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ABSTRACT: Mie voids, low-refractive-index cavities in high-
refractive-index substrates, have emerged as a compelling alternative
to traditional dielectric nanoparticles. Unlike solid resonators, the ‘ ‘
electromagnetic modes of Mie voids are inherently accessible, » |
facilitating direct interaction with 2D materials, quantum emitters,

analytes, and nanoparticles. Despite their potential, the design of . ‘
these structures has relied largely on computationally intensive

numerical simulations that obscure the underlying physics. In this PS  PMMA
work, we present an analytical waveguide model that treats Mie

voids as cylindrical cavities characterized by an e ective refractive

index. Our theory decouples the transverse mode profile from the longitudinal standing-wave resonance, providing a clear physical
intuition for the interplay between void radius and depth. We validate our analytical expressions against full-wave numerical
simulations and experimental data from single Mie voids and demonstrate that the model accurately predicts the near-field
distributions, far-field reflectance, and structural color under an optical microscope. Furthermore, we apply the model to sensing
scenarios, including the refractometric monitoring of liquid analytes and the identification of individual nanoplastic particles (PS,
PMMA, and PET) based on their distinct refractive indices. Changes in the local environment and the capture of nanoparticles
induce spectral and chromatic shifts that are predicted quantitatively by our analytical model. This framework o ers a rigorous yet
intuitive toolkit for the rapid design and optimization of Mie void metasurfaces, high-resolution images, and light-matter-interaction
platforms.

KEYWORDS: Mie void, nanophotonics, structural color, sensing, nanoplastic, refractometry, metasurface, simulation

Empty PET

I INTRODUCTION opportunities to explorezenhanced exciton photoluminescence
Nanostructured dielectric materials exhibit Mie-type resonan- and nonlinear optics.>™*" . . .
ces that provide a versatile platform for manipulating light- Despite their growing popularity, the underlying physics of
matter interactions at the subwavelength scale.~* Unlike their cylindrical Mie voids hag_lgzgely been relegated to brute-force
metallic counterparts, high-index dielectrics support both numerical simulations.”~" Although such methods yield
strong electric and magnetic optical modes with significantly results consistent with experiments, they remain highly time-
lower ohmic losses. Consequently, these structures have consuming. Particularly with systems such as Mie voids, the
become fundamental building blocks for low-loss optical high-index substrate compresses the local wavelength,
antennas,” high-e ciency metasurfaces,>~’ and ultraviolet necessitating a highly resolved mesh across a large computa-
sensing platforms.® While the classical theory for these tional volume and thereby significantly increasing computa-
resonances was established by Gustav Mie for spherical tional costs. More importantly, numerical simulations lack the
geometries,9 recent scientific interest also includes Mie predictive transparency required for rapid design and
voids—hollow cavities etched directly into high-index sub- optimization. For instance, the specific interplay between the
strates like silicon or gallium arsenide. N void radius and depth, and how these parameters independ-
Mie voids o er several advantages over traditional nano- ently dictate the resonance order and phase response, remains

particle-based resonators by shifting the electromagnetic fields
from the lossy dielectric interior to the accessible air-filled void.
Especially for nanophotonics in the ultraviolet region, Mie _ i -
voids therefore circumvent the issue of high absorption in the Received:  April 1, 2026 (Pitorics
materials."® Beyond mitigating loss, the accessibility of the field Revised:  May 23, 2026
enhancement within the void makes it an ideal platform for Accepted:  May 27, 2026
high-sensitivity refractometric sensing“*? and nanoparticle Published: June 22, 2026
detection.”®* In combination with 2D materials, such as

transition metal dichalcogenides, Mie voids also o er

poorly articulated in a purely numerical context.
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In this work, we bridge this gap by developing a
comprehensive analytical waveguide model for cylindrical
Mie voids. By treating the void as a bounded waveguide with
acomplex e ective refractive index, we decouple the transverse
mode profile from the longitudinal standing-wave resonance.
This framework provides a clear physical intuition for the
“leaky” nature of these cavities and reveals that the observed
Mie void resonances arise from the phase-dependent
interference between the resonant reflection from the void
and the o -resonant background reflection of the surrounding
substrate. We validate our model against full-wave COMSOL
simulations and demonstrate its utility by predicting the
wavelength-dependent scattering and corresponding color
appearance of single Mie voids. Our results provide a rigorous
yet intuitive toolkit for metasurfaces, enhanced light-matter
interactions, and sensing platforms.

B resuls

Examples of cylindrical Mie voids milled in silicon are pictured
in Figure 1a,b. During fabrication, their diameters and depths

SEM

b  Optical Microscope

5 um

Figure 1. Waveguide model of Mie voids, holes of cylindrical
geometry in high-index materials. (a) Scanning electron microscopy
(SEM) image of Mie voids of varying diameters and depths in a bulk
silicon wafer. (b) In the optical microscope image, the wavelength-
dependent scattering from these individual Mie voids results in a
colorful appearance. (c) Schematic of a Mie void of cylindrical
geometry with void radius a and depth d in a cylindrical coordinate
system. (d) Schematic of the waveguide model, describing Mie void
resonances. The resonances consist of waveguide modes E* and E~
propagating in the =z direction within the Mie void with an e ective
refractive index n,. These modes are excited by the incident field E,
and couple to the reflected and transmitted fields Eg and E.

can be controlled to tune the associated Mie void resonances
and the resulting color appearance under the optical
microscope.’**>?® The cylindrical Mie void geometry, with
radius a and depth d, is illustrated in Figure 1c,d.

In the following, we discuss the main features of the model
in general terms and present key results. The full derivation is
provided in Supporting Information, Section S1. The model
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consists of two parts: first, we solve for the allowed modes
within a cylindrical cavity, which vyields the radial field
distributions and an e ective refractive index for the void;
second, we consider the propagation of light into and out of
the void (Figure 1d) and add the o -resonant background.

The electromagnetic modes associated with cylindrical
geometries have been discussed extensively in the context of
dielectric waveguides®” and metallic cylinders.?® We can adopt
these solutions to the case of the cylindrical Mie void. The
electromagnetic problem is most easily solved using Maxwell’s
equations in cylindrical coordinates (Figure 1c). In this system,
the wave vector  within the void is decomposed into a radial
part and an axial part k,, where the wave-component along
the void axis is treated as a plane wave exp(ik,z). These
wavevector components are related to the incident wave-
number by ek? = kZ + «2, where is the relative permittivity
of the medium within the void (typically air). The axial part of
the wave equation for the electric field is solved using Bessel
functions of the first kind of integer order I, E,  J(r),
multiplied by an angular phase exp(il). The radial part
consists of Bessel functions J; 5 1(r). The integer | selects the
optical mode within the void and controls its angular variation
through exp(il ).

Each of these waveguide modes depends on two amplitude
scaling factors, a, and ¢, representing the amplitudes of
transverse magnetic (TM) and transverse electric (TE) modes,
respectively. Generally, a Mie void mode cannot be strictly
separated into pure TE or TM modes. By matching the waves
across the radial boundary of the void, we obtain two equations
for the ratio a//c,. Equating the ratio in the two equations leads
to a transcendental equation with a solution that yields , and
therefore k,, as a function of k. The dispersion relation of the
waveguide mode | in the void is given by

Ak, K) = a‘ZKVZKSZ(KSU| = kM) (ke U — k€M)

+ |2(Kv2 - Ksz)(ev’(sz - €sKVZ) =0 @
where  is the wavenumber in the void of radius a (r < a)
containing a medium with electric permittivity ,, and s the
wavenumber in the surrounding substrate (r > a) with electric
permittivity . Here we define U = J(x,@)/ J(x,@) for the
void and V = H/(x&)/H(x&) in the substrate with
J(¥) = dJ(x)/ dx and H/(x) = dH|(X)/ dx are the derivatives
of the Bessel and Hankel functions, respectively.

Note that every term involving a wavenumber can be
normalized by the void radius (e.g., K, = x,8). Consequently,
the dispersion relation does not explicitly depend on the radius
of the void. Furthermore, we can express the longitudinal
phase term as exp(ik,z) = exp(in,kz) where n, = k,/k is the
e ective refractive index of the void.

The coupling coe cients to these modes are calculated by
an overlap integral with the incident light, so that the total

waveguide mode is given as Y [E,q ){(Eng[En), Where [E,g))
|

are the normalized waveguide modes. In the case of an incident
plane wave E;, = E, exp(—in;kz), these coupling coe cients are
only nonzero for the degenerated modes | = +1.

Solutions of the dispersion relation eq 1 for silicon®® with
| = +1 are presented in Figure 2a. The curves represent
normalized dispersion calculations for void radii a = 200, 400,
and 600 nm. These form an almost continuous sequence, with
only a slight dependence on wavelength through the substrate’s

https://doi.org/10.1021/acsphotonics.6c00773
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Figure 2. (a) Dispersion of waveguide solutions in the cylindrical Mie
void geometry. Real and imaginary part of the complex propagation
wavenumber k, over the incident wavenumber k and the e ective
refractive index ng = k,/k over the incident wavelength . The
dispersion wavenumber k,, as well as the incident wavenumber k and
wavelength , are normalized by the void radius a. The three colors
represent calculations for three void radii, demonstrating that the
curves are almost universal for a given substrate material. (b)
Comparison of the obtained analytical Mie void resonances via the
waveguide model to numerical full-wave simulations using COMSOL.
The X, y, and z electric field components are obtained from x — y
cross sections of the results in Figure 3 and are normalized to the
amplitude of the incident light E, with a wavelength of = 430 nm.

electric permittivity. For large void radii, the dispersion
wavenumber and hence the e ective refractive index n, values
are close to those in free space. Although for these calculations
the incident and void media are air, the e ective refractive
index of the void is less than 1 because of k, < k. Notably, the
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imaginary part of the refractive index n, increases rapidly when
the incident wavelength exceeds the void diameter. This is to
be expected since the wave becomes “too large” to fit within
the void and still satisfy the boundary conditions, leading to
propagation losses within the void as a function of depth.

In Supporting Information, Section S2, we present the same
curves for gallium arsenide (GaAs), demonstrating that the
curves are almost identical, independent of the material
platform, providing a means for calculating optimum
parameters when designing a void for a particular application.

In Figure 2b, we present the x, y, and z components of the
corresponding electric field distributions in the void. The cross
sections are obtained from the complete waveguide model,
which is derived in the next section, in order to provide a
comprehensive comparison with numerical solutions that are
obtained using COMSOL Multiphysics (see Supporting
Information, Section S4 for further details). Notably, there is
a good agreement of the electric field distributions and their
amplitude, which is normalized to the amplitude of the
incident light. This agreement extends to the time evolution of
the electric field components, which is presented as a
Supporting Information Video, and confirms the chosen
waveguide modes as a valid starting point for the description
of Mie void resonances.

The solution to the dispersion relation for a given incident
wavelength leads to fixed wavenumbers , across the void and
k, along the axis of the void. This fixes the radial profile of the
modes, but not their z-dependence, which also depends on the
depth d of the void.

Resonances in Mie Voids

In the previous section, we discussed the solutions for the
electric and magnetic fields in the void and the surrounding
medium, which have a spatial dependence with depth given by
the phase exp(ik,z) where k, is a solution to the dispersion eq
1. In a typical experiment, the void is illuminated by a normally
incident plane wave from above. While a portion of the light is
reflected from the surrounding substrate, the remaining field
couples to the supported waveguide mode. This coupled
component propagates through the cylindrical cavity and
undergoes multiple internal reflections between the bottom
and top interfaces of the void. Under suitable values of k, and
depth d, these waves can reinforce to form a resonance with
some of the wave energy transmitted into the substrate below
and some emitted from the top of the void back into free
space.

In order to model the wave propagation along the z axis, we
first consider the field distributions in the void (—d < z < 0),
including its interfaces at the top and bottom. That is, the
three-layer system includes (1) the incident and reflected field
amplitudes E, and Eg in the upper half-space medium n; at
z =0, (2) the waveguide modes E™ and E*, which propagate in
the —z and +z direction in the void (—d <z < 0) with e ective
refractive index n, = k,/k, and (3) the transmitted component
E+ into the substrate medium ng at z = — d. The total waves are
then given as

E, = Ee™ + E.d™, 2= 0,
E, = E'd™+ Ee™? _d<z<0,and
E = ETe—irLk(z+d), z= —d ©)

https://doi.org/10.1021/acsphotonics.6c00773
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The boundary conditions on these waves are that the fields
and their gradients are continuous, which is equivalent to
matching the tangential electric and magnetic fields across the
interface. We apply these conditions to the lower and upper
interface and use these equations to write the z-dependence of
the waves as

Ermmz_k ERénkz,Z =0

L 1(n, - 0y + Ex(n, + n))d?
—_ 2r-1V
D=k (B, - m)e,
—-d<z<0

Ere™@d 7= _d

®
where we have set E, = 1 and
E, = n,(n, — n) coskd + i(nn, — n?) snkd
i(nng + nd) snk,d — n(n + ny coskd’
-2nn,
Er = - s—
I(nins + nv) sn kzd - nv(ni + ns) COSkZd
O]

From the above considerations, we note that the resonances in
the void are determined by the resonances associated with
S(z = 0), which may be found from eq 3. This depends mainly
on the void refractive index through k, and the depth of the
void d. In turn, k; is related to the allowed transverse wave
numbers , and thus the void radius through eq 1. Note that
the reflectance for a large substrate refractive index approaches
the value

n, cosk,d + in;, nkd
in, snk,d — n, cosk,d

- 0
Er(ny ) )
which has no direct dependence on the substrate optical
properties. This is a characteristic of Mie void resonances that
are not strongly influenced by the properties of the substrate
material, provided the refractive index is large.'’

In addition to these field components, which are only
complete for r < a, we add an o -resonant reflection from the
substrate material surrounding the void (r > a) in the form of
S2) = "™+ (n -/ (n+ e at z 0 and
S2) = 2n/ (n; + ns)e"rgkz for z < 0. The analytical
expressions of the total electric field are provided in the
Supporting Information, Section S3.

Now, the waves are complete in the —d < z < 0 domain. In
order to account for their di raction, they can be propagated
using the vectorial angular spectrum method (ASM). The
reflected wave, known at z = 0, can be propagated into the
above half-space with z > 0, and the transmitted wave, known
at z = —d, can be propagated into the substrate medium
z < —d. These propagations involve both the resonant waves
from the void and the o -resonant field components.

The resulting electric field distributions are visualized in
Figure 3 and exhibit notable agreement with the numerical
COMSOL results. This also applies to the time evolution of
these fields, presented in the Supporting Information Videos.
Minor deviations can be observed due to the coupling between
0 -resonant waves in the medium and the Mie void mode,
which are not accounted for in the waveguide model. Other
minor deviations can be noticed in the y and z field
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Figure 3. Comparison of the obtained analytical Mie void resonances
via the waveguide model to numerical full-wave simulations using
COMSOL. The x, y, and z electric field components are normalized
to the amplitude of the incident light E, at a wavelength of = 430
nm.

500 nm

components above the void, which originate from edge e ects
and evanescent field components that are needed to fulfill the
boundary conditions at the interface but are not propagated
from the void surface by the ASM. Since these field
components are weak and do not reach the far field, no
meaningful disadvantages are created by this discrepancy.

In Figure 4a, the E, field distributions are illustrated for the
same void geometry but with the incident field subtracted,
leaving only the resonant and o -resonant reflected field
components from the void and surrounding substrate. We
examine two distinct excitation wavelengths (= 540 and
700 nm). Notably, = 430 nm (Figure 3) and = 700 nm
correspond to the first- and second-order longitudinal
resonances. At these wavelengths, the standing-wave modes
are well-confined in the Mie void, with their nodes at the
bottom and top of the void. These resonant conditions occur
when the void reflectance is in phase with the surrounding
substrate reflection. Conversely, at = 540 nm, the Mie void

https://doi.org/10.1021/acsphotonics.6c00773
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Figure 4. (a) Comparison of the axial field propagation obtained via
the waveguide model to numerical full-wave simulations. The x-
component of the electric field is depicted with the incident field
subtracted. (b) Analytical and numerical reflectance spectra (upper
panel) and phase of the void reflection from the analytical model
(lower panel). Maximum reflectance is achieved when the void and
substrate reflection are in phase (phase values of +, e.g., at =700
nm), while minimum reflectance is achieved when they are out of
phase (void phase of 0, e.g., at = 450 nm). (c) Mie void resonance
condition arg(Eg) = £ of order m for high reflectance (upper panel)
and the reflectance |Eg|? and confined electric energy density of these

3766

Figure 4. continued

modes. Parameters: a = 310 nm, d = 470 nm (a,b); a = 310 nm (c,
top left); =430 nm (c, other panels).

cannot accommodate the full longitudinal mode, resulting in
reflected fields that are out of phase with the substrate
reflection.

Reflectance spectra are obtained by integrating the z-
component of the Poynting vector from the propagated field
components and normalizing the result to the substrate
reflectance. In Figure 4, the analytical prediction is compared
against numerical simulations of a realistic conical void, which
exhibits minor spectral ripples that arise from lateral coupling
e ects in periodic Mie void arrays (see Supporting
Information, Section S6 for a detailed discussion). Never-
theless, the positions of the peaks and dips predicted by the
model agree well with those of the numerical full-wave
simulation, with only small deviations in the absolute
reflectance values. The phase arg(Eg) in the bottom panel
reveals that reflectance peaks coincide with arg(Eg) = +,
matching the phase of the substrate’s Fresnel reflection
arg(Epg) = arg[(n; — ng)/(n; + ny)], while reflectance dips
coincide with arg(Eg) = 0.

This observation leads to the key insight that the observed
Mie void resonances of high reflectance are not a direct
consequence of the void reflection amplitude |Eg| but rather its
phase. The resonance as seen in the far-field is an interference
e ect between the void's reflection and the o -resonant
background of the substrate. Consequently, the Mie void
resonances are more accurately identified by the phase
condition arg(Eg) = arg(Epg) than by maxima in the stored
electromagnetic energy. This interpretation is further sup-
ported by Figure 4c. The upper panels identify the longitudinal
standing-wave mode order m for a fixed void radius (a = 310
nm, left) and a fixed wavelength (= 430 nm, right). The
lower panels depict the intensity of the void reflection |Eg|* and

the total confined electric energy density ( IS /_ (;S(z)/ d dz).

Additional color plots are provided in the supplement.

The resonant Mie void reflection and transmission follow
the behavior of a Fabry—Perot cavity. At the resonance
condition, the reflection |Eg| (Figure 4c, lower left) is minimal
while the transmission |Ef| (see Supporting Information,
Figure S4) exhibits a peak. Interestingly, the confined electric
field energy density (Figure 4c, lower right), which
corresponds to the near-field intensity, does not peak at the
Fabry Perot resonance. Instead, the near-field maximum is
shifted toward shallower voids or larger wavelengths (see
Supporting Information, Figure S4). This phenomenon closely
mirrors the spectral shift between near-field and far-field peak
intensities in localized plasmon systems and can be described
by the dynamics of a driven and damped harmonic oscillator.*
Moreover, the near and far-field peak intensities are very
broadband. This is a direct consequence of the e ective
refractive index n, being close to that of free space. Because the
index contrast is low, waves inside the void are only weakly
reflected at the upper interface and have little opportunity to
resonantly increase in amplitude. Hence, lower mode orders m
are associated with lower propagation losses and stronger
resonances.

Small void radii, which are connected to a high imaginary
part of the e ective refractive index of the void, prevent the

https://doi.org/10.1021/acsphotonics.6c00773
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Figure 5. Analytical waveguide model for structural Mie void colors. (a) Calculated Mie void colors via the waveguide model, compared to
experimental microscope images for voids with di erent diameters and depths. (b) Magnified view of the voids in the right-most column of the
upper panels with the largest void diameters. Their color appearance is depicted for di erent focal plane positions of the microscope.

formation of standing waves in the void. As a result, most
incident light is reflected at the void surface (Eg > 0, since
n, < 1). As the void radius increases, the imaginary part of the
e ective refractive index decreases, allowing light to enter and
propagate. The “starting point” for resonance occurs when Eg
= 0. Once the amplitude of the light reflected from within the
void exceeds the amplitude of the surface reflection, the Mie
void resonance can be identified for a given wavelength or void
depth. Further mathematical interpretations can be derived by
inserting the resonance condition arg(Eg) = = into eq 4. By
acknowledging that both n, and ng are complex-valued, this
results in complex coupled transcendental equations, which
should be solved numerically if needed or estimated from plots
as in Figure 4. However, two intuitive cases can be derived
based on di erent assumptions of the refractive indices. When
neglecting losses (i.e., assuming that both refractive indices n,
and n, are real), this yields the simple condition d = m /k , =
m ,/2, which has already been proposed by Sarbajna et al.*°
Another intuitive case arises by using the phase condition in eq
5 (i.e, in the limit n; —» o0). Utilizing n, = n, + iny, this
yields sn(2n/kd) + n;/n;, Snh(2nJkd) = 0. Besides the trivial
case (d = 0), solutions of this equation exist if the absorption
ratio ny/ n, remains small. As depicted in Figure 2a, small
absorption ratios are associated with large void radii, while
large absorption ratios are connected to small void radii.
Therefore, this leads to the aforementioned interpretation of
the "starting point” of the Mie void modes. Finally, we would
also like to note that the phase condition arg(Eg) = = is only
valid in the limit of low losses. In the case of high damping,
conditions for far-field intensity peaks should be derived by
maximizing Eg + (n, — ny)/(n; + n,).
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Mie Void Colors

Mie voids have been used for colorful art galleries at the
microscale.'*?>?%3132 |n the following, their colorful appear-
ance is examined in the analytical waveguide model. In the
previous sections, the reflected electric field and hence the
intensity distribution 1(4, X, y, 2) = [Ex(4, X, Y, 2)]* has
been derived. This includes the reflected resonant and o -
resonant contributions from the void and the surrounding
substrate. It provides reflection spectra for each calculated pixel
that can be converted to color based on CIE color matching
functions. The white balance of the resulting image is set using
a calculated background image without Mie void contributions.

In Figure 5a, images of a variety of voids are compared to
those obtained from microscope images. In the design of this
sample, the voids feature linearly increasing diameters from left
to right and linearly increasing void depths from bottom to
top. The experimentally realized void geometries are estimated
from SEM images of nine voids. The full list of geometries is
obtained using planar fits to these measured diameters and
depths. The planar fits also account for increasing diameters
with depths and vice versa. While small deviations in the color
appearance are expected from incomplete knowledge of the
void dimensions, the overall color shift is correctly modeled.
Moreover, the ring-shaped color appearance, which is observed
for some of the voids, is correctly reconstructed.

The limited numerical aperture of 0.9 in the collection is
taken into account by masking the electric field distribution in
k-space, which can be combined with the propagation of the
fields from the void surface to other z-positions using the ASM.
In Figure 5b, additional images of the voids in the right-most
column of Figure 5a are compared at di erent focal planes of
the microscope, which corresponds to a simple propagation of

https://doi.org/10.1021/acsphotonics.6c00773
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the waves from the sample surface to other image planes. The
shift in the focal plane of the microscope is estimated to be
around 8 m in steps of 2 m. By comparing the images to the
waveguide model, the center row is estimated to have a focal
plane at z = 250 nm.

We attribute the “ring-shaped” appearance of the voids to
interference between the light reflected from the void and the
nearby substrate surface. While the color of the central part of
the void is dominated by |Ex[?, the void edges change in their
color due to the increased interference with the substrate
reflection. Even at z = 0, this interference mixing is created due
to the finite resolution that is associated with the numerical
aperture of the collection. At further distances from the
substrate, this interference increases due to di raction, causing
the “ring-shape” appearance to fade. In addition, lower
numerical apertures in the collection also lead to an increase
in interference mixing, faded ring shapes, and an overall larger
appearance of the voids. This has been used in the past for
more homogeneous images.'>?® During the transition from
z>0to z <0, a Gouy-like phase shift of the void reflectance is
responsible for the observed color change. More detailed focal
plane steps of this transition are provided in Supporting
Information, Section S8.

Mie Void Sensing

Mie voids in GaAs have been used for attoliter-scale refractive
index sensing'' and the detection, sizing, and counting of
nanoplastic particles.**** In the following, we demonstrate the
predictive power of the analytical model in these sensing
applications.

In the first case, following the experimental work of Arslan et
al.** both the void volume and the above half-space are flushed
with liquid analyte solutions with refractive indices between
1.38 and 1.49. While variations in the refractive index of the
upper half space n; are accounted for in eq 3, they do not alter
the phase-matching condition of the resonances and
consequently leave the spectral positions of the reflectance
peaks una ected. Crucially, it is the void medium permittivity

w Which is treated as a primary variable in eq 1, that shifts the

resonances, by modifying the e ective index n, in eq 4. In
Figure 6a, calculated reflection spectra of the waveguide model
are compared to experimentally measured spectra. As the
analyte refractive index increases, the spectra shift toward
longer wavelengths. This wavelength shift exhibits a linear
dependence on the refractive index, which yields a sensitivity
of (416 = 1) nm/RIU using the waveguide model and
(408 £ 17) nm/RIU using the experimental data.

The spectral sensitivity also enables the detection and
classification of individual nanoplastic pollutants. More
specifically, Ludescher et al.**** demonstrated that spherical
nanoplastic particles can be captured by Mie voids of matching
dimensions. The presence of a trapped particle modifies the
e ective index of the cavity, altering the void’s color
appearance, which can then be monitored using a standard
RGB camera. In Figure 6b, we present the color appearance of
empty voids alongside those filled with polystyrene (PS),
poly(methyl methacrylate) (PMMA), and polyethylene
terephthalate (PET) particles. Both the analytical predictions
and the experimental microscope images confirm that these
plastic particles can be not only detected, but also reliably
distinguished based on their distinct refractive indices. Within
our analytical model, the presence of a trapped nanoplastic
particle is modeled by simply setting the refractive index of the
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Figure 6. Analytical waveguide model for Mie void sensing
applications. (a) Calculated and measured™* reflectance spectra of a
void flushed with analyte solutions of di erent refractive indices. On
the bottom left, the peak positions of the m = 2 modes are plotted
over the analyte refractive index, where circles (squares) correspond
to the analytical (experimental) results. (b) Analytical and
experimental®™ color appearance of a void filled with di erent
nanoplastic particles. The di erent refractive indices lead to a color
change that can be used to detect and distinguish nanoplastic
particles. The associated colors are plotted in the CIE diagram, with
analytical (experimental) results in red (black).

entire void medium to that of the respective polymer,
neglecting the exact size, shape, and spatial position of the
particle. Despite this simplification, the experimental color
statistics, plotted in the CIE diagram, align remarkably well
with our analytical predictions. Notably, the reproducibility of
these experiments further validates the analytical model and
demonstrates its potential for fast and simple design of
optimized Mie void sensing platforms.

B oiscussion

In this work, we have developed a comprehensive analytical
waveguide model to describe the resonant behavior of
cylindrical Mie voids in high-index substrates. This framework
facilitates not only rapid predictions but also a more intuitive
understanding of Mie void resonances compared to purely
numerical approaches.

https://doi.org/10.1021/acsphotonics.6c00773
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By treating the void as a bounded waveguide with a complex
e ective refractive index n,, the transverse mode profile is
decoupled from the longitudinal standing-wave resonance.
This reveals a clear physical intuition, where the void radius
dictates the allowed waveguide modes and their dispersion,
while the void depth determines the phase matching required
for resonance. The results demonstrate that Mie voids exhibit
an e ective refractive index of less than unity. This leads to an
impedance mismatch with the surrounding high-index materi-
al, causing the voids to behave as leaky cavities that remain
remarkably insensitive to the specific optical properties of the
substrate. The resonance condition of these cavities is
characterized by the phase-driven interference between the
light reflected from the resonant void and the o -resonant
background reflection of the surrounding substrate.

The analytical results exhibit notable agreement with
numerical full-wave simulations, accurately capturing near-
field distributions and far-field reflectance spectra. Further-
more, the model e ectively predicts the colorful appearance of
Mie voids under an optical microscope, including the color
shifts associated with focal plane displacements. Finally, the
model is directly applicable to sensing applications.™*%
Since the void medium permittivity is treated as a primary
variable, the theory can directly predict how the resonance and
resulting color shift in response to the presence of analytes or
nanoparticles within the void.

Beyond sensing, the analytical waveguide model serves as a
versatile framework for several emerging areas in nano-
photonics from the infrared to ultraviolet spectral range.™
For metasurfaces,®* % it can predict the phase and amplitude
responses without the need for computationally expensive
brute-force simulations, providing a full metasurface design or
a starting point for additional optimization. Moreover, the
model can be helpful for Mie voids serving as a highly tunable
environment for light-matter interactions,*"*® involving 2D
materials®™*® and quantum emitters,® where the mode
volume and field enhancement can be analytically tailored.
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