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Abstract: Nanostructured filter arrays on image sensors
are promising for miniature spectrometers and spectral
imagers. In this work, we report on resonant waveguide
gratings fabricated by UV nanoimprint lithography and
conformal dielectric-plasmonic coatings. Optical mea-
surements in accordance with numerical simulations
report on a resonance bandwidth of 20 nm in transmission
in the visible range. The impact of cladding thickness and
filter lateral size on the resonance properties is investigated
with the help of numerical calculations. Finally, it is shown
that the proposed geometry based on conformal coatings
has a very efficient blocking rate compared to other
nanostructured filter approaches.
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There has been recently an increasing interest in miniature
devices performing spectral measurements for a variety of
applications such as photography or food analysis in
consumer electronics, as well as human centric lighting or
industrial quality control (see e.g. the studies by Liu et al.,
Kha et al. and Goldring et al. [1–3]). Compact spectral
sensors, spectrometers and spectral imagers are ideally
manufactured as afilter array on image sensors (see e.g. the
study by Geelen et al. [4]). This need is also associated with
constraints on the efficiency of the fabrication process and
ease of integration. When considering interference filters
for example, their spectral positions depend on thick-
nesses of the applied coatings. As the number of required

spectral bands increases, the number of filters and result-

ing number of process steps is expected to increase.
Nanostructured filters have been identified in this context

as potential candidates to overcome these constraints, as
they can be manufactured with a low amount of process

steps which does not scale with the number of spectral
channels. Thewavelength range that they are addressing is

related only to some design parameters, such as the pitch
or fill factor of the resonant structures. Among them,
plasmonic array naturally has a resonant response in

transmission and has been demonstrated in miniature
spectrometers, as RGB filter arrays on CMOS image sensors

[5] or as spectral sensors [6, 7]. They are however limited by
optical losses from metallic absorption, especially in the

visible and near infrared ranges, which prevents accessing
to smaller spectral bandwidths. On the other hand, reso-

nant waveguide gratings, also known as guide mode
resonant devices, are based on high refractive index
dielectric materials and thus can offer access to spectrally

narrower resonances [8]. Photonic crystals have also been
shown to support guided mode resonances [9]. Different

approaches using a guided mode resonance in combina-
tion with surface plasmon resonance to generate bandpass

filters have been proposed [10, 11], with bandwidths down
to 20 nm [10, 12]. In the study by Wang et al. [13], hybrid

plasmonic and resonant waveguide structures have been
used as free-standing membranes to generate RGB filters

with high transmission. These approaches rely on the use
of a flat waveguide and etching of thin metallic films,
which implies some constraints on manufacturing.

In this work, we report on narrowband hybrid filters
fabricated by UV nanoimprint lithography and conformal
coatings. We show that the distribution of refractive index
induced by the thin films deposited on the corrugated
surface effectively generates a waveguide core, cladding
and metallic grid. Using this method, transmission peaks
with FWHM of 20 nm and a low nonresonant background
contribution are measured. We analyze the impact of the
different structure parameters on the resonance properties,
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in particular the upper and lower cladding thicknesses, the
filter lateral dimensions. We compare the presented

approach of conformal coatings to approaches resulting in

planar geometries and quantitatively show how the
conformal coatings have better filtering performances,

especially when a large spectrum extending over visible
and near-infrared is considered. The fabrication method is

compatible with large throughput in manufacturing.
Our filters are composed of a periodically corrugated

resonant waveguide grating, on top of which sits an array
of corrugated plasmonic nanowires. Despite the corruga-
tion, a cladding and a core layer can be defined by
considering the average refractive index of the different
dielectric layers. Figure 1a summarizes the incoupling,
outcoupling and Fano interference processes building the
filtering effect. The incident light is coupled by the periodic
structure into propagating surface plasmons at metal–
dielectric interfaces. Surface plasmons are then funneled
through the small apertures and coupled into the dielectric
waveguide. The waveguide mode is finally outcoupled by
the periodic structure to the substrate. A more detailed
account on the coupling mechanisms between the wave-
guide and the metallic wires can be found in the study by
Bauer and Giessen[14]. At resonance, the Fano interference
between the light outcoupled from the waveguide and the
continuum of the directly transmitted light yield in a
transmission peak, in a similar way to the extraordinary
transmission effect in plasmonic aperture arrays [15, 16].
The Fano effect can be here understood as an interference
between the in- and outcoupled optical field (black arrows
in Figure 1a) and the continuum of directly reflected and
transmitted light (red arrows in Figure 1a). Around the
resonance wavelength, the in- and outcoupled field un-
dergoes a phase shift, which results either in constructive
or destructive interference with the continuum. Since the
off-resonant transmission is low, the constructive inter-
ference at resonance in transmission is dominant, thus
resulting in a transmission peak (Figure 1b).

A dielectric low index spacer is present between the
plasmonic nanostructures and the waveguide in order to
limit optical losses. In order to maximize the resonance
amplitude, the dielectric spacer (i.e., the upper cladding)
and the lower cladding must be of similar refractive index.
SiO2 has been chosen as the spacer material and thus
matches the refractive index of the underlying UV curable
resin. The core material should have the highest contrast
possible with the cladding. We have chosen ZnS with an
index of approximately 2.3 for this study. Regarding the
choice of the plasmonic material, aluminum and silver are
widespread for resonances in the visible range, including

the lower wavelengths. Since silver shows a large plas-
monic contribution in the transmission outside of the
guided mode resonances, aluminum has been preferred.

The background of directly transmitted light is rela-
tively low due to the small gap between aluminum nano-
wires. The ratio of background amplitude to peak
amplitude typically ranges between −20 and −6 dB for TM
polarization (electric field perpendicular to the grating
lines), and generally below −12 dB for TE polarization
(which is featureless, not shown here). In the present case,
the in-plane propagating modes are supported by the
dielectric waveguide instead of the plasmonic structures,
which results in reduced optical losses and a higher mode
quality factor. The measured transmittance spectra for TM
polarization show a bandwidth of 20 nm at a wavelength of
550 nm (Figure 1b).

The fabrication process flow is shown in Figure 2a–e. A
master consisting of a binary profile is generated by elec-
tron beam lithography and etching in a silicon wafer. A
nanoimprint master is fabricated from the silicon wafer,
which is used to replicate the nanostructure in aUV curable
material. The profile of the master has a corrugation depth
of 80 nm in order to compensate for the profile loss during
the replication step (typically in the order of 10%). Ten
different periods have been investigated in this work in
order to cover homogeneously the visible range, namely
260, 288, 316, 344, 372, 400, 428, 456, 484 and 512 nm. The
corrugation depth d = 70 nm, the spacing between grating
lines w = 100 nm, the ZnS thickness tw = 50 nm, the SiO2

spacer thickness tc = 80 nm and the aluminum thickness
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Figure 1: (a) Light propagation in the proposed hybrid plasmonic
dielectric corrugated waveguide system. The incident light (orange
arrows) is coupled by plasmonic resonances in the metallic top
coating, into a resonant waveguide grating made of a ZnS core
(green) conformal to a periodic corrugation, and finally coupled out
(black arrows). It interferes with directly transmitted light (red
arrows) to form a Fano-like resonance. A silica spacer (blue) is pre-
sent between the metallic layer and the waveguide core.
(b) Measured transmittance spectrum of TM-polarized light.
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tm=40nmevaporatedwith an angle of 60° from the normal
of the substrate to ensure a deposition only on the top of the
grating. In order to show the potential of this approach to
effectively generate filter arrays, these 10 different gratings
have been processed simultaneously on the same sub-
strate. Due to manufacturing constraints the corrugation
depth must be comparable to tw + tm, so that the ZnS and
SiO2 films deposition does not alter the profile before the
Al coating. Using this approach, an array of metallic ap-
ertures supporting propagating surface plasmons is
generated [17]. A cross section of the fabricated structured
has been performed with focused ion beam milling and
analyzed with a scanning electron microscope (Figure 2f).

It can be observed that the aluminum coating is almost
closed but that a gap between individual elements re-
mains, which allows coupling to the underlying wave-
guide. Measurements and simulations of completely
closed gaps (not shown here) show a nonresonant and very
low transmission level, thus confirming that an opening in
the metallic layer, even small, must be present for surface
plasmons to funnel through. Figure 2g shows the corre-
sponding transmission measurement for the various filter
devices. For all of them, the FWHM of the transmission
peak is around 20 nm, while the peak transmission ranges
between 10 and 40%.

In the following, we analyze the different effects
impacting the resonance amplitude with support of nu-
merical simulations. The simulation of the filters has been
performed with the rigorous coupled wave analysis
(RCWA), with 40 diffraction orders in the Fourier decom-
position of the field in order to account for numerical
inaccuracies in TM polarization [18]. The geometry
considered for a given filter is sketched in Figure 3a, while
the simulations results for all filters are reported in
Figure 3b. The corrugation depth d = 70 nm, the spacing
between grating lines w = 100 nm, the ZnS thickness
tw = 50 nm, the SiO2 spacer thicknesses tc = 80 nm and
t′c = 30 nm, the aluminum thickness tm = 40 nm, the
sidewall thickness ws = 40 nm and the top metal width
wm = p −w +ws. The peak positions, FWHM and amplitude
of background transmission are in very good agreement
with measurements. However, numerical calculations
appear to overestimate the peak amplitude. First, the
measurement beam divergence is approximately 1°. Thus,
simulations have been performed for 1° incidence from the
normal of the plane, in the direction across the grating lines
(Figure 3c). Comparing Figure 3b and Figure 3c, simula-
tions predict a difference of 10–40% in peak transmission
amplitude for a deviation of 1° in beam incidence from the
surface normal, depending on the filter geometry. At
normal incidence, the first and minus first orders are
coupled at the samewavelength in thewaveguide and their
contributions directly add up in the total resonance in-
tensity. A non-normal incidence results in a difference in
excitationwavelengths of these twomodes and as a result a
splitting of their resonances and a reduction of the peak
transmission. The larger and shorter wavelengths are also
more sensitive to the incidence angle, because the wave-
guide core thickness is chosen to optimize the central
wavelengths. This result in a peak amplitude in simulation
ranging between 20 and 60%. Still, the simulated peak
amplitude is larger than measured, which is attributed to
structural variations within the measurement spot (with a
diameter of approximately 2 mm). This has the effect of
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Figure 2: (a–e) Fabrication process flow. (a) UV nanoimprint
lithography from a master containing 10 different linear binary
grating profiles. (b) Transferred grating profiles in UV curable
material on transparent substrate (dark blue). (c) Coating of
waveguide corematerial (ZnS, green arrows). (d) Coating of cladding
and spacer material (SiO2, red arrows) (d) Oblique aluminum
metallization (gray arrows). (f ) Scanning electron micrograph of
fabricated nanostructure. Scale bar: 400 nm. (g) Measurement of
corresponding transmittance for TM-polarized light. From left to
right: periodicity of the corrugation of 260, 288, 316, 344, 372, 400,
428, 456, 484 and 512 nm. The coatings are applied simultaneously
to all gratings.
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introducing a so-called inhomogeneous broadening in the
resonance. In weakly coupled Fano-resonant systems, it
results in affecting mostly the resonant amplitude as the
interference between the in and out-coupled field and the
continuum is damped [19]. Since the number of grating

periods contributing to the measurement is very large and
geometrical variations are expected, homogeneous
broadening is expected to play an important role in the
decrease of the resonance amplitude from simulations.
Figure 3d shows the same simulation as Figure 3b but with
silver instead of aluminum. It can be seen that strong
localized surface plasmon resonances prevent an efficient
blocking outside of the guided mode resonance.

The upper and lower dielectric layers of the waveguide
strongly influence the resonance amplitude and position,
as illustrated in Figure 4. The low index dielectric spacer
between the metallic nanowires and the waveguide plays
the role of cladding and its thickness influences the
coupling strength between surface plasmons supported by
the metallic nanowires and the dielectric waveguide
modes. For a low spacer thickness, the propagating modes
have a strong contribution from the surfaces plasmons,
optical losses are higher and the mode FWHM is in the
range of 30nm (Figure 4b).When the thickness is increased
to higher values, surface plasmons do not efficiently
couple evanescently to the dielectric waveguide modes
and the peak amplitude is reduced. The optimal spacer
thickness is therefore in the range of 80–100 nm. In addi-
tion, the lower cladding plays an important role in the
resonance properties, which is relevant for applications
where the filter is constructed for example as a membrane
or directly integrated on a semiconductor for light har-
vesting. In the simulations of Figure 4c, the material under
the waveguide is air and a cladding of SiO2 under the
waveguide is considered. When the waveguide is directly
in contact with air, the mode propagation is pulled on the
upper side of the waveguide and affected by optical losses
from themetallic nanowires [10].When the thickness of the
lower cladding is comparable to the effective wavelength
in SiO2, additional modes arising from total internal re-
flections at the lower dielectric-to-air interface appear,with
a signature of multiple peaks. The spectral spacing be-
tween the modes is reduced as tB is increased. For a very
thick lower spacer, the resonance wavelength of higher-
order modes converges to the wavelength of the funda-
mental mode. Depending on the source coherence, the
higher-order modes can be suppressed for large spacer
thickness. Figure 4d shows a similar study for a silicon
substrate, representing for example the filter directly in-
tegrated onto an image sensor. The imaginary part of the
permittivity of silicon has been set to zero in order to
compute the transmitted intensity in the far-field. It can be
observed that a lower cladding layer of 500 nm of SiO2 is
required to reach a similar performance level to the case
without silicon (tB = infinity). The FHWM is also slightly
increased in this case. The higher the cladding thickness,
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Figure 3: Numerical simulation of filter transmission using rigorous
coupledwave analysis (RCWA). (a) Schematic of simulated geometry
and parameters definition. (b) Transmission at normal incidence for
TM polarization. (c) Transmission at 1° from normal incidence for TM
polarization. (d) Transmission at normal incidence with silver in
place of aluminum. From left to right: periodicity of the corrugation
of 260, 288, 316, 344, 372, 400, 428, 456, 484 and 512 nm.
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the lower optical losses from silicon absorption are
expected.

Finite differences in time domain (FDTD) simulations
have been performed in order to estimate theminimal filter
dimension required to support the resonance. Compared to
RCWA, FDTD allows in a straightforward manner simula-
tion of finite sized systems, with perfectly matched layers
(PMLs) at boundaries of the computation window.
Figure 5a shows the near-field intensity distribution at
resonances (wavelength 600 nm) for the 372 nm grating,
with a total lateral dimension of 30 µm in the direction
across the grating lines. As they are two-dimensional cal-
culations, the grating extends infinitely in the direction
along the grating line, but it is expected to have a low
impact in this direction. The mode field extends below
the waveguide up to approximately 400 nm, which con-
firms the findings from Figure 4b and c that the resonance
is affected by changes in the substrate material in this re-
gion. The beam diameter is kept constant at 20 µm, as it
is shown to have an influence on the grating resonance
amplitude and wavelength [20, 21]. The detectors size,
i.e., the zone where the field amplitude is sampled, is 2 µm.
One can directly observe the signature of a guided mode
resonance in the ZnS layer below, as well as surface plas-
mon resonance in the gap between the aluminum struc-
ture. For the direction across the grating lines, Figure 5b
reports the peak amplitude as a function of the grating

lateral extension. At 15 µm and above, the peak amplitude
is relatively comparable, which gives an estimation of the
minimal lateral size required in order to have a full reso-
nance. Below 15 µm, the resonance is still present, but with
less amplitude. In the measurements of Figure 1 and
Figure 2, the gratings have lateral dimensions of 3 mm and
the measurement beam diameter is approximately 2 mm,
thus excluding any finite-size effect.
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Figure 4: Influence of upper and lower
claddings on resonance properties. (a) A
lower cladding of SiO2 of thickness tB is
inserted between the waveguide and
substrate. (b) Simulated filter transmission
as a function of upper cladding thickness tB
for period 344 nm, waveguide thickness
tw = 35 nm and infinite lower cladding
thickness (b–c) Simulated filter
transmissionas a function of lower cladding
thickness tB for an (b) air and (c) silicon
substrate and tC = 80 nm.
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Figure 5: Finite differences in time domain (FDTD) simulation of
filters with finite lateral size. (a) Numerical simulation of
TM-polarized electric field intensity at wavelength 600 nm for the
372 nm period filter. (b) Calculation of resonance peak intensity at
600 nm for a filter as function of its lateral size.
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A bandpass optical filter must have the ability to effi-
ciently block the wavelengths outside of its transmission
band, which will determine the signal to noise ratio and
resulting performance in spectrometric and spectral im-
aging applications. We now would like to analyze how the
proposed approach based on conformal coatings impacts
the optical blocking, especially in comparison with pre-
viously established geometries based on planar metallic
nanowires and dielectric layers [10–12]. In order to obtain a
planar geometry with resonance wavelength, FWHM and
peak transmission comparable to the conformal coating
geometry, the effective core and cladding refractive index
have been calculated by averaging the contributions from
the ZnS, SiO2 and air materials, as illustrated in Figure 6a.
The effective core thickness t′w is 120 nm, the effective
cladding thickness t′c is 100 nm. For the metallic layer
parameters, we have t′m = tm and w′m = wm. Comparing
Figure 6b to Figure 3c, we observe a large broadband off-
resonance transmission at large wavelengths, especially
for filters resonant in the lowwavelength range. This effect
is observed also experimentally [10–12] and can be inter-
preted as follows: in the case of conformal coatings,
metallic sidewalls are able to funnel surface plasmons at
resonance and couple them into thewaveguide, while they
will further reduce off-resonance transmission at large

wavelengths by bringing additional amount of bulk
metallic material. The difference between conformal
coatings and planar metallic wires is even larger in the
near-infrared (spectra not shown here).

In order to quantitatively assess the difference inoptical
blocking between the conformal and planar nanowires, we
define the filter weight F as follows:

F =
∫
λ0+Δλ/2
λ0−Δλ/2T(λ)dλ
∫
λmax

λmin
T(λ)dλ

, (1)

which corresponds to the fraction of transmitted intensity
over the filter bandwidth Δλ centered on λ0, to the trans-
mitted intensity over the total spectral range between λmin

and λmax. Here the filter bandwidth is defined as Δλ = 2
FWHM = 40 nm consistently for all filters. Figure 7a shows
how the filter bandwidth is selected. The calculation of
filter weight F is performed from simulated and measured
transmission spectra for the conformal coating approach,
and from simulated spectra of the planar filters approach.
The wavelength range is chosen in Figure 7b to be
λmin = 380 nm and λmax = 800 nm. Several observations can
be made: first the conformal coatings clearly outperform
planar nanowires for most grating periodicities, especially
the short periods where the resonance wavelength is low.
Second, the incidence angle does not really impact this
result, although the peak transmission is lower for 1° inci-
dence. Figure 7c extends the wavelength range to
λmax = 1080 nm corresponding approximately to the end of
the silicon absorption band. The difference between planar
and conformal metallic nanowires is even larger for all
grating periodicities,with up to a 10× largerfilterweight for
conformal metallic nanowires. Therefore, although the
filters presented here have a lower peak transmission level
than approaches based on planar nanowires, their block-
ing is in general multiple times more efficient. We also
stress that this trend on the filter weight is independent of
the metal thickness, as both peak transmission and
blocking rate depends on the metal thickness.

In conclusion, this article has reported on filter arrays
based on hybrid resonant waveguide and plasmonic
nanostructures. Their fabrication using UV nanoimprint
lithography and conformal coatings prevent the use of
etching and lift-off steps, which makes it a promising
approach for upscaled manufacturing with high
throughput. A FWHM of 20 nm in transmission is reported,
with filter central wavelengths ranging between 420 and
800 nm. Numerical simulations show a good agreement
with measurements for the transmission peak wavelength,
the FWHM and background transmission. We have then
investigated the impact of cladding on the resonance
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Figure 6: Numerical simulation of filter transmission reproduced
with an effective planar waveguide geometry. (a) Schematic of
simulated geometry and parameters definition. (b) Transmission at
1° from normal incidence for TM polarization. From left to right:
periodicity of the corrugation of 260, 288, 316, 344, 372, 400, 428,
456, 484 and 512 nm.
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properties. In particular, there is an optimal spacer thick-
ness between the metallic and waveguide layers, and the
waveguide layer must be placed on top of a cladding layer
too keep narrowband operation. Further investigations
with FDTD show that the filter should have a minimal size
of approximately 15 µm in order to have a full resonance.
Finally, we have shown that a geometry based on
conformal coatings compared to flat metallic nanowires is
able to block significantly better wavelengths outside the
transmission band, which is extremely relevant for spec-
trometric and spectral imaging applications. This difference
is increased when the visible and near-infrared range is
considered. The presented approach can be applied to the

NIR and SWIR ranges with adaptation of the structure pa-
rameters. Alternative high refractive indexmaterials such as
aluminum, tantalum, niobium or titanium oxides can be
used as waveguide. The fabrication process of UV nano-
imprint is also applicable directly on image sensors, in a
similar way to e.g. microlens arrays [22], over single or
multiple pixels depending on the individual pixel size.
Overall, the presented filter approach is foreseen to find
applications in compact and mass manufactured miniature
spectral sensors and multispectral cameras.
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