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ABSTRACT: Epsilon-near-zero (ENZ) modes provide a new path for tailoring light—matter interactions at the nanoscale. In
this paper, we analyze a strongly coupled system at near-infrared frequencies comprising plasmonic metamaterial resonators and
ENZ modes supported by degenerately doped semiconductor nanolayers. In strongly coupled systems that combine optical
cavities and intersubband transitions, the polariton splitting (i.e., the ratio of Rabi frequency to bare cavity frequency) scales with
the square root of the wavelength, thus favoring the long-wavelength regime. In contrast, we observe that the polariton splitting
in ENZ/metamaterial resonator systems increases linearly with the thickness of the nanolayer supporting the ENZ modes. In this
work, we employ an indium-tin-oxide nanolayer and observe a large experimental polariton splitting of approximately 30% in the
near-infrared. This approach opens up many promising applications, including nonlinear optical components and tunable optical
filters based on controlling the polariton splitting by adjusting the frequency of the ENZ mode.
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hen two optically resonant systems share the same

resonant frequency and are brought together in close
proximity, they enter the strong coupling regime when the
coupling mechanism dominates competing loss mechanisms. In
this regime, the two systems exchange energy periodically at the
Rabi frequency. This exchange can be observed in the spectral
domain as a splitting of the single cavity resonance into two
polariton branches."” In this situation, these two branches
represent two new eigenstates that are a combination of light
and matter states. Strong light—matter coupling has been
demonstrated experimentally using metallic optical cavities with
extremely small interaction volumes.”™” Such metallic struc-
tures have the ability to confine an electromagnetic field to
deep subwavelength volumes. The low quality factors (typically
on the order of 10) associated with metallic cavities can be
overcome by coupling to systems with large dipole moments. In
the infrared wavelength region of the spectrum, metamaterials
interacting with intersubband transitions in semiconductor
heterostructures®™ ' or with longitudinal phonon modes'' ™"’
represent preferred choices for strongly coupled systems due to
the ease of independently engineering the system parameters.
In this work, we investigate a promising strongly coupled
system comprising plasmonic metamaterials and epsilon-near-
zero (ENZ) polariton modes based on degenerately doped
semiconductor nanolayers.
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The degree of polariton splitting that can be obtained in a
strongly coupled system is a key measure of its suitability for
practical applications. In strongly coupled systems based on
optical cavities and intersubband transitions, the polariton
splitting scales with the square root of the wavelength for a
given doping density, effective mass, and number of quantum
wells." This wavelength dependence clearly favors the long-
wavelength regime. Here, we show that our system, which
couples ENZ modes and metamaterial resonators, allows large
Rabi splittings even at near-infrared wavelengths.

Natural and artificial ENZ materials have been proposed for
exotic optical properties,'* including optical nanocircuits,"
optical switching and bistability,'®"” cloaking devices,"® highly
directional beaming,'”~** and strong coupling at mid-infrared
frequencies.''™'® Tt is now clear that deeply subwavelength
films support coupled surface modes—ENZ modes—at the
frequency where the film’s dielectric permittivity vanishes.”>~>°
In this work, we strongly couple plasmonic metamaterial
resonances and ENZ modes supported by a degenerately doped
semiconductor nanolayer (indium-tin-oxide, ITO) at near-
infrared frequencies. Both components of the system can be
easily engineered: Properties of metamaterial resonators,
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including resonance frequency and cavity near-field distribu-
tion, depend primarily on the geometry (size and shape) of the
individual subwavelength constituents and not on bulk material
properties. The ENZ frequency of the ITO nanolayer can be
controlled l?f changing its doping concentration and growth
conditions.”® With this platform, we demonstrate an exper-
imental polariton splitting of approximately 30% at near-
infrared frequencies. The only previous experimental realization
to date at near-infrared frequencies showed approximately 10%
splitting when coupling GaN intersubband transitions to
metamaterial resonators.'® As stated in ref 10, since the
intersubband transitions can interact only with the z-polarized
component of the electric field, increasing the thickness beyond
the penetration depth of the cavity mode cannot further
increase the Rabi splitting. However, we observe that the
polariton splitting in ENZ/metamaterial resonator systems
increases linearly with the thickness of the nanolayer supporting
the ENZ modes. Our findings open up many promising
applications, including the realization of nonlinear optical
components”” and electrically tunable optical filters.

Consider the structure in Figure 1, where a metamaterial of
gold resonators (100 nm thick) is placed on top of an ITO
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Figure 1. (a) Three-dimensional view of a metamaterial made of
dogbone-shaped resonators on top of an indium-tin-oxide nanolayer
supporting ENZ modes on top of an alumino-silicate glass substrate
for strong coupling purposes (dimensions are not in scale). The
normal plane wave illumination, with electric field along y, is explicitly
indicated. (b) Top view of the unit cell of the structure in panel (a).
Dimensions in nanometers for the spatial scaling factor 1.0 are
indicated (when the scaling factor is varied, all the marked unit-cell
dimensions in panel (b) are scaled accordingly). (c) Real (solid black)
and imaginary (dashed red) parts of the permittivity of the ITO
nanolayer versus frequency. The dashed gray lines are a guide to the
eye to pinpoint the ENZ crossing of the real part.

nanolayer (33 nm thick) on top of an alumino-silicate glass
substrate with relative permittivity & = 2.25. The multilayered
sample without gold resonators was purchased from Delta
Technologies. The gold permittivity (e,,) is described using a
Drude model:

w2
P

& =&, — ———
Drude 0 w(w + 17)

(1)

with parameters extracted from spectroscopic ellipsometry
measurements of a 100 nm thin gold film, which yield e, = 1, a
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plasma angular frequency of @, = 27 X 2060 X 10'* rad/s, and
a damping rate of y = 27 X 109 X 10" rad/s. [The
monochromatic time harmonic convention, exp(—iwt), is used
here and throughout the paper and is suppressed hereafter.]
The ITO permittivity is also described using the model in eq 1
with parameters extracted from spectroscopic ellipsometry
measurements, where £, = 4.0824, w, =21 X 440 X 10*2 rad/s,
and y = 2 X 19.7 X 10'* rad/s. The real and imaginary parts of
the ITO permittivity are reported in Figure Ic, where it is
evident that an ENZ crossing of the real part happens at about
7220 cm™.

Because of this ENZ crossing, the ITO nanolayer supports an
ENZ mode, which is a solution to Maxwell’s equations in the
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Figure 2. (a) Side view of the 33 nm thick ITO nanolayer on top of a
glass substrate supporting an ENZ mode. (b) The dispersion of the
ENZ mode computed using eq 2, showing both the real and imaginary
parts of @ versus wavenumber. (c) Profile of the magnitude of the z-
component of the electric field in arbitrary units versus the spatial
variable z computed at ky = 7438 cm™ (e.g, in correspondence with
the minimum of IIm(®)!), as indicated by the red dots in panel (b).

absence of excitation for the system in Figure 2a. A mode is
characterized by a (kj,@) pair that satisfies the equation

+ 81k22]
&k, (2)
where kj is the transverse wavenumber, @ is the angular

2
2 _ W
frequency, ¢ and k;; = &z

k k
1+ 81—1:3 = itan(kzzd)[‘92 2

&K1 &k,

- kHZ are the relative permittivity

and the longitudinal wavenumber in medium i = free space,
ITO, glass with Re(k,) + Im(k,) > 0.”® Equation 2 can be
easily derived from either the Fresnel reflection coefficient””*’
or the transfer matrix method.®’ We select a real-valued ky and
compute the complex-valued w as suggested in refs 23 and 32.
The dispersion of both the real and imaginary parts of @ versus
wavenumber k computed using eq 2 is shown in Figure 2b for
the semiconductor structure depicted in Figure 2a. We observe
that the dispersion of the ENZ mode remains quite constant for
increasing kj. Moreover, using field-continuity conditions
dictated by Maxwell’s equations, we compute the magnitude
of the z-component of the electric field for k; = 7438 cm™
(e.g., in correspondence with the minimum of [Im(w)!), shown
in Figure 2c in arbitrary units, which is much stronger than the
in-plane components, and remains with a constant profile
within the slab.*® This is the mode to which we want to
strongly couple via metamaterial resonators.
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We then analyze the hypothetical case of resonators on top
of the glass substrate with no ITO nanolayer. In such a case, we
expect to observe only a metamaterial resonance and no strong
coupling properties. We do so, as our aim is to design
metamaterial structures whose resonance can be swept across
the ENZ frequency of ITO. Figure 3 shows the simulated
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Figure 3. Numerical results for the bare cavity composed of gold
metamaterial resonators on top of an alumino-silicate glass substrate
with no ITO nanolayer. The figure shows the transmittance spectra for
various scaling factors. Each spectrum is vertically shifted by 0.2 for

clarity.

transmittance spectra for various scaling factors, obtained from
full-wave simulations™ of the bare cavity on a glass substrate
(i.e, with no ITO nanolayer). We simulated a set of
metamaterials for which all the spatial unit-cell dimensions in
Figure 1b are scaled by a common scaling factor that varied
between 0.7 and 1.4 (layer thicknesses are kept unchanged).
We observe clearly that the transmittance spectra lack any
signature of strong coupling, yet the cavity resonance can be
easily swept across 7220 cm ™', the ENZ frequency of the ITO
nanolayer.

We then include the ITO nanolayer in the simulations and
investigate the properties of the strongly coupled system at
near-infrared frequencies. Figure 4 shows the simulated
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Figure 4. Numerical results for strong coupling between metamaterials
and epsilon-near-zero modes at near-infrared frequencies. The figure
shows the transmittance spectra for various scaling factors. Each
spectrum is vertically shifted by 0.2 for clarity.

transmittance spectra for various scaling factors, obtained
from full-wave simulations of the dogbone resonator array on
top of the ITO nanolayer on top of a glass substrate. We
observe clearly that the transmittance spectra exhibit a polariton
splitting around 7220 cm™’, a signature of strong coupling of
the metamaterial resonators to the ENZ mode supported by
the ITO nanolayer. A splitting of about 2000 cm™'
(approximately 30% of the ENZ frequency) is predicted. This
is a promising implementation that exhibits a large splitting at
near-infrared frequencies, and we proceed next with its
experimental verification.
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The metamaterial of dogbone resonators is defined by
electron beam lithography directly on top of the 33 nm ITO
nanolayer. A Ti/Au (5/100 nm) layer is evaporated followed by
a standard lift-off process. Similar to the full-wave simulations,
we geometrically scale the fabricated metamaterial dimensions
to sweep the bare cavity resonance across the ENZ frequency
and map out the two polariton branches. A scanning electron
micrograph (SEM) image of a fabricated sample is reported in
Figure Sa. The transmittance spectra were measured at room
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Figure S. Experimental results for strong coupling between
metamaterials and epsilon-near-zero modes at near-infrared frequen-
cies. (a) SEM image of a metamaterial sample (scaling factor 1.3)
fabricated with electron-beam lithography. (b) Transmittance spectra
for various scaling factors. Each spectrum is vertically shifted by 0.2 for
clarity. Good agreement between numerical and experimental results is
observed.

temperature using a V-VASE ellipsometer by J. A. Woollam.
Figure Sb shows the experimental transmittance spectra for
various scaling factors: an experimental splitting of about 2000
cm™" (approximately 30% of the ENZ frequency) is measured.
This is a large value of the experimental polariton splitting
measured at near-infrared frequencies and represents an
important step for future applications. Furthermore, one can
note a very good agreement with the simulation results of
Figure 4. The minor disagreement between the simulations and
measurements can be attributed to fabrication imperfections.
To better highlight the agreement between simulations and
experiments, we map the frequencies of upper and lower
polaritons versus scaling factor in Figure 6. These frequencies
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Figure 6. Comparison between simulation and experimental results of
the frequencies of upper and lower polaritons of the strongly coupled
system. Good agreement between numerical and experimental results
is observed.
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are estimated as the location of the two transmittance minima
of the spectra in Figure 4 and Figure Sb. The good agreement
between the two results is evident, and this plot further shows
the approximately 30% splitting of this strongly coupled system.

We finally show, by plotting the simulated Rabi splitting
normalized to the ENZ frequency versus thickness in Figure 7,
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Figure 7. Star symbols represent the Rabi splitting (normalized to the
ENZ frequency) dependence on the thickness of the ITO nanolayer.
The blue dashed line represents a linear fitting of the data.

that the main parameter that controls the Rabi splitting is the
thickness of the ITO nanolayer. We fit the data and observe a
linear dependence between Rabi splitting and thickness, as
indicated by the blue dashed line in Figure 7. Thus, one can
observe that an increase of the thickness leads indeed to an
increased Rabi splitting, provided the thickness is in the range
of existence of ENZ modes.” This result is in agreement with
what was recently shown experimentally at mid-infrared
frequencies in ref 13. When compared to the structure in ref
10, which achieved a splitting of about 10% for a thickness of
238 nm, we note that our structure achieved a splitting of about
30% with a thickness of only 33 nm. We stress, however, that
the linear dependence will cease for larger thicknesses than
analyzed here; for example, at a thickness of 50 nm, the Rabi
splitting would still be on the order of 30%. This result may
indicate that increased absorption begins to dominate the
behavior in thicker films, while the large E, field dictates the
response in thinner films, when both thicknesses are in the
range where ENZ modes exist. The peak absorption frequency
can be tuned slightly as the thickness varies.’””*

In conclusion, we have investigated a strongly coupled
system at near-infrared frequencies comprising plasmonic
metamaterial resonators and ENZ modes supported by ITO
nanolayers. Such a platform exhibits a large experimental
polariton splitting of approximately 30% at near-infrared
frequencies, opening up many possibilities for compelling
practical devices and applications. We note that, in place of
ITO, one may use other materials including alternative
conducting oxides, highly doped semiconductors, nitrides, or
2D conducting materials. In the alternative oxide category, a
promising material is cadmium oxide, which has been recently
shown to exhibit very low losses.”
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