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Angle and Polarization Insensitive Mid-Infrared
Optical Filters Using Dense 2D Array of

Nanophotonic Cavity Resonators
Matthew Klein , Shivashankar R. Vangala , Joshua R. Hendrickson , and Ivan Avrutsky

Abstract—We report on the design and experimental verification
of angle and polarization insensitive mid-infrared filters based on
dense arrays of dielectric resonators embedded into a metallic film.
We experimentally show filters with 60% peak transmission for
angles from 0 to 60 degrees for perpendicular polarization states.
We also study the surface plasmonic mode excited due to the pe-
riodicity of the micro-resonators in the array. Simulations support
the experimental results for both the primary resonance and the
plasmonic mode. Integrating these filters with IR detectors offers
multispectral imaging and improved search and track capability.

Index Terms—Infrared photonics, infrared filters, resonant
transmission.

I. INTRODUCTION

ANGLE-INDEPENDENT narrow-band spectral filters
based on a dense array of micro-resonators [1], [2], [3],

[4] enable further improvement of multi-spectral mid-infrared
filtering (MIRF) systems [5] working with wide-angle imaging
optics. The micro-resonators in such a device are cavities, often,
but not necessarily, in the form of cylindrical holes, implemented
in a metallic film held by a transparent substrate. The cavity
resonances are non-plasmonic in nature. Filling the cavities
with a high-index dielectric helps reduce the lateral size of
the micro-resonators down to dimensions that are at the sub-
wavelength scale in the low-index substrate and cover media.
Each micro-resonator has a broad acceptance angle, and it also
emits light into a broad range of angles, which eventually enables
filter’s characteristics that are largely angle-independent.

A Broader perspective of the technical solutions for optical
transmission filters with various levels of angle-(in)dependent
operation includes all-dielectric [6] or metal-dielectric [7], [8]
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multilayers and plasmonic structures [9], [10], [11], [12], [13]
employing propagating or localized modes. Narrowband trans-
mission notch-filters based on waveguide grating resonances
[14], [15], [16], [17], [18] as a rule are strongly angle-dependent,
while structured period gratings may help in achieving angle-
independence within some limited range of angles of incidence
[19], [20]. Depending on the application, each of these techni-
cal solutions can be tailored to deliver excellent performance.
With mid-infrared multi-spectral imaging in mind, this study is
focused on filters based on dense arrays of micro-resonators. By
tuning the height, diameter, and period of the micro-resonator
array, it is possible the change the spectral response of the filter,
which will in turn allow for a filters of varied spectral responses
to be fabricated onto a single chip. This will lead to designer,
pixel scale filters that can be integrated with existing detector
architectures.

When micro-resonators in a dense array are excited by a
plane wave, the oscillations in individual micro-resonators are
synchronized due to the common excitation, and the waves
emitted by the micro-resonators collectively form a transmitted
plane wave. Aside from the common excitation by an incident
wave, the micro-resonators should operate independently from
one another in order to make sure the transmission spectra are
angle-independent.

A weak coupling between the micro-resonators that arises
from placing the cavities too close together leads to formation
of an excitation that propagates along the surface of the film,
hopping from one cavity to the next and so forth. Phase matching
between the incident wave and such a surface excitation in a
periodical array of micro-resonators will then lead to angle-
dependent resonances similarly to grating-assisted excitation
of guided modes or surface plasmon-polaritons. In the system
under study, we place the micro-resonators sparsely enough to
avoid coupling between them, but densely enough to provide
strong resonant transmission. Periodicity as such is not critical
for the operation of this filter.

The resonant wavelength of such transmission filter can be
estimated based on the following considerations. In the cylin-
drical dielectric cavity, the light wave propagates back and forth
as a traveling mode of a cylindrical metallic pipe waveguide,
distinctly different from a metal-insulator-metal or insulator-
metal-insulator resonance to which it bears a close resemblance.
The TE11 mode in the metallic pipe waveguide has the longest
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cutoff wavelength λc that can be found from the following
equation

2π

λc
nR ≈ 1.8412. (1)

Here, the metal is assumed to be ideal, the radius of the
cylindrical pipe waveguide is R, and the cavity is filled with
a dielectric with refractive index n. The particular value of
the constant at the right side of (1) equals to the first root of the
derivative of the first-order Bessel function J ′

1(x). In the case
of realistic metals, the electromagnetic field of the guided mode
penetrates beyond the surface of the metal, which effectively
makes the radius somewhat larger.

Although the TE11 mode of the cylindrical metallic pipe
waveguide is not linearly polarized, it does have a preferential
direction for the electric field vector. Similar to the case of
plane waves propagating in free space, the cylindrical geometry
supports two degenerate TE11 modes with the preferential po-
larization directions orthogonal to each other. The degeneration
of the TE11 modes allows for choosing one of the preferential
polarization direction at will, for instance to match the polar-
ization of the incident wave. This enables coupling between the
linearly polarized incident plane wave and the cavity mode and
makes the coupling largely polarization independent.

The cutoff wavelength λc defines the dispersion of the modal
index:

n∗ = n

√
1−

(
λ

λc

)2

(2)

Interestingly, the modal index is lower than the refractive
index of the dielectric in the cavity. If the cavity is filled with
air, the modal index becomes smaller than unity, and the phase
velocity in the pipe waveguide exceeds the speed of light in free
space.

To find the m-th order resonant wavelength (m = 1 for the
fundamental mode), the round-trip phase accumulation in the
resonator is set to 2πm:

2L · 2π
λ
n∗ + ψc + ψs = 2πm. (3)

Here, L is the height of the dielectric cylinder, ψc and ψs are
the values of phase that the guided mode obtains at reflections
from the interfaces with the cover and substrate respectively.
The resonant wavelength then is

λ = 2Ln

√
1−

(
λ

λc

)2(
m− 1

2π
(ψc + ψs)

)−1

(4)

The value of the fundamental resonant wavelength thus is set
mainly by the refractive index and the height of the resonator:
λ ≈ 2Ln, exactly at the wavelength of maximal transmission
in the case of normal incidence at a flat high-index film with
thickness L and refractive index n. Then, the modal index n∗,
being lower than the index n of the dielectric pushes the reso-
nant wavelength towards smaller values. The nonzero phases of
reflectionsψc andψs at the substrate and cover media contribute
towards making the resonant wavelength longer. The latter effect
apparently prevails. In a sense, the nonzero reflection phases

make the resonator effectively somewhat longer. Depending on
the configuration, the resonant wavelength in the filters under
study may be up to 50% larger than the product 2Ln. In any
case, the height of the resonator L is the major parameter to be
adjusted when it comes to the necessity of adjusting the resonant
wavelength.

The spectral width of the fundamental transmission resonance
is defined by the losses in the resonator, both due to absorption
in the metal and due to imperfect reflection at the interfaces
with the substrate and cover. Absorption in the metal walls
leads to a complex value of the modal index n∗. The round-trip
attenuation factor associated with the absorption is given by
exp(− 4π

λ
Im(n∗) · 2L). Further contribution to the round-trip

attenuation is due to non-unity reflection coefficientsRs andRc

describing the power reflections at the substrate and cover. The
quality factor of the fundamental resonance then becomes

Q = 2π ·
(
1−RsRc exp

(
−4π

λ
Im (n∗) · 2L

))−1

(5)

Finally, the spectral width of the transmission line is estimated
at

Δλ = λ/Q (6)

In case of lossless metal, higher reflection coefficientsRs and
Rc, and thus higher Q-factor, are expected for resonators with
smaller radius – as long as the operating wavelength remains
shorter than the cutoff wavelength. With real metals however,
reduced radius of the cavity also leads to increased absorption
in the metal, pushing the Q-factor down.

To increase the reflection coefficientsRs andRc, one can also
explore a more sophisticated geometry of the micro-resonators,
such as adding thin metallic films with small apertures at the
interfaces with the substrate and cover. This modification of
geometry will also change the phases of reflection ψc and ψs

with corresponding change of the resonant wavelength. From
the manufacturability perspective, it is preferable to work with
the simplest geometry.

The transmission resonance associated with excitation of the
micro-resonators in the system arranged in a square lattice is
expected to be both angle- and polarization-insensitive. How-
ever, if there are other spectral features that are angle-dependent,
they can experience a spectral shift with incident angle deviating
farther from the normal, and eventually overlap to some degree
with the transmission resonance under study. The most notable
examples are Rayleigh resonances linked to diffracted waves
transitioning between the propagating and evanescent regimes
and excitation of surface plasmon-polariton modes which for
first-order diffraction follow the condition(

2π

λ

)
∗ sin (θ)±

(
2π

Λ

)
= ±

(
2π

λ

)
neff (7)

At normal incidence these spectral features are located at
λ ≈ Λnc and λ ≈ Λns for the waves in cover and substrate
respectively. They move with angle of incidence θ according
to

λc,s ≈ Λ (nc,s ± sin θ) (8)
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Fig. 1. (a) Cross-section (upper) and top-view (lower) of the MIRF device
where the sapphire substrate is light blue, germanium resonators are dark blue,
and silver film is grey. The resonators are 1.5 µm in diameter, 0.6 µm tall, with
a period of 2.25 µm in both x and y directions (denoted by axis). (b) Simulated
transmission spectra at normal incidence for P-polarized plane waves shown in
black and S-polarized plane waves shown in red.

By reducing the period Λ of the structure one can prevent
these angle-dependent features from moving into the spectral
range of interest.

The above considerations show the internal connections be-
tween the physical parameters that define the resonant transmis-
sion in the system under study. In this study we report experimen-
tally verified improved, characteristics of angle-independent
narrow-band mid-IR spectral filters, based on a dense array of
micro-resonators.

II. 2D ARRAY OF NANOPHOTONIC CAVITY RESONATORS

A. Modeling

Our structure consists of an array of cylindrical germa-
nium(navy) micro-resonators embedded into a silver film(grey)
on a sapphire substrate (light blue), as shown in Fig. 1(a).
We choose dimensions of 1.5 μm diameter, 2.25 μm period,
and 0.6 μm height to place the fundamental resonance of the
resonator around 4.75 μm, in order to avoid water absorption
bands in the mid-IR. These dimensions also place the substrate
plasmonic resonance at 3.75 μm at normal incidence which also
allows for it to be studied at the same time as the primary reso-
nance. Resonant excitation of plasmonic modes at the interface
with air happens at a much shorter wavelength that is close to the
period of the structure – the spectral range outside of the scope
of interest in this study. This structure is then simulated using a
plane wave source in Lumerical’s FDTD solver. The simulated
transmission spectra of this structure at normal incidence is
shown in Fig. 1(b). where there is a strong primary resonance
at 4.75 μm for both P (x-direction) and S (y-direction) polar-
izations. A weak plasmonic resonance also shows up around
3.75 μm as predicted. To show the angle-insensitivity of the
filter, the simulation was then run at various angles of incidence.
The simulated transmission spectra for P and S-polarizations at
different angles of incidence are shown in Fig. 2(a), (b). Here,
the primary resonance is maintained at 4.5 μm for angles up to
45 degrees angle of incidence for both P and S polarizations.
The primary resonance only shows a marginal reduction to its
amplitude while the plasmonic resonance in the P-polarized
spectrum traverses across the primary resonance at increasing

Fig. 2. (a) Transmission spectra for P-polarized plane waves for different
angles of incidence. (b) Transmission spectra for S-polarized plane waves at
different angles of incidence.

Fig. 3. (a) Electric field profile of the cavity mode at the center of the resonance
(4.6 µm) for y-polarized excitation. (b) Electric field profile of the plasmonic
mode at the plasmonic resonance (3.8µm) for y-polarized excitation. The region
of the designed array is denoted by white dashed lines.

angles while there is very little change in the S-polarized plas-
monic resonance. This is due to P-polarization being in the plane
of rotation, while the S-polarization is perpendicular, which
implies that significant changes should only be shown in the
P-polarized spectra.

To confirm that the spectral response is coming from the
expected sources, the intensity profile for y-polarized incident
light is shown forE2

y on resonance (4.6μm) in Fig. 3(a) andE2
z is

shown near the plasmonic resonance (3.8μm) in Fig. 3(b). Here,
the cavity mode is confined to the resonator pillars within the
designed array (white dashed) and the plasmonic mode has an
out-of-plane component at the bottom surface of the array away
from the dielectric cavities consistent with a surface plasmon
resonance.

We further confirm (4)’s primary dependence on the thickness
and not diameter or periodicity by scanning each feature while
holding the other two constant (height 0.6 μm, diameter 1.5 μm,
and period 2.25 μm). Fig. 4(a) shows the transmission response
of the filter for varying resonator height where there is a primarily
linear relationship between the resonant wavelength and the
height of the resonators as expected with the plasmonic reso-
nance being constant at ∼3.9 μm. There is a significant change
in the spectral response of the filter after a diameter of 2.25 μm,
which is due to the resonators overlapping and no longer being
discrete. Tuning the diameter, as shown in Fig. 4(b) slightly shifts
the location of the cavity resonance while maintaining a constant
plasmonic resonance. Instead, the primary responsibility of the
diameter is to tune the linewidth and amplitude of the resonance
by accepting more or less light. The primary effect of the period
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Fig. 4. (a) Colormap of the transmission response as a function of resonator
height with constant diameter (1.5 µm) and period (2.25 µm). (b) Colormap of
the transmission response as a function of resonator diameter with constant
height (0.6 µm) and period (2.25 µm). Colormap of transmission response
as a function on resonator period with constant height (0.6 µm) and diameter
(1.5 µm).

Fig. 5. MIRF fabrication process with the sapphire substrate in light blue,
photoresist in dark blue, germanium in dark grey, and silver in light grey.
(i) Sputtering a Ge film onto a clean sapphire substrate. (ii) Spin coat-
ing of the photoresist. (iii) Photolithography for patterning the etch mask.
(iv) Fluorine based RIE or chlorine based ICP for patterning the Ge resonators.
(v) Electron-beam evaporation of the silver film surrounding the resonators.
(vi) Liftoff of the photoresist and the extra deposited silver.

is a reduction in the amplitude of the cavity resonance due to a
reduced density of the resonators. The plasmonic mode is shown
to linearly progress across the spectrum with increasing period
as predicted by (8).

B. Fabrication

In order to measure the spectral response of the resonant
filters, a multistep fabrication process is followed as shown in
Fig. 5. Clean c-plane sapphire wafers (University Wafer) are
RF sputtered with 600 nm of Germanium at 10 mTorr. The
samples are then dehydration baked at 110 °C for several minutes
and allowed to cool before being spin coated with ∼1.7 μm of
either SPR 955 or nLOF 2020 photoresists. The resist is then
cured at 110 °C for 60 s. The samples are then patterned using
i-line photolithography and baked again at 110 °C for 60 s. The
samples are developed in 300 MIF for 60 s at 50 rpm before
being rinsed with DI water and blown dry with N2. A 4 min.
O2 plasma ashing is used to descum any photoresist residue
left over from the development process. The samples are then
etched using either a fluorinated reactive ion etch (RIE) recipe or
a chlorinated inductively coupled plasma (ICP) recipe. The ICP
recipe is favored due to the lack of the passivation layer left by
the RIE which cannot be easily removed without damaging the
Ge resonators. 600 nm of silver is then electron-beam deposited
onto the samples at 5 A/s. The liftoff process was performed

Fig. 6. (a) 13k magnification SEM image of the RIE etched MIRF device.
(b) 50k magnification of one of the resonators shown in (a). (c) 18k magnification
SEM Image of the ICP etched MIRF device. (d) FIB cut cross-section of the
ICP etched device.

by sonicating the samples in either acetone (SPR 955) or NI555
(nLOF) until the resist was completely removed. The samples
were then rinsed off in DI water and blown dry with N2.The
filters were then imaged using a scanning electron microscope
(SEM) operated with a 10 kV acceleration voltage. A 13k mag-
nification SEM image of an RIE sample is shown in Fig. 6(a).
where the germanium resonators can be differentiated from the
silver via contrast. The bright spot in the center of the image
is from the resonators being removed from the sample. A 50k
magnification SEM was then performed on a single resonator
shown in Fig. 6(b). to best determine the dimensions of the
structure. On this particular sample, the diameter was measured
to be 1.23μm with a period of 2.25μm. There is also a noticeable
air gap between the resonators and the silver of 0.14 μm.

Similar imaging was performed for an ICP etched sample as
shown in Fig. 6(c). Here, the surface of the silver is noticeably
rougher than in the RIE sample, which is due to the chlorinated
chemistry etching into the sapphire substrate; whereas, the fluo-
rinated chemistry does not. In this sample there is also a smaller
air gap between the germanium and the silver, due to the lack
of a passivation layer forming during the etching process. A
focused ion beam (FIB) was then used to obtain a cross-section
of the device. The cross section obtained from the ICP sample
is shown in Fig. 6(d). where there is only an air gap near the top
of the structure and not near the bottom.

III. EXPERIMENTAL VERIFICATION

In order to measure the transmission response of our filters,
we use an FTIR based ellipsometer in transmission mode. The
transmission spectra for the RIE sample is shown in Fig. 7(a),
(b) for P and S polarizations respectively. At angles below
∼6 degrees there is a single primary resonance at 4.75 μm for
both the P and S polarizations with peak transmission reaching
above 70%. As the angle increases, the amplitude and shifts
in the substrate plasmonic resonance, centered around 4.1 μm
at 0 degrees, becomes more prominent as it begins to overlap
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Fig. 7. P-polarized (a) and S-polarized (b) transmission spectra of a RIE
fabricated device for angles of incidence up to 15 degrees.

Fig. 8. P-polarized (a) and S-polarized (b) transmission spectra for an ICP
fabricated device for angles of incidence up to 15 degrees. P-polarized (c) and
S-polarized (d) transmission spectra for an ICP fabricated device for angles of
incidence up to 50 degrees.

with the primary resonator resonance. This is due to the large
air gaps in the RIE samples allowing for the light to more
readily couple into the plasmonic mode by using the airgap
to bypass to resonator. As shown in Figs. 7(a) and 8(a), there
is a substrate plasmonic resonance that occurs at 4.1 μm and
3.75 μm at 0 degrees angle of incidence, respectively (with
the difference in resonant location being due to a difference
in the period of the structures). In both cases, as the angle of
incidence increases the substrate plasmonic resonance has a
blue shifting and red shifting component where the red shifting
component is generally more pronounced due to its overlap with
the primary resonance of the filter. This follows along from our
theoretical prediction in (8) where the ± sin θ term should lead
to a splitting of the substrate plasmonic resonance that increases
with increasing angle of incidence.

In the ICP samples, the primary resonance is at ∼5 μm
with a 60% transmission and the plasmonic resonance with
the sapphire substrate at 3.5 μm for normal incidence. The
transmission amplitude is reduced compared to RIE samples
due to having a rougher surface of the germanium causing
larger insertion losses into the resonator mode. At angles of
incidence below 15 degrees shown in Fig. 6(a), (b), there is
very little change in the P-polarized spectra and no change in
the S-polarized spectra. We attribute this to a smaller air gap

Fig. 9. Transmission spectra for both P and S -polarized light incident at 0,
20, and 40 degrees angle of incidence.

between the resonators and the silver film. The experiment is
then further extended to investigate if there is any change in
the spectra at even larger angles of incidence. The spectra of P
and S transmission spectra up to 50 degrees angle of incidence
are shown in Fig. 8(a), (b). In the transmission spectra of the
P-polarization, a plasmonic absorption resonance appears which
has both red and blue shifting components as predicted by (7).
This effect is noticeably weaker in the ICP sample, compared to
the RIE sample, due to having a much smaller airgap, making it
more difficult for the incident light to couple into the plasmonic
mode. The S-polarized spectra shows very little change to the
resonance structure up until 25 degrees, but at higher angles of
incidence the amplitude of the resonance noticeably drops from
60% to 40% over the full range.

We further confirm the polarization insensitivity of the fil-
ter by plotting the S and P-polarized transmission of the ICP
fabricated sample for a few different angles of incidence, as
shown in Fig. 9. This figure shows that particularly for low
angles of incidence there is very little change to the structure
of the transmission spectra. At larger angles of incidence, the
change in the P-polarized spectra is accounted for by the shifting
of the substrate plasmonic resonance which can be reduced by
shortening the period of the resonators thus shifting it out of
the spectral range of interest. In the S-polarized spectra, there
is a notable ∼20% decrease in the transmission of the filter
accompanied by reduced spectral width of the resonance. We
attribute this to weakened coupling between the incident plane
wave and the cavity mode. This can potentially be solved by
optimizing the geometry of the resonator and improving quality
of the device via further fabrication efforts. Further, there is a
shift in the resonant wavelength of the cavity at higher angles
of incidence, most notably in the p-polarized spectrum where
the plasmonic mode is involved. In such a case where there is
not a significant contribution to the spectral response such as in
the s-polarized spectra (also solved by reducing substrate index
or array periodicity to move the plasmonic mode away from
the region of interest), the change in the resonant wavelength
is minimal compared to the linewidth of the resonance even at
larger angles of incidence. This in turn will lead to only minimal
changes in the optimal performance of the filter.
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The current state of the art in terms of detecting technolo-
gies include, such as MCT, QWIP, and type II superlattices
[21], [22], generally have broadband absorption spectra related
to their bandgap. Integrating one of these filters onto such a
detector allows for the development of multi-spectral pixels
analogous to how modern color cameras work. This would
allow for additional spectral properties to be used in iden-
tifying targets in search and track and other similar sensing
applications.

IV. CONCLUSION

In conclusion, we have demonstrated both angle and polariza-
tion insensitive filtering in the mid-infrared spectral range using
a dense array of dielectric micro-resonators. Our experimental
results of the transmissive properties for both the resonator and
substrate plasmonic mode of the structure have a strong correla-
tion to our theoretical and simulated description of the system.
By fine tuning the thickness and periodicity of the resonators,
the resonator and plasmonic modes can be decoupled spectrally
even at higher angles of incidence allowing for this geometry
to create true angle and polarization-insensitive mid-infrared
filters.
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