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ABSTRACT: Extensive research has focused on Mie modes in dielectric nanoresonators, enabling the creation of thin optical
devices surpassing their bulk counterparts. This study investigates the interactions between two fundamental Mie modes, electric and
magnetic dipoles, and the epsilon-near-zero (ENZ) mode. Analytical, simulation, and experimental analyses reveal that the presence
of the ENZ substrate significantly modifies these modes despite a large size mismatch. Electric and magnetic dipole modes, both with
∼12 THz line widths, exhibit 21 and 26 THz anticrossings, respectively, when coupled to the ENZ mode, indicating strong coupling.
We also demonstrate that this strongly coupled system yields notably large subpicosecond nonlinear responses. Our results establish
a solid foundation for designing functional, nonlinear, dynamic dielectric metasurfaces with ENZ materials.
KEYWORDS: Nonlinear Optics, Epsilon-near-Zero, Metasurface, Nano-optics

Dielectric nanoantennas, constructed from materials with
high refractive indices and low loss compared to

plasmonic counterparts, serve as the building blocks for the
next generation of nanophotonic devices.1 Unlike plasmonic
nanoantennas, they easily integrate into existing CMOS
fabrication lines2 and, even with simple geometries, support
multiple optical resonances, including electric and magnetic
dipoles and quadrupoles, referred to as Mie modes.3 The
availability of multiple resonant modes in the dielectric
nanoantennas allows for tailoring near-field and far-field
properties of light.4−22 In a parallel vein, thin layers of ENZ
materials have distinctive linear and nonlinear optical proper-
ties arising from a nearly zero real part of permittivity within
specific wavelength ranges.23 Notably, materials such as indium
tin oxide (ITO) and aluminum-doped zinc oxide (AZO) have
been extensively explored for their large nonlinear re-
sponses.24,25

In this work, we investigate how the Mie resonances of the
dielectric nanoantenna couple with the ENZ mode of a thin
ITO substrate. An ENZ mode is an inherently dark mode with
a largely enhanced electric field inside a very thin ENZ layer

sandwiched between two dielectrics.26 Extensive research has
been conducted on the interaction between the modes of
plasmonic nanostructures and the ENZ mode of various near-
zero-permittivity materials, including transparent conducting
oxides,27,28 semiconductors,29 and phonon-based ENZ materi-
als.30 Plasmonic systems often exhibit pronounced losses,
which need to be addressed. Additionally, achieving higher-
order modes in these systems necessitates intricate engineering
efforts to shape the antennas, adding an additional layer of
complexity to the design process.31 In Mie resonances, unlike
plasmonic resonances, the mode is typically concentrated
within the dielectric material rather than along the surfaces;
therefore, the opportunity for strong modal overlap with the
ENZ mode of a nearby structure is expected to be smaller.
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However, we show that even for a simple dielectric
nanoantenna geometry, the field enhancement of Mie modes
is sufficient to achieve strong coupling with the ENZ mode.
We experimentally and theoretically demonstrate that the two
fundamental Mie modes (electric and magnetic dipole
resonances) of silicon dielectric antennas can strongly couple
with the ENZ mode of a 23 nm-thick ITO substrate.
Furthermore, using simple pump−probe measurements, we
demonstrate strongly enhanced transmission modulation of
these structures in comparison to bare ITO. This suggests that
the metasurface composed of dielectric nanoantennas and
ENZ thin films has significant potential for nonlinear optical
applications, at least as significant and perhaps more varied
than their plasmonic counterparts.
In general, the resonance wavelength of a Mie mode is a

complicated function of the geometric and material properties
of the dielectric nanoantenna. We selected cuboid antenna
shapes since the three geometric parameters length, width, and
height allow sufficient freedom to investigate the interaction
between one fundamental dipole resonance (either electric or
magnetic) and the ENZ mode while keeping the other dipole
resonance spectrally separate from the ENZ resonance
condition.32 Figures 1a and b demonstrate the permittivity of
the ITO substrate we used and a schematic of the device with
and without ITO, respectively. The ENZ mode resonance, as
discussed in section 1 of the Supporting Information, is near
the wavelength where the real part of the permittivity crosses

from positive to negative, that is, the wavelength at which Mie
resonances could couple to the ENZ mode. In this work, we
focus on the electric dipole resonance (EDR) and the magnetic
dipole resonance (MDR) of the antennas. Higher-order
modes, such as quadrupole, likely respond similarly but will
be the subject of subsequent research. We designed two groups
of metasurfaces, each specifically engineered to align either the
EDR or the MDR with the wavelength of the ENZ mode,
while ensuring all other resonance modes remain at least two
line widths distant from the ENZ wavelength. To design the
metasurfaces, we swept over different dimensions of the single
antennas and the lattice constant over the glass in our
simulations using Comsol Multiphysics while tracking the
resonance wavelength and mode of each of the Mie
resonances. We then found the dimensions that set the
resonances to the ENZ mode’s central wavelength, added the
ITO layer as the substrate, and compared the results in the
presence and absence of ITO. Figure 1 demonstrates the effect
of a 23 nm layer of ITO as the substrate on the transmittance
of one of our EDR samples and one of our MDR samples,
respectively. The length, width, and thickness of the antennas
and the lattice constant in Figure 1 are 560, 500, 140, and 850
nm, respectively, for the EDR case and 650, 650, 210, and 810
nm, respectively, for the MDR case. In both cases, the presence
of ITO splits the Mie resonance into two hybrid modes: one at
a shorter wavelength and one at a longer wavelength than the
resonance wavelength of the same metasurfaces on glass; we

Figure 1. (a) The real and imaginary parts of the permittivity of the ITO sample taken from the ellipsometry data; the red dashed line specifies that
1410 nm is the zero crossing point. (b) The schematics of the a-Si metasurface on ITO on glass. (c, d) Comparison of the transmittance of the
metasurfaces over the glass and over ITO for observing the interaction of the (c) electric dipole resonance (EDR) and (d) magnetic dipole
resonance (MDR) with the ENZ mode. The length, width, and thickness of the antennas and the lattice constant in the figure are 560, 500, 140,
and 850 nm, respectively, for part c and 650, 650, 210, and 810 nm, respectively, for part d. The parameter Δλ indicates the amount of anticrossing
that occurs due to the strong coupling effect, and it is around 140 nm for the EDR case and around 200 nm for the MDR case. The insets show the
electric field amplitude distribution and direction around the antennas for the different resonance modes specified in the transmittance plots.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c03301
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03301/suppl_file/nl3c03301_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03301?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03301?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


call them the lower polariton branch and the upper polariton
branch, respectively, for the remainder of the manuscript. Note
that the lower polariton branch exhibits a smaller dip in
transmittance than the upper polariton branch, which can be
attributed to the non-negligible loss of ITO. A similar
asymmetry in the depth of the transmission resonances has
been reported before.33,34 The appearance of these hybrid
modes is the main sign of coupling between the fundamental
Mie modes and the ENZ mode.35 The spectral separation of
the hybrid modes, Δλ, is proportional to the strength of
coupling, and the system is said to be in a strong coupling
regime if the spectral separation is larger than the line width of
the fundamental Mie mode in the absence of ITO.35 These
simulations predict hybridized mode splitting larger than the

FWHM line width of the Mie resonances without the ITO
substrate, suggesting that the systems are in strong coupling
regimes.
The field distributions of the EDR and MDR are

distinguishable inside and in the vicinity of the nanoantennas
at the resonance wavelength.32,36 The insets in Figure 1c and d
show the electric field intensities and vectorial distributions at
the EDR and MDR without the ITO thin film as well as the
higher polariton branch of each when this ENZ substrate is
included. At the EDR, the electric field concentrates within the
center of the nanoantenna, with the polarization determined by
the incident field. At the MDR, the electric field vectors circle
inside the antenna such that the curl of the electric field points
in the direction of the magnetic dipole. When introducing a

Figure 2. Comparison of analytical derivation and numerical simulation of hybridized mode splitting. To show tuning of (a) the EDR and (b) the
MDR across the ENZ mode, transmittance spectra for different antenna lengths or lattice sizes, respectively, were simulated in Comsol
Multiphysics. The red circles are the position of the EDR and MDR in parts a and b, respectively, with the antennas without ITO derived from the
simulation results. The white circles indicate the positions of the upper and lower polariton branches predicted by the analytical solution.

Figure 3. (a) SEM image of one of the fabricated devices. (b, c) Comparison of the transmittance in simulation and experiment of one
representative EDR sample (b) and one representative MDR sample (c). The vertical dashed line shows the central wavelength of the ENZ mode.
The SEM images in the insets show 4 unit cells of the metasurface for which the experimental data is shown. The dimensions of the samples were
the same as those used in Figure 1. The orange dashed lines specify the central wavelength of the ENZ mode derived by solving the wave equation
as explained in the Supporting Information.
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thin ITO layer as the substrate, the upper polariton resonances
show that a visibly significant portion of the electric field
within the antennas penetrates the ITO layer due to strong
coupling for both resonances.
To investigate the strongly coupled system in more detail,

we simulated the transmittance of the metasurfaces with
different dimensions for the EDR and MDR samples using
Comsol Multiphysics. Sweeping the dimensions such that one
Mie resonance crossed the ENZ mode revealed the
anticrossing of the hybridized modes in the transmittance.
Figures 2a and b show the simulated transmittance at different
wavelengths for EDR and MDR samples, respectively, as
functions of the length of the antennas for the EDR samples
and the size of the lattice for the MDR samples. The red circles
in both figures specify the spectral positions of the numerically
obtained resonances under study with metasurfaces over the
glass without ITO, while the central wavelength of the ENZ
mode (∼1460 nm), derived from the wave equation in the
ITO layer, as explained in the Supporting Information, is
demonstrated with solid lines. For the hybridized modes, the
polariton branches are observable in Figure 2 as transmittance
dips. While the upper polariton is clearly visible, the lower
polariton dip in transmission is more subtle.
The white circles in Figures 2a and b represent the

analytically obtained resonance positions, as explained in
section 1 of the Supporting Information. We use Δf as a fitting
parameter in our analytical model to minimize the deviation of
the upper and lower polariton branches between the numerical
simulation and analytical results. This value of Δf is equal to
the spectral separation of hybrid modes at the dimension at
which they are nearest to each other. We find that Δf = 21
THz for the EDR case and Δf = 26 THz for the MDR case.
Comparing the magnitude of this anticrossing with the line
widths of the resonances in the absence of ITO (around 12
THz) shows that the degree of anticrossing is significantly
larger than the line widths of either Mie resonance in the
absence of ITO, suggesting a strong coupling between those
resonances and the ENZ mode. We note that this simple
strong coupling theory describes the coupling of each Mie
mode to the ENZ mode in a geometrically complex system.
According to eq 1 of the Supporting Information, the ENZ
mode’s central frequency depends on the superstrate’s

permittivity. In our case, the effective permittivity of the
metasurface superstrate undergoes significant modification due
to the antennas and their resonant conditions. Covering over
40% of the surface area and possessing substantial refractive
indices, combined with non-negligible thicknesses, these
antennas substantially alter the central frequency of the ENZ
mode. That can explain the slight deviations in the analytical
results from the simulation.
The details of the fabrication process are explained in

section 2 of the Supporting Information. Figure 3a shows an
SEM image of one of the fabricated devices. The samples were
characterized in a wide-band linear measurement setup where a
polarized uncollimated white light was focused on the samples
and then recollected to measure the transmittance of the
metasurfaces on ITO. Figures 3b and c show the simulated and
experimental transmittances of representative EDR and MDR
samples, respectively. We observe a very good agreement
between the experimental and simulation data in the
magnitude of the anticrossings and the depth of the upper
polariton branch, although there are some minor deviations in
the resonance wavelengths and the transmittance. The
deviations mostly arise from the uncertainty in the thickness
of ITO at different locations of the samples. During fabrication,
the dry etching process may have partially removed ITO from
the exposed spaces between nanoantennas. Fabrication
variations in the dimensions of the antennas could be another
reason for deviations.
Figures 4a and b show the simulation and experimental

results of the resonant wavelengths of different resonances as a
function of dimensions. We extracted the position of the
polariton branches in the experiment from the transmittance
for each sample, as indicated by points in Figure 4a for the
EDR case and Figure 4b for the MDR case. We observe a good
agreement between the simulation and experiment for the
EDR and MDR cases.
We have shown with simulations, analytical modeling, and

experimental characterization that the two fundamental Mie
modes of an a-Si metasurface, EDR and MDR, can strongly
couple to the ENZ mode of a 23 nm layer of ITO. The main
evidence for the strong coupling between the modes above is
the avoided crossing of the hybrid modes of the metasurface
over ITO that is larger than the line widths of the Mie modes

Figure 4. Positions of different resonances in the wavelength domain for (a) the EDR sample for different antenna lengths and (b) the MDR
sample for different lattice sizes.
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in the absence of ITO. The strength of the coupling and the
depth of the resonances related to the hybrid modes could be
further strengthened by using slightly thicker ITO layers to
reduce the modal volume mismatch between the ENZ mode
and the Mie modes.
Plasmonic metasurfaces that are strongly coupled to an ENZ

mode of a TCO substrate have been shown to strongly
enhance the nonlinear optical response of the ENZ material
and thus create the opportunity for engineering dynamic,
highly nonlinear metasurfaces.33,37,38 As a proof of principle for
using the strongly coupled Mie−ENZ hybridized modes
shown here in nonlinear applications, we performed degener-
ate pump−probe experiments, sketched schematically in
Figure 5a, using 120 fs pulses. The pump pulses trigger a

nonlinear response of the coupled sample of nanoantennas and
ITO substrate similar to the plasmonic nanoantennas over
ITO, which is then characterized by the transmittance of the
weaker probe pulse at different relative timings to the
pump.33,37 Note that the role of antennas is crucial here
both because they confine more light into the ITO layer, as can
be seen in Figure 1, and also because they allow for the light to
couple from free space to the ENZ mode of the ITO layer.24 In
the presence of a strong pump, the coupling coefficients

between the Mie and ENZ modes are significantly perturbed
due to the strong nonlinear optical response of the ITO
substrate. As a consequence of the unity-order change in the
refractive index of ITO, the spectral position and the strength
of the hybrid modes also change as a function of the pump
intensity, further enhancing the overall nonlinear response of
the coupled system. Under such circumstances, the trans-
mittance of a probe beam that travels through the sample may
increase or decrease depending on the sign of frequency
detuning, with respect to the resonant frequencies of the
strongly coupled hybrid modes. The experimental results of the
pump−probe measurements obtained from our samples are
shown in Figure 5b. We recorded the change in transmittance
of the frequency-degenerate probe as a function of the pump−
probe delay and the pump−probe wavelengths. Figure 5b also
shows results obtained in the same pump−probe setup for a
bare 23 nm ITO sample. All of the metasurfaces show stronger
modification (up to 20 times) in the transmitted power of the
probe compared to what can be achieved for the bare 23 nm
ITO sample, despite the metasurfaces being pumped with one-
fifth the intensity used to pump the bare ITO sample. Thus, we
measured a roughly 100-fold enhancement of the probe
transmittance modulation in the metasurface. Such strong
enhancement reinforces the notion that the metasurfaces
achieve a stronger nonlinear response by enabling efficient
coupling to the ENZ mode, enhancing the fields therein, and
by time-varying changes in the resonant responses of the
antennas due to nonlinear changes in ITO. We derived the rise
and fall times of the induced nonlinear changes in transmission
responses by fitting exponential equations to the experimen-
tally obtained points (solid lines in Figure 5). We found that
the rise time can be as short as 35 fs and the fall time can be as
long as 205 fs.
The pump−probe responses of the MDR sample specifically

show much richer dynamics than those observed for the EDR
one. We measured both positive and negative changes in the
probe transmittance, depending on the sign of the spectral
detuning of the laser frequency from the MDR resonance. This
richer response can be attributed to the stronger coupling of
the MDR to the ENZ mode. A transmittance modulation of
the same order of magnitude as in our case was reported using
plasmonic metasurfaces over ITO.33 However, the multi-
resonant and collective natures of dielectric antennas allow the
possibility of designing versatile, dynamic all-optical systems by
engineering the interactions of each type of Mie mode with
ENZ mode separately.39 A comprehensive investigation of the
nonlinear responses of these samples is beyond the scope of
this work and is the subject of future research. We note that
the speed of modification of the transmittance in our strongly
coupled system of a-Si and ITO is at least one order of
magnitude higher than the previously reported modification
speeds of systems based on bare silicon.40,41 In addition, the
nonlinear response of the Si-ENZ-based metasurfaces can be
further enhanced by using ITO layers of critical thickness.42

The nonlinear response of an array of dielectric metasurface on
a 33 nm ITO, where the EDR and the MDR both spectrally
overlap at the ENZ region of the ITO layer, has been recently
reported.43 However, their discussion lacks the details of the
role of each type of resonance in the modifications of the linear
and nonlinear responses separately. The complete under-
standing of nonlinear dynamics of individual coupled Mie−
ENZ resonances is essential for designing systems that exhibit
richer spatiotemporal responses, for example, a time-varying

Figure 5. Nonlinear behavior of the samples. (a) A simple schematic
of the time-resolving degenerate nonlinear measurement setup. An
intense femtosecond (fs) pump beam triggers the nonlinear response
of the sample, while a probe beam of the same duration interacts with
the modified medium. (b) Normalized transmittance of the probe.
The dotted lines show the normalized transmittance of a probe beam
of light plotted with respect to the time delay between the pump and
the probe for a bare 23 nm-thick ITO sample (in blue, curve III), one
of the arrays in the EDR sample (in red, curve II), and one of the
arrays in MDR sample at different incident wavelengths (1270 nm in
black, curve I, and 1380 nm in brown, curve IV). Negative time delays
mean that the probe precedes the pump at the sample. The solid
curves represent the fitting results of the rising and falling edges of
each curve to exponential equations to derive the rise and fall times of
the induced nonlinear change in transmission. Curves I−IV exhibit
rise times of 35, 49, 47, and −46 fs, and the slower relaxation times
are 132, 130, 205, and 200 fs, respectively.
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gradient metasurface that exploits the interactions of a group of
Mie modes with a thin ENZ substrate.
In conclusion, we designed, simulated, fabricated, and tested

a system to demonstrate strong coupling between the
fundamental EDR and MDR Mie modes in an a-Si metasurface
to the ENZ mode of a thin layer of ITO. Clear agreement
among analytical, simulation, and experimental results
confirmed that strong coupling of individual Mie resonances
to the ENZ mode could be achieved, eliminating the concern
that Mie resonances would have insufficient mode overlap with
the ENZ mode to do so. Furthermore, we performed pump−
probe nonlinear measurements that showed at least a 100-fold
enhancement of transmission modulation through the metasur-
face in comparison to the already highly nonlinear bare ITO.
The metasurface also seems to alter the subpicosecond onset
and relaxation times of this modulation, although this
relationship merits further investigation. Such coupled
metasurface systems could be used for many applications
requiring highly nonlinear responses with subpicosecond
temporal modulation. While this was already known for
plasmonic metasurfaces,33,37,38 the option for doing so with
dielectric nanoantennas significantly expands the fabrication
options. Potentially, even more importantly, it enables
dynamically modulated coupling to higher-quality factor
resonances and magnetic dipole modes.
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Abstract

This document contains the supplemental information for the letter entitled ”In-

teractions of fundamental Mie modes with thin epsilon-near-zero substrates”. Section

S1 presents the theoretical model used for fitting the data to the simulation results

and extracting the frequency detunings due to the strong coupling effect. Section S2

provides information about the fabrication of the samples.
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S1. Analytical Modeling

In our analytical model, the central wavelength of the ENZ mode was derived by solving the

following dispersion relation of the modes in a thin layer of material with a permittivity of

ε1 sandwiched between two layers of permittivities ε0 and ε2
1 :

1 +
ε0kz2
ε2kz0

= i tan(kz1d)(
ε1kz2
ε2kz1

+
ε0kz1
ε1kz0

) (1)

where k2
zi = εi

ω2

c2
− k2

||, k|| is the transverse wavenumber; ω is the angular frequency; d is

the thickness of the middle layer; and c is the speed of light in vacuum. To solve these

equations, we used the permittivity of ITO derived from the ellipsometry data. We found

that the central wavelength of the ENZ mode is around 1460 nm. Note that this wavelength

is different from the point where the real part of permittivity vanishes, although they are

near each other.

To analyze the strongly coupled system, we used the theory explained in previous works.2,3

According to this model, the frequencies of the lower and upper branches after the coupling

can be calculated as a function of the isolated resonance frequencies using the following

relations:

ω± =
1

2
(ωDR + ωENZ ±

√
(ωDR − ωENZ)2 + 4∆2) (2)

where ∆ = 2π∆f is the angular frequency difference between the split modes; ω+ and ω−

are the frequencies of the hybrid modes of upper and lower polariton branches, respectively;

and ωDR and ωENZ are the resonance frequencies for the dipole resonances and the ENZ

mode, respectively. The white circles in Figures 2(a) and 2(b) in the main text represent the

analytically obtained resonances. We use ∆f as a fitting parameter in our analytical model

to minimize the deviation of the upper and lower polariton branches between the numerical

simulation and the analytical results. This value of ∆f is equal to the spectral separation

of hybrid modes at the dimension that they are nearest to each other.

2



S2. Fabrication Process

We fabricated structures with different antennas/lattice dimensions to study the coupling

of the EDR/MDR to the ENZ mode. A 23 nm-thick ITO on SiO2 samples was obtained

from a commercial source. The ITO samples were cleaned, followed by deposition of 230

nm a-Si via PECVD at 1000 mT, 210 oC with an RF power of 10 W using 25 sccm Silane

and 475 sccm of Argon. To pattern the metasurface into the a-Si layer, a spin-coat of 500

nm Zep-520a (a positive-tone EBL resist) was hard baked at 180 oC for 2 min, then was

exposed using a 100 keV EBL system with a dosage of 210 µC/cm2 followed by development

in N-Amy Acetate for 1 min. The pattern is then transfered into the a-Si layer by ICP-RIE

a pressure of 10 mT, temperature of 20 oC, ICP power of 100 W, and RIE power of 20 W

with 30 sccm of C4F8 and 20 sccm of SF6. Residual Zep resist was then removed using

acetone before inspection of the samples using optical and electron microscopes. Figure 3(a)

in the main text shows the SEM image of one of the fabricated devices.
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