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In this Letter, we demonstrate that by adjusting the thickness of the buffer layer, the optical responses of a
guided-mode resonance filter (GMRF) can be improved for sensor applications. The GMRF is fabricated using
a replica molding with a plastic substrate and a UV-curable polymer. SiO2 buffer layers of different thicknesses
are deposited before the waveguide-layer deposition. The sensitivity of the GMRFs decreases slightly with in-
creasing SiO2 layer thickness. By contrast, the full width at half-maximum reduces substantially with increasing
SiO2 layer thickness, resulting in the improvement of the overall figure of merit.
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Wang and Magnusson[1,2] pioneered guided-mode reso-
nance (GMR) in planar dielectric waveguide gratings.
This resonance allows the coupling of an external illumi-
nation into the waveguide modes by using the phase
matching provided by the gratings. These waveguide
modes are immediately reradiated out of the waveguide
and into free space and the substrate; hence, they are re-
ferred to as “leaky modes.” The forward reradiated leaky
modes interfere destructively with the zero-order forward-
diffracted waves. By contrast, the backward-reradiated
leaky modes are in phase with the zero-order backward-
diffracted waves, resulting in constructive interference.
This phenomenon manifests experimentally as a transmis-
sion dip or reflection peak. GMR has gained increasing
attention over the decades and has been used in applica-
tions[3–6] such as wideband polarizers, tunable filters, label-
free (LF) biosensors, electro-optic modulators, bandpass
and band-stop filters, and fluorescence enhancements.
Among these, LF biosensors based on a GMR filter
(GMRF) are probably one of the most important applica-
tions that have been widely used by many research groups
for different purposes and have also been commercialized
by several companies.
To fabricate subwavelength grating structures in low-

cost, high-throughput, large-area patterning, and less
processing complexity for commercialization, imprint[7–10]

and molding[11–14] methods are often used. In these meth-
ods, in general, a Si or glass master mold with a grating
pattern fabricated by electron beam lithography or
deep-UV photolithography is used to transfer the grating
pattern on a polymer film for mass production. Depending
on the device or process, the polymer grating pattern re-
plicated from a Si or glass mold may be used as a secon-
dary master mold for the subsequent pattern transfer[10,14]

to prevent the damage of the Si or glass mold. After trans-
ferring the grating structure to polymer film, deposition of
a high refractive index (RI) layer is often required to serve
as a waveguiding layer to support leaky modes[10,11,14].

In order to have a higher sensitivity for biosensing
applications, the lower RI of substrate is often desired
to push the waveguide mode toward the device surface
to enhance interaction with adsorbed biomaterials[15].
However, the selection of polymer materials is often lim-
ited by the molding methods or the design of devices. In
this work, through deposition of a film with lower RI be-
tween the polymer grating and waveguiding layer, we can
alienate the restriction on the selection of polymer mate-
rials and optimize the optical performance for LF biosens-
ing applications.

For a low cost and rapid fabrication, a GMRF was fab-
ricated using a replica molding and film deposition. A Si
wafer with a grating period of 400 nm and a grating depth
of 140 nm, fabricated through electron beam lithography
and etching, was used as the master mold. An optical ad-
hesive, NOA68 (n ¼ 1.556, Norland Products, Inc.), was
sandwiched between the Si master and a flexible sheet of
polyethylene terephthalate (PET). NOA68 was cured
through UV exposure, and PET/NOA68 was separated
from the Si master. A buffer layer of SiO2 (n ¼ 1.46)
was deposited on the NOA68 through sputtering,
followed by the deposition of a TiO2 waveguide layer
(thickness ¼ 145.7 nm, n ¼ 2.22). The finished GMRF
is a simple four-layer structure comprising a plastic sup-
porting substrate, a UV curable polymer with a grating
pattern, a buffer layer, and a waveguiding layer, as illus-
trated in Fig. 1(a). In this study, buffer layers of four
thicknesses—156.8, 193.2, 218.6, and 269.2 nm—were
deposited to investigate their effect on optical responses.
Scanning electron microscopy (SEM) images of the top
and cross section of the completed GMRFs of four buffer
thicknesses are presented in Figs. 1(b)–1(i).

With increasing SiO2 layer thickness, the top section of
the GMRF expanded laterally, decreasing the deposition
rate in the valleys and eventually preventing further
deposition in such regions. This phenomenon is evident
in cross-sectional images in Fig. 1, in which the SiO2
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thickness is lower in the valleys than at the top, and TiO2

does not exist (or exists in extremely minimal quantities)
in the valley. Because the film also grows laterally, a cavity
is eventually formed when the SiO2 thickness is further
increased. The top view reveals that the slightly topo-
graphical difference is the resulting different duty cycles
caused by the different SiO2 thicknesses. A duty cycle
is defined as the ratio of the width of the top portion
[Fig. 1(a)] to the period, which was 0.885, 0.893, 0.915,
and 0.925 for the four SiO2 layers deposited in this study.
As discussed previously, when a broadband light source

is at a normal incidence angle to the GMRF, a narrow
band of wavelength is reflected and the remaining light
is transmitted; this is observed as a dip in the transmission
measurement. To obtain the transmission spectra, an op-
tical fiber with collimating lens connected to a broadband
light source (LS-1-LL, Ocean Optics) was used to illumi-
nate the GMRF normally. A polarizer was placed in
between the GMRF and the fiber to obtain the desired
polarization. Transverse magnetic polarization was used
for all simulations and experiments because of the result-
ing narrower peak, which potentially provides a high res-
olution for sensor applications. The transmitted light was
collected by another fiber connected to a spectrometer.
For comparison, the transmission spectra were simu-

lated according to a rigorous coupled-wave analysis by
using a simulation tool (DiffractMOD, RSoft Design
Group). For enhanced accuracy, the geometries used in
RSoft for the different SiO2 thicknesses were based on
the SEM cross-sectional image with rounded corners
and slanted sidewalls, as shown in Fig. 2(a) (x and y are
not to scale). Because of the thick (>15 μm) NOA68 layer,
the PET layer was neglected and only three layers were
simulated.
The transmission spectra of the bare GMRF (without

any solution on the surface) with the different SiO2

thicknesses were measured using a 1.5 nm-resolution
spectrometer (USB2000+VIS-NIR-ES, Ocean Optics).
Both the simulated and measured transmission spectra
for the two SiO2 layer thicknesses were consistent in terms
of resonant wavelength and full width at half-maximum
(FWHM), as shown in Fig. 2(b). The simulated and
observed resonant wavelengths increased with the
SiO2 thickness [Fig. 2(c)]. The slight discrepancy in the

resonant wavelengths of the simulation and experimental
results are probably due to the difference in the RIs of
TiO2 and SiO2 in the simulated and actual devices.

A major application of the GMRF is as a LF biosensor,
which has already been commercialized by several manu-
facturers. Two of the most crucial parameters that affect
the detection are sensitivity and resolution. Sensitivity is
defined as the change of an output signal (shift of the res-
onance wavelength for GMRF) as a function of the change
of RI on the sensor surface, and the resolution refers to the
minimum change of the spectral shift that can be mea-
sured accurately, a parameter associated with the noise
of the detection system. In an optical biosensor, the reso-
lution is typically scaled linearly by using the FWHM of
the resonance peak[16,17]; thus, a sensor with a narrower
FWHM tends to achieve a higher resolution. The narrow-
ness of the resonance peak can also be defined as the qual-
ity factor (Q factor), where Q ≡ λo∕FWHM. Here, λo is the
resonant wavelength of the optical resonator. By combin-
ing these two parameters, the figure of merit (FOM), de-
fined as the ratio of sensitivity and FWHM, is often used
to characterize the performance of LF optical sensors.
Ideally, a sensor with a high sensitivity and resolution

Fig. 1. (a) Schematic of a four-layer GMRF; SEM images of the top and cross section for SiO2 thickness of 156.8 (b), (c), 193.2 (d), (e),
218.6 (f), (g), and 269.2 nm (h), (i).

Fig. 2. (a) Cross-sectional view of one period in the RSoft sim-
ulation. (b) The measured (M) and simulated (S) transmission
spectra of the GMRF with two SiO2 film thicknesses. (c) The
resonant wavelength as a function of SiO2 thickness for both
the simulated and measured results.

COL 14(3), 030501(2016) CHINESE OPTICS LETTERS March 10, 2016

030501-2



(narrow FWHM or high Q factor), which yields a high
FOM, is desired.
To study the effect of the buffer thickness on

sensitivity and resolution, a sucrose solution with various
concentrations—0% [only deionized (DI) water], 15%,
30%, 45%, and 65%, with a corresponding RI of 1.333
(DI water), 1.356, 1.381, 1.410, and 1.453, respectively[18],
covering the typical RI range of biosamples—was used.
When the solution was added on top of the GMRF, the
RI contrast between TiO2 and the reduced solution was
compared with that of the bare GMRF and the top
cladding of air; this reduced the FWHM of the resonance
peak. To determine the FWHMmore accurately, all trans-
mission spectra of the solution were measured using a
0.1 nm resolution spectrometer (Princeton Instruments
Acton SP2500).
Figure 3(a) is an example of the measured transmission

spectra for different sucrose solutions of the GMRF with
156.8 nm SiO2. The corresponding resonant wavelengths

with different solutions were simulated on the basis of the
model shown in Fig. 2(a), in which we changed the RI of
the cladding to that of the solution. Comparisons of the
resonant wavelength and the RI for both simulated and
experimental results for 156.8 nm SiO2 are summarized
in Fig. 3(b). At this RI range, the sensitivities, calculated
using the slope of the linear fitted line, were 139.72 and
134.96 nm/RIU for the experimental and simulated
results, respectively. Although the resonant wavelengths
shift slightly between the experimental and simulation
results, the simulated sensitivity provides a valuable refer-
ence to the measurement. The same procedure was applied
to GMRFs with different SiO2 thicknesses, and the results
are presented in Fig. 4 for both the simulated and exper-
imental results.

As discussed previously, the resolution of optical biosen-
sors is related to the FWHM of the resonance peak.
Because the FWHM varies slightly with the RI of the sol-
ution [Fig. 3(a)], to investigate the effect of the SiO2 thick-
ness we calculated the FWHM with RI ¼ 1.35 [Fig. 4(a)].
The simulation demonstrates that the FWHM can be re-
duced from 1.220 to 0.368 nm when the SiO2 is increased
from 156.8 to 269.2 nm, which indicates that the narrow-
ness of the peak is reduced by a factor of 0.3. Thus, a higher
Q factor of GMRF can be achieved by increasing the SiO2
thickness. According to our results, the Q factor can be
improved by 3.3 times (from 545.98 to 1815.22) when
the SiO2 thickness is increased from 156.8 to 269.2 nm.
For the experimental results, 15% sucrose was used

to determine the FWHM for different SiO2 thicknesses
[Fig. 4(b)]. The FWHM can be reduced by approximately

Fig. 3. (a) Measured transmission spectra for different sucrose
concentrations. (b) The resonant wavelength versus RI for the
simulation and experimental results.

Fig. 4. (a) Simulated FWHM and Q factor as a function of the SiO2 thickness and (c) the simulated sensitivity and FOM as a function
of the SiO2 thickness. (b) The experimental FWHM and Q factor as a function of the SiO2 thickness and (d) experimental sensitivity
and FOM as a function of the SiO2 thickness.
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0.42 times, from 2.425 to 1.015 nm; this corresponds to the
improvement of the Q factor by 2.39 times, from 278.43 to
665.42. The lower Q factor of the experiment compared
with that of the simulation is probably due to the loss
of energy because of the scattering in or the imperfection
of the fabricated device. Nevertheless, both the experi-
mental and simulation results indicate that by increasing
the SiO2 thickness, a higher Q factor (i.e., a narrower
FWHM) can be obtained.
When the SiO2 thickness is increased from 156.8 to

269.2 nm, the simulated sensitivity decreases from 134.96
to 124.59 nm/RIU and the measured sensitivity decreases
from 139.72 to 122.02, a 7.7% and 12.7% decrease from the
measured and simulated values, respectively. For both the
simulation and the measurement, the thickness of SiO2
does not drastically affect the sensitivity as much as it
does the FWHM. Despite the slight decrease in sensitivity
with increasing SiO2 thickness, the overall FOM can be
substantially improved because of the significant reduc-
tion in the FWHM. The simulation result indicates that
FOM can be improved from 110.62 to 338.56 by increasing
the SiO2 from 156.8 to 269.2 nm. In comparison, the ex-
perimental results depict a lower degree of improvement
because of a broader FWHM. Nevertheless, by increasing
the SiO2 thickness the measured FOM can be improved
from 57.62 to 120.22.
This study investigates the optical responses to the sen-

sitivity and resolution of GMRF for use as an optical sen-
sor when a lower RI buffer layer is deposited between a
polymer grating substrate and a waveguiding layer. The
experimental results are verified using simulation models.
The sensitivity reduces slightly; by contrast, the FWHM
is reduced considerably as the buffer thickness was in-
creased. Therefore, the FOM can be improved substan-
tially by increasing the buffer thickness; this is beneficial
to biosensor applications.
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