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ABSTRACT

The resonance properties of a plasmonic dipole antenna array depend on its geometry and the properties of its surrounding medium. The
linear optical properties of an array of plasmonic dipole antennas can be modified with the inclusion of an epsilon-near-zero (ENZ) thin
film. In this work, we numerically investigate the roles of the antenna dimensions, the ENZ film thickness and loss, and the separation
between the antenna and the ENZ film in determining the linear optical response of the antenna–ENZ metasurface. The results show that for
a sufficiently small separation, the linear optical properties of the antenna array are determined by the strong or ultrastrong coupling with
the ENZ film and are only weakly dependent on the antenna geometry. We show that for metasurfaces with thick, lossy ENZ films, the lower
polariton branch is not observable due to the high loss of ENZ films. Since the dependence of the upper polariton on antenna length is weak,
this results in a single antenna-length-invariant resonance. However, in the presence of low-loss ENZ films, the lower polariton branch is
also visible for antenna–ENZ metasurfaces with thicker ENZ films, indicating a strong coupling between the antenna array and the ENZ
film. For a given antenna geometry, the coupling strength increases with increasing thickness of the ENZ film and can reach up to �50% of
the zero-permittivity frequency of the ENZ film, indicating an ultrastrong coupling between the plasmonic antenna array and the ENZ film.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042599

Epsilon-near-zero (ENZ) materials have gained much interest
due to their potentially unusual linear optical response and large
nonlinearity.1–10 Specifically, it has been reported that transparent
conducting oxides such as indium tin oxide (ITO) and aluminum
doped zinc oxide (AZO) exhibit large nonlinear optical responses in
the near-infrared wavelength regions.2,3,5,6,8,9

A number of recent works have pointed toward unique linear
and enhanced nonlinear light–matter interactions of ENZ materials
coupled with plasmonic nanoantenna arrays.11–22 Particularly, there
have been multiple observations of strong-coupling-induced reso-
nance splitting of an antenna array’s fundamental resonance in the

presence of a thin ENZ film, resulting in two spectrally separated dis-
tinct resonances at shorter (upper polariton) and longer (lower polari-
ton) wavelengths.11,12,14–20 “Strong coupling” is the interaction regime
in which the spectral separation of the upper and lower polaritons of
the coupled system is of the same order of magnitude as the linewidth
of each uncoupled resonance. The strong antenna-ENZ coupling
results in a strong field enhancement inside the ENZ film and makes
the effective refractive index of the metasurface highly tunable, poten-
tially enabling several applications.14,23–27 Furthermore, transitioning
from a strong coupling to an “ultrastrong coupling” regime, in which
the resonance splitting is of the same order of magnitude as the
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zero-permittivity frequency of the ENZ film, further enhances the effi-
ciency of the antenna–ENZ interactions, potentially enabling even
more applications.23–28

The effect of strong antenna–ENZ coupling-induced reso-
nance splitting was demonstrated for metasurfaces with sub-
wavelength ENZ films.12,14 It has also been shown that the
presence of an ENZ film leads to antenna-length-invariant reso-
nances of antenna-ENZ metasurfaces (i.e., resonance pinning).21,22

To engineer such strongly coupled antenna–ENZ metasurfaces, it
might be of interest to explore the role of structural and material
parameters on the antenna–ENZ coupling strength. In this work,
we explore the following additional issues: (a) the dependences of
the coupling strength between the antenna array and the ENZ film
on the structural and material parameters, such as the ENZ film
thickness and loss, antenna–ENZ separation, antenna length; (b)
the conditions required to achieve an ultrastrong coupling regime
between the antenna array and the ENZ film; and (c) the connec-
tion between the phenomena of strong coupling and resonance
pinning in antenna–ENZ metasurfaces.

In this paper, we show by simulation that with a sufficiently small
separation between the antenna array and the ENZ film, the ENZ film
and the metallic antenna array are in a strong or ultrastrong coupling
regime. The loss of the ENZ film largely weakens the lower polariton
resonance of the metasurface, making it undetectable for thicker ENZ
films with large loss, resulting in a single resonance at a shorter wave-
length. This resonance is weakly dependent on antenna length due
to the resonance pinning effect.21,22 We also show that decreasing
the loss of the ENZ film does not increase the coupling strength but
makes the metasurface resonances stronger. Consequently, the lower

polariton branch becomes visible for metasurfaces with thicker ENZ
films too, showing a large splitting of upper and lower polariton reso-
nances and indicating a strong antenna–ENZ coupling. The coupling
becomes stronger as the ENZ film thickness increases, with the reso-
nance splitting reaching up to 50% of the zero-permittivity frequency
of the ENZ film and saturating in an ultrastrong coupling regime.

Figure 1(a) shows the structure of the finite-difference-time-
domain (FDTD) simulation model: a SiO2 layer serves as the substrate
for the metasurface. An array of periodic gold antenna bars is placed
on top of the ITO–ENZ film. We vary the thickness of the ITO film in
the range of 0–300nm. The unit cell size of the antenna array and the
width and the thickness of the antenna are fixed to 800, 100, and
40nm, respectively. The polarization of the normal incidence electric
field is along the long axis of the antenna. A commercially available
software, Lumerical FDTD solutions, was used for the simulations. A
broadband source was used in simulation to calculate the transmit-
tance of the metasurface. The unit cell size is fixed, and the structure is
assumed to be periodic as the boundary conditions of the unit cell. We
use experimentally measured permittivity data of a 23 nm-thick ITO
film obtained by ellipsometry in our simulations [Fig. 1(b)]. The real
part of the permittivity Re(e) crosses zero at the zero-permittivity
wavelength of kENZ¼ 1360nm. The imaginary part of the permittivity
Im(e) is non-zero and corresponds to the absorption loss of the ITO
film. An ITO film supports a longitudinal bulk-plasma mode and sur-
face plasmon-polariton (SPP) modes at both interfaces.1,29–31 For film
thicknesses comparable to the skin depth, SPP modes of two interfaces
couple producing long-range (LR) and short-range (SR) SPP
modes.1,30,31 In a thin ENZ film, the LR–SPP mode exists near the
ENZ wavelengths and is known as the ENZ mode.1 Figure 1(c) shows

FIG. 1. The concept of the simulation model. (a) The structure of the antenna–ITO metasurface. The ITO–ENZ film is on a thick SiO2 substrate. An array of gold nanobars is
on top of the ITO–ENZ film. (b) The real (blue) and imaginary (red) parts of the measured permittivity data of the ITO–ENZ film used in the simulations. The real part of the per-
mittivity is zero at kENZ¼1360 nm. (c) The transmittance of the ITO film (red), the gold antenna array (black), and the antenna–ITO metasurface (blue). The interaction between
the antenna array and the ITO–ENZ film results in splitting of the fundamental resonance of the antenna array, with the splitting amount indicating the coupling strength. (d)
The field distribution along the antenna near its edge without and with an ITO–ENZ film. (e1)–(e4) Dispersion diagrams of ITO–ENZ films of 20, 60, 160, and 300 nm thick-
nesses, respectively.
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the transmittance curves of the antenna–ITOmetasurface, the antenna
array, and the pure ITO film. The transmittance of the structures is
investigated compared to the transmittance in free space, where unity
transmittance corresponds to the transmittance in vacuum. The dipole
plasmonic mode of the antenna and the ENZ mode of the ITO couple
strongly, leading to the splitting of the fundamental resonance of the
antenna into upper and lower polariton branches of the antenna–ITO
metasurface.11,14 Figure 1(d) shows the field distribution along the
antenna near its edge without and with an ITO–ENZ film. The pres-
ence of the ITO–ENZ film leads to a strong field enhancement inside
the ITO due to the strong antenna–ITO coupling. Figures 1(e1)–1(e4)
show the dispersion diagrams of ITO films of 20, 60, 160, and 300nm
thicknesses, respectively. We calculate the dispersion by calculating the
photonic density of states (PDOS) of ITO films using complex fre-
quencies and real wavenumbers. For an ITO film of 20 nm thickness,
the LR–SPP mode merges with the bulk-plasma mode and has a flat
dispersion profile. When increasing the ITO film thickness to 300nm,
the LR–SPP mode separates from the bulk-plasma mode of the ITO
film but still remains in the vicinity of the ENZ region. Thus, for the
thickness range studied in this paper, we refer to LR–SPP of the ITO
film as the ENZ mode. We explore the ratio g of the frequency separa-
tion between the upper and lower polariton resonances and the zero-
permittivity frequency of the ITO–ENZ film,

g ¼ xg

x0
¼ Dx

x0
; (1)

as an indicator of the coupling strength between the antenna array
and the ITO–ENZ film under different metasurface parame-
ters,23,24,27,28 where xg � Dx is the frequency difference between the
upper and lower polaritons, and x0 is the frequency of the zero-
permittivity of the ITO film.

First, we explore the dependence of the antenna–ENZ coupling
on the thickness of the ITO–ENZ film of the metasurface. Figure 2(a)
shows the transmittance of ITO films with thicknesses of 70, 120, and
200nm, and Fig. 2(b) shows the transmittance of antenna–ITO meta-
surfaces with ITO thicknesses of 10, 70, and 120nm, respectively. The
black curve corresponds to the transmittance of the antenna array
without the ITO film. The length of the antenna is fixed at 320nm. As

shown in Fig. 2(b), the presence of the ITO film as thin as 10 nm
results in a splitting Dk of the fundamental resonance of the antenna
of �300 nm, leading to two distinct resonances of the antenna–ITO
metasurface. The splitting increases to Dk � 600nm for the metasur-
face with 70nm thickness of ITO. However, for the metasurface with a
120 nm ITO thickness, the lower polariton is no longer observable due
to the loss of the film. Figure 2(c) shows the dependence of the reso-
nance wavelengths of the upper and lower polaritons of the
antenna–ITO metasurface with ITO thicknesses of 10 and 80nm as a
function of the antenna length. We find that for the 10-nm-thick ITO,
the splitting Dk is >265nm. This amount of resonance separation is
greater than the linewidth of the antenna resonance, indicating a
strong antenna–ENZ coupling. For the metasurfaces with the 80-nm-
thick ITO, the resonance separation Dk is as large as >500nm, corre-
sponding to a coupling strength of g> 0.28. For metasurfaces with
ENZ thicknesses of both 10 and 80nm, the upper and lower polariton
branches show a weaker dependence on the antenna length compared
to the antenna array resonance without the ITO film due to the strong
coupling. The lower polariton becomes weaker for metasurfaces with
thicker ENZ films and is eventually not observable when the film
thickness increases further, resulting in a single upper polariton reso-
nance of the metasurface. These results are in line with the previously
reported phenomenon of a single antenna-length-invariant resonance
for metasurfaces with thicker ENZ films.21,22

We also investigate the resonance splitting for antenna–ITO
metasurfaces as a function of ITO film thickness. Figure 2(d) shows
the separation amount between two split resonances for metasurfaces
with ITO film thicknesses of 0–90nm, with antenna lengths of 320,
360, 400, and 440nm, respectively. The splitting of the metasurface
resonances increases as the ITO thickness increases, indicating increas-
ing antenna–ENZ coupling strength. For an ITO thickness of 90 nm
g> 0.36, indicating an ultrastrong coupling regime between the
antenna array and the ITO–ENZ film. The lower polariton is not visi-
ble for metasurfaces with thicker ITO films.

To explore the antenna–ENZ interaction for thicker ENZ films,
we investigate the role of ITO loss in the coupling properties of the
antenna array and the ITO film. We use the Drude model for permit-
tivity of the ITO film,

FIG. 2. (a) The simulated transmittance of the ITO films with thicknesses of 70 nm (green), 120 nm (red), and 200 nm (blue). (b) The simulated transmittance of the antenna
array (black) and antenna–ITO metasurface with ITO thicknesses of 10 nm (blue), 70 nm (green), and 120 nm (red), respectively. The lower polariton is not visible in the case
of 120-nm-thick ITO due to the loss of the film. (c) The wavelengths of upper and lower polaritons of the antenna–ITO metasurface for 10 nm (red) and 80 nm (blue) thick-
nesses of ITO films, respectively. (d) The dependence of resonance separation amount on the ITO film thickness for antenna lengths of 320 nm (blue), 360 nm (red), 400 nm
(green), and 440 nm (purple), respectively.
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e ¼ einf �
x2

p

x2 þ icx
; (2)

where xp is the plasma frequency, einf is the bound-electron contribu-
tion, and c is the damping or the loss parameter of the ITO film.2 In
our simulations, we scale the c obtained from ellipsometric measure-
ments of a 23 nm-thick ITO film with different scaling coefficients to
artificially decrease the Im(e), corresponding to the absorption loss of
the ITO film. Figure 3(a) shows the transmittance of the antenna–ITO
metasurfaces with a 220nm-thick ITO film and a 320nm antenna
length for loss parameter c reduced by a factor of 2.5, 5, and 10,
respectively. In the Drude model, c is the loss parameter. Thus, a
change in c primarily affects the imaginary part of the permittivity.
However, the real part of the permittivity is also affected by the change
of c. We find that the change of the zero-permittivity wavelength due

to artificial decrease in c is <0.6% (<8nm). The permittivity of the
ITO film with decreased c parameter also follows the Drude model
and decreasing the c maintains the Kramers–Kronig relations between
the imaginary and real parts of the permittivity. The blue curve corre-
sponds to the metasurface with the original loss parameter of the ITO
film c ¼ 0:083xp. As shown in Fig. 3(a), for the metasurface with
original ITO loss, the lower polariton is not observable due to the ITO
loss, and only a single resonance corresponding to the upper polariton
is visible at the wavelength of around 1120nm [Fig. 3(a), blue curve].
When decreasing the ITO loss, the antenna–ENZ metasurface exhibits
a lower polariton resonance with a large splitting of resonances. The
lower polariton becomes visible as the metasurface resonances get
stronger. We conclude that the antenna array and the ENZ film are in
a strong coupling regime also for thicker ENZ films and the lower
polariton not being observable is due to the high loss of the ENZ film.
The coupling strength (i.e., resonance separation) does not increase
when decreasing the loss of the ENZ film. This is because the coupling
strength depends on the modal overlap and antenna resonance
strength, which have a weak dependence on the loss parameter of the
ITO film. Figure 3(b) shows the transmittance of antenna–ENZ meta-
surface with 200, 250, and 300nm thick ITO films, respectively. The
loss parameter c is decreased 5 times. We see that in all three cases, in
addition to the upper polariton resonance at a shorter wavelength, the
lower polariton resonance is also visible at a longer wavelength, with
large splitting of resonances. This coupling strength (i.e., splitting
amount) shows a saturation when increasing the ITO thickness for
this thickness range. We note that in this work, we artificially lowered
the loss to uncover the underlying properties of strong coupling. In
general, the loss of ITO or other similar transparent conducting oxides
depends on a number of parameters, including fabrication defects, car-
rier concentration, and annealing temperature.2,32–34 Thus, one will
need to optimize various fabrication parameters to vary the loss of
these materials.

We also investigate the antenna–ENZ coupling strength for dif-
ferent ITO film thicknesses in the case of reduced ITO loss. We reduce
the c of the ITO–ENZ film five times to the value of c ¼ 0:0166xp.
Figure 4(a) shows the wavelengths of the upper and lower polariton
branches for metasurfaces with ITO thicknesses of 0–300nm and an
antenna length of 320 nm. An ITO thickness of 0 nm corresponds to
an antenna array without an ITO film and has a single resonance at
�1280nm. The splitting of resonances of the antenna–ITO metasur-
face increases from �400 nm to �800nm as the ITO thickness
increases from 20nm to 300nm, saturating for ITO thicknesses of
>180nm. Figure 4(b) shows the dependence of the coupling strength
g on the ITO film thickness. The frequency separation of the
antenna–ITO metasurface resonances reaches �30% of the zero-
permittivity frequency of the ENZ film for metasurfaces with
ITO–ENZ film as thin as 20 nm. The maximum separation reaches
�50% of the zero-permittivity frequency of the ENZ film, indicating
an ultrastrong coupling regime between the antenna array and the
ITO–ENZ film.

Furthermore, we investigate the antenna–ENZ interaction in the
presence of a spacer layer between the antenna array and the
ITO–ENZ film. We use a layer of SiO2 with various thicknesses as a
separation layer [Fig. 5(a)]. The antenna length and the ITO thickness
are fixed to 320 and 70nm, respectively. Figure 5(b) shows the trans-
mittance of the antenna–ITO metasurface in the presence of such a

FIG. 3. (a) The simulated transmittance of the antenna–ITO metasurface with
220 nm thick ITO for the original ITO loss parameter of c ¼ 0:083xp (blue) and for
2.5 (red), 5 (green), and 10 (purple) times decreased c, respectively. The lower
polariton is not visible for the metasurface with the original ITO loss but becomes
readily visible with a Dk resonance splitting of �800 nm when the ITO loss is
decreased. (b) The simulated transmittance of antenna–ITO metasurfaces with
200 nm, 250 nm, and 300 nm thick ITO films, respectively, for 5 times decreased c.
The splitting of resonances shows a saturation.
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layer with thicknesses of 80 nm and 250nm. The blue curve corre-
sponds to the transmittance of the antenna–ITO metasurface with no
spacer layer, and the black curve corresponds to the transmittance of
the antenna array without the ITO film. For a separation distance of
80 nm, the antenna–ITO metasurface is still in a strong coupling
regime, exhibiting a separation of resonances Dk of �300nm. An
increase in the spacer layer thickness reduces the antenna–ENZ cou-
pling, eventually making the coupling weak and merging the metasur-
face resonances into the resonance of the antenna array without the
presence of ITO for a separation layer of 250nm thickness.

In summary, we show that the ITO–ENZ film and the metallic
antenna array are in a strong or ultrastrong coupling regime for meta-
surfaces with both thinner and thicker ITO–ENZ films. The lower
polariton resonance is not visible for metasurfaces with thicker ENZ
films and high loss of the ENZ film, resulting in a single antenna-
length-invariant resonance. We also show that reducing the ENZ film
loss makes the lower polariton visible, indicating an ultrastrong cou-
pling regime for thicker ENZ films as well. The antenna–ENZ cou-
pling becomes stronger when the ENZ film thickness increases,

saturating in an ultrastrong coupling regime. Additionally, we show
that the coupling becomes weaker if the antenna array and the ENZ
film are spatially separated and eventually becomes negligible when
separation thickness increases.
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