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ABSTRACT: Polymers are a highly versatile class of materials for micro and
nanofabrication. They have been studied for applications in photonics as they can
be readily processed, integrated, and doped with a wide range of materials, and
can be ﬂexible and stretchable, providing numerous opportunities such as
wearable devices and structures with tunable photonic response. Roll-to-roll
nanoimprint lithography (R2RNIL) is a method to produce all-polymer devices,
which provides the opportunity to target applications where low cost and high
throughput are needed most. Here, ﬁnite diﬀerence time domain simulations are
performed to determine the requirements for R2RNIL in order to produce
functional photonic integrated circuits. A wide range of nanophotonic devices are
fabricated, including waveguides, photonic crystals, diﬀraction gratings, and ring
resonators. Loaded quality factors as high as 57500 are measured in ring resonators at the telecom wavelength range, enabling
on-chip high resolution sensors and spectrometers.
KEYWORDS: polymer photonics, roll-to-roll nanoimprint lithography, photonic integrated circuits, microring resonators,
ridge waveguides
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chip footprints, such as medical and environmental sensing,
often rely on structures that provide high conﬁnement of
electromagnetic ﬁelds for high frequency resolution (e.g., for
on-chip spectrometers) or strong interactions with analytes
(e.g., direct sensors). To this aim, together with the motivation
for low cost, NIL has been previously employed to produce allpolymer integrated ring resonators.13−15 Here we demonstrate
an important step toward mass production, presenting allpolymer ring resonators fabricated by R2RNIL, with a
measured loaded optical quality (Q) factor of approximately
57500 for wavelengths between 1480 and 1680 nm, enabling a
frequency resolution of ∼25 picometers. The material choice is
ﬁrst discussed, followed by optical simulations conducted to
determine the geometries that support light propagation and to
guide the R2RNIL design to be able to achieve the geometric
requirements. The fabrication to produce a variety of
components for on-chip photonics and optical transmission
measurements are presented.
The polymers employed for the photonic structures were
UV-curable Norland Optical Adhesives (NOAs; Norland
Products, Inc.),16 selected for their relatively low cost, $300$400 per pound, and wide transparency window, as broad as
400 nm to 2 μm. A variety of NOAs are available, featuring a

oll-to-roll (R2R) fabrication is a ubiquitous technique in
manufacturing applications requiring continuous and highthroughput production. With the advent of nanometer to
micron scale molding techniques,1 integrated micro- and
optoelectronics produced by R2R nanoimprint lithography
(NIL) fabrication are ﬁnding prevalence in many disciplines,
including ﬂexible electronics,2 photovoltaics,3 and display
technologies,4 thus helping to bridge the ever-present gap
between academic research and real-world applications.
Importantly, R2RNIL provides an opportunity to use polymers,
which are leading material candidates for applications requiring
inexpensive, high-throughput fabrication, such as point-of-care
(POC) medical diagnostics and food and water safety
monitoring in developing countries.5 Polymers have many
additional advantageous characteristics for photonics; they are
readily deposited on a wide variety of substrates and on curved
surfaces,6 and they can be tailored through chemistry during
synthesis or postmodiﬁcation to achieve desired physical or
chemical properties such as refractive index proﬁle, thermal
response, hydrophilicity, reactivity, and dopant inclusions.7,8
In this Letter, we demonstrate on-chip all-polymer photonic
integrated circuits (PICs) by high-throughput and cost-eﬀective
R2RNIL manufacturing. PICs are important for a broad range
of disciplines and industries, for example, giving access to novel
physics in quantum9 and nonlinear optics,10,11 as well as serving
as excellent sensors for environmental or biomedical analysis.12
Applications that demand ultrahigh sensitivity and small on© XXXX American Chemical Society
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height were ﬁxed to d = 3.2 μm and h = 1 μm, respectively, to
minimize the number of modes supported by the structure
while maintaining negligible bending losses, as determined by
simulation for large (1 mm) bending radii. The pedestal
thickness p was varied in simulations, indicating that mode
conﬁnement to the ridge is possible for the chosen d and h
when p ≤ 1 μm (Figure 1b).
The R2RNIL tool (Figure 2) was designed to accommodate
the requirement for submicron pedestal thickness in order to be
able to produce structures with the optical conﬁnement
essential for routing the light on chip and achieving high Qfactor optical resonators. We employed pneumatic cylinders
(5.08 cm wide, 5.08 cm diameter) and rollers that could supply
and sustain the high pressures required to squeeze out excess
liquid polymer to reduce the pedestal thickness, applying up to
600 lbs of force to the molding interface between the stamp
and Teﬂon roller in this case. A rerouting roller positioned
above the stamp roller held the web in contact with the back of
the stamp roller, onto which a 600 W UV ﬂood lamp (Uvitron
SUN-RAY 600 SM UV) was positioned for curing so that the
molded polymer was cured through the web before it was
peeled away from the stamp roller.
The full fabrication process is depicted in Figure 2 and
presented in detail in the Experimental Section. Brieﬂy, we ﬁrst
fabricated a master mold in a silicon wafer by deﬁning the
photonic structures with electron beam lithography (EBL; ELSF125, Elionix, Inc.), followed by reactive ion etching with an
inductively coupled plasma (C4F8/SF6, RIE-ICP; STS MPX/
LPX). We used the Si master as a mold for the UV-curable
polymer perﬂuoropolyether (PFPE Sartomer CN5001; Arkema, Inc.) to prepare the working stamp, containing the inverse
of the ﬁnal structures (Figure 2a). We selected PFPE as the
stamp material for integration into the R2R system due to its
favorable characteristics, including high resolution reproduction
of photonic structures, ﬂexibility, and low surface energy.22 The
stamp was attached to the curved surface of the molding roller
in the R2R machine. Once a stamp became fouled
(approximately after 40 replica cycles), a new stamp could be
prepared from the same master, as the master exhibited no
evidence of deterioration in quality.
The cladding polymer NOA 13685 was ﬁrst dispensed in
liquid form onto the ﬂexible ﬁlm, known as the web, which
wound between the rollers and supported the polymers
throughout the molding and cladding processes (Figure 2b).
We selected a 2 in. wide (5.08 cm), 0.005 in. (127 μm) thick
polyethylene terphthalate (PET; Grax Dura-Lar) plastic ﬁlm as
the web material because of its sturdiness, ﬂexibility, ease of
availability, and suﬃcient transparency to the curing wavelength. The PET web originated at the source spool and was
drawn through the various stages of the tool by the collection
spool on the far right. The source and collection spools were
both equipped with concentric torque limiting shaft couplings
(McMaster 9132K11) to maintain tension on the web, keeping
it ﬂat throughout the molding process. Since NOA 13685
curing is inhibited by oxygen, nitrogen was ﬂowed in the
vicinity of the curing process. After curing a thick (∼10 μm)
layer of NOA 13685 between two UV lamps, NOA 71 was
dispensed onto the web and cured while pressed against the
stamp roller with a high force to eliminate as much of the
residual, pedestal-forming liquid. Once molding was complete,
we removed the web from the collection spool and cut the
devices for optical measurements.

large range of refractive indices, from n = 1.315 (NOA 1315) to
n = 1.64 (NOA 164), making it possible to select polymers with
a suﬃciently high refractive index contrast for on-chip
electromagnetic ﬁeld conﬁnement and guiding, and an
extensive range of viscosities (10−5000 cps), important for
achieving the desired speed of replication and molding
thickness. In this work, we chose NOA 13685 (n = 1.3685,
viscosity at room temperature 200 cps, curing wavelength 315−
400 nm) to form the upper and lower cladding layers and NOA
71 (n = 1.56, viscosity at room temperature 15−25 cps, curing
wavelength 315−395 nm) for the core layer of the photonic
structures.
NIL presents a challenge toward PIC fabrication, as the
process leaves an unavoidable residual layer, known as the
“pedestal”, between the molded structure and the substrate
(Figure 1a),17 so that the propagating electromagnetic ﬁeld

Figure 1. Ridge waveguide modes for progressively thinner pedestals.
(a) Schematic illustrating the ridge waveguide cross-section that results
from NIL. (b) Energy distribution for the electromagnetic ﬁeld of the
fundamental mode for rib waveguides of diﬀerent cross sections. In all
cases, d and h are ﬁxed at 3.2 and 1 μm, respectively, while p is
indicated on the corresponding plot. The color bar indicates the
distribution of electromagnetic energy contained in the fundamental
transverse electric (TE) mode; the mode distribution and trend with
increasing pedestal thickness are similar for the fundamental transverse
magnetic (TM) mode. x and y axes are the same for all plots.

preferentially leaks into the pedestal, preventing the optical
conﬁnement necessary for low-loss waveguiding (most evident
in Figure 1b, where the pedestal thickness is 5 μm).
Fortunately, the pedestal thickness can be substantially reduced
by selecting the appropriate combination of molding
parameters, including the initial thickness of the liquid polymer,
its viscosity, the pressure during the UV curing, and the
molding velocity.18−21 In order to specify the requirements for
the R2RNIL system, we conducted optical simulations to
determine the pedestal thicknesses that would allow for
adequate mode conﬁnement for a ridge waveguide comprising
NOA 1368 as the bottom cladding, NOA71 as the molded
device layer, and exposed to air on top (cross-section depicted
in Figure 1a). The electromagnetic ﬁeld proﬁles of the guided
modes were computed using a commercial eigenmode solver
(MODE Solutions; Lumerical, Inc.). The waveguide width and
B
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Figure 2. Process ﬂow for roll-to-roll nanoimprint lithography (R2RNIL). (a) Schematic of the process ﬂow. A master is created in silicon using
electron beam lithography (EBL) and reactive ion etching (RIE), from which a stamp is prepared in perﬂuoropolyether (PFPE) and mounted onto a
roller in the R2RNIL machine. (b) Schematic of the basic anatomy of the R2RNIL tool, consisting of rollers around which the polyethylene
terphthalate (PET) web is wound and UV lamps for curing the NOA material. The stamp and Teﬂon rollers are attached to pistons so that high
pressures can be applied to promote the liquid NOA to ﬁll the grooves of the stamp.

Figure 3. Variety of structures fabricated by the R2RNIL method. SEM images of (a) master (top), stamp (middle), and replica (bottom) for a 1D
nanobeam photonic crystal cavity (the waveguide width and height are 700 and 220 nm, respectively, the pitch is 300 nm, and the hole diameter
decreases from 165 nm at the center to 80 nm at both ends); (b) master (top) and replica (bottom) of a 1D nanobeam photonic crystal cavity with
elliptical holes (3.2 μm wide and 500 nm tall waveguide, pitch was 550 nm, ellipse minor and major axes linearly decrease from the center to both
ends from 165 to 140 nm, and from 1.44 to 1.22 μm, respectively); (c) master (top) and replica (bottom) of a portion of a photonic crystal slab
featuring 100 × 100 array of holes with 100 nm radii, 700 nm center-to-center distance, and approximately 90 nm hole depth; (d) master of a 1 mm
ring resonator coupled to an s-shaped waveguide (3.2 μm wide, 1.5 μm tall) via a 1.2 μm coupling gap (inset, SEM of the coupling region in the
replica coated with 10 nm of 80:20 Pt:Pd to prevent charging).

Figure 4. Optical transmission measurement setup. (a) Schematic of the measurement setup. The hollow tube contains a focusing lens to focus the
light onto the camera(s), a beamsplitter in case two cameras are used, and a zoom lens. FPC = ﬁber polarization control, PD = photodiode, NI-DAQ
= National Instrument Data Acquisition. (b) SEM images of the waveguide facet cut by a razor blade (top), zoom-in to the facet (middle), and a
photograph of a lensed telecom ﬁber coupled to one side of the waveguide of a device-under-test (bottom).
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Figure 5. Optical transmission measurements. (a) Cartoon of the full device, consisting of a ring coupled to an s-waveguide. (b) Transmission
measurement at telecom wavelengths, showing dips in transmission due to ring resonances. (d) Images taken with an IR camera when the laser
wavelength is ﬁxed either oﬀ resonance (red border), where scattering is seen from the waveguide only, not from the ring, or on resonance (green
border), where scattering is seen both from the waveguide and the ring. (d) High resolution scan of one resonance dip. Q from ﬁt: 57500 ± 200.

also reproduced, as well as isolated and connected trenches and
ridges ranging in width from 100s of nanometers to 100s of
microns. All of these structures can be replicated together in a
single R2RNIL run.
Transmission measurements were obtained for a polymer
ring resonator coupled to an s-shaped waveguide (Figure 3d,
SEM) as a representative integrated photonic structure
produced by R2RNIL. We used a typical end-ﬁre coupling31
setup (Figure 4a) employing lensed single mode SMF-28 ﬁbers
(OZ Optics, Ltd.). In order to couple laser light on and oﬀ
chip, we sliced both ends of the waveguide with a razor blade
and approached the lensed ﬁbers to either end using motorized
stages. The ﬁber at one edge of the chip focused laser light in
the telecom C- and L-Band wavelength range (1480−1680 nm)
from a tunable continuous wave laser (Santec TSL-510) onto
one waveguide facet, while a second lensed ﬁber at the
opposing edge collected the transmitted light from the exit
waveguide facet and delivered it to an InGaAs photodetector
(Newport 1811). As shown in the SEM images of Figure 4b,
the exposed end facets can exhibit buckling due to shear forces
induced during the cutting process; this contributes to insertion
losses and can potentially be eliminated by employing diﬀerent
cutting methods or tools, for example, slicing with a sharper
blade, clamping the materials during cutting, using laser cutting,
or performing ion beam milling.
The measured device is depicted schematically in Figure 5a.
The waveguide width, height, and pedestal thickness for the
device under test were measured from the SEM images to be d
≈ 3.2 μm, h ≈ 1 μm and p ≈ 1 μm, respectively, and the
coupling gap (shortest distance between the ring and

As shown in the SEM images in Figure 3, all-polymer replicas
of a variety of photonic structures were achieved, all of which
demonstrated good ﬁdelity to the master mold dimensions, a
broad range of feature sizes ranging from below 100 nm to
several millimeters, and reproduction over large areas (e.g., 100
cm2, limited here by the width of the web, the size of rollers,
and the area over which the piston could apply a uniform
pressure, but could be extended by orders of magnitude in an
industrial setting); the minimum reproducible feature size of
100 nm is a result of the resolution of the initial lithography
used to create the master as well the capillary forces, which
dictate the ﬁlling of the small features by the chosen polymer in
its liquid form.23
One type of replicated structure was the nanobeam photonic
crystal cavity (Figure 3a,b), based on those previously produced
using EBL and RIE in diﬀerent material platforms including
silicon-on-insulator and EBL resists, and for which excellent
sensing results have been demonstrated for biological and
chemical analytes.24,25 As shown in the SEM images in Figure
2a, the all-polymer replica nanobeam photonic crystals
contained holes below 80 nm in diameter together with
waveguides that were up to 500 nm wide and centimeters long.
We also replicated structures previously employed for
applications in optomechanics,26,27 consisting of 2D arrays of
holes (Figure 2c) as well as their inverse, consisting of pillars.
These replica molded structures displayed angle-dependent
color which can be used toward display technologies or
colorimetric sensing.28−30 Ring resonators coupled to waveguides featuring micron-scale distances between the rings and
waveguides spanning centimeters in length (Figure 3d) were
D
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waveguide) was 1.2 μm. We set the bending radii to 1 mm in
order to minimize bending losses. The s-shape was chosen to
ensure that the measured transmission signal was due to laser
light guided through the fabricated ridge waveguide, rather than
guiding through the pedestal as a slab mode or scattering from
the input to output ﬁber. The measured transmission spectrum
is shown in Figure 5b. Dips in the transmission spectrum
correspond to resonance wavelengths supported by the ring
resonator. We further conﬁrmed this through images captured
with an infrared camera placed above the optical chip: when the
input laser wavelength was ﬁxed on resonance, scattering out of
the ring was observed in the camera image, while no scattering
from the ring resonator was observed with the laser tuned oﬀ
resonance (Figure 5c). For a ring with radius R and, thus, total
path length L= 2πR, the distance between resonances, the free
spectral range (FSR), is expected to be

FSR =

λ2
ng L

be used as low-cost on-chip spectrometers for highly sensitive
analyte detection which would pave the way to better, more
accessible diagnostics, especially in developing countries thanks
to the low cost and scalability of the R2R technique. We
envision that polymer photonic structures produced by
R2RNIL will also be used toward integrated on-chip quantum
and nonlinear circuits, with the possibility to incorporate other
materials such as emitters and absorbers for light sources,
detectors, and other applications.39

■

EXPERIMENTAL SECTION
Roll-to-Roll Nano Imprint Lithography. The speed and
tension with which the collection spool pulls the web can be
adjusted with a power supply connected to the motor driving
the assembly and a variable spring-loaded clutch. Between the
source and the collection spool, the R2R process consists of
two steps: (1) a 10 μm thick layer of NOA 13685 is applied to
the PET web and UV-cured to form the lower cladding and (2)
NOA 71 is imprinted on top of the cladding to create the
device layer. For all steps, NOA is deposited in liquid form onto
the PET web using a syringe pump (KD Scientiﬁc). The
syringe pump sets supply ﬂow at a controlled rate to
accommodate the desired layer thickness and web velocity.
The uncured polymer for the lower cladding layer is spread
over the width of the web using a doctor blade positioned by
two micrometer heads. After exiting the doctor blade, the
cladding is cured between two UV ﬂood lamps (Caution! UV
shielding must be used). NOA 71 is then deposited on top of
the lower cladding layer and passed through a pair of rollers
that squeeze the uncured polymer to a submicron thickness
with the help of four pneumatic cylinders. The upper roller,
covered by the PFPE stamp that contains the inverse of the
ﬁnal structure, is pressed into the uncured polymer. The lower
roller is covered with a thin sheet of Teﬂon. After the web
passes through the line of contact between the rollers, it is held
in contact with the stamp clad upper roller and cured by
another UV lamp (Caution! UV shielding must be used)
directed to the backside of the upper roller. Once the NOA 71
is cured by the UV lamp, the replica-molded device is released
from the stamp, transported by the web, and wound onto the
collection spool from which it can later be removed and cut
into segments for optical measurements. While it was not
implemented in this tool, a third step to apply an upper
cladding layer is an option using a process similar to the one
used to add the lower cladding, as described above.
Optical Transmission Measurements. We collected
transmission measurements at telecom wavelengths using
lensed ﬁber coupling to the exposed on-chip waveguide facets.
The lensed ﬁbers were purchased from Oz-Optics and spliced
into the optical setup. The ﬁbers were approached to either end
of the chip using motorized stages with 50 nm encoder
precision. One ﬁber functioned as the input, delivering light
from a Santec telecom laser, while the other ﬁber was used to
collect the transmission and deliver it to the photodetector. A
data acquisition (DAQ) board from National Instruments (NI)
converted the analog voltage output from the photodiode to a
digital signal. The DAQ was also used to synchronize the
timing of readout from the photodetector with the change in
frequency of the tunable Santec laser.

(1)

at an operational wavelength of λ and a group index of ng.32 For
the rings measured here, R = 1 mm, λ ≈ 1550 nm, and ng =
1.593 was obtained from frequency analysis with MODE
Solutions. The expected FSR is thus 0.24 nm, in close
agreement with the experimentally extracted value of 0.23 nm
± 0.005.
The loaded optical Q-factor of these resonances, deﬁned as
the center wavelength divided by the full width at half
minimum (fwhm) of a transmission dip, is a key parameter for
spectroscopy and sensing, as it determines both the frequency
resolution and sensitivity of the device. It is extracted from the
transmission measurements by ﬁtting a Lorentzian line shape to
the transmission dips. Figure 5d depicts such a ﬁt to an example
transmission dip, which gives Q = 57500 ± 200 and
corresponds to a spectral resolution of approximately Δλ =
λ/Q ≈ 1495 nm/57500 = 26 pm. This sets an upper bound on
the losses of 2πng/(λQ) = 2π*1.593/(1495*10−7 cm*57500) ≈
5.06 dB/cm,33,34 and is comparable to what has been
demonstrated in other photonic integrated platforms based in
polymer.35−38 We note that 5 dB/cm is a conservative estimate,
and could be much lower when coupling losses are taken into
account. The reported high Q factor and corresponding low
propagation loss validate our choice of polymer and method of
fabrication.
In summary, we have established a R2RNIL tool for the
fabrication of all-polymer on-chip photonic devices, with
feature sizes ranging from below 100 nm up to several
millimeters. Since the silicon master can be used almost
indeﬁnitely (no fouling or reduction of performance was
observed for thousands of device replicas), the costs of EBL
and RIE used to produce it are negligible compared to the
material (polymers used for cladding and core and the web)
costs. Assuming that a single stamp can be reliably replicated
40× before fouling, consistent with experimental observations,
and taking into account the total volume of material used to
make the device as well as the excess material, which is
inevitable for the fabrication process, we obtain an estimated
cost of $0.01 per square centimeter. We demonstrated and
characterized all-polymer integrated optical ring resonators
prepared by the R2R method. The total Q-factor was extracted
from a ﬁt to the transmission spectrum, revealing excellent
material properties, enabling a variety of fundamental studies
and industrial applications. An array of resonant devices could
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