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ABSTRACT: Analog optical computing with nanophotonic devices has emerged as a promising
solution to the need for ultrafast computation with low power consumption. Several key
mathematical operations, including spatial derivatives for edge detection, have recently been
demonstrated. However, these initial approaches are typically characterized by a small numerical
aperture (NA), strong polarization dependence, narrow operational bandwidths, or the need for
complex nanofabrication procedures. Here, we demonstrate how a very simple 7-layer thin-film
stack provides dual-channel, high efficiency, polarization-independent 2D edge detection with a
numerical aperture approaching 0.9, by leveraging the intrinsic properties of Tamm plasmon
polariton resonances. By engineering the resonant decay rates, we propose simple design rules for
the layer stack to achieve high-efficiency edge detection with a NA that matches the desired
spatial resolution. Using this, we experimentally demonstrate edge detection of micrometer-scale
targets with a bandwidth reaching up to 10 nm, enabling operation under filtered, unpolarized,
and low-coherence illumination from a halogen lamp. Our results push optical image edge
detection toward a wider range of practical applications, including high-resolution microscopy.

KEYWORDS: nanophotonics, optical image processing, edge detection, Tamm plasmon polariton, optical computing

B INTRODUCTION

Recent developments in emerging technologies such as
artificial intelligence decision making, virtual/augmented
reality, and autonomous driving push the need for new

image processing solutions. The increasing demand on existing
hardware exposes limitations not only in terms of processing the spatial frequencies in the x and y directions, respectively.
Equation 1 implies that a parabolic filter in the k-space

speed, but also in energy consumption.' In response to these ) ) i
challenges, analogue optical computation has seen a recent performs a Laplac1:13n operation on an image, as demonstrated

in several devices.”® Nevertheless, various limitations have
been identified for these initial demonstrations, such as

background. For 2D operation, the Fourier transform of the
second-order differential of f(x, y) gives

T(sz(x, y) = _(ka% + k;)?(f(x, ) (1)

where ¥ is the Fourier transform operator and k, and k, are

resurgence facilitated by highly compact nanophotonic coat-

ings. Such metasurfaces enable ultrafast mathematical oper-
ations to be performed fully in the optical domain without the
need for electronics, leading to very low energy consumption
while offering facile integration with existing imaging
technologies. Using various nanostructured coatings, a range
of mathematical operations has already been demonstrated,
including 1D first- and second-order derivatiation,”® 2D
Laplacian operation,4_7 integration,8 phase contrast imaging,9
and image classification.'*~"*

A key process in image processing is edge detection, as it
forms one of the first steps in object recognition algorithms
with applications in autonomous driving,13 virtual reality,14 and
facial recognition.”> One possible implementation of edge
detection in analogue optical computation uses a second-order
derivative of the image brightness in the spatial domain,
enhancing sharp variations (edges) and suppressing the

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

polarization dependence, small numerical apertures (NA),
small operational bandwidths, and challenging fabrication
processes.”'® As such, more recent works have focused on
solving these issues to 1};rovide more practical implementations
of edge detection.”~”"” Most notably, recent experimental®
and theoretical” reports explore the possibility of performing
edge detection up to near-unity NAs with polarized light only.
However, neither demonstrated experimentally the high-NA
capabilities of these devices. Furthermore, refs 4 andS show
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Figure 1. 2D edge detection with TPPs in a simple layer stack. (a) Schematic of the concept: a photonic crystal sandwiched between two Au layers
supports two TPPs at different wavelengths (555 (green) and 695 nm (red)). At these wavelengths, the reflected images show strongly enhanced
edges for edge detection. (b) Scanning electron microscopy (SEM) image of a cross section of the fabricated device. (c) Calculated reflectance
spectrum of the layer stack for unpolarized light for varying angles of incidence, showing the resonance shift for increasing angles, calculated with
the transfer-matrix method (TMM). (d) Calculated reflectivity (r) using the TMM for the operation wavelengths as a function of the in-plane
wavevector (solid). The ideal ideal parabolic response is also shown (dashed). (e) Demonstration of full-2D edge detection with the fabricated
device. The original target image is part of M.C. Eschers’ lithography Metamorphose II (1939).

broadband and polarization-independent operation with NAs
up to 0.315 and 0.350, respectively. However, these promising
examples still require nanopatterning or layer stacks with up to
40 thin films'® and do not yet meet the NA needed for edge
detection on (sub)micron scale features.

Here, we propose Tamm plasmon polaritons (TPPs) in a
simple 7-layer stratified medium as a promising solution for
polarization-independent 2D image edge detection, with an
operational NA approaching 0.9. TPPs are electromagnetic
modes supported at the interface between a 1D periodic
nonhomogeneous medium and a metal layer,”””' and find
applications in optical sensors,””** filters,”* and optical cavities
for strong coupling.”**° Interestingly, TPPs inherently exhibit
large field enhancements, polarization degeneracy up to large
angles of incidence, and a parabolic dispersion within the light
cone, allowing the direct excitation from air.”® We leverage
these intrinsic properties to design a 7-layer device that
supports two TPP modes at different wavelengths (thus,
providing two distinct edge detection channels). We provide
rational design rules to optimize the NA of the device to the
desired spatial resolution and experimentally demonstrate
highly efficient 2D edge detection on both large and small
targets down to 1 ym. For such small features, we combine the
different NAs of the two channels to study the role of the NA
in the performance. Finally, we show that edge detection is
preserved for an operational bandwidth up to 10 nm, even
when illuminated with a filtered, noncoherent halogen lamp.
Importantly, our thin-film stack can be fabricated over large
areas using simple physical vapor deposition methods,'®”
without the need for expensive nanopatterning methods.
Altogether, our results provide a uniquely simple structure for
2D differentiation with unprecedented high NA, pushing
analog image processing toward a wider range of practical
applications.

B 2D EDGE DETECTION WITH TAMM PLASMON
POLARITONS

Figure la presents a schematic of the concept of dual-channel
2D image edge detection using Tamm Plasmons. A simple
layer stack composed of a two-period distributed Bragg
reflector (DBR) capped by Au layers on both sides supports
two TPP modes, providing two edge detection channels in
reflection. Figure 1b shows a scanning electron microscopy
image of a cross section of the fabricated device. The
multilayer structure of the DBR is clearly visible between the
top (27 nm thick) and bottom (100 nm thick) Au layers. The
latter also functions as a backreflector. At both DBR-Au
interfaces, a TPP mode is supported, which carve distinct dips
in the calculated reflectance spectrum (Figure 1c). For normal
incidence (0 = 0°), the two critically coupled TPP modes
reach R = 0 at free-space wavelengths 4 = §55 nm (TPP,) and
A =695 nm (TPP,), which defines the operation wavelengths
of the two edge detection channels. On the other hand,
increasing the angle of incidence blue-shifts the resonant dips
and increases the reflectance as the modes are no longer
critically coupled. As such, under normal incidence, light is
fully absorbed by the structure, while light incident at
increasing angles will experience an increasing reflectivity. As
the in-plane projection, k;, of the free-space wavevector, ko, is
associated with in-plane spatial frequencies, this optical
response enables filtering of the low frequency components
of images that are projected onto the device. Figure 1d shows
the variation in the reflectivity, Irl = \/ R, for the TPP
wavelengths as a function of the incident in-plane wavevector,
ky/ky. Both TPPs closely follow the ideal quadratic depend-
ence (eq 1) up to ky/ky = 0.7 (TPP,) and k/k, = 0.3 (TPP,),
which defines the maximum numerical aperture, NA = k;/k,,
for the operation. Nevertheless, note that both modes exhibit a
continued increase in reflectivity for larger wavevectors. The
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Figure 2. Design of layer stack for edge detection with TPPs. (a) TMM calculated reflectance of the bare DBR (blue), DBR with Au back reflector
(purple) and complete film stack (green), showing the band gap, formation of TPP,, and both TPPs, respectively. (b) Normalized field intensity
profiles of both TPP modes under excitation with s polarized light, showing field concentrations close to the metal-DBR interfaces. (c) TMM
calculations of the layer stack for varying thickness of the top Au layer showed critical coupling of both modes for 26.5 nm. (d) Fitting of eq 3 and
its Taylor expansion to the calculated TPP spectrum, showing good agreement with TCMT and the quadratic approximation around resonance.
(e) Plot of the extracted radiative (dashed) and nonradiative (solid) decay rates of both TPPs as a function of Au thickness, demonstrating critical
coupling (.4 = ¥ar) at the same Au thickness of 26.5 nm. (f) Calculated dispersion relation of the optimized device under unpolarized light (color),
showing the parabolic behavior of both resonances. The dashed lines represent the dispersion of the TPP modes under s and p polarized light.

reflectivity of TPP, follows the parabolic trend up to NA = 0.9
within a 15% error, while for TPP, it stabilizes around 0.5. In
practice, the parabolic reflectivity results in effective filtering of
the low frequency components but reflection of the high
frequency components. This enhances the rapid spatial
intensity variations in the reflected image and enables edge
detection of any projected image. As we will show, the
maximum NA of the mode plays a key role in the resolution of
the edge detection images.

To demonstrate the two channel edge detection using TPPs,
we use optical lithography to fabricate an ~100 ym-sized fish
target in Cr on a SiO, substrate. Figure le shows the image
formed at a nonresonant wavelength (4 = 610 nm) where the
device acts as a mirror (top). The bright parts correspond to
light transmitted through the target. On the other hand, for
both TPP operation wavelengths (bottom), a clear enhance-
ment of the edges is observed—most notably in the areas where
high spatial frequencies are involved (e.g., the fish’s scales).
Crucially, edge detection is characterized by a large contrast
with respect to the background and works for all orientations
of the edges. Figure 1le thus demonstrates that TPPs supported
by a simple layer stack enable a full 2D Laplacian operation,
obtaining a clear edge detection.

B NANOPHOTONIC DESIGN OF EDGE DETECTION
WITH TPPS

TPPs modes are supported between a DBR and a metal layer
and are characterized by field enhancement in the first layer
near the interface.”””" To rationalize the design of the thin film
stack for edge detection, we start by analyzing the resonant
conditions of TPPs. By considering a DBR—metal interface
and applying the method of virtual interfaces, it can be shown
that the resonant condition is given by’

iknd
rDBRrMEZl =1 (2)

where rppr and ry are the DBR and metal Fresnel reflection
coefficients, k is the wavevector, 7 is the high refractive index
(RI) of the last DBR layer, and d its thickness. Considering the
mode is placed in the band gap region of the DBR and the
metal—dielectric reflectivity is also very high, lrpgpl & lryl ~ 1,
eq 2 shows that the TPP mode follows from a constructive
interference condition at the layer between the DBR and the
metal.”® As such, the TPP can be considered as a cavity mode,
where light is trapped and amplified between the high
reflectivity of both the DBR and the metal. Equation 2 also
shows that TPPs are inherently polarization independent
(degenerate) since the absolute values of rpgg and ry are very
similar for both polarizations up to large angles. Indeed, the
polarization splitting for both resonances is visible only at high
angles (60°) in Figure lc, showing that the TPPs enable a
polarization-independent Laplacian operation up to very high
angles.

To design the film stack supporting two orthogonal
channels, we start by designing a DBR with a wide bandgap
by choosing materials with a high RI contrast (SiO, and TiO,,
An = 0.8).”” The thicknesses of the materials are set for the
central wavelength of the bandgap (4. = 552 nm) to be
positioned in the visible range according to the quarter
wavelength condition n1;0 drio, = nsi0,dsio, = 4./4, where nrpo,
and ng;o, are the Rls of TiO, and SiO,, respectively, dr;o, and
dsio, are the unit cell layer thicknesses. The resulting DBR

shows a high reflectance across the visible spectral range
(Figure 2a), which ensures that two independent modes with
sufficient detuning can be accommodated within a single
bandgap.
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Figure 3. Experimental spectroscopic measurements of the fabricated layer stack. (a) Reflectance spectrum under normally incident unpolarized
light (solid) and comparison with TMM calculations (dashed). (b, c) BFP measurements of TPP, (b) and TPP, (c) at slightly detuned
wavelengths. The outer circle originates from NA = 0.9 of the microscope objective. (d, e) Experimentally measured dispersion curves for s- (d)
and p-polarized light (e). The lifting of the polarization degeneracy is visible at large k-values. (f) Extracted reflectivity curves at the operation
wavelengths (solid) and the corresponding TMM calculations (dashed). The ideal parabolic response is also shown (gray).

Next, we employ a thick (opaque) back reflector, creating
the DBR—Au interface that supports TPP,. See Figure 2a,b for
the resulting reflection spectrum and mode profile, respec-
tively. At the top interface, we then placed a thin, partially
transparent Au film that plays two crucial roles. First, at this
interface TPP, is supported (Figure 2b). To guarantee strong
detuning of both TPPs, the top TiO, layer, which determines
the constructive interference condition (eq 1) for TPP, is
thinned down to 25 nm. Second, the thickness of this gold
layer directly controls the coupling strength of both TPPs to
the free space. Figure 2c shows the reflectance as the thickness
of the top Au layer is varied to explore where the critical
coupling condition is fulfilled. We observe a high overall
reflectance background (caused by the DBR bandgap) with the
two distinct dips due to the TPP modes. For increasing Au
thickness (starting at S nm), the reflectance of both modes
drops rapidly downward until critical coupling is achieved (for
tra = 26.5 nm), followed by an increase.

To unravel the underlying mechanism responsible for the
trends seen in Figure 2¢, we use temporal coupled mode
theory (TCMT) to study the interplay between the radiative
(Ywa — reflection) and nonradiative decay rates (y, —
absorption in the Au layers). The TPPs can be considered as
independent cavity modes between two high reflectivity
mirrors, the DBR and the metal layer. Therefore, the
reflectance of each mode can be modeled as a single port
resonator:*”>"

(g — 1)+ (0=
(ry+7) + (@ — w)

R(w) =
(3)

where @ is the angular frequency and @, is the resonant
frequency. Equation 3 shows that reaching zero reflectance at
resonance (R(@,) = 0), which is essential for edge detection to
filter the low frequency backaground, requires the critical
coupling condition ¥,,q = V">~ The TCMT (eq 3) describes

well the optical response of the device around resonance, as
highlighted by the fit in Figure 2d. By employing a fitting
routine based on our TMM calculations (see Methods), we
extract y,,4 and y,, as a function of the top Au layer thickness
(Figure 2e). We observe that, for TPP,, both y,,4 and y,, are
smaller than for TPP,, as expected from its smaller line width.
The lower y,, is explained by both the lower absorption of Au
at 4 = 695 nm (TPP,) compared to that at A = 555 nm
(TPP,), as well as the smaller field overlap with the Au for
TPP, (Figure 2b). On the other hand, the smaller 7,,4 can be
rationalized by the smaller field amplitude at the interface of
the device and thus smaller modal overlap with free space
radiation compared to TPP,. Nevertheless, for both modes,
Figure 2e confirms the crossing of the decay rates (Vg = ) at
the same Au thickness, confirming the double critically coupled
resonance for 4, = 26.5 nm. For both modes, we observe that
for thinner Au the system is overcoupled (,,q > 7,.), while a
thicker Au layer leads to undercoupling (Y,oq < Var)-"

We now study the dispersion relation of TPPs for the
optimized film stack (Figure 2f). The dispersion for
unpolarized light (background) is overlaid with the resonance
wavelengths for both s- and p-polarized light. We observe a
clear parabolic trend in the dispersion of both TPPs with small
splitting only at larger angles. Both properties are reported
characteristics for TPP modes™ and highly beneficial for 2D
edge detection.

B RATIONAL DESIGN RULES FOR THE NA IN EDGE
DETECTION

Building on the insights provided by the TCMT analysis, we
can now derive a direct link between the resonance decay rates,
Yrad @nd 7y, and the desired NA for an envisioned application
in edge detection. We start by performing a Taylor expansion
of eq 3 near the resonance condition, obtaining up to third
(0 = wy)*

(gt 10"
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Figure 4. Experimental edge detection using Tamm Plasmon Polaritons. (a) Experimental setup used for edge detection. (b) Image of the three bar
target used (USAF 1951 resolution target), measured at a nonresonant wavelength of 610 nm. The dashed line indicates the cross sections taken in
(c)—(e). (c—e) Simulated (top) and experimental (middle) results for Group 6 Element 3 (c, 6 ym, 80.6 Ip/mm), Group 7 Element 3 (d, 4 um,
128 Ip/mm), and Group 7 Element 6 (e, 2 ym, 228 Ip/mm). The objects are further demagnified 2X by the objectives. Results are shown for TPP,

(left) and TPP, (right). Representative cross cuts are also shown (bottom), which are offset for the sake of clarity.

which is also fitted with good agreement around resonance in
Figure 2d. Next, by modeling the TPP dispersion relation as
w(kx,y) = wy + akﬁyy with fitting constant a, we can rewrite the

Taylor expanded equation as R(k, ) = <(y iy )) kﬁ,y,
rad nr:

implying

Ir(k, )l = (R(kx,y))l/z =

4 g2
(yrad + ynr) ” (4)

Equation 4 highlights how the parabolic dispersion of TPPs
offers the ideal response function |r(kx’y)| x ki,y needed for the
Laplacian operation. Furthermore, eq 4 also provides a direct
handle on the desired operation NA, which can be controlled
through the modal loss rates. As also discussed in a previous
work,” we emphasize how the control of the edge detection
NA is important for different applications: for small objects, a
low NA places limitations on the edge detection resolution,
while a NA that is too large for a given object results in small
efficiencies, causing low signal-to-noise ratios between the
background and the edges. Assuming the proposed device is to
be designed to perform ideal edge detection of objects with a
maximum spatial frequency v and wavevector k,,; = 27v, and
since Ir(kop)| = 1 for optimal edge detection, we can calculate
the optimal condition

1 (yrad + ynr )1/2
= —| 24 o

Y Q)

a

This establishes a direct connection between the object’s
spatial frequency and the TPP parameters and shows that the
smallest feature in the image dictates the optimal loss rates of
the TPP resonance to reach the desired NA. Using this
analysis, the higher NA of TPP}, as observed in Figure 1d, is
directly explained by the larger loss rates demonstrated in
Figure 2e, which gives rise to a slower parabolic trend (eq 4)
and a higher resolvable spatial frequency (eq S).

B SPECTROSCOPIC CHARACTERIZATION

To experimentally validate the k-dependent response of our
structure, we employ reflection spectroscopy. Figure 3a
compares the experimental and calculated reflectance spectra
for unpolarized light under normal incidence. A very good
agreement between the measured and TMM-calculated spectra
is observed, which confirms the dual-resonant behavior of the
sample. Both resonances show near-zero reflectance due to
critical coupling. To measure the dispersion relation and spatial
frequency response of the device, we employ back focal plane
(BFP) measurements of the light reflected from the layer
structure. Representative BFP images near both resonance
wavelengths show a characteristic ring-shaped dip in
reflectance for both polarizations (Figure 3b,c). The
approximate circular shape in the k,—k, plane shows that a
full-2D Laplacian operation can be realized. For wavelengths
further detuned from resonance, we observe a slight effect of
the polarization splitting for TPP, (Figure 3c). Since this
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detection images in (d) and (e).

corresponds to large angles of incidence, it does not
significantly affect the performance of the device.

From the collected BFP measurements, we extracted the full
dispersion curves for both polarizations by taking line cuts
along the k., = 0 axes for a range of wavelengths. The resulting
dispersion diagrams clearly confirm the parabolic trend for
both TPPs (Figures 3d,e) and show very good agreement with
the calculated dispersion (Figure 2f). The polarization splitting
at high k-values is manifested as slightly different slopes around
kyy/ko ~ 0.9.

Finally, these dispersion diagrams enable the extraction of

the |r(kx,y)| = /R(kx,y) by taking horizontal cross cuts from

Figure 3d,e at the operation wavelengths for edge detection.
The resulting experimental reflectivity curves show excellent
agreement with the TMM calculations (Figure 3f) with a very
good approximation of the optimal parabolic dispersion.
Although TPP, is characterized by full suppression at k; = 0
through critical coupling, TPP, displays a small reflectivity at
normal incidence, which will contribute to a small background
in the processed images.

B EXPERIMENTAL EDGE DETECTION

The two TPP modes supported by our structure exhibit a
different numerical aperture, implying different edge-detection
performance depending on the object’s spatial frequency. For
larger objects (lower spatial frequencies), such as in Figure le,
TPP, shows brighter edges due to the steeper slope in Figure
3f. This larger efficiency highlights that for large objects the
TPP NA should be matched (i.e., not too high) to maximally
enhance the edges of the smallest feature in the image (eq S).

To further investigate the effect of different working NA’s
for small targets, we use a standard USAF 1951 resolution
target along with an experimental setup with demagnification
capabilities (Figure 4a). The demagnification allows us to
obtain responses for even smaller objects than those in the
resolution target, pushing the limits of the TPP performance.

The object is illuminated with light from a supercontinuum
laser coupled to an acousto-optic tunable filter, providing a line
width of ~1 nm. Light passes through an iris, a 1/4 waveplate
(to achieve equal parts of s- and p-polarized light), and a
rotating diffuser to reduce the spatial coherence and speckle
formation in the captured images. Next, the object is
demagnified using both objectives of mismatched magnifica-
tion (50 and 100x), providing a 2X increase in the objects
spatial frequencies before projecting it on the sample. A 1:1
relay system is employed between the objectives to allow
decoupling between real and reciprocal space, achieving higher
image quality. Finally, a beamsplitter sends the reflected image
to a tube lens to project it onto a monochrome CMOS camera.

An original image of the three-bar target obtained at a
nonresonant wavelength of 610 nm is shown in Figure 4b. By
changing the group and element of the target, we assess the
edge detection capabilities using bars ranging from 6 to 2 yum
in the cross section (which are further demagnified 2X by the
objectives). The experimental edge detection results are shown
in Figure 4c—e. To provide a meaningful comparison, we
simulate the expected images using Fourier filtering of the
target image, taking into account the TPP response function
from Figure 1d (see Methods for details). For all targets, a
characteristic double line in edge detection is observed, caused
by the second-order nature of the Laplacian operation. To
emphasize this, cross sections of the experimental and
simulated data are also shown (bottom). Although TPP, and
TPP, show very similar responses for the larger target (c),
significant differences are observed for the smallest target (e).

To understand this, we can derive a maximum spatial
frequency that could be resolved for a given TPP NA: v, =
NA/4, where / is the operation wavelength. From this, we find
vl = 625 1Ip/mm (resolution of 0.8 um) and virr? = 214 Ip/
mm (resolution of 2.3 ym), reflecting the effect of the higher
NA of TPP,. For the largest object v = 80.6 Ip/mm (Figure
4c), both TPPs are able to fully resolve the object’s edges as
expected. Note that for TPP; we also observe two lines inside
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the bars caused by diffractive effects, which are also reported in
previous works.’ Similar results are observed for the middle
target (Figure 4d, v = 128 lp/mm), where both TPPs resolve
the object, but the double line is now more visible. However,
for the smallest target (Figure 4e), where v = 228 lp/mm,
TPP, is no longer able to provide a clear edge detection image,
as expected from Vg > Uy, These results are in very good
agreement with the simulations, where the same effect is
observed. These results underline the importance of high-NA
edge detection for smaller objects. Furthermore, for the case of
TPP,, we demonstrate edge detection of a 1 pm width bar
(accounting for the demagnification), demonstrating the high-
NA capabilities of this mode and paving the way for edge
detection of submicrometer objects in microscopy applications.

The test targets used so far all exhibit very large contrasts
and sharp edges. To demonstrate the relevance of our design
to more challenging and realistic scenario’s, we also present
edge detection on biological cells that display very small
intensity contrast and finite phase contrast (Supporting
Information, Figure S2).

Bl OPERATIONAL BANDWIDTH AND COHERENCE

For practical purposes, the ability to perform optical edge
detection without narrow-band (and highly coherent) laser
illumination is essential to facilitate integration with existing
imaging systems.” In resonance-based edge detection, the
operation bandwidth correlates directly with the NA of the
resonance, which we have related to the resonance loss rates.
The key challenge lies in the divergence from the required
parabolic response for detuned wavelengths, which contributes
to undesired background intensities. For our TPP design, the
response of the device slightly detuned from resonance is still
approximately parabolic, promising a larger operational
bandwidth for TPP; in particular due to its higher NA.

To explore the device’s performance with increasing
bandwidth, we use a target of our institution’s logo (Figure
Sa) and illuminate it with increasing bandwidth I" using our
coherent supercontinuum laser. Figure Sb presents the results
for TPP,. Clear edge detection of the target is observed for I" =
1 nm, but the edges become increasingly indistinguishable
from the background as I' approaches S nm, as corroborated
by the cross sections (Figure Sc). For TPP; on the other hand,
the edges remain to be strongly pronounced up to I' = S nm
(Figure 5d,f) due to the larger resonance line width. To further
test the limit toward real world applications, we replace the
supercontinuum laser with a halogen lamp combined with a 10
nm full-width half-maximum (fwhm) bandpass filter centered
at 560 nm. This allows us to test edge detection with an
extended source (low spatial coherence) and in a more
practical scenario. As a result of the high NA of TPP), clear
edge detection is still observed (Figure Sef), demonstrating
how high resolution edge detection of small objects is possible
even with low coherence, unpolarized, broadband light.

B DISCUSSION

Our results demonstrate how TPPs in few-layer stratified
media provide an easy platform to achieve edge detection that
is particularly tunable in terms of operational NA. Designing
the layer stack to achieve critical coupling provides strong
suppression of the background, while simultaneous engineering
of the resonance Q-factor determines the NA. Although such
design routines have been discussed in previous works, " it was

pointed out that these realizations suffered from low intensity
throughput and high polarization anisotropies. TPPs thus
appear as an excellent candidate for this approach, facilitated
by the large reflectance contrast that leads to high efficiencies
and the polarization degeneracy up to large angles.
Furthermore, we show that the intrinsic parabolic dispersion
of TPPs provides an ideal k-space filter response up to large
NAs.

The design control provided by this framework is of
particular relevance to the field of microscopy, where small
objects are commonly studied. Although previous works have
highlighted how a NA that is too large leads to low efficiency
edge detection on large objects,” we also demonstrate
limitations in the opposite case. When the operational NA is
too low, edge detection on small targets is compromised due to
a lack of resolution. We conclude that, within a certain range,
care should be taken to match the NA to the object’s spatial
frequencies, maximizing edge detection efficiency while
obtaining a well-resolved image.

In contrast with previous work, our edge detection operates
in reflection rather than transmission. Despite the fact that this
approach may come at the expense of slightly more complex
integration with existing imaging setups, we emphasize a
specific performance advantage. By reducing the cavity to a
single port resonator, we show that critical coupling (and, thus,
efficient suppression of the background) is achievable by
engineering of y,. While absorption losses are undesirable in
transmission mode (due to lower efficiencies and higher
background contribution), here we leverage Au absorption as
an important design feature that enables matching of the
resonant decay rates.

B CONCLUSION

In summary, we demonstrate how the intrinsic parabolic
dispersion of Tamm Plasmon Polaritons provides a remarkably
facile and efficient opportunity for 2D edge detection using
analogue optical computing, without the need for nano-
patterning. Using temporal coupled mode theory, we design a
dual-resonant layer structure with two distinctly different NA’s
approaching up to 0.9, and provide rational design rules to
optimize the NA to the desired spatial resolution. Our
experiments demonstrate the near-perfect optical properties
of the simple layer structure as well as highly efficient 2D edge
detection on both large and small targets. We carefully assess
the role of the NA and highlight the need to match the NA to
the target’s spatial frequencies. Finally, we show that a large
NA offered by TPPs provides a high tolerance to increased
illumination bandwidths, and that edge detection is achieved
even with filtered illumination from a noncoherent halogen
lamp. These results demonstrate that TPPs provide a unique
and facile solution for edge detection in, for example,
microscopy applications, where both small and large targets
need to be resolved.

B METHODS

Sample Fabrication. The multilayer stack samples are
fabricated using electron beam physical vapor deposition
(Polyteknik Flextura MS08 E) on a cleaned Si substrate. For
Au deposition, a deposition rate of 0.5 A/s is used, resulting in
a smooth film. For SiO, and TiO,, a deposition rate of 2 A/s is
used. Deposition of TiO, is done using a Ti;Os precursor
under a O, atmosphere at 2.5 X 107® mbar.
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The materials and final thicknesses of the layer stack are
(from substrate to top): Au (100 nm)—TiO, (60 nm)—SiO,
(92 nm)-TiO, (60 nm)—SiO, (92 nm)—TiO, (25 nm)—Au
(26.5 nm).

TMM Calculations. TMM calculations are performed
using the TMM package available for Python.** The refractive
indices of Au and SiO, are taken from literature.**® For TiO,,
the refractive index is measured using spectroscopic
ellipsometry on the as-deposited material (VB-400 J.A.
Woollam).

Edge Detection Simulations. To simulate the bar targets,
an ideal (binary) image of the three bars was designed. The
correct size of the image is determined by matching the
number of pixels in the bars to the spatial frequency of the
corresponding USAF 1951 target. First, we calculate the
Fourier transform of the image and apply a low-pass filter
simulating the effect of the cutoff caused by the system’s first
objective (NA = 0.55). Next, we apply the parabolic filter
obtained from the TMM simulations for each TPP in the
Fourier space, simulating the effect of light reflecting on the
thin film stack. Lastly, an inverse Fourier transform is applied
to obtain the resulting edge detection image.

Decay Rate Calculations. We employ a fitting routine
described in ref 33 to analyze the coupling rates for each TPP.
In this procedure, a Lorentzian line shape is fitted to each
resonance in the TMM spectra (providing the total decay rate
y) and to a similar set of spectra obtained by setting the
imaginary part of the Au permittivity to zero (neglecting losses
in the system), which allows the extraction of y,,4. Finally, the
nonradiative decay is determined by y,, = ¥ — ¥pa-

Spectroscopic Measurements. Measurement of reflec-
tance spectrum and BFP images are both performed using a
Witec a300R confocal Raman microscope. For the reflectance
spectrum, a Zeiss EC Epiplan 20X (NA = 0.4) was used with a
halogen lamp as the light source. For this measurement, a Ag
mirror (Thorlabs PF10-03-P01) was used as a reference, and
the angular range of incidence was minimized by closing the
aperture stop on the Kohler illumination. For the BFP
measurements, a 100X Zeiss EC Epiplan-Neofluar (NA =
0.9) microscope objective is used with a supercontinuum laser
(NKT SuperK Extreme EXW-12) coupled to an acousto-
optical tunable filter (AOTF, SuperK Select, 1 nm line width)
as light source. Here, the same Ag mirror is also used as a
reference. By sweeping wavelengths with the laser and taking
line cuts at k,, = 0 in the BFP images, both the dispersion
relation and the parabolic Ir(k,/ky)| curves are extracted.

Experimental Setup for Edge Detection. For the setup
shown in Figure 4, Thorlabs AC254-100-A-ML achromatic
doublet lenses (with antireflection coating from 400 to 700
nm) are used in the setup. The A/4 achromatic waveplate
(Thorlabs AQWPOSM-580) has a working range of 400—800
nm. For the objectives, a Zeiss 50X LD EC Epiplan-Neofluar
(NA = 0.55) is used for object collection, and a 100X Zeiss EC
Epiplan-Neofluar (NA = 0.9) is used for projection on the film
stack, providing a 2X demagnification. These objectives are
chosen for their almost matching size of their physical BFP
aperture, which is essential to preventing clipping in the
reciprocal space. Finally, the image is projected on a
monochrome camera (IDS U3-3880CP-M-GL).

For edge detection with an incoherent broadband source, a
halogen lamp (Thorlabs OSL2 Fiber Illuminator) along with a
10 nm bandwidth filter centered at 560 nm (Thorlabs
FBHS60-10) was used. Here, light from a halogen lamp is

coupled into a fiber bundle (effective core diameter of 6.4 mm)
and onto the optical system, replacing the single mode fiber as
the source in Figure 4a. For this measurement, the 1/4
waveplate and rotating diffuser were removed from the setup.

To obtain the edge detection images, an image of a target is
first acquired using the camera software. We then block the
path between the beamsplitter and the 100X objective to
collect a background image. Subtraction of the two enables
background correction of small reflections from the beams-
plitter.

B ASSOCIATED CONTENT
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