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Abstract

Guided-mode resonance (GMR) structures consisting of sub-wavelength periodic gratings are capable
of producing narrow-linewidth optical resonances. This paper describes a sol–gel-based imprint
lithography method for the fabrication of submicron 1D and 2D GMR structures. This method utilizes
a patterned polydimethylsiloxane (PDMS) mold to fabricate the grating coupler and waveguide for a
GMR device using a sol–gel thin ﬁlm in a single step. An organic–inorganic hybrid sol–gel ﬁlm was
selected as the imprint material because of its relatively high refractive index. The optical responses of
several sol–gel GMR devices were characterized, and the experimental results were in good agreement
with the results of electromagnetic simulations. The inﬂuence of processing parameters was
investigated in order to determine how ﬁnely the spectral response and resonant wavelength of the
GMR devices could be tuned. As an example potential application, refractometric sensing experiments
were performed using a 1D sol–gel device. The results demonstrated a refractive index sensitivity of
50 nm/refractive index unit. This one-step fabrication process offers a simple, rapid, and low-cost
means of fabricating GMR structures. We anticipate that this method can be valuable in the
development of various GMR-based devices as it can readily enable the fabrication of complex shapes
and allow the doping of optically active materials into sol–gel thin ﬁlm.
Keywords: nanostructures, sol–gel photonics, imprint lithography, photonic crystal, guidedmode resonant ﬁlter
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1. Introduction

a speciﬁc combination of incident angle and wavelength,
phase matching by the grating allows the incident beam to be
coupled into a desired GMR mode [14]. The GMR mode
exists because part of the excitation is coupled into the
waveguide at resonance, while the rest is either reﬂected or
transmitted. When the light coupled into the grating waveguide leaks outwards, constructive interference between the
out-coupled and reﬂected light yields a sharp resonant
reﬂection peak with nearly 100% efﬁciency. In contrast, the
transmission shows a sharp resonant dip with near 0% efﬁciency due to the destructive interference between the outcoupled and transmitted light.
The characteristics of a GMR device, such as its resonance wavelength, peak reﬂection efﬁciency, and linewidth,
are determined by the geometrical parameters of the device

Guided-mode resonance (GMR) devices, which are also
known as resonant grating waveguides, leaky mode waveguides, or photonic crystal slabs, have the extraordinary
capability of generating narrowband reﬂections at speciﬁc
wavelengths when illuminated by broadband light. The
principle underlying the GMR effect was ﬁrst established in
the early 1990s [1–3]. Subsequently, GMR-based devices
have been found to be useful for many applications, including, optical communications, displays, lasers, photovoltaics,
and chemical/biological sensing [4–13]. A typical GMR
device consists of a substrate, grating coupler, and dielectric
waveguide. In addition, the grating coupler can be combined
with the waveguide to form a resonant grating waveguide. For
0957-4484/16/095302+08$33.00
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Figure 1. Schematic diagrams of the 1D and 2D sol–gel GMR devices. (a) 1D GMR structure showing the grating patterned on a glass

substrate. The grating period (Λ) and depth (d) were Λ=416 nm and d=150 nm. (b) 2D GMR structure with the period of Λ=500 nm at
both x- and y-directions and depth of d=150 nm. The base layer (t) resides between the grating and the glass substrate, and its thickness was
determined by the processing parameters.

and the properties of the constituent materials [15, 16]. Using
electromagnetic simulation tools, it is possible to design a
GMR that will achieve a desired spectral response. Previously, sub-wavelength GMR gratings that operate in the
visible and near-IR wavelength ranges have been fabricated
by complex and expensive processes, such as electron beam
lithography, focused ion-beam lithography, and deep UV
lithography [17–19]. Alternative, bench-top approaches,
including interference lithography and nanoreplica molding,
have recently been exploited to fabricate sub-wavelength
GMR gratings with high throughput, high ﬁdelity, and uniformity [20–23]. Post-lithography processes, such as reactive
ion etching and thin-ﬁlm deposition, are still required to
fabricate GMR devices. Unfortunately, these processes
increase the overall fabrication complexity and cost. To
overcome these issues, we sought to fabricate a grating coupler and waveguide by using a simple, single-step bench-scale
process in the form of sol–gel imprint lithography.
In sol–gel imprint lithography, a sol–gel material is used
as the imprint resist that transfers a pattern from an elastomer
stamp to a desired substrate [23–26]. During the sol–gel
imprint process, a colloidal solution, i.e., sol, is converted into
a networked gel. The advantages of this process include the
low-cost of imprinting and the diverse sol–gel material
options. Previous work has demonstrated imprint patterning
of sol–gel materials to create the cladding layers of photonic
crystal slabs, but without precisely controlled thicknesses and
refractive indices of the sol–gel ﬁlms. Considerable recent
progress has been made in creating organic–inorganic hybrid
sol–gel materials with high refractive indices [27–30]. The
ability to perform imprint lithography using high-refractiveindex sol–gel materials provides a new method for fabricating
inexpensive and large area GMR devices.
In this study, we demonstrate the single-step fabrication
of sol–gel GMR devices using imprint lithography on glass
substrates. Sol–gel GMR thin ﬁlms were formed from
organic–inorganic hybrid sol–gel materials to take advantage
of their high refractive indices. GMR devices with both 1D
and 2D gratings were fabricated and their surface morphologies and optical responses were characterized. The GMR

structures supported features as small as 160 nm over areas as
large as 8 mm×8 mm, which is only limited by the imprint
template dimensions. When used as optical reﬂection ﬁlters,
the sol–gel GMR devices exhibited narrowband reﬂection
upon illumination by broadband light. The inﬂuence of processing parameters on the spectral response of the GMR ﬁlters was studied. By controlling parameters such as the spincoating speed and post-imprint bake time, we were able to
tune the resonant wavelengths of the GMR devices. When
utilized as refractive index sensors, the refractive index
changes on the surfaces of the GMR devices led to resonance
wavelength shifts. This single-step, sol–gel-based approach
offers several distinct advantages, including simplicity, low
cost, the ability to tune the GMR resonance, and the potential
to incorporate optically active dopants inside the GMR
waveguide.

2. Experimental details
Figure 1 presents schematic diagrams of the 1D and 2D sol–
gel GMR structures. Both the 1D and 2D sol–gel GMR
designs consist of periodically patterned sol–gel ﬁlms on top
of glass substrates. In each case, the refractive index of the
sol–gel ﬁlm (nsol) is greater than the refractive indices of the
substrate (nglass) and superstrate (nsup), enabling the structure
to function as a waveguide. The period (Λ) and depth (d) of
the grating and the base layer thickness (t) determine the
resonance wavelength and line shape of the GMR. We sought
to design GMR devices in the visible and near infrared
wavelength ranges by using a numerical simulation and to
subsequently fabricate the structures using sol–gel imprint
lithography.
2.1. Optical modeling

A commercial software package employing the rigorous
coupled wave analysis method (R-Soft DiffractMOD) was
used to model the optical responses of the GMR devices
based on the design parameters. For the 1D GMR device,
2
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and pretreated using an anti-adhesion coating (Repel Silane,
GE Healthercare) to facilitate the subsequent separations. The
anti-adhesion treatment was performed by soaking the silicon
master in the silane solution for 5 min with a subsequent rinse
by using ethanol. To fabricate submicrometer features possessing a 1:1 aspect ratio and high ﬁdelity, we used a twolayer structure consisting of PDMS and hard PDMS (hPDMS) [31]. The h-PDMS was prepared by mixing poly(7%–
8%vinylmethylsiloxane)-(dimethylsiloxane),
1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane, Xylene, and poly
(25%–30% methylhydrosiloxane)-(dimethylsiloxane) (Gelest
Inc.) with a weight ratio of 68:2:1:20 and was then spinning it
directly onto the silicon master gratings. The h-PDMS-coated
master gratings were baked at 65 °C for 10 min on a hotplate.
A thick layer of, PDMS (Sylgard 184, Dow Corning) was
then prepared with a 10:1 ratio of the elastomer to the curing
agent and poured onto the h-PDMS before curing in a 65 °C
oven for 24 h. After being fully cured, each PDMS replica
was carefully separated from its silicon grating, as shown in
ﬁgure 2(b). Before an imprint process, the surface of PDMS
mold is thoroughly cleaned in an ultrasonic bath and then
treated with an O2 plasma for 30 s to facilitate the spin coating
of sol–gel material.
To fabricate the ﬁnal GMR structures, the premade sol
solution was spun onto the plasma-treated PDMS template.
The spin speed was adjusted to manipulate the thickness of
the coating. After spinning, a glass coverslip was immediately
placed on the sol–gel-coated PDMS, such that the sol visibly
ﬁlled in the space between the PDMS and the coverslip. To
eliminate the defects, the glass coverslips were cleaned using
the Piranha clean. The heat-curing process was performed
using a hotplate at 200 °C for 5 min while a 300 g calibration
weight was placed on the PDMS/sol–gel/coverslip stack to
generate a pressure around 50 kPa. Once the sol–gel ﬁlm had
solidiﬁed, the ﬂexible PDMS mold was removed (ﬁgure 2(f)).
The resulting structure was a thin replica grating comprised of
highly refractive dielectric TiO2 ﬁlm on top of the glass
coverslip. The sol–gel ﬁlm was further annealed at 200 °C to
improve the ﬁlm quality. During the imprint process, the base
layer thickness (t) was optimized by varying process parameters including the sol viscosity, spin-coating speed, and
applied pressure.

periodic boundary conditions were applied in the x-direction,
while the y-direction was invariant. The reﬂection spectra
perpendicular to the device surface were calculated for both
transverse electric (TE) and transverse magnetic (TM) modes.
Here, TE is the mode with the electric ﬁeld (Ey) parallel to the
grating direction. The electric ﬁeld components (Ex and Ez) of
the TM mode are perpendicular to the grating. The dimensions of the modeled 1D GMR structure, as determined by
measurements of the actual device were: Λ=416 nm,
d=150 nm, and t=130 nm. Refractive index values of
nsol=1.8, nglass=1.51, and nsup=1.0 were assumed in the
simulation. To simulate the 2D GMR devices, periodic
boundary conditions were applied in both the x- and ydirections. Due to inherent symmetry, the optical response of
the 2D GMR device is independent of the polarization state of
the incident light. Therefore, an un-polarized plane wave was
used as the excitation light source in the simulation. The
dimensions of the 2D GMR structure were Λ=500 nm,
d=150 nm, and t=130 nm. Simulation results are shown
in ﬁgure 4 and are compared with the experimental
measurements.
2.2. Preparation of sol–gel solution

The sol–gel technique was used to fabricate the hybrid
organic–inorganic titania ﬁlm. The precursor solution was
prepared by mixing tetrabutyl orthotitanate (TNBT, 244112,
Sigma-Aldrich) and diethanolamine (DEA, 16957, SigmaAldrich) in ethanol (EtOH 99%). TNBT and DEA were used
as the precursor and stabilizer, respectively. The solution was
mixed on a magnetic stir plate at room temperature for 2 h.
Deionized water (H2O) and EtOH were pipetted into the
precursor solution, which was subsequently hydrolyzed at
room temperature. The molar ratio of the chemicals in the
solution was TBT:ETA:EtOH:H2O=1.2:2:32:1.3. The
solution was stirred and homogenized for several hours to
form an ethanol-based sol. The sol was gradually aged at
room temperature for about ﬁve days, while the transparent
solution became more viscous and yellow. The aging time
was controlled to obtain the viscosity desired for the spincoating process. All of the chemicals used to synthesize the
sol–gel solution were purchased from Sigma-Aldrich and
used as received.

2.4. Optical measurements
2.3. Sol–gel imprint process

The optical response of the GMR devices was characterized
using a custom built optical apparatus. Samples were mounted on a kinematic stage to control sample orientation with
respect to the incident light beam. A broadband tungsten–
halogen light source coupled to an optical ﬁber with a collimator was used to illuminate the samples. The reﬂected light
was collected at normal incidence using a second optical ﬁber
bundled adjacent to the illumination ﬁber and was analyzed
by a visible spectrometer (USB 2000, Ocean Optics). To
characterize the 1D GMR, a linear polarizer was placed
between the collimator and the sample to collect both TM or
TE oriented light. Unpolarized light was used for measurements with the 2D GMR. All reﬂection spectra are presented

We exploited poly(dimethylsiloxane) (PDMS)-based imprint
lithography to pattern the sol–gel material into 1D and 2D
gratings (ﬁgure 2). PDMS was chosen as the mold material
because it is gas-permeable and thus facilitates outgassing
from the sol–gel while curing without compromising pattern
integrity. A PDMS mold possessing a negative surface relief
of the desired grating proﬁle was produced by replication of a
master silicon grating (ﬁgures 2(a) and (b)). The
8 mm×8 mm silicon master gratings were purchased from
LightSmyth Technology Inc. The grating period (duty cycle)
of the 1D and 2D silicon master gratings are 416 nm (50%)
and 500 nm (50%), respectively. These gratings were cleaned
3
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Figure 2. Process ﬂow of the sol–gel imprint process for the fabrication of GMR structures. (a) The PDMS mold is replicated from the silicon
master grating. (b) The PDMS mold is separated from the silicon grating and sol–gel solution is spun onto the PDMS mold as shown in (c)
and (d). The sol–gel on PDMS is brought into contact with a glass substrate. (e) The PDMS/sol–gel/glass sandwich is baked on a hotplate
under a controlled pressure. (f) After solidiﬁcation of the sol–gel layer, the PDMS mold is removed and the GMR is baked on the hotplate to
improve the ﬁlm quality. A photograph of a 1D GMR is shown in (g).

Figure 3. SEM images of sol–gel GMR structures: (a) top view image of the 1D device with Λ=416 nm; (b) cross sectional view of the 1D

GMR structure showing d=150 nm and t=130 nm; and (c) top view of the 2D GMR structure with Λ=500 nm. (Scale bar: 1 μm).

Figure 3 shows scanning electron micrographs (SEMs) of
the 1D and 2D sol–gel GMR structures. As depicted in
ﬁgure 3(a), the 1D pattern consists of periodic ridges with
widths of about 160 nm and a pitch of Λ=416 nm. A crosssectional view (ﬁgure 3(b)) shows the grating amplitude
(d=150 nm)
and
base
layer
thickness
of
approximately130 nm). The 2D grating pattern shown in
ﬁgure 3(c) is an array of cylindrical holes with diameters of
about 300 nm that are arranged in a square lattice with a pitch
of Λ=500 nm. Within resolution limits, we observed uniform grating structures with minimal defects over the
inspected areas. Notably, SEM images suggested that the
pitch values of the sol–gel gratings experienced a moderate
shrinkage of about 20% over the dimensions of the silicon
master gratings following sustained annealing at 200 °C. It is
worth noting that there are a few microscopic defects in the

after subtracting the transmission spectra from the incident
light.

3. Results and discussion
Several experiments were conducted to characterize the
physical and optical properties of the sol–gel GMR devices.
Electron microscopy was used to measure structural dimensions and analyze ﬁlm quality. The optical responses of both
1D and 2D devices were then measured. Using the 1D device
as an example, the effects of process parameters on the optical
resonance were examined. As a demonstration of application,
we performed refractometric sensing measurements using the
1D sol–gel device.
4
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Figure 4. Simulated and experimental reﬂection spectra at normal for 1D (a) and (b) and 2D (c) GMR structures. The simulated and measured

reﬂection spectra of the 1D GMR structure correspond to dimensions of Λ=416 nm, d=150 nm, and t=130 nm with (a) TE and (b) TM
polarized light. (c) The simulated and measured reﬂection spectra of the 2D GMR structure with dimensions of Λ=500 nm, d=150 nm,
and t=130 nm.

sol–gel grating. The defects only slightly deteriorate the
optical response of the GMR on a macroscopic scale.

spin coating. For example, decreasing the rotation speed will
increase the base layer thickness (t) of this sol–gel ﬁlm. An
increase in the base layer thickness shifts the position of the
reﬂection peak of the GMR mode to longer wavelengths. In
order to investigate the effects of the base layer thickness on
the resonance characteristics, 1D sol–gel samples were fabricated using different rotation speeds (e.g., 2000, 3000 and
4000 rpm), while the other process parameters remained
unchanged. The reﬂection spectra of these GMR devices were
then measured. Figure 5(a) shows the normalized TE reﬂection spectra for the 1D device with three different base layer
thicknesses (t=130 nm, 170 nm, and 200 nm), as determined by cross-sectional SEM images. The resonance
wavelengths of the devices with base layer thicknesses of
130, 170 and 200 nm are located at λTE=627 nm, 637 nm,
and 647 nm, respectively.

3.1. Reflection measurements

Figures 4(a) and (b) show the predicted and measured
reﬂection spectra of a 1D sol–gel device at normal incidence
under TE and TM illumination, respectively. For this sample,
the base layer thickness was t=130 nm. The simulated TE
results exhibit a strong resonance centered at λTE=629 nm
with a full-width at half-maximum (FWHM) of 4 nm. In
comparison, the measured reﬂection spectrum showed a near
exact match of the peak wavelength λTE=627 nm and only a
slightly larger width of FWHMTE=9 nm. The TM mode
exhibited a peak wavelength of λTM=607 nm with
FWHMTM of 20 nm for the simulated results, while the
measured
wavelength
was
λTM=605 nm
with
FWHMTM=19 nm. The small difference between the measured and simulated resonance characteristics are likely the
result of using constant refractive index values for the various
materials in the simulation. Figure 4(c) compares the simulated and measured reﬂection spectra of a 2D GMR device.
Because the 2D structure was symmetric in the x-y plane, the
incident light was left unpolarized. The simulation results
predicted resonance peaks at λ=764 nm and 798 nm with
TE- and TM mode illumination, respectively, while the
corresponding measured spectra exhibited resonance peaks at
λ=762 nm and 798 nm. These peaks are associated with the
TE-and TM modes supported by each direction of the
2D GMR.

3.3. Tuning of GMR wavelength by post-imprint bake

In addition to the base layer ﬁlm thickness, the refractive
index of the sol–gel ﬁlm also inﬂuences the spectral properties of the corresponding GMR device. The post-imprint
annealing on a hotplate at 200 °C can cause the sol–gel
refractive index to increase. This change occurs due to the
increase in bulk density of the TiO2 hybrid organic-inorganic
gel that occurs during the annealing process. In this study, we
exploited the post-imprint annealing process to precisely tune
the resonant mode of the 1D GMR device. In order to calibrate the variation in sol–gel refractive index with annealing
time, planar thin ﬁlms were prepared on silicon wafers and
annealed for ﬁve different time periods (5, 30 min, 2, 4 and
12 h) on a hotplate at 200 °C. The sol–gel thin ﬁlms were
subsequently characterized using ellipsometry (Alpha-SE, J.
A. Woollam). The measured refractive indices ranged from
1.726 up to 1.912. The shortest annealing time resulted in a
refractive index of 1.73, while the sample that was annealed
for 12 h exhibited a refractive index increase up to 1.91. Five

3.2. Effect of the base layer thickness

Previous work has demonstrated that the spectral position of
the resonant mode depends on the thickness of the waveguide
layer, i.e., the sol–gel ﬁlm thickness. During the sol–gel
imprint process, it is possible to control the thickness of the
sol–gel base layer by adjusting the rotation speed used during
5
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Figure 5. Optical characteristics of the sol–gel GMR devices with different base layer thicknesses and refractive indices. Normalized

reﬂection spectra measured for the 1D sol–gel device with: (a) base layer thicknesses of t=130, 170, and 200 nm; and (b) with sol–gel
refractive index values of nw=1.73, 1.76, 1.79, 1.88, and 1.91. The refractive index values at 632 nm were measured by ellipsometry.

Figure 6. Refractive index based sensing using 1D sol–gel GMR devices. (a) Normalized reﬂection of the sol–gel GMR sensor when surface
was exposed to media with different refractive index values. Five different superstrate materials, air (nsup=1.0), methanol (nsup=1.327),
water (nsup=1.333), acetone (nsup=1.359), and DMSO (nsup=1.479) were measured. (b) Refractive index sensitivity of sol–gel GMR
sensor characterized by linearly ﬁtting the change in resonant wavelength versus the refractive index value. The sensitivity was calculated to
be 50 nm/RIU (R2=0.99). (c) Dynamic response of the GMR resonant wavelength when exposed to an aqueous solution containing
0.5 mg ml−1 co-poly-l-(lysine, phenylalanine) PPL.

sol–gel GMR samples were imprinted and subsequently
annealed for 5 min, 30 min, 2 h, 4 h, and 12 h. Figure 5(b)
depicts the normalized reﬂection spectra measured for each of
these samples. As expected, the refractive index increase
associated with post-imprint annealing shifted the resonance
wavelength from 618 up to 632 nm.

detection of the rates of adsorption of a polypeptide ﬁlm. The
reﬂection spectra of a 1D sol–gel GMR device were measured
when the device surface was immersed in ﬁve different
media: air, methanol, water, acetone, and dimethyl sulfoxide
(DMSO), respectively. After each measure, the 1D sol–gel
GMR device was dried and used to measure the next solution.
The measurement setup is described in section 2.4, where the
device is placed horizontally with the surface facing upward.
The resonant wavelengths are plotted versus the refractive
index of the medium in ﬁgure 6(b). A best ﬁt of these results
to a straight line give a refractive index sensitivity of
Sb=Δλ/Δn≈50 nm/refractive index unit (RIU).
The sensitivity to surface mass adsorption was characterized by the deposition of a synthetic polypeptide copoly-l-(lysine, phenylalanine) (poly(Lys, Phe) or PPL, Sigma-

3.4. Application: refractometric sensing

Because the peak wavelength of GMR resonance is sensitive
to changes in the optical properties of the surrounding
materials, this device can be exploited as a refractive-index
sensor. To characterize its sensing performance, we conducted two different tests: (1) resonance measurements in
solutions with different refractive index values and (2)
6
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Aldrich), on the sensor surface. When deposited on the device
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relatively low. By optimizing the geometry of the grating
following the design rules described in [34], we would be able
to improve the sensor performances.
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