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Fabrication of Plastic Optics from Chalcogenide Hybrid
Inorganic/Organic Polymers for Infrared Thermal Imaging

Jake Molineux, Taeheon Lee, Kyung Jo Kim, Kyung-Seok Kang, Nicholas P. Lyons,
Abhinav Nishant, Tristan S. Kleine, Sam W. Durfee, Jeffrey Pyun,* and Robert A. Norwood

The development of infrared (IR) plastic optics for infrared thermal imaging,
particularly, in the long-wave IR (LWIR) spectrum (7–14 μm) is an area of
growing technological interest due to the potential advantages associated
with plastic optics (e.g., moldability and low cost). The development of a new
class of optical polymers, chalcogenide-based inorganic/organic hybrid
polymers (CHIPs) derived from the inverse vulcanization of elemental sulfur,
has enabled significant improvements in IR transparency due to reduction of
IR absorbing organic comonomer units. The vast majority of effort has
focused on new chalcogenide hybrid polymer synthesis and optical property
improvements (e.g., refractive index, Abbe number, and LWIR transmission);
however, fabrication and IR imaging methodology to prepare optical
components has not been demonstrated, which remains critical to develop
viable IR plastic optics. A new methodology is reported to fabricate optical
components and evaluate LWIR imaging performance of this emerging class
of optical polymers. New diffractive flat optics with a Fresnel lens design for
these materials have been developed, along with a basic LWIR imaging
system to evaluate CHIPs for LWIR imaging. This system-based approach
enables correspondence of copolymer structure-property correlations with
LWIR imaging performance, along with demonstration of room temperature
LWIR imaging.

1. Introduction

The use of infrared thermal imaging for consumer electron-
ics, security, aerospace, automotive, and housing markets has
demonstrated the benefits of this technology beyond use in the
defense sector.[1] IR thermal imaging can be conducted in the
midwave (3–5 μm) and long wave (7–14 μm) spectrum and is
primarily based on detecting black body radiation emitted by
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imaging targets at these respective wave-
lengths. The wider deployment of IR ther-
mal imaging systems has been stifled by
the high cost associated with the IR cam-
eras and electronics, which is particularly
an issue for mid-wave infrared (MWIR)
and long-wave infrared (LWIR) imaging
systems that use semiconductor photode-
tectors that require low-temperature re-
frigeration to suppress background dark
current due to the low bandgap of the
detectors.[2] LWIR imaging systems can be
significantly less expensive with the use of
(micro)bolometer sensors based on materi-
als with large temperature-dependent resis-
tance (e.g., vanadium oxide), however, the
trade-off is reduced sensitivity versus mer-
cury cadium telluride (HgxCd1-xTe) or other
semiconductor LWIR photodetection.[1–3]

Nevertheless, a significant expense for
LWIR imaging systems is for transmis-
sive optical elements (e.g., lenses, win-
dows) based on costly materials, such as,
germaniuam (Ge) or chalcogenide glasses
(ChG’s).[1,2]

While plastic optics have been highly
desirable for use as LWIR transmissive

materials due to the low cost and manfacturability of synthetic
plastics (via molding-casting), organic materials are instricially
poor for IR optics due to strong MWIR and LWIR absorption
from carbon atom-based bond vibrational modes. One notable
exception is polyethylene, where the chemical simplicity of this
material (e.g., only sp3 C–C, C–H bonds) affords sharp degener-
ate vibrational peaks outside of the commonly used LWIR spec-
trum (8–12 μm). In the case of Ge, or ChG materials, the much
higher mass of the vibrating atoms (e.g., Ge-Ge) results in very
low frequency vibrations compared to those commonly encoun-
tered in polymers (e.g., C–H, C–C, C–O, C-X bonds) and hence,
these materials do not absorb in the LWIR spectral window.[2,4]

A significant advance in the field of optical polymericmaterials
was the discovery of Chalcogenide Hybrid Inorganic/Organic Poly-
mers (CHIPs) by Pyun and Norwood et al.[5] (this class of sulfur
copolymers is also referred to as inverse vulcanized polymers,[6]

or organically modified chalcogenides[7] in subsequent reports)
which are a recently developed class of polymers possessing high
refractive index values (n = 1.7 to 2.1 in the near IR) and im-
proved optical transparency across portions of the visible and
infrared wavelengths.[2,5] These materials are prepared by the
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direct copolymerization of organic saturated comonomers with
elemental sulfur (S8) (and selenium) via a process termed, in-
verse vulcanization.[8] The unusually high content of S–S bonds
in the polymeric backbone imparts both high refractive index
(RI) values, but also unprecedented optical transparency for syn-
thetic polymers in the infrared spectrum due to the reduced or-
ganic content in the material and the shifted absorbances of S–S
bonds outside of the MWIR and LWIR spectral windows used
for thermal imaging.[2] Recent efforts by numerous groups have
focused on design of organic comonomers in the inverse vulcan-
ization process to enhance the LWIR transparency of high sul-
fur content polymers derived from S8 and the inverse vulcaniza-
tion process, which now include, tetravinyltin,[7b] dimeric nor-
bornadiene (NBD2),[5e] aryl halides,[9] benzene-1,3,5-trithiol,[10]

1,3,5-trivinylbenzene[11] and cyclopentadiene.[12] However, an in-
trinsic limitation with S8-derived CHIPs is the requisite organic
comonomer phase (typically 10–50 wt.% in the material), which
ultimately limits LWIR transparency relative to Ge, or ChG’s.
To date, the fabrication of refractive optics with CHIPs has not

been conducted for IR thermal imaging, with early-stage efforts
focused on the development of melt processing methods to form
freestanding flat windows, or replicas of non-specific elements
for both MWIR and LWIR imaging experiments. However, the
full design, fabrication, and successful imaging of CHIPs-based
plastic optics for LWIR thermal imaging has not to date been
conducted. Related efforts on the solution processing of one-
dimensional photonic crystals[13] and photolithographic fabrica-
tion of photonic devices (waveguides, splitters, ring-resonators)
with CHIPs have been demonstrated.[14] Furthermore, CHIPs
MWIR polarizers were fabricated into thin film components
by Wie et al.[15] via melt-processing using nanoimprint litho-
graphic methods. Recent efforts to fabricate LWIR plastic op-
tics have focused on the development of flat diffractive optics
using PMMA,[16] or hybrid polymer-silicon-based materials,[17]

which can then be prepared as thin film optical lenses (thick-
nesses << 100 microns) to mitigate the poor LWIR transparency
of these organic polymers. Flat diffractive optics include Fresnel
lenses[18] and more complex metalens systems,[19] which require
lithographic fabrication of micro-structured features for optical
phase control; due to the very large refractive index contrast re-
quired for metalenses, Fresnel lenses are an excellent choice for
implementing successful IR plastic optic fabrication for many
applications. Polyethylene (PE) based Fresnel lenses for LWIR
imaging have been commercialized and are currently the only vi-
able polymeric LWIR plastic optic.[20] However, PE has significant
limitations as an IR transmissive material, which include limited
processability for optical fabrication (PE cannot be cast, thus PE
Fresnel lenses require diamond turning fabrication which raises
cost), high crystallinity which leads to reduced transmission from
light scattering, and low refractive index. Hence, there remains
a need for the development of novel synthetic amorphous poly-
meric materials and optical fabricationmethods forCHIPs for IR
optical elements to open new possibilities for LWIR plastic optics.
Herein, we report on the first successful fabrication of CHIPs

plastic optics based on Fresnel lenses and the demonstration of
LWIR thermal imaging. The current report discusses numerous
advances on the fabrication methods for LWIR plastic optics,
along with the development of an inexpensive prototype imaging
system using a commercially available microbolometer LWIR de-

tector. Furthermore, we report on the development of low-cost IR
imaging resolution targets based on laser stenciled PMMAsheets
to standardize LWIR imaging experiments,[5e] which have histor-
ically relied on empirical IR thermal imaging of human speci-
mens, or other ambient environment targets. CHIPs based on
poly(sulfur-random-dimeric norbornadiene) (poly(S-r-NBD2)[5e]

was readily suited for fabrication of LWIR plastic optics, due to
the melt-processability and moldabilty of this polymeric mate-
rial, along with favorable thermomechanical properties that sup-
pressed reflow of molded optical components, all of which were
essential to fabricate IR plastic optics capable of LWIR imaging.

2. Results And Discussion

The key barriers to validation of CHIPs as transmissive optical
materials for LWIR imaging can be summarized into the follow-
ing efforts: 1) fabrication of functional refractive optical lenses;
2) fabrication of LWIR imaging resolution targets to standardize
imaging across new system; and 3) integration of the fabricated
lenses and resolution targets into a simple, inexpensive LWIR
imaging system to enable uniform standardization and evalua-
tion of imaging experiments.

2.1. Materials Considerations and Fresnel Lens Fabrication

In the fabrication of plastic optics, it is the ensemble of cost,
optical/thermomechanical properties, and polymer processibil-
ity that determine suitability for final end-use as LWIR transmis-
sive optical components. While high chalcogenide content com-
positions were presumed to be better suited for LWIR plastic op-
tics due to improved LWIR transmission of S-S bonds, high sul-
fur content compositions may also compromise thermomechan-
ical integrity and processibility of optical lenses, resulting in in-
creased light scattering. Hence, poly(S-r-NBD2) with 50 wt.% and
70wt.% sulfur were chosen for Fresnel lens fabrication and imag-
ing as these copolymers possessed the overall best combination
of LWIR %T, glass transition (Tg)/thermal stability and melt pro-
cessability, as determined previously through flat window fabrica-
tion and optical characterization (Figure 1a,c,d). First-generation
CHIPs based on poly(sulfur-random-(1,3-diisopropenylbenzene))
((poly(S-r-DIB), Figure 1b) copolymers[5a,8a] at the same compo-
sition (50 wt.%, 70 wt.%) were used to prepare reference lenses
to highlight the superior properties of poly(S-r-NBD2) due to the
observed inferior IR transparency and thermomechanical prop-
erties of poly(S-r-DIB). LowTg polymers such as poly(S-r-DIB) (Tg
< 40 °C)[5a,8a] are subject to reflow after initial molding into opti-
cal elements, which can result in lens distortion with time or at
elevated temperatures as discussed in later sections. General des-
ignations for sulfur copolymers with varying sulfur wt.% com-
positions are noted by subscripts inserted into the polymer ab-
breviations (e.g., poly(S50-r-NBD250) and poly(S70-r-NBD230) for
50-wt% and 70-wt% sulfur). IR spectroscopy of poly(S50-NBD250)
free-standing films of varying thickness (0.1 mm (1), 0.7 mm
(2), and 1.0 mm (3), Figure 1c) was conducted to extrapolate the
LWIR transmittance of fabricated Fresnel lenses, which confirms
good optimal transmittance in the 0.1 mm thickness range, with
a significant reduction in LWIR transmission above this thick-
ness regime. Hence, this confirmed that supported thin poly(S-
r-NBD2) Fresnel lenses in this thickness regime would be viable
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Figure 1. Chemical structures of optical CHIPs materials used for Fresnel lens fabrication a) poly(S-r-NBD2) and b) poly(S-r-DIB) with either 50 wt.%
or 70 wt.% sulfur; c) IR spectrum of 1.0 mm (3), 0.7 mm (2), and 0.1 mm (1) thick films of poly(S50-r-NBD250) with 50 wt.% sulfur; d) Vis-NIR-SWIR
transmission spectrum of 1.0 mm thick film of poly(S50-r-NBD250) with 50 wt.% sulfur; e) poly(S50-r-NBD250) thin film Fresnel lens (0.1 mm, thick) cast
onto a NaCl plate; and f) SEM image at 20° tilt of (e).

candidates for LWIR imaging under ambient conditions. An ad-
ditional advantage of poly(S-r-NBD2) materials for IR plastic op-
tics versus inorganic materials, such as, germanium, is the high
optimal transmittance of this sulfur copolymer in many regions
of the Vis-NIR-SWIR spectrum (see Figure 1d for representative
transmission spectrum of 1.0 mm thick poly(S50-r-DIB50) film).
This is a notable advantage for systems fabrication as optical
alignment can be conducted at VIS-NIRwavelengths which it not
possible in semiconductors (e.g., Si, Ge) that are opaque in the
visible spectral region.
Before designing the appropriate Fresnel lens for use in IR

imaging, the selection of a suitable LWIR detector was neces-
sary. The FLIR Lepton 2.5 was selected as it is a commercially
available, low-cost system that also comes with signal processing
electronics and software to enable quantitative temperature map-
ping. The pixel size of the Lepton was 12 μm with a focal plane
area of ≈0.5 mm,[2] and the refractive index of poly(S-r-NBD2)
was assumed to be 1.8, approximately appropriate for both the
50 wt.% and 70 wt.% sulfur compositions. With these general de-
tector specifications inmind, Fresnel lens design for the poly(S50-
r-NBD250) material was then conducted. When designing a lens,
properties such as the f-number (F/#), field of view, detector size,
and pixel size need to be considered.[21] It is also critical to min-
imize aberrations to ensure the highest imaging quality. How-

ever, for imaging applications using Fresnel lenses, there are ad-
ditional factors that need to be considered. For example, to max-
imize imaging quality, the profile of the lens will include a conic
constant in the lens profile. Since the process of diamond turn-
ing, which was used to make the mold master, does not become
much more expensive as the complexity of the lens profile in-
creases, a conic constant was added to the curved lens profile
to improve resolution. In order to reduce diffraction effects and
optimize image quality, the number of Fresnel zones was kept
low. This Fresnel spacing was set to be 0.5 mm between zones
[100], with a total of 5 zones for an entrance pupil diameter of
5 mm. The optical ray tracing software CODE V was used to re-
alize an approximately diffraction-limited design on-axis with a
10 mm focal length.
To enable melt polymer processing via casting of CHIPsmate-

rials, the Fresnel lens master was fabricated via diamond turning
into a flat PMMA window (≈4 mm thickness; 2 cm diameter)
followed by preparation of a soft PDMS mold from the PMMA
master (see Experimental section for details). Sulfur copolymer
Fresnel lenses made from NBD2 or DIB were made by pour-
ing low viscosity/mid-conversion bulk inverse vulcanization re-
actants into the PDMS molds and curing at T = 165 °C for one
hour. This process either enabled thin films (≈100 micron thick-
ness, Figures 1e,f and 3b–d) of sulfur copolymer Fresnel lenses
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Figure 2. a) UA-IR target fabricated for LWIR imaging standardization prepared from CO2 laser writing into PMMA sheet; b) specifications of UA-IR
target pattern, with each line ranging from 1 to 3 mm in length and width; c) representative LWIR image of UA-IR target; and d) schematic of labscale
prototype LWIR imaging system.

for casting onto LWIR transparent NaCl supporting substrates or
freestanding Fresnel lenses (thickness = 0.7 or 1 mm, Figure 4)
with successful replication of the PMMA Fresnel lens master as
readily visualized by SEM imaging (Figure 1f).

2.2. LWIR System Assembly and Imaging Standardization

Access to both IR plastic optics lens fabrication methods AND
creation of a low-cost complete LWIR imaging system remain key
technological limitations for new LWIR optical polymer develop-
ment. With access to both substrate-supported and freestanding
CHIPs Fresnel lenses, integration into a functional LWIR imag-
ing system was the next step required to evaluate the optical per-
formance of the fabricated lenses and candidate optical polymers
for LWIR transmissive optical elements (Figure 2).
As discussed previously, the LWIR detector chosen for this lab-

scale system was the FLIR Lepton 2.5 microbolometer, with ac-
ceptable LWIR detector sensitivity from 8–14 μm. With access to
CHIPs Fresnel lenses and plano-convex Ge lenses possessing fo-
cal lengths of 15 mm, the entire LWIR system could be mounted
on an air table, or even on laboratory bench tops, where labo-
ratory scale hotplate-stirrers (or other blackbody radiators) could
be used as an inexpensive IR photon source (Figure 2d). To date,
there still is no clear LWIR imaging protocol, or resolution targets
to enable quantitative, uniform standardization of imaging exper-
iments and new optical element optical characterization, as new
LWIR imaging demonstrations are done with highly variable hu-
man subjects, or other macroscopic, commonplace tools, or ob-
jects (e.g., soldering irons, heating coils). For new optical imaging
systems designed for the visible, near-IR, or SWIR spectrum, the
use of the 1951 United States Airforce Resolution Test chart (i.e.,
USAF target) is now common practice, where the USAF Target is

fabricated onto a glass slide (≈2 inches diameter per side) with an
assortment of shapes and numbers of varying size and spacing to
enable the evaluation of magnification and resolution ranges for
new optical imaging systems. To enable facile, but uniform evalu-
ation of LWIR imaging experiments, we further developed on our
concept of using PMMA imaging targets made by carbon dioxide
laser stencil writing into plastic sheets.[5e] We designed a simple
target pattern fabricated by CO2 laser writing into a PMMA sheet
of hollow lines and numbers varying 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 we now refer to as the University of Arizona In-
frared Target (UA-IR target) (Figure 2a–c). The standard USAF
target cannot be used for LWIR experiments since the glass sub-
strate is highly absorbing in the LWIR.

2.3. LWIR Imaging Experiments with CHIPs Plastic Optics

With the lens fabrication process and LWIR imaging systems
in hand, LWIR imaging experiments comparing Ge and CHIPs
plastic optics were conducted. To establish a visual benchmark for
these new IR thermal imaging results, LWIR experiments were
initially conducted with a commercially available plano-convex
singlet Ge lens (15 mm focal length, 5 mm thickness, with anti-
reflective (AR) coating) from 100 to 30 °C (Figure 3a), where
sharp resolution of the UA-IR target was observed as expected
across this full temperature range, with progressively reduced
image brightness at lower temperatures due to lower IR photon
flux generated from the blackbody radiator shown in Figure 2.
It is important to note here that the AR-coating on the Ge lens
significantly raised the LWIR transmission versus an uncoated
Ge lens (LWIR %Twith AR > 90%T; LWIR %Twithout AR > 50%T, see
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Figure 3. Masked LWIR imaging experiments conducted with UA-IR target and labscale imaging system from Figure 2 from T = 100–30 °C for: a) 15 mm
focal length plano-convex Ge lens as an imaging reference; b) poly(S50-r-NBD250); c) poly(S70-r-NBD230) thin film Fresnel lens on NaCl; d) poly(S50-r-
DIB50); and e) poly(S70-r-DIB30) thin film Fresnel lens on NaCl. LWIR imaging was viable for poly(S50-r-NBD250) 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. f) LWIR
imaging under ambient conditions with a human subject with NaCl supported poly(S50-r-NBD250) thin film Fresnel lens.

Supporting Information, Figure S1) and afforded higher resolu-
tion imaging at low temperatures. Conversely,
LWIR imaging experiments done in the absence of the Ge

lens were confirmed to be completely defocused across this tem-
perature range, validating both the LWIR prototype system de-
sign, and imaging conditions. The desired LWIR imaging perfor-
mance with CHIPs Fresnel lenses is to achieve high resolution of
the UA-IR target down to ambient temperature conditions.
LWIR imaging of poly(S50-r-NBD250) materials was initially

done with supported thin film Fresnel lenses (peak thickness
≈100 μm) cast onto NaCl substrates through the UA-IR PMMA
target to ascertain both the true LWIR imaging quality and vi-
able thermal imaging ranges of the intrinsic polymer material.
The large form factor and limitedmanufacturabilty of NaCl plates
limits direct integration of this lens architecture into LWIR imag-
ing systems, as will be discussed in later sections. LWIR imaging
over 100–30 °C was conducted (Figure 3b), where excellent reso-
lution and brightness was observed with the poly(S50-r-NBD250)
Fresnel lens from T = 100–60 °C. However, good resolution of
the UA-IR target could still be achieved at T = 40–30 °C for only

this particular Fresnel lens, with an accompanying reduction in
image brightness, as observed for the AR-coated Ge lens refer-
ence. LWIR imaging with the higher sulfur content poly(S70-r-
NBD230) Fresnel lens was anticipated to afford better LWIR imag-
ing and lower temperatures versus the 50 wt.% copolymer exper-
iments, due to the reduced content of organic LWIR absorbing
phase. While imaging of the UA-IR target is discernable from T
= 100–60 °C with image blurring of the target at T = 40-30 °C
(Figure 3c), it is clear that these LWIR images have poor contrast
in comparison to the results from the poly(S50-r-NBD250) lens.
This particular effect of LWIR imaging quality on sulfur copoly-
mer compositions points to issues in the fabrication and qual-
ity of Fresnel lenses. The poly(S70-r-NBD230), has both slightly
lower Tg and more residual unreacted S8 in the glassy matrix of
the lens, both of which may compromise the Fresnel lens qual-
ity (e.g., flatness, diffractive pattern resolution), increase scatter-
ing losses and present more challenges in optimizing the cast-
ing step into PDMS molds. Hence, the superior LWIR imag-
ing quality achieved with the poly(S50-r-NBD250) Fresnel lens
reinforces the importance of both materials properties (optical,
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thermomechanical) and processability (castability, consumption
of S8 solid monomer) to achieve optimal imaging performance.
LWIR imaging experiments with poly(S-r-DIB) Fresnel lenses

of identical thickness supported on NaCl plates exhibited sigi-
ficantly 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
(Figure 3d,e). The reduced LWIR transmission of poly(S-r-DIB)
versus poly(S-r-NBD2) is the most likely cause of poor LWIR
imaging contrast in these experiments, although contributions
from inferior thermomechanical properties and processability
cannot be ruled out in this thin film NaCl supported lens
architecture.
With a series of fabricated IR Fresnel lenses and imaging re-

sults in hand, assessment of image resolution and brightness can
be directly compared to ascertain which sulfur copolymer com-
positions afford the highest quality LWIR imaging results. Given
the novelty of synthetic plastics, such as CHIPs, for LWIR plastic
optics, this series of fabrication and imaging experiments, while
qualitative in nature, are an important milestone toward cre-
ation of viable LWIR lenses and imaging systems. A gross survey
of these experiments confirmed that the highest contrast imag-
ing is achieved with the poly(S50-r-NBD250) Fresnel lens with
the poly(S70-r-NBD230), poly(S50-r-DIB50) and poly(S70-r-DIB30)
all exhibiting comparable levels of inferior imaging temperature
ranges and resolution. We can estimate image resolution the
poly(S50-r-NBD250) Fresnel lens experiments in object space, as
resolution of 1 mm thick lines in the UA-IR target can be quoted
as an object space resolution of 0.5 cycles mm−1 (since one cycle
of lines is 2 mm). The image plane resolution can determined by
counting the number of pixels from the dark point of the 1 mm
line to the next dark or light side feature in the target from the
LWIR images from the poly(S50-r-NBD250) Fresnel lens. This cor-
responds to about 6 pixels in themicrobolometer image plane, so
one cycle is 6 × 12 = 72 μm, giving an approximate image space
spatial frequency resolution of 14 cycles mm−1.
The viability of the poly(S50-r-NBD250) thin film Fresnel lenses

to achievemasked LWIR imaging of theUA-IR target at T= 40 °C
and 30 °C pointed to the likelihood of direct LWIR imaging of
black body radiator subjects under ambient conditions. Hence,
direct black body LWIR imaging of human subjects was con-
ducted under ambient conditions with NaCl supported poly(S50-
r-NBD250) thin film Fresnel lens, where the ability to resolve sin-
gle human subject targets (e.g., face-head, hands-fingers) and
multiple component targets (i.e., human subject head & hand,
head/hand/fingers) was demonstrated (Figure 3f). While these
ambient LWIR images exhibit reduced feature sharpness and res-
olution, nevertheless, these results demonstrate the viability of
room temperature LWIR imaging. This is the first example of
in operando imaging under ambient conditions with a refractive
CHIPs plastic lens specifically designed for a LWIR imaging sys-
tem. Furthermore, the ensemble of lens material and tempera-
ture variations point to the validity of this low-cost, standard ex-
perimental approach developed for plastic optic fabrication, op-
tical characterization and imaging. Chalker et al. have notably
demonstrated the ability to mold a CHIPs Frensel lens of appre-
ciable thickness (≈1mm) and achieve non-refractive LWIR imag-
ing under ambient conditions in conjunction with a commercial
LWIR camera.[12] Similar non-refractive LWIR imaging through

a molded flat window (thickness ≈1 mm) from CHIPs was also
achieved by Lee et al. under ambient conditions with the aid of a
LWIR camera.[10]

Despite the success of thin film-supported poly(S-r-NBD2)
Fresnel lenses, the fabrication of CHIPs plastic optics into more
manufacturable lens formats was also investigated. These efforts
included replacing NaCl salt plates with silicon wafer support-
ing substrates, however, with the aim of large-scale molding of
inexpensive LWIR plastic optics, we deemed that fabrication of
free-standing, all plastic CHIPs Fresnel lenses the more impor-
tant demonstration to benchmark the bulk material optical per-
formance for LWIR imaging. Freestanding poly(S50-r-NBD250)
Fresnel lens were cast using the same molding methods previ-
ously discussed, except to a total thickness of 1 mm for the fi-
nal molded optical element. Due to the thermomechanical ro-
bustness of poly(S50-r-NBD250) material and molded lens, thin-
ner poly(S50-r-NBD250) Fresnel lenses (D = 0.7 mm) were also
readily fabricated using standard polishing methods with sand-
paper and silica-based polishing compounds. Similarly, a free-
standing 0.7-mm thick poly(S70-r-NBD230) and poly(S50-r-DIB50)
Fresnel lenses was directly cast as control imaging references,
since these materials were too brittle, or soft to survive standard
polishing methods. Freestanding CHIPs Fresnel lenses thinner
than 0.7 mm were not able to be fabricated from these cast-
ing methods. Masked LWIR imaging conducted with the free-
standing Fresnel lenses further demonstrates the importance of
the material thermomechanical properties and fabrication pro-
cessability, that were not as clearly evident for thin film NaCl-
supported Fresnel lens experiments. The highest quality imaging
was observed for poly(S50-r-NBD250) Fresnel lenses which exhib-
ited optimal imaging conditions at higher temperature ranges (T
= 200–60 °C) in comparison to supported thin filmFresnel lenses
(see Figure 3), where the thinner freestanding Fresnel lens (D =
0.7mm)was able to resolve theUA-IR target atT= 60 °C, in com-
parison to the 1-mm thick Fresnel lens that could only be imaged
above T = 100 °C (Figure 4a,b).
Masked LWIR imaging with the freestanding poly(S70-r-

NBD230) Fresnel lens exhibited similar viable temperature ranges
as for the poly(S50-r-NBD250) Fresnel lenses (T = 200–60 °C),
but with reduced resolution of the UA-IR target; we note how-
ever, that while the resolution is definitely reduced themaximum
brightness is increased. This is presumably due to the fact that
the poly(S70-r-NBD230) has reduced LWIR absorption compared
to poly(S50-r-NBD250), so more light gets through, but the in-
creased scattering negatively impacts the resolution; this is more
evident in the freestanding films because of the increased film
thickness compared to the NaCl substrate-supported case. The
poly(S50-r-DIB50) freestanding Fresnel lens (thickness = 0.7 mm)
exhibited poor imaging quality of the UA-IR target even at high
temperature (T = 200 °C), where the low Tg of freestanding
poly(S70-r-DIB30) Fresnel lens (thickness = 0.7 mm) resulted in
reflow within hours under ambient conditions after initial mold-
ing of the Fresnel lens shape, which, in addition to the intrin-
sically low LWIR transmission, rendered this useless as an IR
plastic optic.
To further support these masked LWIR imaging experiments,

direct black body LWIR imaging of a metallic aluminum target
in the shape of a butterfly was conducted with these freestanding
CHIPs Fresnel lenses after taking the heated metallic butterfly

Adv. Optical Mater. 2023, 2301971 © 2023 Wiley-VCH GmbH2301971 (6 of 9)
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Figure 4. Masked LWIR imaging experiments conducted with UA-IR target and labscale imaging system from Figure 2 from T = 200–60 °C for freestand-
ing: a) poly(S50-r-NBD250) Fresnel lens (1-mm thickness), b) poly(S50-r-NBD250) Fresnel lens (0.7-mm thickness), c) poly(S70-r-NBD230) Fresnel lens
(0.7-mm thickness), d) poly(S50-r-DIB50) Fresnel lens (0.7-mm thickness), and e) poly(S70-r-DIB30) Fresnel lens (0.7 mm thickness).

and capturing images at T = 100 °C and 50 °C which were
found to be optimal temperatures for the AR-coated Ge plano-
convex reference lens. As shown in Figure 5a, LWIR imaging
of the butterfly subject afforded well-resolved images at both
temperatures using the Ge reference lens, with the freestanding
poly(S50-r-NBD250) Fresnel lens afforded well-resolved images
at T = 100 °C and reduced contrast, resolvable images at T = 50
°C (Figure 5b). LWIR imaging of the butterfly subject with the
freestanding poly(S70-r-NBD230) Fresnel lens exhibited reduced
resolution at T = 100 °C in comparison to the freestanding
poly(S50-r-NBD250) Fresnel lens and was difficult to resolve at
T = 50 °C, although with slightly enhanced brightness relative
to the freestanding poly(S50-r-NBD250) Fresnel lens at this
temperature (Figure 5c) due to the factors discussed above.
The collective findings from both masked and black body

LWIR imaging with freestanding CHIPs Fresnel lenses both val-
idated the observations from supported thin film Fresnel lens ex-
periments, while also revealing the importance of making free-
standing plastic optics. Hence, while casting thicker freestand-
ing Fresnel lenses of poly(S-r-NBD2) and poly(S-r-DIB) resulted
in less optimal LWIR imaging conditions versus the supported
the thin film Fresnel lenses, these bulk-free optic forms revealed
which sulfur copolymer possessed the appropriate synergy of
thermomechanical and optical properties, coupled with process-
ability to fabricate viable IR plastic optic lenses. As alluded to
in our prior work, new candidate optical polymers for IR optics

should target achieving the thermomechanical properties and
moldability of poly(methylmethacrylate) (PMMA, i.e., plexiglass)
for fabrication of viable plastic optical elements.

3. Conclusion

We have demonstrated for the first time a facile fabrication pro-
cess to produce IR plastic optics with CHIPs materials, specifi-
cally both supported and freestanding Fresnel lenses for LWIR
thermal imaging. Furthermore, we have described the first com-
plete methodology/system to fabricate and test new IR plastic op-
tics in operando for LWIR imaging evaluation, where the effect of
sulfur copolymer composition, lens format (supported vs free-
standing) and imaging conditions (e.g., temperature effects) can
be definitively determined. This study highlights the benefits of
the CHIPs material, poly(S-r-NBD2), which exhibits a favorable
ensemble of optical/thermomechanical properties, moldability,
and low cost for fabrication of IR plastic optics, in which we
demonstrate ambient, room temperature LWIR imaging with a
LWIR designed refractiveCHIPs lens for the first time. These col-
lective findings also reveal the difficulties of extrapolating IR plas-
tic optic performance based solely on sulfur content and IR spec-
troscopic transmittance of thin sulfur copolymer films.While the
LWIR transparency of CHIPs materials needs to be improved
to compete with existing state-of-the-art inorganic materials, the
manufacturability of plastic optics based on CHIPs points to the

Adv. Optical Mater. 2023, 2301971 © 2023 Wiley-VCH GmbH2301971 (7 of 9)
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Figure 5. LWIR imaging experiments conducted with heated metallic butterfly T = 100 and 50 °C for freestanding: a) 15 mm focal length plano-convex
Ge lens; b) poly(S50-r-NBD250) Fresnel lens (0.7 mm thickness); and c) poly(S70-r-NBD230) Fresnel lens (0.7 mm thickness).

value of this newly developing area of polymer science for IR op-
tics & photonics.
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