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ABSTRACT

Since the invention of inverse vulcanization and high sulfur content polymers, termed Chalcogenide Hy-
brid Inorganic/Organic Polymers, the application of these polymers as optical materials for IR optics &
photonics has garnered interest from groups around the world. Earlier publications and review papers
have focused on the polymer chemistry aspects of inverse vulcanization, however, recent work in the
past decade has seen tremendous new advances in polymer processing, rheology, and optical component
(nano-micro) fabrication of lenses and photonic devices across the infrared spectrum. There is an urgent
need for a review surveying both new polymer chemistry and polymer engineering aspects of this im-
portant new field, for the integration of these new optical polymers into imaging, communications, and
sensing systems. In this submission, we review the fabrication and polymer processing of inverse vulcan-
ized organopolysulfides made from elemental sulfur for IR optics and photonics. We survey recent work
in the SWIR and MWIR spectrum for the development of integrated photonics devices using high sulfur
content polymers, along with the fabrication and testing of LWIR bulk plastic optics using this new class

Ring resonators .
of optical polymers.

© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.

1. Introduction

The controllable manipulation of light propagation with a high
degree of precision in solid media is integral to the fabrication
of various optical devices that function in both the visible and
infrared (IR) spectrum. IR photonics has evolved into numerous

Abbreviations: SWIR, short wave infrared; MWIR, mid-wave infrared; LWIR,
long wave infrared; NIR, near infrared; IR, infrared; PMMA, poly(methyl methacry-
late); PC, polycarbonate; RI, refractive index; CHIPs, Chalcogenide Hybrid Inor-
ganic/Organic Polymers; ChG's, chalcogenide glass; Sg, elemental sulfur; Se, se-
lenium; sCVD, sulfur chemical vapor deposition; DIB, 1,3-isopropenylbenzene;
Poly(S-r-DIB), poly(sulfur-random-(1,3-diisopropenylbenzene)); DVB, 1,3- and 14-
divinylbenzene; Poly(S-r-DVB), poly(sulfur-random-(divinylbenzenes)); An, refrac-
tive index contrast; 1-PC, one dimensional photonic crystal; SiN, silicon nitride;
SiOy, silica; RIE, reactive ion etching; dB, decibel; FSR, free spectral range; FWHM,
full width half max; TM, transverse magnetic; TE, transverse electric; ZnS, zinc sul-
fide; ZnSe, zinc selenide; ER, extinction ratio; NIL, nanoimprint lithography; BaF,,
barium fluoride; FIT, finite integration technique; FTIR, fourier transform infrared
spectroscopy; NMR, nuclear magnetic resonance; HgxCd; 4 Te, mercury cadmium tel-
luride; CO,, carbon dioxide; NaCl, sodium chloride.
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approaches and systems for imaging, sensing and communica-
tion, along with IR spectroscopy for the chemical identification
of molecular compounds [1]. IR optical systems span a broad
range of wavelengths in the near infrared (NIR, 700-1000 nm)
the short wave infrared (SWIR, 1000-3000 nm), the midwave in-
frared (MWIR, 3 pm-5 pm) and the long wave infrared (LWIR,
7-14 nm) covering numerous integrated 2-D planar on chip de-
vices or sensors, along with free-form optics for use as lenses,
diffusers, polarizers and other optical components for IR imag-
ing. Due to the broad spectral window covering the NIR-SWIR-
MWIR-LWIR, numerous discrete optical material options are avail-
able, which include glass, metal oxides, aluminosilicates, poly-
meric materials, semiconductors and chalcogenide glass for use
as integrated optical or bulk optical elements. For use in the
longer MWIR and LWIR spectrum, optical materials with accept-
able transparency are limited to heavy atom containing inorganic
covalent solids (e.g., sapphire-Al,03, silicon, germanium, chalco-
genide glass). These inorganic materials possess high transmission
at MWIR and LWIR wavelengths and high refractive indices (n ~2-
4), but are expensive to both access as raw materials and for pro-
cessing to fabricate into optical components [2]. Numerous opti-
cal polymer materials for use in photonics and imaging are viable
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for the visible-NIR-SWIR spectrum (e.g., poly(methyl methacry-
late) (PMMA-plexiglass), polycarbonate(PC), SU8, CYTOP), due to
facile tunability of both optical and thermomechanical properties
of these materials via molecular design, while retaining low ab-
sorption loss at telecom wavelengths in the SWIR at 1310 and
1550 nm [3,4]. Furthermore, photosensitive thin film polymeric
materials are amenable to direct photolitographic processes for de-
vice fabrication in contrast to inorganic materials, such as, silicon
nitride (SiN) or silicon (Si) [3-10]. However, optical polymeric ma-
terials generally possess much lower refractive index (n ~ 1.3-1.6)
versus inorganic optical materials, along with poor IR transparency,
particulalry in the MWIR and LWIR spectrum, which has limited
deployment of these materials for IR optical applications [2].

A significant advance for IR optical materials was the discovery
of Chalcogenide Hybrid Inorganic/Organic Polymers (CHIPs) by Pyun
and Norwood et al. [2,11-17]. (also referred to as inverse vulcan-
ized polymers, or organically modified chalcogenides in subsequent
reports). These high sulfur content organopolysulfides are prepared
by the direct copolymerization of elemental sulfur (Sg) (and sele-
nium) with organic comonomers via a process termed inverse vul-
canization [18-24]. The unusually high content of S-S bonds in the
polymeric backbone imparts high RI values (n ~ 1.7 to 2.1), but
also unprecendented optical transparency for synthetic polymers
in the infrared spectrum due to the reduced organic content in
the material and the shifted absorbances of S-S bonds outside of
the MWIR and LWIR spectral windows. Furthermore, the reduced
organic content in these high sulfur content polymers further mit-
igates the poor transparency in SWIR from 1300 to 1600 nm for
most organic polymers arising from C-H, O-H and other bond vi-
brational overtones. These materials represent a novel hybrid class
of optical materials possessing RI and IR transparency intermedi-
ate between classical inorganic optical materials, such as Ge, sap-
phire, or ChGs and organic optical polymers [15]. These materials
retain the low cost benefit of polymeric materials (due to the very
low cost of elemental sulfur from petroleum refining) and facile
methods via solution or melt polymer processing for optical el-
ement fabrication, in contrast to semiconductors, glass, or ChGs.
Bulk optics can be fabricated using classical melt casting and mold-
ing methods, along with lithographic or nanoimprint methods for
thin film devices. Despite the recent work in this field, a critical
challenge that remains is fabrication of optical elements and de-
vice components with these novel high sulfur content organopoly-
sulfides. To date, the vast majority of research in inverse vulcan-
ized CHIPs for photonics has focused on the synthetic chemistry of
preparing new sulfur copolymers by designing new organic/hybrid
comonomers for inverse vulcanization with Sg to improve the IR
transparency of these materials. Due to the yellow to red to black
coloration of inverse vulcanized polysulfides, application of these
materials for visible wavelength optical applications are limited,
which has shifted the application focus for these materials to IR
imaging and integrated photonics [2].

In this invited PERSPECTIVE TREND, we review the recent efforts
on the successful fabrication of integrated photonics and optics for
SWIR-MWIR-LWIR systems with inverse vulcanized CHIPs materi-
als. Previous reviews on the inverse vulcanization of sulfur and IR
optical polymers materials made from the inverse vulcanization of
sulfur can be found elsewhere [2,18-24]. Recent fabrication meth-
ods for the high sulfur content thin films have been reported, such
as Im et al., via sulfur chemical vapor deposition (sCVD) methods
with Sg and vinyl ethers/vinyl siloxanes, but the fabrication of bulk
optics or integrated photonic components are still in progress [25—
27]. Furthermore, recent work on two-photon photopolymerization
with aliphatic thiol and norbornenyl monomers has been reported
for the production of IR micro-optics and discussed elsewhere [28].
Due to the intended use of these optical polymers for IR opti-
cal systems, translation of these raw materials into precision plas-
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tic optics and integrated photonic device constructs is essential to
evaluate the viabilty of these new optical materials in operando as
functioning optical elements. Herein, we will review recent work
within the past few years on the fabrication and characterization
of IR optical components and photonic device constructs with in-
verse vulcanized CHIPs (Fig. 1). We will begin with solution pro-
cessing methods to fabricate photonic crystal-Bragg reflectors for
operation in the SWIR, followed by the photolithographic fabrica-
tion of single-mode waveguiding integrated photonic devices from
inverse vulcanized CHIPs optical materials functioning at telecom
wavelengths of 1310 nm and 1550 nm. The fabrication of MWIR
polarizers and MWIR diffraction gratings using a combination of
processing methods (e.g., photolithography to create masters, soft
mold fabrication and casting) will then be discussed. Finally, fab-
rication of LWIR Frensel lenses and other micro-optics/diffractive
optics will be discussed. To our knowledge, this is the first com-
prehensive review surveying the fabrication and characterization
of functioning IR optical elements/devices across the SWIR-MWIR-
LWIR spectrum made from inverse vulcanized CHIPs.

2. Materials for optical fabrication

While a broad family of organopolysulfides have now been pre-
pared using inverse vulcanization, only a small subset of these
materials have been successfully processed into viable optical ele-
ments and devices. Despite the extensive effort in the past decade
to develop new inverse vulcanized organopolysulfides, difficulties
remain in preparing materials possessing high thermomechanical
performance and favorable polymer processing characteristics. Fur-
thermore, the poor solubility of high sulfur content organopoly-
sulfides from Sg complicates precise structural characterization of
many of these hybrid polymers [18-24]. Recent efforts on using
both computational chemistry and structural characterization stud-
ies [29,30] point to these non-trivial challenges. Summarized be-
low are the most widely studied organic monomers used to make
sulfur-based polymeric optical components by inverse vulcaniza-
tion, highlighting those materials demonstrated for optical fab-
rication. A more complete list of monomers and polymers used
for inverse vulcanization for a wide range of applications can
be found elsewhere [18-24]. The most widely studied and first
monomer reported by Pyun et al. for inverse vulcanization is 1,3-
diisopropenylbenzene (DIB) which after inverse vulcanization with
Sg affords poly(sulfur-random-(1,3-diisopropenylbenzene) (poly(S-
r-DIB)). This amorphous glassy copolymer possesses glass transi-
tions (Tg's) ranging from T = 35-50 °C with varying sulfur con-
tent and has been viable for both melt or solution processing,
where copolymers with higher organic content can be rendered
soluble in arene solvents [2,14,15,17,31,32]. Although poly(S-r-DIB)
possesses fairly low Tg, the liquid form of this monomer, along
with its low cost commercially has resulted in the most experi-
mental work being done with this material for photonic device-
optical element fabrication. The dynamic bonds in this material
impart unusual rheological properties to this copolymer and it is
one of the few examples of a Maxwellian polymer and rheolog-
ically “living” polymer [14,32]. DVB is commonly referred to as
the regioisomeric mixture of 1,3- and 1,4-divinylbenzene (commer-
cially sold) which affords poly(S-r-DVB) polymers with Tg's ranging
from T = 50-110 °C based on sulfur composition and processing
conditions [33-35]. NBD2 is made by the dimerization of norbor-
nadiene with a nickel (0) cyclooctadiene (COD) catalyst (Ni(COD),)
which affords one of the highest Tg's and thermal stability for
sulfur polymers made by inverse vulcanization [15,32]. Poly(S-r-
NBD2) behaves as a thermoset polymer, but is rheologically a dis-
sociative covalent adaptable networks[32] Related sulfur copoly-
mers arise from the inverse vulcanization of NBD or cyclopenta-
diene which afford lower Tg materials (T ~ —12 to 45 °C) [36,37].
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Fig. 1. Chalcogenide Hybrid Inorganic/Organic Polymers (CHIPs) made from inverse vulcanization of elemental sulfur with organic monomers (DIB, NBD2 shown here) for
preparation of high sulfur content organopolysulfide optical polymers for fabrication of thin film based IR photonic device components and free-form plastic optics for IR
thermal imaging. Adapted with permission from [13], Copyright 2014, Reproduced with permission from Wiley & Sons Publishing; [31], Copyright 2022, Reproduced with
permission from Wiley & Sons Publishing; [77,13], Copyright 2024, Reproduced with permission from Wiley & Sons Publishing.

The high content of S-S bonds present in inverse vulcanized
polysulfides impart ultra-high RI due to the high polarizability and
molar refraction of S-units, where n can vary from 1.70 to 2.1 ac-
cording to sulfur content [11,38]. Inverse vulcanized CHIPs exhibit
improved optical transmittance (%T) in the SWIR due to the re-
duction of C-H-/C-C overtones which absorb strongly at the tele-
com wavelengths 1310 and 1550 nm. This holds significant po-
tential for low cost, low loss integrated photonics due to reduc-
tion of optical propagation losses enabling improved and more ef-
ficient signal transmission in light guided device components; the
high refractive indices also enable compact device structures in-
creasing the density of photonic functions that can be incorpo-
rated [31]. Polymer waveguides, ring resonators and optical inter-
connects are among the primary optical components of interest
here for both state-of-the-art telecom and future integrated pho-
tonics at longer IR wavelengths (MWIR) [39]. In the SWIR, partic-
ularly telecom wavelengths, numerous materials options are cur-
rently in use, which include SU8 polymers, plexiglass-PMMA and
glass which dominate current markets [4]. New polymers for these
products would require either marked enhancement of optical per-
formance, or dramatic reduction of total device costs, which is fea-
sible with Sg derived polymers due to the low cost of sulfur [24].
Polymeric materials amenable to photopatterning using classical
photolithography or nanoimprint methods particularly with high
RI or reduced losses are advantageous for fabrication of polymer-
based device components for integrated photonic device systems.
Inverse vulcanized CHIPs for the MWIR have potential for both re-
fractive optics and integrated photonics due to the reduced absorp-
tion intensity of the C-H bond vibrations at 3.3 pm. Other means
to remove C-H bonds, such as fluorination, are feasible [4], but
often are accompanied by disruptive immiscibility (processing in-
compatibility) with current chemical or polymer processing meth-
ods, as well as lower refractive indices. Recent interest in MWIR
photonics for IR spectroscopic detection of gas sensing and other

portable chemical sensing has prompted interest in lower cost de-
vices based on polymers [40,41]. MWIR refractive optics based on
lightweight and inexpensive optical polymers are of interest as al-
ternatives to inorganic metal oxides, such as sapphire. The use of
MWIR plastic optics for IR thermal imaging in this spectral window
is feasible but is complicated by the need for enhanced thermome-
chanical durability at low/cyrogenic temperatures due to the use of
MWIR photodetectors which require refrigeration. Similar benefits
for improved LWIR transparency are imparted by a high content of
S-S bonds in CHIPs which has generated interest in LWIR plastics
optics for LWIR imaging. However, the intense LWIR absorption of
organic moieties due to both fundamental and secondary bond vi-
brations (e.g. C-H, C-C, C=C, C-X) significantly reduces LWIR trans-
mittance complicating direct fabrication of bulk LIWIR plastic op-
tics. Classic approaches to address the low LWIR transmissivity of
plastic optics are being pursued through the design of flat diffrac-
tive optics approaches, as will be discussed.

3. SWIR photonics from 1000-3000 nm
3.1. Photonic crystals and bragg reflectors from CHIPs

The solubility of poly(S-r-DIB) at high organic compositions (>
50-wt% DIB) allows for dissolution in arene solvents enabling solu-
tion processing of these materials and multi-layer optical film fab-
rication. One dimensional photonic crystals (1-D PCs) (i.e., Bragg
reflectors or dielectric mirrors) consist of alternating multi-layered
films that afford high reflectivity by imparting large refractive in-
dex contrast (An) between layers and increasing the number of
bilayers. A number of approaches using either homopolymer alter-
nating bilayer constructs, or microphase separated block copoly-
mer films have been developed to create these types of 1-D pho-
tonic crystals [15,42-47]. However, since most polymeric materials
exhibit low refractive indices, highly reflective films require pre-
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Fig. 2. (a) Fabrication of highly reflective all polymer 1-D photonic crystals from sulfur and selenium containing CHIPs copolymers that possess tunable NIR and SWIR
(1.0-2.0 pum) reflectivity; (b) Bragg reflector spectra for devices with 16, 22 and 28 layers each with reflectance values at 1450 nm. Adapted with permission from [15],

Copyright 2018 American Chemical Society.

cision polymer engineering methods since hundreds of layers are
required. One such approach is melt-extrusion processing of dis-
parate polymers to fabricate multi-layered films to achieve high
reflectivity in the visible spectrum. Alternatively, the use of inverse
vulcanized CHIPs possessing high refractive index (n > 1.75-2.1)
enables pairing with conventional lower RI polymers that can be
solution processed via spin coating to prepare highly reflective 1-D
photonics crystals in the NIR AND SWIR [15]. In this case inverse
vulcanization of Sg, elemental selenium (grey Se) and DIB afforded
an ultra-high RI poly(S-r-Se-r-DIB) terpolymer (n = 1.96) which
was solution processed with cellulose acetate (CA, n = 1.45) to fab-
ricate 1-D PC (> 90 % reflectivity) by spin coating 20-30 bilayer
films with poly(cellulose acetate) (CA, n = 1.45), which achieved a
large An = 0.5 between the high index layer and low index layer
for the first time with a wholly polymeric system (Fig. 2) [15]. Film
thicknesses of individual layers of the poly(S-r-Se-r-DIB) and CA
were around 200 and 300 nm, respectively, to achieve reflectiv-
ity in the SWIR (across 1-2.0 um). Control of the peak reflection
(A) in a 1-D photonic crystal can be readily tuned by varying the
thicknesses of the two layers in the Bragg reflector construct as
described in Eq. (1)
A A

ty = any,; L= an, (1)
where t represents thickness (nm), n is refractive index and H
and L denote “high” and “low” index components, respectively.
The advantages of using a high RI polymer are evident in the
reduced number of layers required to achieve high reflectivity,
which would require high precision engineering processing meth-
ods to create much thicker multi-layered films when working with
smaller refractive index contrast. Elegant work by Comoretto et al.,
has utilized higher RI inverse vulcanized polysulfides prepared us-
ing vinylic thiophene comonomers to provide 1D-PCs with high
levels of reflectivity [47].

3.2. Integrated photonic waveguiding devices from CHIPs

Optical waveguides, in this case polymer waveguides, are fun-
damental optical elements ubiquitous in any photonic integrated
circuit (PIC) that all require the use of low-loss, single mode op-
tical waveguides. Synthetic polymers have long been used mate-

rials for polymer waveguiding components for integrated photon-
ics [3,4]. Despite the numerous fabrication advantages associated
with optical polymers, these materials possess relatively low re-
fractive index (RI) (n ~ 1.3 - 1.6 at telecom wavelengths), versus
the state of the art inorganic material counterparts (e.g., silicon
nitride (SiN), lithium niobate (n ~ 2.0-2.2), Hence, on-chip inte-
grated photonic components (e.g., waveguides or ring-resonators)
made with these polymeric components require much larger fea-
ture sizes beyond what is tenable for numerous on-chip devices
requirements. Hence, there is a clear need for high RI polymers (n
>> 1.6 at telecom at 1310 nm and 1550 nm) that are amenable
to thin film processing and high throughput nano/microfabrication
techniques (e.g., photolithography) for integrated photonics.

To address this need, Pyun & Norwood et al. fabricated singe-
mode polymer waveguides using poly(S-r-DIB) (with 70 wt% sul-
fur) as the higher RI core layer in these photonic device compo-
nents due to the higher RI (n = 1.75 at 1550 nm) and lower op-
tical losses of these materials relative to state-of-the-art polymer
waveguide materials [31]. The polymer waveguide optical perfor-
mance requires measurement of the propagation loss which has
contributions from both the optical absorption loss and scattering
intrinsic to the material and extrinsic scattering loss arising from
side-walls and other interfacial roughness attributed to the defects
associated with the fabrication process [3,4,48-51]. The goal of
the waveguide fabrication process is to have the propagation loss
limited by material absorption alone, with negligible contribution
from the scattering loss. Hence, minimzation of sidewall rough-
ness during waveguide fabrication is essential to polymer waveg-
uide fabrication with low propagation loss. Single mode waveg-
uides using poly(S-r-DIB) as the core material were fabricated with
cross-sectional dimensions of 2 um width and 0.45 pum height to
ensure single-mode guiding. To achieve large refractive index con-
trast (An ~ 0.4), cladding layers of SiO, (n = 1.44 at 1550 nm) and
ZPU (n = 1.43 at 1550 nm) were used with the poly(S-r-DIB) core
layer, where a ZPU film was solution cast as the top cladding layer
(thickness ~ 4 nm) followed by UV curing under N, atmosphere.
Lithographic structuring of the core layer was achieved by spin
coating of poly(S-r-DIB) onto SiO, bottom clad films on a carrier
Si substrate, followed by electron beam (e-beam) lithography of
the photoresist layer (maN2403), and reactive ion etching to create
the desired device architecture. SEM of poly(S-r-DIB) waveguides
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Fig. 3. (a) SEM image of e-beam lithographically patterned poly(S-r-DIB) core layer with chemical structure of the sulfur copolymer overlaid on top. Due to excellent
fabrication methods, very smooth core layer side walls were prepared from this process; (b) characterization of propagation loss in this poly(S-r-DIB) and ZPU waveguide by
the cutback method at 1310 nm and 1550 nm wavelength; (c) experimental setup for imaging the CHIPs waveguide mode profile. For measuring the power, the output side
was replaced with SMF28 fiber and a power meter. Adapted with permission from [31], Copyright 2022 Wiley & Sons Publishing.

on Si0, confirmed that the desired feature sizes were obtained,
along with very smooth sidewall features indicating very favorable
nanostructuring with reactive ion etching (RIE) (height = 450 nm,
width = 2 pm, Fig. 3a, ZPU top cladding layer absent). A series
of serpentine waveguides with lengths varying from 20 mm to
40 mm were made on the same sample to measure the propa-
gation loss via classic cutback methods. The power was measured
for waveguides of varying length, where as a reference, input and
output fibers were coupled together with index matching oil to
determine the reference power (Fig. 3c). The total insertion loss
was calculated by subtracting the reference power from the output
power for each waveguide. The final insertion loss when plotted
against the length of each device gave a linear curve with excellent
goodness of fit, R? value > 0.95 and estimated propagation loss of
0.3 dB/cm at 1310 nm and 0.42 dB/cm at 1550 nm wavelength, as
shown in Fig. 3b. These optical losses were considerably less than
conventional hydrocarbon polymer based waveguides that gener-
ally exhibit a lower loss limit of ~ 1 dB/cm at 1550 nm due to the
presence of strong vibrational overtones from C-H bonds at tele-
com wavelengths. The observed reduction of the propagation loss
in poly(S-r-DIB) below 1 dB/cm can be directly attributed to the
high fraction of S-S bonds in these organic/inorganic hybrid poly-
mers and the reduced fraction of organic comomer units [31].

3.3. Ring resonator integrated photonic devices from CHIPs

Ring resonators are critical photonic device components that
are able to optically filter certain wavelenghts of light through
control of ring dimensions, which have use for optical modula-
tors, dense wavelength division multiplexing, optical delay lines,
biosensing, and high quality optical cavities in general. Ring res-
onator performance is highly sensitive to the quality of the mi-
cro/nanofabrication methods, where ring resonator feature sizes
are critically associated with the RI of the active core material as
higher RI in the core enables reduction of the ring radius with
engendering radiative bend losses [50]. Polymer-based ring res-
onators require ring resonator radii exceeding 1 mm when fabri-
cated with classical optical polymers possessing lower RI (n < 1.6)
[46]; these large radii limit device density on the photonic chip.
Hence, use of high RI CHIPs from poly(S-r-DIB) (n = 1.75) by Pyun

& Norwoord to enabled dramatic reduction of the ring-resonator
radii to below 1.0 mm, as demonstrated in all pass ring resonators,
the most widest used type in integrated photonics [31]. For this
ring-resonator device architecture, input light from an external
laser is launched into the input bus waveguide which guides the
light across the length of the chip where a ring resonator of fixed
radius is fabricated proximal to the bus waveguide (typical gap
between bus and ring > 1 pm). Design of the ring cavity fea-
tures (shape, dimension) and gap dimensions between the input
bus waveguide enable precise tuning of the resonance wavelength
and the free spectral range (FSR) of the final device where narrow
linewidth of the resonance peak (i.e. the full width half maximum
(FWHM)) is targeted. The ratio of the resonance wavelength to the
FWHM gives us the Q factor of the ring, which is a critical param-
eter to assess the quality of the fabrication as well as the effec-
tiveness of the coupling schemes employed in the device design.
Furthermore, the finesse of the ring resonator (the ratio of FSR to
the FWHM) is an important parameter in conjunction with the Q-
factor in evaluating ring-resonator device performance. While poly-
mer based high Q resonators have been reported, these devices
typically also exhibit low finesse, which limits the their utility. Due
to both the solution processability and high RI of poly(S-r-DIB),
high Q and high finesse polymeric ring-resonators could be fabri-
cated with a dramatically reduced ring radius of 200 pm to obtain
a free spectral range (FSR) of 1.1 nm with a resonance wavelength,
Ao of 1550 nm (see SEM image, Fig, 4a). Based on the resolution
of e-beam resist, aspect ratio, and ease-of-fabrication, the gap be-
tween the straight section and the ring in the coupler region was
optimized between 0.3 um to 1.1 um to allow for the determina-
tion of the critical coupling of the ring with the straight coupler
section since optimization of device performance requires efficient
coupling to achieve the largest extinction ratio. The fabrication of
the poly(S-r-DIB) ring-resonator was achieved using similar solu-
tion processing and e-beam lithographic methods as described for
poly(S-r-DIB) polymer waveguides reported in Fig. 3.

Critically coupled operation was observed for a 1 um gap,
evidenced by the sharp decrease in resonance linewidth, where
the linewidths of the resonance peaks decreased from 1 nm to
0.02 nm for the critically coupled case along with very high ex-
tinction ratios (Fig. 4b). The resonance (A¢) was centered around
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1550.4059 nm with an FSR of 1.1 nm which is very close to the
designed value of 1550 nm and 1.09 nm respectively. The normal-
ized resonance dips are fit to a Lorentzian function, giving us a Q ~
65,000 with over 20 dB extinction ratio and a high finesse value of
45 for the cavity, as shown in Fig. 4c. To our knowledge this is the
first result demonstrating high performance ring-resonators fabri-
cated from a high RI optical polymers that enabled reduction of
ring-resonator radii while still retaining high Q-factors [52]. While
the fabrication of high Q-ring resonators from polymers have been
reported, these examples require significantly larger ring radii (1-
5 mm vs the 200 pm for poly(S-r-DIB) ring) and very low finesse
(~2-8) [31]. The photonic devices demonstrated in this work high-
light the potential of using processable CHIPs for photonic integra-
tion, especially in low-cost wavelength division multiplexed sys-
tems targeted at high bit rate artificial intelligence data center ap-
plications. These advantages in conjunction with the low cost of
these optical polymers due to the use of elemental sulfur point to
the potential for scaling up the fabrication to wafer level processes
in realizing all-polymer photonic devices.

4. MWIR photonics from 3-5 pm

The development of MWIR integrated photonics and refrac-
tive optics is technologically important for numerous current and
emerging applications. MWIR thermal imaging as alluded to previ-
ously is of tremendous importance for defense applications in high
quality night-time vision and sensing [2]. However, fabrication and
demonstration of a MWIR plastic lenses, or other MWIR plastic
optics in operando has not been extensively developed, likely due
to the low temperature/cyrogenic conditions required for MWIR
photodetectors. Conversely, MWIR integrated photonics is an emer-

gent technology that has generated significant interest for chemi-
cal sensing and portable IR spectroscopic detection of organic com-
pounds, where the spectral window around 3.3 pm-4.2 pm/3000-
2200 cm~! is of particular interest due to C-H bond and C=0 vi-
bration stretching in this MWIR range. However, the development
of MWIR transparent media that are also amenable to manufactur-
ing fabrication methods remains a critical challenge for this appli-
cation. Hence, the development of MWIR polymeric waveguiding
components and diffractive optical elements (polarizers, gratings)
has been of interest to enable further advancement of MWIR inte-
grated photonics.

4.1. MWIR polarizers

MWIR polarimetry is of importance for numerous MWIR ther-
mal imaging system to enhance contrast and imaging resolution, as
polarized light is sensitive to topographical and textural features in
complex imaging environments. Hence, MWIR polarizers with high
sensitivity are desirable which requires this device component ex-
hibit both a high transmission of the linearly polarized MWIR light
in the transverse magnetic (TM) and transverse electric (TE) modes
and a high extinction ratio (ER), where the ER is determined by the
ratio of TM to TE. Hence, MWIR polarizers with higher ER values
are desirable to allow for complete TM transmission and TE occlu-
sion to afford maximal polarization imaging performance [53,54].
State-of-the-art MWIR polarizers are fabricated from inorganic IR
transmissive materials (e.g., Ge, Si, zinc chalcogenides (ZnS, ZnSe),
amorphous chalcogenide glass) which possess outstanding optical
properties (high RI, high IR%T), but are intrinsically expensive and
require high energy input processes (e.g., interference lithography
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n(A) + i-k()), as depicted, and the wavelength-dependent refractive index without the loss in poly(S-r-DIB), n(1). Adapted with permission from [56], Copyright 2018 Wiley

& Sons Publishing.

and etching) to fabricate into optical elements [55,56]. Hence the
fabrication of a polymeric MWIR polarizer was highly desirable.
The first report on MWIR polarizer fabrication was demon-
strated by Ryu et al., by spin coating thin films of poly(S-r-DIB),
thermal nanoimprint lithography of a bilayer polymer polarizer
and Au deposition to prepare periodic grating geometries [56].
Subsequent optimization of spacer thickness and grating geome-
tries (e.g., pitch, width, and heigh) enabled improved transmis-
sion and higher extinction ratio polymer polarizers [57]. MWIR
poly(S-r-DIB) polarizers of optimal dimensions (height = 0.43 pm,
width = 0.55 pm, pitch = 0.7 pm, 0.055 pm Au overcoat; see
Fig. 5a, b for SEM imaging) were determined using the CST Mi-

crowave Studio (CST-MWS), which is based on a finite integra-
tion technique (FIT). The TM- and TE-transmission spectra were
measured by Fourier transform infrared spectroscopy (FTIR) and
compared with the simulation results, where reduced experimen-
tal transmission intensities were observed. These lower TM values
were most closely correlated to slightly curved features at the base
of molded polymer polarizer features as seen in the SEM cross-
section of nanoimprinted poly(S-r-DIB) polarizers (Fig.5a,b), along
with the ZnSe wire-grid polarizer used to filter the TE-polarized
incident wave in these measurements. Hence, the experimental ex-
tinction ratios (1) at 3, 4, and 5 um for these poly(S-r-DIB) MWIR
polarizers ((Nexperimental = 245, 305, 351) were also lower than the
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simulated extinction ratio values (gmulateat = 1149, 4494, 10,629)
at these MWIR wavelengths [56].

Enhanced MWIR polarizers from thermal nanoimprint lithog-
raphy of poly(S-r-DIB) were demonstrated by Wie et al., via high
precision fabrication methods which improved the edge-sharpness
of imprinted grating features when further overcoated with Au
(Fig. 6a) [58]. The grating spacer thickness was controlled via low
cost spin-coating processes, followed by thermal NIL of poly(S-
r-DIB) with a specialized Ormomer-PET master. This process af-
forded NIL features with sharp right-angled edges by control of
the wetting dynamics of the polymer in the mold, i.e., overcom-
ing the energy barrier of the Cassie-Baxter state, originating from
the high surface tension and viscosity of the sulfur polymer. Higher
NIL temperatures and optimization of thermal pressure and time
afforded high fidelity 1D gratings, giving improved MWIR polar-
izers after Au deposition onto these sharp-edged patterned grat-
ings. These MWIR polarizers gave high TM transmission as deter-
mined from IR spectroscopy (TM = 0.65, 0.59, and 0.43) and re-
markably high ER in close agreement with simulated ER values
(Mexperimental = 3.12 x 103, 5.19 x 103, and 5.81 x 103 at 4 um for
spacer thicknesses of 90, 338, and 572 nm (Fig. 6b). These values
are superior to those of commercial semiconductors, metal salt, or
chalcogenides MWIR polarizers such as BaF,, ZnSe, and KRS-5, (ER
~ 015 x 103; TM ~ 0.50-0.65) and around 20x larger ER values
than the prior poly(S-r-DIB) MWIR polarizer.

4.2. Diffraction gratings

The development of MWIR diffraction gratings, particularly for
operation in the MWIR 3.3-4.2 ptm/3000-2200 cm~! window is of
significant interest for chemical sensing via IR spectroscopic meth-
ods with miniaturized, or portable devices [59-61]. Diffraction
gratings are essential optical components in numerous spectrom-
eters (e.g., for IR spectroscopy) taking broadband light sources and
spatiallydispersing the wavelengths over the wavelength range of
interest. Diffraction gratings are structurally similar to polarizers,
as discussed in the previous section, as both of these optical ele-
ments require the fabrication of periodic structures with control-
lable feature size. Polymeric MWIR gratings have not been widely
developed due to the requirement of removing all C-H bonds
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in these materials to avoid background absorption in this spec-
tral window. Hence, the concept of both sulfuration and deuter-
ation of optical polymers was demonstrated by Pyun et al., as re-
placement of C-H for C-D bonds shifts and reduced the intensity
of vibration resonances from ~3.3 pm (~3000 cm~!) to 4.2 pm
(~2200 cm~!) in conjunction with the benefits of a high frac-
tion of S-S bonds [27]. While deuteration of polymers has long
been known to enhance contrast in morphological studies with
proteo polymer blends, the development of new uses for deuter-
ated polymers remains limited [62,63]. Hence, a perdeuterated 1,3-
diisopropenylbenzene (d;4-DIB) was synthesized with a very high
level of purity and deuteration (99.2 %) beginning with deuter-
ated dg-toluene executing the seven-step total synthesis using only
deuterated NMR solvents as reagents (Fig. 7a) [30]. This synthe-
sis was particularly challenging due to the high enrichment lev-
els of deuterium at every position, the limited number of possi-
ble deutero precursors available and the possibility of undesirable
H/D exchange. However, d4-DIB was synthesized in gram quan-
tities and enabled direct structural, computational and mechanis-
tic studies comparing the inverse vulcanization of Sg proteo DIB
vs deutero DIB for the first time, which revealed numerous kinetic
isotope effects on the polymerization mechanism and microstruc-
ture of the resulting poly(S-r-DIB) vs poly(S-r-di4DIB) copolymers
[30]. The benefits of very high level of deuteration of organic
monomers for MWIR photonics was evident in the comparative IR
spectroscopy of proteo vs deutero DIB where the C-H vibration ab-
sorptions from 3.3 to 4.0 pm are completely shifted to 4.2-4.8 pm,
along with a reduction in peak absorption intensity (Fig. 7b). IR
spectroscopy of proteo vs deutero poly(S-r-DIB) (250 um films) fur-
ther confirmed similar C-H vs C-D spectral trends as for the DIB
vs di4-DIB monomers, where a nearly 60x enhancment in IR trans-
mission (MWIR%T) at 3.3-3.4 pm was observed for the C-D deutero
poly(S-r-di4-DIB) vs the proteo poly(S-r-DIB) material (Fig. 7c). The
presence of trace 0.8 % proteo impurities carried into the sulfur
copolymer from the dq4-DIB monomer (99.2 %), resulted in the ap-
pearance of small C-H peaks at 3000 cm~! [30]. Hence, this level
of deuteration in the sulfur copolymer precluded the possibility to
use these as discrete MWIR plastic lenses, or windows for MWIR
imaging. However, this level of deuteration was more than suffi-
cient for thin film MWIR photonics which was pursued for fabrica-
tion of novel MWIR polymeric diffraction gratings.

MWIR optical diffraction gratings were designed and fabricated
to demonstrate the utility of sulfuration and deuteration in a mold-
able polymeric medium for MWIR spectroscopy, where a MWIR
laser operating at 3.39 pm was required to enable comparison of
both proteo and deutero poly(S-r-DIB) materials (Fig. 8). In this ex-
periment, the successful generation of diffracted wavefront pattern
at 3.39 ym would only be possible through the deutero poly(S-r-
DIB) grating since the proteo poly(S-r-DIB) diffractive grating was
completely opaque at these MWIR wavelengths. MWIR polymer
gratings with 250 pm thick film of the poly(S-r-DIB) copolymer
were fabricated, since in this thickness regime the deutero poly(S-
r-DIB) exhibited high transmission (~60 % T) at 3.39 pum vs the
non-transmissive (~ 0 % T) proteo film (see Fig. 7c) The sulfur
copolymer diffraction gratings were designed with a 6 pm period-
icity, 1 pm in height (h) and 200 pm thickness with a 50 pm flash
layer (see Fig. 8c for SEM image) were chosen to maximize MWIR
first-order diffraction spots, due to the low intensity of MWIR pho-
tons and MWIR cameras used in this experiment (Fig. 8a). This
MWIR experiment required significant effort to acquire a MWIR
laser sources operating near 3.3 ym and MWIR thermal camera
to enable viewing of the MWIR diffracted wavefront pattern. To
confirm broadband operation of both proteo and deutero poly(S-r-
DIB) diffraction gratings, irradiated in the visible, NIR and MWIR
with 633 nm, 976 nm, and 3.39 pm monochromatic laser sources
was conducted. Both proteo and deutero sulfur polymer gratings
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performed identically in the visible spectrum at 633 nm (afford-
ing both low- and high-order diffraction spots, Fig. 8b) and in
the NIR at 976 nm, however, only the deutero poly(S-r-DIB) opti-
cal grating produced a diffraction pattern with zeroth- and first-
order MWIR spots at 3.39 um, (Fig. 8d), whereas the proteo optical
grating showed neither transmission nor diffraction (see Fig. 8e)
due to C-H bond vibrations in the polymeric medium. The exper-
imentally measured diffraction angle (fexp = 33.7°) of the MWIR
deutero poly(S-r-DIB) grating at 3.39 pm was found to be in good
agreement with the theoretical value (6 neoretical = 34-5°) based on
the grating dimensions described in Fig. 8a [30].

5. LWIR imaging (7-14 pm)

IR thermal imaging can be conducted in the LWIR (7-14 pm)
spectrum and is primarily based on detecting black body radia-
tion emitted by imaging targets. LWIR photons can be detected
using bolometric sensing, or low bandgap semiconductor detec-
tors at these respective wavelengths. LWIR imaging systems can be
significantly less expensive with the use of microbolometer sen-
sors based on materials with large temperature dependent resis-
tance (e.g., silicon, or vanadium oxide semiconductors) however,
the trade off can be reduced sensitivity vs mercury cadium tel-
luride (HgxCd;_xTe) or other semiconductor LWIR photodetection,
but such detectors require expensive cooling for LWIR detection
[1,2]. At the same time, the limited number of available IR trans-
missive materials for optical elements (e.g., windows & lenses) re-
mains a significant expense for these LWIR imaging systems based
on expensive materials, such as germaniuam (Ge) or chalcogenide
glasses (ChG’s). While these more expensive LWIR imaging systems

are widely used for defense or aerospace applications, deployment
of this technology for non-defense consumer markets in transpora-
tion, housing and personal electronics remains stifled by the high
cost associated with the IR cameras and electronics. This is particu-
larly an issue for MWIR and LWIR imaging systems that use semi-
conductor photodetectors that require low temperature refrigera-
tion to suppress background dark current due to the low bandgap
of the detectors [2]. While low cost and moldable plastic optics
have been desirable for use as LWIR transmissive materials, the
strong MWIR and LWIR absorption of organic materials is an in-
trinsic limitation of this class of materials for IR optics. The one
exception is polyethylene (PE), where the chemical simplicity of
this material (e.g., only sp3> C-C, C-H bonds) affords good LWIR
transmission due to the sharp degenerate spectral peaks that con-
verge around the conventional spectral window employed for LWIR
imaging (8-12 pm); at the same time the scattering caused by the
semicrystallinity of PE is greatly reduced in the IWIR compared to
the visible. In contrast, while commodity amorphous optical poly-
mers, such as, poly(methyl methacrylate) (PMMA-,plexiglass“) or
polycarbonate (PC) are very transparent for visible,or NIR wave-
length applications [64,65], they are opaque in the LWIR region
[2]. To date fabrication of LWIR refractive optics cannot be done
with thick optical elements due to low LWIR transparency of these
materials, as previous discussed. Hence, researchers have pursued
flat diffractive optics which include Fresnel lenses[66] and more
complex metalens systems [67,68]. LWIR diffractive optics using
PMMA [69], or hybrid polymer-silicon based materials[70] have
been demonstrated, which can then be prepared as thin film opti-
cal lenses (thicknesses below 0.1 mm) to circumvent the intrisi-
cally low LWIR transparency of these organic optical materials.
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Polyethylene (PE) based Fresnel lenses for LWIR imaging have been
commercialized and are currently the only viable polymeric LWIR
plastic optic [71]. However, PE has significant limitations as an IR
transmissive material, which include limited processabilty for op-
tical fabrication (arising from semi-crystallinity) which leads to re-
duced transmission from light scattering, and low refractive index.

Recent efforts by numerous groups have focused on the de-
sign of organic comonomers for the inverse vulcanization pro-
cess to prepare inverse vulcanized CHIPs with enhanced LWIR
transparency using high sulfur content polymers derived from
Sg and the inverse vulcanization process, which now include,
tetravinyltin [72], dimeric norbornadiene (NBD2) [16], aryl halides
[73], benzene-1,3,5-trithiol [74], 1,3,5-trivinylbenzene[75] episul-
fides [76], and cyclopentadiene [37]. However, an intrinsic limti-
ation with Sg derived CHIPs is the requisite organic comonomer
phase (typically 10-50 wt% in the material), which ultimately lim-
its LWIR transparency relative to Ge, or ChG’s. Pyun and Norwood
et al., developed poly(S-r-NBD2) in 2019'¢ which was found to ex-
hibit excellent thermomechanical properties (Tg's > 100 °C at both
50-wt% and 70-wt% sulfur) and significantly enhanced LWIR%T
compared to poly(S-r-DIB) copolymers and standard commodity
optical polymers (e.g., PMMA). Due to the favorable combination
of thermomechanical, optical and melt processing characteristics,
LWIR Fresnel lenses from poly(S-r-NBD2) were developed by this
same group to demonstrate for the first time successful fabrication
and in operando characterization of LWIR plastic optics, as detailed
below [77].

A basic benctop LWIR imaging system was constructed using a
hotplate/stirrer as the IR black body source in conjunction with a

10

custom-designed PMMA target where focusing was achieved with
molded sulfur copolymer lenses into a LWIR microbolometer de-
tector (Fig. 9a). Pyun and Norwood pioneered the fabrication of
free standing windows of inverse vulcanized polymers for qual-
itative MWIR and LWIR transparency assessments using MWIR
photography of human subjects [13], or with the aid of PMMA
laser stenciled imaging targets [16]. This practice was adopted in
the above mentioned reports on sulfur polymer based films, or
windows. However, the design, fabrication and characterization of
LWIR plastic optics in operando was a critical milestone required
to validate these new optical polymers for LWIR imaging. Further-
more, there remained a need for establishment of complete labo-
ratory scale LWIR imaging systems fitted with new LWIR plastic
lenses to enable rigorous structure-property-performance assess-
ments of new inverse vulcanized polymers.

To enable facile, but uniform evaluation of LWIR imaging ex-
periments, this team further developed on our concept of using
PMMA imaging targets made by carbon dioxide laser stencil writ-
ing into plastic sheets. A simple target pattern fabricated by CO,
laser writing into a PMMA sheet of hollow lines and numbers vary-
ing from 1 to 3 mm in length and width and the word, Infrared,
which when placed in front of a blackbody radiator, would create
a well-defined optical resolution test chart, which was referred to
as the University of Arizona Infrared Target (UA-IR target, Fig. 9b-
d). The standard USAF target cannot be used for LWIR experiments
since the glass substrate is highly absorbing in the LWIR unless
used in a reflective imaging modality. The LWIR detector chosen
for this lab-scale system was the FLIR Lepton 2.5 microbolome-
ter, which exhibited acceptable LWIR detector sensitivity from 8 to
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14 pm. With access to CHIPs Fresnel lenses and plano-convex Ge
lenses possessing focal lengths of 13-14 mm, the entire LWIR sys-
tem could be mounted on an air table, or even on laboratory bench
tops, where laboratory scale hotplate-stirrers (or other blackbody
radiators) could be used as an inexpensive IR photon source. To
date, there still is no clear LWIR imaging protocol, or resolution
targets to enable quanitative, uniform standardization of imaging
experiments and new optical element optical characterization, as
new LWIR imaging demonstrations are done with highly variable
human subjects, or other macroscopic, commonplace tools, or ob-
jects (e.g., sodering irons, heating coils) [77].

In the fabrication of plastic optics, it is the ensemble of cost, op-
tical/thermomechanical properties and polymer processabilty that
determine suitability for final end-use as LWIR transmissive op-
tical components. Poly(S-r-NBD2) (both 50-wt% and 70-wt% sul-
fur, referred to in this study as poly(Ssy-r-NBDsg), or poly(S7o-1-
DIB3q) Fresnel lenses were fabricated for imaging as these copoly-
mers exhibited the most favorable synergy of properties (LWIR%T,
glass transition (Tg)/thermal stability and melt processability). To
fabricate these LIWIR Fresnel plastics, a LWIR Fresnel lens master
was designed in the LightTools simulation package and fabricated
using diamond turning into a flat PMMA window (~4 mm thick-
ness; 2 cm diameter), followed by replication in soft PDMS, which
served as the mold for casting of sulfur copolymers. Both thin films
(0.1 mm thick, supported on NaCl substrates)) and free standing
(1.0 mm) Fresnel lenses from poly(S-r-NDB2) were fabricated to
access the effect of film thickness and LWIR%T on LWIR imaging
performance (Fig. 9e, f). First generation CHIPs based on poly(S-
r-DIB) copolymers at the same composition (50-wt%, 70-wt% re-
ferred to as poly(Ssg-m-DIBsg) and poly(S7o-r-DIB3g)) were used
as a control material reference for LIWIR lenses of poly(S-r-NBD2)
due to the observed inferior LWIR transparency/thermomechanical
properties of poly(S-r-DIB), both of which were expected to com-
promise lens fabrication quality and imaging performance. LWIR
experiments were initially conducted with a commercially avail-

1

able plano-convex singlet Ge lens (15 mm focal length, 5 mm
thickness, with anti-reflective (AR) coating) from 100 to 30 °C
(Fig. 10a), where sharp resolution of the UA-IR target was ob-
served as expected across this full temperature range, with pro-
gressively reduced image brightness at lower temperatures due to
lower IR photon flux generated from the blackbody radiator shown
in Fig. 9b, c. It is important to note here that the AR-coating on
the Ge lens significantly raised the LWIR transmission vs an un-
coated Ge lens (LWIR%Tyitn ar > 90 %T; LWIR%Tithout AR > 50 %T)
and afforded higher resolution imaging at low temperatures [77].
LWIR imaging experiments on poly(Sso-r-NBD25q) materials
were initially done with supported thin film Fresnel lenses (peak
thickness ~ 100 pm) cast onto NaCl substrates through the UA-
IR PMMA target to ascertain both the true LWIR imaging quality
and viable thermal imaging ranges of the intrinsic polymer ma-
terial. The large form factor and limited manufacturabilty of NaCl
plates frustrated direct integration of this lens architecture into
LWIR imaging systems, as will be discussed in later sections. LWIR
imaging over 100-30 °C was conducted (Fig. 10b), where excel-
lent resolution and brightness was observed with the poly(Ssq-1-
NBD25,) Fresnel lens from T = 100-60 °C. However, good resolu-
tion of the UA-IR target could still be achieved at T = 40-30 °C
for only this particular Fresnel lens, with an accompanying reduc-
tion in image brightness, as observed for the AR-coated Ge lens
reference. LWIR imaging with the higher sulfur content poly(So-1-
NBD23,) Fresnel lens was anticipated to afford better LWIR imag-
ing and lower temperatures vs the 50-wt% copolymer experiments,
due to the reduced content of the organic LWIR absorbing phase.
While imaging of the UA-IR target is discernable from T = 100-60
°C with blurry imaging of the target at T = 40-30 °C (Fig. 10c),
it is clear that these LWIR images have poor contrast in compari-
son to the results from the poly(S5o-r-NBD25() lens. This particular
effect of LWIR imaging quality on sulfur copolymer compositions
points to issues in the fabrication and quality of Fresnel lenses. The
poly(S7o-r-NBD23), has both slightly lower Ty and more residual
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Fig. 10. Masked LWIR imaging experiments conducted with UA-IR target and labscale imaging system from Fig. 2 from T = 100-30 °C for: (a) 15 mm focal length plano-
convex Ge lens as an imaging reference; (b) poly(Sso-1-NBD2sg); (c) poly(S7o-r-NBD230) thin film Fresnel lens on NaCl; (d) poly(Sso-1-DIBsg); and (e) poly(S7o-1-DIB3o) thin
film Fresnel lens on NaCl. LWIR imaging was viable for poly(Sso-r-NBD25q) Fresnel lens from T = 100-30 °C, while the control poly(S-r-DIB) Fresnel lenses possess inferior
intrinsic LWIR transparency and was limited to imaging temperatures above T = 60 °C.). Adapted with permission from [77], Copyright 2024 Wiley & Sons Publishing.

unreacted Sg in the glassy matrix of the lens, both of which may
compromise the Fresnel lens quality (e.g., flatness, diffractive pat-
tern resolution), increase scattering losses and present more chal-
lenges in optimizing the casting step into PDMS molds. Hence,
the superior LWIR imaging quality achieved with the poly(Ssq-1-
NBD25,) Fresnel lens reinforces the importance of both materials
properties (optical, thermomechanical) and processability (castabil-
ity, consumption of Sg solid monomer) to achieve optimal imaging
performance. LWIR imaging experiments with poly(S-r-DIB) Fres-
nel lenses of identical thickness supported on NaCl plates exhibited
sigificantly smaller temperature ranges (T = 100-60 °C), where a
significant reduction of LWIR imaging quality was observed below
T = 60 °C for both 50-wt% and 70-wt% compositions (Fig. 10d, e).
The reduced LWIR transmission of poly(S-r-DIB) vs poly(S-r-NBD2)
is the most likely cause of poor LWIR imaging contrast in these ex-
periments, although contributions from inferior thermomechanical
properties and processability cannot be ruled out in this thin film
NaCl supported lens architecture [77].

Access to these LWIR imaging experiments with consisent
imaging targets and conditions enabled structure-property corre-
lation for the first time of sulfur copolymer composition on LWIR
lens performance. These measurements revealed that the highest
contrast imaging was attained with the poly(Ssg-r-NBD2s5q) Fresnel
lens with the poly(S;¢-r-NBD23q), poly(Ssg-r-DIBsg) and poly(S7q-1-
DIB3q) all exhibiting comparable levels of inferior imaging temper-
ature ranges and resolution. An image resolution of 0.5 cycles/mm
(since one cycle of lines is 2 mm) was esimated for the poly(Ssqg-1-
NBD25,) Fresnel lens images, based on the 1 mm thick lines in the
UA-IR target; the image plane resolution being determined by the
number of pixels from the dark point of the 1 mm line to the next
dark or light side feature in the target. These experiments demon-
strated the viabiltiy of using thin film sulfur copolymer IR lenses
for LWIR imaging, particularly under ambient conditions. However,
the need for NaCl supporting substrates prohibits integration into
commerical IR imaging systems due to the moisture sensitivity and

poor mechanical propeties of salt plates. Hence, much thicker free-
standing Fresnel lens (thickness = 1.0 mm) fabricated via molding-
casting were made from poly(S-r-NBD2) materials both at 50-wt%
and 70-wt% sulfur compositions, along with poly(S-r-DIB) materials
as the control. Both poly(S-r-NBD2) copolymer Frensel lenses pos-
sessed sufficient mechanical integrity to yield freestanding Frensel
lenses of the target thickenss, however molded freestanding lenses
from poly(S-r-DIB) were found to deform rapidly after mold re-
lease due to the low Tg of these sulfur copolymers. Both free-
standing poly(Ssq-r-NBD25g) Fresnel lenses displayed comparable
temperature ranges for discernible LWIR imaging of the UA-IR tar-
get (T = 200-60 °C), however, better resolution and focus was ob-
served for the poly(S-r-NBD2) with 50 wt% sulfur, presumably due
to the higher Tg and mechanical integrity of this plastic optic vs
the same sulfur copolymer Fresnel lens made with 70-wt% sul-
fur. As anticipated, both freestanding poly(S-r-NBD2) Fresnel lenses
required higher LWIR imaging temperatures to discern the UA-IR
target and reduced imaging brightness vs the thin film poly(S-r-
NBD2) Frensel lenses from Fig. 10. Furthermore, poly(S-r-DIB) free-
standing Fresnel lens (thickness = 0.7 mm) exhibited the poor-
est imaging quality of the UA-IR target even at high temperature
(T = 200 °C) in this series due to mechanical reflow from the low
Tg coupled with the intrinsically low LWIR transmission of this
material. These experiments clearly point to the need for both IR
transpaency and thermomechanical properties to be jointly evalu-
ated in new candidate sulfur polymeric materials for LWIR optics,
as numerous new materials may possess improved IR transparency,
but are usable for this application unless sufficiently glassy [77].

6. Conclusion and perspective

As discussed in this TREND, the development of high sulfur
content polysulfides derived from the inverse vulcanization of el-
emental sulfur holds significant potential to broadly impact pho-
tonics and imaging systems across the infrared spectrum. The ad-
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vances highlighted herein demonstrate the benefits of the high RI
and high IR transparency of this novel class of optical polymers
for a wide range of refractive optics and integrated photonic de-
vice constructs. While new advances in the design and synthesis
of new inverse vulcanized polysulfides with improved thermome-
chanical and optical properties will certainly remain a critical ef-
fort to advance this field for IR optical applications, the develop-
ment of novel polymer processing methods both in solution and
in the melt will be required to fabricate new bulk and integrated
optical components. The early work reported in this TREND clearly
point to the viability of these new optical polymers and are antici-
pated to broadly impact the fields of polymer chemistry, petroleum
science, commodity plastics and optical technologies.
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