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Abstract: We study theoretically and demonstrate experimentally a 16-band narrow band
wavelength selective filter in the near-infrared range. The combination of a pair of distributed
Bragg reflectors with a sub-wavelength grating metasurface embedded in the intra-cavity provides
a narrow response which can be tuned by adjusting the geometry of the sub-wavelength grating
metasurface. The key advantage of this approach is its ease of fabrication, where the spectral
response is tuned by merely changing the grating period, resulting in a perfectly planar geometry
that can be easily integrated with a broad variety of photodetectors, thus enabling attractive
applications such as bio-imaging, time-of-flight sensors and LiDAR. The experimental results
are supported by numerical simulations and effective medium theory that unveil the mechanisms
that lead to the optical response of the device. It is also shown how the polarization dependence
of the structure can be used to determine very accurately the polarization of incoming light.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Multispectral imaging (MSI) and hyperspectral imaging (HSI) are imaging modalities requiring
a large number of narrow filters coupled with image sensors; they are designed for applications,
such as bio-imaging [1-3], food science [4—6], microscopy [7,8], and remote sensing [9]. While
filters can be designed with a multitude of technologies, those based on Fabry-Perot (FP) cavities
have gained attention due to their suitability for practical applications. FP cavities contain top and
bottom symmetric distributed Bragg reflectors (DBRs) embedding different cavity thicknesses
to achieve wavelength selectivity and tunability [10-12]. While a single wavelength FP filter
can be realized with the mere planar deposition of different dielectric layers, the fabrication of a
multispectral FP filter with different cavity thicknesses requires multiple photolithography and
deposition steps, which makes their fabrication difficult. Recently, the utilization of metasurfaces
within the cavity gained attention because it can be fabricated by a single e-beam lithography
step, while still enabling a multispectral response [13]. Metasurface-based planar optics has
found numerous applications, including wavelength selective filters [14—18], polarizers [19,20],
photodetectors [21,22], metalenses [23-25] and metaholograms [20,26], Horie et al. [15] and
Lee et al. [14] reported DBR-metasurface-DBR color filters working in the NIR range with
a nano-post-based metasurface sandwiched in-between top and bottom DBRs. Yoon et al.
introduced RGB filters with grating structures [16], while Hwang et al. [19] have reported double
layer gold gratings for polarization-sensitive microgrid polarizers and have further discussed the
incidence angle dependency of their device. However, only a few researchers discuss polarization
dependency and wavelength selectivity simultaneously for metasurfaces sandwiched between
DBRs.

In this work, we present planar DBR-metasurface-DBR structures and study their performance
as wavelength-selective filters working in the NIR range (750-1000 nm). A high refractive
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index contrast between Si and SiO; as DBR layers provides high wavelength selectivity. As
metasurface, we embed sub-wavelength Si grating structures between the DBRs. Indeed, based
on the effective medium theory (EMT), grating structures with different duty cycles tune the
resonance wavelength by changing the equivalent refractive index of the cavity layer [27]. Since
the different wavelength bands can be fabricated with one single step e-beam lithography, the
designed structures are perfectly planar, although they work at different wavelengths, and enable
on-chip integration. Grating structures also introduce a polarization dependency, which can
influence spectral tunability, as will be discussed later. Different from previous studies, we
confirm effective medium theory with measurement results. We also compare the designed
structure to Fabry-Perot resonance by comparing transmittance spectral with different interval
cavity thickness.

2. Design and fabrication
2.1. Fabry-Perot resonance and effective medium theory

In order to achieve narrow bandwith filters in the NIR band, we design top and bottom DBRs
using Si and SiO; as high and low refractive index materials, as shown in Fig. 1. The thickness of
Si and SiO; is designed at 55 nm and 100 nm, respectively. A metasurface structure is embedded
within the cavity to achieve wavelength tunability, without altering either DBR structure and, most
importantly, keeping the cavity thickness constant for all the different bands. The metasurface
consists of a 1D subwavelength grating, whose period is tuned to control the spectral response of
the system. Indeed, changing the period changes the effective medium value of the metasurface,
which, in turn, alters the localized mode [18,27-32]. The metasurface is characterized by two
parameters: the period P and the duty cycle D, i.e. the width of the Si grating elements divided by
the period. At wavelengths shorter than the period, the transmission grating acts as a diffraction
grating, which would be detrimental for the application considered here, since the optical energy
would be spread among different diffraction orders. At longer wavelengths, the grating behaves
like a homogeneous layer with an effective refractive index, which is controlled by D [18,32].
The light polarization is also important for such a system; Note that the definition of TE- and
TM- polarization may differ from literatures; here, we define TE-polarization or 0° polarization
as the electric field perpendicular to the grating structure, while the magnetic field is parallel to
it. TM-polarization or 90° polarization is defined as the converse. The metasurface effective
refractive indices nrg and nrys for each polarization can be summarized as [29]:

nmw® = ni*(1 = D) + my?D, (1

2.2
2 ni ny

- n12D + n22(1 —D) ’
where n; and n; represent the refractive index of the low (SiO,) and high (Si) index materials,
Thus, we are able to achieve wavelength tunability with different grating widths instead of
changing the thickness of the cavity. Comparing Eq. (1) and (2), the equivalent refractive index
under TM-polarization is different from that under TE-polarization, which indicates that the
grating structure shows a polarization dependency.

@
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2.2. Fabrication process

We fabricate a 16-band DBR-metasurface-DBR wavelength selective filter using a fixed period
P =400nm, and increasing the width of the Si grating elements from 200 nm to 350 nm
(corresponding to varying D between 0.5 and 0.875) in 10 nm steps. The height of Si grating is
designed at 55 nm. The top and bottom DBRs include each 3.5 Si/SiO; pairs with 55 nm thick
Si and 100 nm thick SiO,, as shown in Fig. 1(b). The fabrication process is briefly described
here. The bottom Si/SiO; pairs DBR and the 55 nm Si layer that will be used as grating are
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Fig. 1. (a) Schematic of FP structures for wavelength selective filters. Different cavity
thicknesses are used to tune the center wavelength. (b) Schematic of the planar DBR-
metasurface-DBR structure investigate in this work. Different grating width are used to tune
the center wavelength.

deposited on a Borofloat wafer by PECVD (Oxford Plasmalab System 100) at 3000C without
breaking the vacuum. The Si grating structures with the 16 different duty cycles are fabricated by
a single e-beam lithography process (Raith EBPG5000+): a 100 nm thick ZEP 520A (ZEON)
e-beam resist is spin-coated on the surface as hard mask. A 8 nm thick Cr layer is evaporated
(Alliance-Concept EVA 760) on top of the photoresist to avoid charging during the exposure
and then removed with TechniEtch Cr01 ((NH4),Ce(NO3)s +HCIO4) at room temperature
before resist development (Amyl-Acetate and 90:10 MiBK:IPA rinse solution). An etching
process by ion beam etcher (Veeco Nexus IBE350) follows to carve the 16 grating structures. A
planarization step is required once the Si gratings have been fabricated. This is performed with
SiO, using PECVD (Oxford Plasmalab System 100). We planarize the cavity to two different
Si0O; thicknesses (360 nm and 600 nm) in order to investigate the influence of that cavity thickness
on wavelength tunability. Lastly, we deposit the top DBR by PECVD (Oxford Plasmalab System
100). Note that this process can easily be applied to a large area, which is important to cover
large image sensors with resolutions of several megapixels [33].

3. Results and discussion
3.1.  Wavelength selectivity and tunability

Figure 2 and Fig. 3 below provides the transmittance measured with a spectrometer (FilMetrics
F20-UV) at normal incident light under different incident light polarizations with a polarizer
(LPNIRE2 x 2, Thorlab). The spot size of the spectroscopy light source is 1.5 mm, which is
larger than the pattern we fabricated. Note that narrow spectral lines are obtained, with a full
width at half-maximum of 6-16 nm for TE-polarization and 7-15 nm for TM polarization with
360 nm cavity, 6-9 nm for TE-polarization and 6-7 nm for TM polarization with 600 nm cavity.
These spectral bands are distributed continuously and uniformly over a range that can be tuned
by adjusting the thickness of the metasurface cavity embedded between the two DBRs, as will be
discussed below.

Figure 2(a) shows the SEM image of one grating structure, taken before the planarization of
the cavity layer. A 5nm Cr layer is sputtered on top of the structure to avoid charging during
SEM imaging. In Fig. 2(b) and 2(c), we compare the measured transmittance with that computed
by the finite-difference time domain (FDTD) method (Ansys Lumerical 2022 R1.3 Finite) for
both TE- and TM-polarizations as a function of the width of the Si grating element between
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200 nm and 350 nm. We set the mesh size to 10 nm in the simulations. The vertical axis in these
heat maps corresponds to the wavelength and the color bar shows the transmittance magnitude.
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Fig. 2. (a) SEM image of one representative fabricated grating structure and definition of
the TE- and TM-polarizations. Simulated and measured transmittances for structures with a
(b) 600 nm and (c) 360 nm cavity under TE- (left) and TM-polarizations (right). White dots
on the heat map represent each measured center wavelength among the 16 bands. Green
dots on the heat map represent each simulated center wavelength of EMT simulation.

Using these simulations, we first compare the wavelength selectivity and tunability obtained
from numerical simulations for TE- and TM-polarizations. The resonance wavelength under
TE-polarization is tuned from 870 to 929 nm (tuning range 59 nm) with a 360 nm cavity and
from 826 to 866 nm (tuning range 40 nm) with a 600 nm cavity. The resonance wavelength under
TM-polarization is tuned from 943 to 954 nm (tuning range 11 nm) with a 360 nm cavity, and
from 870 to 880 nm (tuning range 10 nm) with a 600 nm cavity. We conclude that transmittance
under TE-polarization shows a higher tuning range than under TM-polarization, where it is
less than 10 nm. This is confirmed by the measurements, shown as white dots in Figs. 2(b),
(c), yielding the following values for the corresponding tuning ranges: 113 nm, respectively
85 nm, for TE-polarization for a 360 nm, respectively 600 nm cavity. For TM-polarization, the
experimental tuning ranges are 49 nm for the 360 nm cavity and 34 nm for the 600 nm cavity. The
agreement between simulations and experiments is fair, taking into account the complexity of the
latter, which includes many sensitive steps that can influence the overall device transmissivity.

We also simulated the transmittance spectrum with EMT by changing the 55 nm high
metasurface layer to an artificial layer with the calculated refractive index listed in the Supplement 1,
Table S1. The refractive index of Si and SiO; is set to 3.8 and 1.48, respectively. We plot the
simulated resonance wavelength on the heat map for comparison. As we change the duty cycle of
the metasurface from 0.5 to 0.875, the effective refractive index changed from 1.95 to 2.91 under
TE-polarization, 2.88 to 3.59 under TM-polarization. Simulation results agree with experimental
results in that the TE-polarization has a relatively larger wavelength tunability. Resonance
wavelengths under TM-polarization appear at longer wavelengths due to larger effective refractive
index. Simulation result with EMT highly agree with simulations in the heat map indicates that
EMT model is well suited for metasurface design.

Both measurements and simulations indicated that the devices with a thinner cavity has larger
tunability. Furthermore, the transmittance is larger and the FWHM is wider for the 360 nm
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cavity, compared to the 600 nm cavity. The transmittance resonance difference under TM- and
TE-polarizations for each band enables the utilization of this device for polarization detection, as
will be discussed in the next section.

Figure 3 shows the full spectra response at 500-1000 nm from (a) measurement, (b) simulated 16
band with FDTD and (c) simulated 16 band with EMT. Discrepancies between the experimental
results and the numerical simulations may resulted by fabrication error and Si parameter
uncertainties. Almost no transmittance been visualized at lower wavelength (500—700 nm)
in measurement result, however, we can see transmittance at lower wavelength band in both
FDTD and EMT simulation. This indicates that the refractive index of material varied from
simulation and measurement. Result from EMT model is relatively close to FDTD simulation
result. Fabrication error also cause discrepancies between experimental results and numerical
simulation results. Fabrication error in the thickness of DBR layer cause the resonance wavelength
shift to shorter or longer wavelength, all the wavelength will shift together. Fabrication error
in grating size will influence the wavelength tunability. Detailed simulation is discussed in
Supplymental Document Fig.S1. The current transmittance of designed structure is low due to
the absorptance of selected material, to better improve the transmittance we can use all-dielectric
material or decrease the DBR pair. We can also decrease the thickness of interval cavity for
higher transmittance. Regarding to simulation and measurement results, transmittance spectra
with 360 nm cavity is higher than that of 600 nm cavity.
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Fig. 3. Full spectra response at 500 -1000 nm from (a) measurement (b) simulated results
with FDTD method (c¢) simulated results with EMT method.
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A single device with 16 different spectral responses distributed continuously and uniformly is
fabricated with one single e-beam step. The different spectra are obtained by tuning the properties
of the metasurface inside the cavity between two DBRs. Two different cavity thicknesses are
investigated: 360nm and 600 nm. The former has the highest transmittance, while the latter
has narrower full width at half maximum (FWHM) resonances. For the 360 nm cavity the
FWHM ranges between 6 and 16 nm, while for the 600 nm cavity it is between 6 and 9 nm under
TE-polarization.

3.2. Polarization dependency

In order to further analyze the polarization dependency, we select a 600 nm cavity, a 200 nm
grating size and we measure the transmittance spectrum 7Ty(A) under 0° polarization (TE) or
under 90° polarization (TM) Tgp(2), see Fig. 4(b) top. Then, we measure the transmittance
Ty(A) for three arbitrarily chosen polarization angles 32°,52°0r67°, Fig. 4(b) bottom. The
transmittance spectrum under different angles can be reconstructed by the combination of the
transmittance spectra for 0° and 90° polarizations: Tg(A) = To(A)cos>0 + Too(A)sin>6 [27]. Since
cos? + sin*0 = 1, we can estimate the polarization angle of the incident light by comparing the
measured intensity with either that of the 0° or 90° references.
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Fig. 4. (a) Schematic of DBR-metasurface-DBR with incident polarized light, including
the definition of the polarization angle 6. (b) Top: measured transmittance for a device with
a 600 nm cavity and a 200 nm grating width, under TE- and TM-polarizations. Bottom:
transmittance of same structure for three different arbitrarily chosen polarization angles.

Table 1 shows the values for cos?0 and sin6 calculated by dividing the measured intensity
by the intensities for 0° and 90°, for the three arbitrarily chosen polarization angles. An
average value can be found form these two values and we can compute the error Af between
that average value and the exact angle. From this table, we note that the error between the
measured (0rccoso and Ogresing) and real angles (Bserecr) is extremely small, below 7°! As expected,
the designed structure functions as a polarization detector and we can estimate the unknown
polarization angle by estimating the intensity at 0° and 90°. Based on this structure we can
measure simultaneously the resonance wavelength and the polarization angle.

We choose 4 wavelength 360 nm cavity and 600 nm cavity with 200 nm grating size under TE-
and TM- polarization to estimate the polarization extinction ratio (PER) shown in Fig. 5. For
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Table 1. cos20andsin26 calculated from measurement data

Oselect cos*0 Oarccost A6 sin?0 Oaresing AO
32° 0.657 35.8° 3.8° 0.308 33.7° 1.7°
52° 0.382 51.8° 0.2° 0.560 48.4° 3.6°
67° 0.245 60.3° 6.7° 0.798 63.2° 3.8°

each structure we calculate the PER of different polarization at center wavelength with equations:

P
PER 75 = 10 logyo—2cemer 3)
TM center

P TM center

PERTM =10 logm (4)

P TE center
P71E center ad PTpf center ON NUmMerator represent the transmittance of center wavelength. Pras censer
and Prg cenrer ON denominator represent the transmittance of selected center wavelength at the
other polarization incident. Result shows that PER 75 at 360 nm is 16.5 dB, at 600 nm is 10.5 dB.
PER 73 at 360nm is 16.6 dB, at 600 nm is 17.1 dB.
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Fig. 5. Selected wavelength for with 360 nm cavity and 600 nm cavity with 200 nm grating
size under TE-polarization and TM polarization.

Lastly, we discuss the electric field propagation along the DBR-metasurface-DBR structure
in the x-direction (monitor A) and inside the metasurface in the y-z plane (monitor B) for
different polarization conditions. The intensity of the electric field is evaluated using numerical
method with the same mesh setting as descried previously. We simulate in Fig. 6 the DBR-
metasurface-DBR structures for a 200 nm grating and a 600 nm cavity, panels (a) and (b), or a
360 nm cavity, panels (c) and (d). For the 600 nm cavity, the resonance wavelength appears at
826 nm under TE-polarization and at 870 nm under TM-polarization. For TE-polarization, the
normalized electric field along the x-axis exhibits similar features as a FP resonance, Fig. 6(a)
monitor A, with 3 modes inside the cavity. The electric field inside the metasurface is confined
in the low refractive index material (SiO,) region since the electric flux is constant along the
y-direction, Fig. 6(a) monitor B. Under TM-polarization, the grating structure breaks the electric
field symmetry along the x-direction and exhibits Talbot patterns [34]. As a result, the periodic
grating structure reforms a copy of itself downstream into the bottom DBR, Fig. 6(b) monitor
A. The structure with a 360 nm cavity layer shows the same properties, with 2 modes in the FP
cavity under TE-polarization, due to the reduced thickness of the cavity layer.
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Fig. 6. Schematic of the DBR-metasurface-DBR structure with a 200 nm grating width
and (a, b) a 600 nm or (c, d) a 360 nm cavity. Normalized electric field profiles |E|/|Ep|
at the resonance wavelength of (a) 826 nm under TE-polarization, (b) 870 nm under TM-
polarization, (c) 870 nm under TE-polarization, and (d) 943 nm under TM-polarization. The
monitor A illustrate the electric field density along the DBR-metasurface-DBR structure in
the x-direction, while the monitor B illustrates the electric field density propagating within
the metasurface (y-z plane)

4. Conclusions

We have designed and experimentally demonstrated a planar polarization-dependent 16-band
wavelength selective filter with a DBR-metasurface-DBR structure. The DBR included 3.5
pairs of Si/SiO, multilayers, while the metasurface was built from a subwavelength Si grating
with different width to control the spectral response. Wavelength selectivity and tunability have
been achieved through the combination of the DBR and the metasurface. We have discussed
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the key parameters that control the response of that system and how its operation range can be
tuned by modifying the thickness of the cavity that holds the metassurface. Structures with
thinner cavity result in higher tunability. We also discussed the polarization dependency by
comparing the spectral response and the electric field density inside the structure under TE- and
TM-polarizations. Using the response of the device under those two orthogonal polarizations,
we were able to retrieve the polarization angle for arbitrary illumination, thus making this device
a useful polarization analysis tool that can simultaneously measure the resonance wavelength and
the polarization angle of incident light. This 16-band planar filter is fabricated with one single
e-beam lithography step and produces a perfectly planar structure, which can be easily integrated
with a broad variety of photodetectors, paving the way for lab-on-chip applications, polarization
dependent imaging and other novel imaging applications.

Disclosures. The authors declare no competing interests.

Data availability. The experimental data that support the findings presented here are available from the corresponding
authors upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.
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