-dichlorobenzene  (DCB, anhydrous, 99%,  Sigma-Aldrich),
trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (97%, Sigma-Aldrich),
OrmoStamp (Micro Resist Technology GmbH/Microchem Corp.), and
a poly(dimethylsiloxane) (PDMS, Sylgard 184, DOW Corning) precursor
and crosslinking agent were purchased and used as received.

Synthesis of the Poly(Sy-r-DIBgg): The elemental sulfur powder (4.0 g)
was added to a glass vial with a magnetic stir bar and placed in an oil
bath at 185 °C. When elemental sulfur formed a clear orange molten
phase, DIB (6.0 g) was injected into it, and the mixture was stirred
at 185 °C for 8 min until the formation of deep-red-colored polymeric
melt. The poly(S4-r-DIBg) was then further reacted in a vacuum oven at
170 °C for 10 min, cooled to room temperature (25 °C), powdered, and
stored in a vacuum chamber.

Preparation of the Poly(Ss-r-DIBgy)-Coated Si Wafer: The poly(Sso-
r-DIBgo) powder was dissolved in DCB with vigorous magnetic stirring
until the formation of a homogeneous deep-red colored solution at
160 °C for 10 min. The poly(S4-r-DIBgo) /DCB solution was then cooled
to room temperature (25 °C) and spin-coated (APT Automation GmbH,
Spin150i) on a plasma-cleaned double-sided polishing (DSP) silicon (Si)
wafer in ambient air. The coating speed was set to 2000 rpm for 15 s
with an acceleration rate of 266 rpm s™' and at 8500 rpm for 15 s with an
acceleration rate of 665 rpm s™. The residual solvent of the spin-coated
poly(S4-r-DIBgy) was removed via thermal annealing at 170 °C and
normal pressure for 10 min, followed by additional annealing at 170 °C
for 10 min under vacuum.

Preparation of the Thermal NIL Stamp: A Si master mold with 1D
nano-gratings was patterned using electron beam lithography, followed
by conventional reactive-ion etching processes. The Si master mold
had a 1D nano-gratings structure with a pitch, width, and height of 400,
200, and 200 nm, respectively. The Si master molds were coated with
anti-sticking layers of trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane
for 3 h in a vacuum desiccator. To replicate the nanopattern of the Si
master mold, a UV-curable OrmoStamp was dropped onto a Si mater
mold with patterned regions. The master mold with the resin was
then covered with a plasma-treated polyethylene terephthalate (PET)
film and cured via exposure to monochromic 365-nanometer UV light
(20 mW cm™) for 3 min using a collimated UV light (CoolLED, pE-4000).

© 2022 Wiley-VCH GmbH
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Finally, the nanopatterned Ormostamp on PET was peeled off the Si
master to obtain a flexible polymer mold (i.e., OrmoStamp/PET mold).
The thermomechanical properties of the PET film were measured via
DMA (TA instruments, Q800). The surface of the Ormostamp-based
thermal NIL stamp was also treated with an anti-sticking layer for easy
detachment from the poly(S4-r-DIBgg) 1D nano-gratings after imprinting.

Preparation of the SM-Polarizer: The poly(Ss-r-DIBg) 1D nano-
gratings were fabricated via the thermal nanoimprint method using
an OrmoStamp/PET imprinting stamp. The thermal NIL process was
performed at 30 kgf cm™2 of pressure and 100 °C for 5 min. After the
thermal NIL, the system was cooled to room temperature (25 °C) to
obtain the poly(S4-r-DIBgy) 1D nano-gratings. Subsequently, 100 nm
(7/86/7 nm) of Au layer was deposited via electron beam evaporation
(IVT, E-beam Evaporation System) under vacuum (base pressure
<1077 Torr) onto the poly(S4-r-DIBgg) 1D nano-gratings at deposition
rates of 0.2/0.4/0.2 A s,

Optical Characterizations: Spectroscopic ellipsometry measurements
were performed to determine the optical properties (refractive index: n,
and extinction coefficient: k) of poly(S-r-DIBgg) by using ellipsometer
(). A. Woollam, RC2-DI). Each sample was measured at an incident
angle of 70 degrees and spectral range of 400-1000 nm. All transmission
measurements were performed by using a Fourier transform infrared
(FT-IR) spectrometer (ThermoFisher Scientific, Nicolet 5700) and
a liquid-nitrogen-cooled mercury cadmium telluride detector with a
KBr beam splitter. Transmission spectra were recorded with a spectral
resolution of 4 cm™ in the wavelength range of 2.5-8 um. The
spectrometer was purged continuously with N, gas to avoid absorption
of CO; and H,0. Commercial infrared (IR) wire-grid polarizers (WGP)
were placed in front of the IR source to generate a linearly polarized light
with parallel and perpendicular states. The fabricated grating device was
then installed and adjusted to be collinear with the linearly polarized
incident light. The Ty of the sample was first measured in the TE mode,
where the intensity was minimized by vertically configuring the metal
grid axis of the fabricated sample and commercial WGP.

Numerical ~ Simulation: Numerical simulations were performed
using the commercial finite integration technique simulation tool (CST
Microwave Studio). The perfect electric conductor (PEC, E; = 0) and
perfect magnetic conductor (PMC, H, = 0) boundary conditions were
used for the xz-plane and yz-plane, respectively. The dielectric functions
of bulk Au in the infrared region were described according to the Drude
model with a plasma frequency of 1.38 x 10'® Hz and collision frequency
of we = 5.71 X 10"® Hz. The frequency-independent refractive indices of
the silicon substrate and spacer layer were 3.4 and 1.7, respectively. All
spacer thicknesses were set according to the experimental values and
the sizes determined from the SEM images.
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