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Large optical nonlinearity of nanoantennas
coupled to an epsilon-near-zero material

M. Zahirul Alam®?, Sebastian A. Schulz®'?3, Jeremy Upham’, Israel De Leon®** and Robert W. Boyd'*

The size and operating energy of a nonlinear optical device
are fundamentally constrained by the weakness of the non-
linear optical response of common materials'. Here, we
report that a 50-nm-thick optical metasurface made of opti-
cal dipole antennas coupled to an epsilon-near-zero material
exhibits a broadband (~400 nm bandwidth) and ultrafast
(recovery time less than 1ps) intensity-dependent refractive
index n, as large as —3.73 + 0.56 cm? GW~". Furthermore, the
metasurface exhibits a maximum optically induced refrac-
tive index change of +2.5 over a spectral range of ~200 nm.
The inclusion of low-Q nanoantennas on an epsilon-near-
zero thin film not only allows the design of a metasurface
with an unprecedentedly large nonlinear optical response,
but also offers the flexibility to tailor the sign of the
response. Our technique removes a longstanding obstacle in
nonlinear optics: the lack of materials with an ultrafast non-
linear contribution to refractive index on the order of unity.
It consequently offers the possibility to design low-power
nonlinear nano-optical devices with orders-of-magnitude
smaller footprints.

All-optical signal processing and computation are often hailed
as breakthrough technologies for the next generation of computa-
tion and communication devices. Two important parameters of
such devices—energy consumption and size—critically depend
on the strength of the nonlinear optical response of the materials
from which they are made. However, materials typically exhibit an
extremely weak nonlinear optical response. This property makes
designing subwavelength all-optical active devices extremely dif-
ficult. Therefore, all-optical active devices tend to have large foot-
prints, which limits the integration density to many orders of
magnitude smaller than what can be achieved in state-of-the-art
electronic integrated circuits>’. Thus, materials with much stronger
nonlinear optical responses are needed to enable integrated high-
density on-chip nonlinear optical devices.

Over the years, several approaches have been explored to enhance
the intrinsic nonlinear optical response of materials, including local
field enhancement using composite structures**, plasmonic struc-
tures”® and metamaterials’'2. However, these techniques offer only
limited control over the magnitude (and sign when applicable) of
the wavelength-dependent nonlinear response, and typically involve
a trade-off between the strength of the nonlinearity and the spec-
tral position of the peak nonlinear response. It has been reported
recently that materials with vanishingly small permittivity—com-
monly known as epsilon-near-zero or ENZ materials—exhibit
intriguing linear"*”"” and large nonlinear responses"'**". However,
an ENZ material has a large nonlinear response over only a rela-
tively narrow spectral range. Furthermore, the zero-permittivity

wavelength, strength of the nonlinear response, and losses depend
on the optical properties of the ENZ material. In comparison to pre-
vious works"'® where strong nonlinear responses were reported in
ENZ materials, here we show that many of these constraints can be
overcome by incorporating engineered nanostructures on an ENZ
host material. Specifically, we report a new approach to engineer an
optical medium with an unprecedentedly large intensity-dependent
refractive index using nanoantennas coupled to a thin ENZ material.
The simple design concepts presented here provide exquisite control
over engineering the sign and magnitude of the nonlinear refractive
index, and can be used in an all-dielectric CMOS-compatible fab-
rication process to miniaturize nonlinear optical devices by orders
of magnitude. We experimentally demonstrate that a metasurface
geometry is uniquely suited to engineer a broadband and ultrafast
nonlinear response orders of magnitude larger than those of any
previously reported solid-state materials at optical frequencies.

The rationale for using a coupled ENZ-nanoantenna system as
the building block for nonlinear optical devices is straightforward.
Let us consider an optical antenna placed on a material exhibit-
ing an intensity-dependent refractive index. A laser beam that is
nearly resonant with such a system experiences a large effective
linear refractive index. However, the resonance wavelength of a
nanoantenna depends on its geometrical parameters and the refrac-
tive index of the surrounding medium. Thus, a small change in the
refractive index of the substrate material leads to a spectral shift of
the system’s linear resonance as a consequence of the dynamic varia-
tion of the resonance wavelength of the nanoantenna. As a result,
a high-intensity beam at a nearly resonant wavelength experiences
a significantly different refractive index than that experienced by
a low-intensity beam, as illustrated in Fig. 1, resulting in a large
effective nonlinear refractive index change of the ENZ-nanoan-
tenna system, An. Moreover, the field enhancement provided by the
nanoantennas decreases the energy requirements for the nonlinear
response. As a result, such a system can exhibit a broadband and
large intensity-dependent refractive index.

We note that An can be either positive or negative, depending
on the spectral position of the optical signal relative to that of the
resonance at low intensity. Therefore, the sign, magnitude, wave-
length position and bandwidth of An are no longer constrained
by the ENZ substrate, but instead can be tailored by plasmonic or
dielectric nanoresonators. These features make the system flexible
enough to engineer both the magnitude and sign of the nonlinear
response simply by engineering the linear dispersion, by appropri-
ately choosing the antenna parameters and by choosing an ENZ
host that exhibits the required nonlinear response™'®.

We demonstrate the principle of operation using a metasur-
face’** consisting of a two-dimensional array of gold optical
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Fig. 1| Design concept and linear response of the coupled structure.

a, A small nonlinear change in the substrate material's refractive index
results in a significant spectral shift of the resonance wavelength of an
antenna. As a result, light of high intensity experiences a dramatically
different refractive index (An) and a different absorption (Aa) compared
with those experienced by low-intensity light. b, The structure is composed
of a gold dipole antenna array of 27 nm thickness on a glass substrate.

A 23-nm-thick indium tin oxide (ITO) layer is sandwiched between the
antenna array and the glass substrate. ¢, Scanning electron microscopy
micrograph of the fabricated antenna array. d, The thin ENZ medium
supports a bulk plasma mode near the zero-permittivity wavelength043-4°,
When a dipole antenna array with resonance at ~1,420 nm (due only to the
presence of the glass substrate) is placed on an ITO-glass substrate, the
transmission curve shows a splitting of the transmission resonance due to
strong coupling between the fundamental mode of each antenna and the
ENZ mode®*?, The variation between the experimental result and the FDTD
simulation—with antennas of dimension 362 nm x 108 nm x 27 nm—can be
attributed to inhomogeneous broadening of the linewidth of the antennas
due to fabrication imperfections.

antennas on a thin ENZ layer, which in turn is deposited on a glass
substrate (Fig. 1b). In this structure, an antenna plays three crucial
roles: (1) it dictates the linear dispersion of the overall system, being
responsible for a large effective refractive index at frequencies near-
resonance; (2) it efficiently couples light at normal incidence to the
ENZ layer; and (3) it provides a moderate optical field enhance-
ment. We find that the interaction of the antennas with the ENZ
layer simulatenously increases the refractive index change An for a
constant incident intensity compared to the bare ENZ, and lowers
the intensity threshold for the onset of the nonlinear response due
to the moderate field enhancement inside the ENZ layer.

NATURE PHOTONICS

We used a 23-nm-thick film of indium tin oxide (ITO) as the
ENZ layer. The real part of the permittivity of ITO crosses zero at
A=1,420nm. We chose the geometric parameters of the antenna
such that its fundamental dipole resonance occurs at this wave-
length. The thin ITO layer supports a lossy bulk-plasma mode at
the zero-permittivity wavelength®-*". The linear optical transmis-
sion measurement of the metasurface (Fig. 1d) shows two distinct
dips that result from the strong coupling-induced splitting between
the fundamental mode of the antenna and the bulk-plasma mode of
the ENZ layer. The coupled system exhibits two resonances, a main
resonance centred at A=1,280nm and a weaker resonance centred
at A~ 1,640 nm. The wavelength separation between the resonances
(~330nm) is larger than the 3dB linewidth of the antenna reso-
nance on glass substrate alone (~30nm)*"*>. This strong coupling
plays a significant role in the nonlinear response of the system.

We performed a series of Z-scan measurements® for various laser
wavelengths to characterize the nonlinear response of the metasur-
face at normal incidence. We kept the incident intensity at the focus
nearly constant at I~ 0.150 GW cm™ for all wavelengths. The polar-
ization of the incident optical field was always along the long axis of
the antenna. The metasurface exhibits both an intensity-dependent
refractive index and an intensity-dependent absorption. The former
is characterized by the effective nonlinear refractive index, n,= An/I,
and the latter by the effective nonlinear absorption coefficient,
p=Aa/l, where An and Aa are, respectively, the changes in the
effective refractive index and in the effective absorption resulting
from illuminating the medium with an incident intensity of I. The
results are shown in Fig. 2a,b. We find that the nonlinear response
is strongly enhanced across the entire spectral range of interest,
1,180nm <4<1,560 nm. The sign and magnitude of the nonlinear
parameters depend on which side of the linear resonance is under
investigation, and can be reproduced using a semi-quantitative
numerical model describing the redshift of the linear dispersion
of the coupled structure caused by the positive-valued intensity-
dependent refractive index of ITO (see Supplementary Section
"Two-temperature model').

The metasurface displays a feature-rich and wavelength-
dependent nonlinear response that can be used to control both
the magnitude and the sign of the nonlinear parameters. The
measured n, (Fig. 2a) show extremely large values at the negative
(A=1,240nm) and positive (A=1,300nm) peaks, associated with
the main resonance of the system. The absolute maximum response
[n,]=3.73+£0.56cm?>GW" is almost 2,000 times larger than the
maximum #n, of the bare 23-nm-thick ITO at A=1,400nm (see
Supplementary Section 'Nonlinear response of ITO') and is three
orders of magnitude larger than that of a recently reported highly
nonlinear metamaterial’. The magnitude of n, decreases steadily
as a function of increasing wavelength (4> 1,300 nm). Nevertheless,
even at a red-detuned wavelength (4=1,480nm), the nonlinear
index, n*=0.589 +0.088 cm?> GW, is six orders of magnitude larger
than that of silica glass and over two orders of magnitude larger
than the nonlinearity of a high-conductivity ITO film at the ENZ
region at normal incidence’. Similarly, the measured values of f
(Fig. 2b) have a positive or negative sign depending on the opti-
cal wavelength. The values of § for A<1,250nm and 4> 1,440nm
are negative, indicating saturable absorption, whereas the values
for 1,250nm <1< 1,440nm are positive, indicating reverse satu-
rable absorption. The absolute maximum value of § is a factor of
three smaller than that of a highly nonlinear metamaterial made
of structured plasmonic metamolecules''. Alternatively, one could
design the antenna array in a way to exhibit a much larger § range*
to realize an ultralow-power saturable or reverse saturable absorber
for applications in ultrafast lasing, optical limiters and on-off all-
optical switching.

The nonlinear dynamics of the overall system are primarily dic-
tated by the nonlinear response of the ITO film'. A positive change
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Fig. 2 | Nonlinear response of the coupled system. a, Effective nonlinear
refractive index n,, measured using a Z-scan technique. The metasurface
exhibits a large nonlinear response. The intensity-dependent refractive index
of the metasurface is almost six orders of magnitude larger than that of

SiO,, even for a highly red-detuned wavelength (4=1,540nm). b, Nonlinear
absorption f. Solid lines show the simulated n, and f values, calculated using
a two-temperature model while taking the non-parabolic conduction band
structure of the ITO into consideration (see Supplementary Section 'Electronic
dispersion relation in ITO"). The semi-quantitative numerical simulation
predicts the main features of the wavelength-dependent nonlinear response.
Error bars correspond to the uncertainity in measured values due to distortion
of the Z-scan traces. ¢, Pump-induced change in the transmittance of the
probe at 1,280 nm. Dashed vertical lines represent the 10—90% transient
time. The slow recovery time is dictated by the electron-phonon coupling
strength and the quality factor of the resonance of the coupled system.

in the refractive index of ITO—resulting from an ultrafast redshift
of the plasma frequency—Ileads to a redshift of the main resonance

of the coupled system due to the change in the coupling conditions
between the antenna and the bulk plasmon mode of the ITO. A laser
pulse at a red-detuned (blue-detuned) wavelength thus experiences
an increase (decrease) in effective refractive index, that is, a positive
(negative) value of the intensity-dependent refractive index. Thus,
by choosing appropriate geometric parameters of the antenna array
and the zero-permittivity wavelength of the ENZ film, one can con-
trol the sign of the nonlinearity.

We studied the temporal dynamics of the resonant nonlinear
response using a degenerate pump-probe transmittance measure-
ment at A=1,280nm. The measurement (Fig. 2c) revealed a rise
time of ~260fs and recovery time of ~600fs. The rise-time mea-
surement was constrained by the temporal width of the pump
pulse, suggesting an onset of nonlinearity with sub-100fs dynam-
ics. The total response time (the rise time plus the recovery time)
at the resonant wavelength is only 53% larger than that of the bare
ITO film (see Supplementary Information Fig. 10). The relatively
slower response time can be attributed to the resonance effect of the
coupled structure. The nonlinear response of the coupled structure
can be further improved by using nanoantennas with higher qual-
ity factor Q, but possibly at the expense of a slower response time*.

Finally, we investigated the nonlinear contribution to the
refractive index at higher intensities by measuring the nonlinear
phase shift A¢ as a function of intensity at four different wave-
lengths (Fig. 3), two tuned to the main resonance (1=1,250nm
and A=1,265nm) and two red-detuned from the main resonance
(A=1,360nm and A=1,440 nm). The maximum resonant nonlinear
phase shift was A¢=0.677rad, which can occur due to a refrac-
tive index change of approximately —2.74 for propagation through
a 50-nm-thick material. Even at A=1,440nm (a highly red-detuned
wavelength), the change to the refractive index is ~2.6, while the
change in the transmittance is less than 6%. Such a broadband,
large and ultrafast optically induced change in the refractive index
is unprecedented. In most cases, saturation effects become evident
for an incident energy density larger than ~2 pJ um™2, which is lower
than the damage threshold of the gold antennas. The saturation of
An can be attributed to various causes, including large damping of
the low-conductivity ITO, which limits the maximum achievable
temperature of the free electrons. Furthermore, the increased elec-
tron temperature spectrally widens the resonance of the coupled
structure, limiting the maximum phase shift achievable. Thus, ENZ
materials with lower intrinsic damping could increase the satura-
tion threshold. The nonlinear response could be further enhanced
by maximizing the overlap between the near-field of the antennas
and the ITO layer, by choosing antennas (dielectric or metallic) with
higher quality factors, and by choosing an ENZ material with lower
intrinsic damping'®*.

We note that when the ENZ medium is sufficiently thick, the
antenna resonance becomes locked to the zero permittivity wave-
length of the ENZ material”. Nevertheless, a metasurface that
incorporates a thick ENZ material will also exhibit an enhanced
nonlinear response because a dynamic change in the substrate’s
refractive index necessarily modifies the resonance wavelength of
the antenna. The strategy introduced in this Letter can be consid-
ered as a temporal analogue of the typical space-gradient metasur-
face?~*>¥. Thus, by combining both strategies one could design an
all-optical space-time gradient metasurface to break the geometri-
cal and temporal symmetry on-chip***’, design ultrafast temporal
holograms and control the directivity of emission using an optical
gate signal’**'.

In summary, we have demonstrated that a metasurface geom-
etry is uniquely suited to achieving large nonlinear refraction. We
have shown that a metasurface may exhibit an extremely large
intensity-dependent refractive index if an ENZ medium is incor-
porated into the design. The technique introduced in this Letter
offers flexibility in customizing both the wavelength-dependent
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Fig. 3 | Maximum nonlinear contribution to the refractive index as a function of incident energy density. \We determined the maximum nonlinear contribution
to the refractive index by measuring the phase shifts at four different wavelengths for a series of different incident energy densities. Even at a highly red-
detuned wavelength of 1,440 nm, the maximum nonlinear contribution to the refractive index is larger than 2.5. These results show that the metasurface
exhibits a large refractive index change across a wide bandwidth. We note that the saturation effects present in the plots can be modelled to extract the
effective fifth-order nonlinear coefficients. The error bars correspond to the uncertainty in measured values due to the distortion of the Z-scan traces.

magnitude and the signs of the nonlinear refractive index and the
nonlinear absorption coefficient in any optical frequency of inter-
est. The 50-nm-thick proof-of-concept metasurface exhibits a large
broadband nonlinear response with sub-picosecond recovery time.
The maximum absolute value of the nonlinear refractive index of
the metasurface is three orders of magnitude larger than the bare,
planar ITO at normal incidence'. As a benchmark comparison, it
is also seven orders of magnitude larger than that of glass and four
orders of magnitude larger than those of GaAs and As,S; (ref. ).
However, the large absorption in the coupled structure is a con-
straint. From the operational point of view, perhaps a more impor-
tant criterion is the maximum achievable nonlinear phase shift over
one absorption length. The maximum theoretical absorption in the
structure (including the ohmic loss in metal) over the entire spec-
tral range of interest is less than 40% (see Supplementary Section
'Field enhancement and absorption'). Further improvements to the
design and material selection, such as dielectric nanoantennas and
an ENZ material with less damping, may reduce the overall absorp-
tion while increasing the efficiency. More interestingly, the mag-
nitude of the maximum nonlinear contribution to the refractive
index (>2.5) is comparable to or larger than the linear refractive
index of typical optical materials. Our findings introduce a new
paradigm for developing efficient nonlinear media for applications
involving low-power, high-integration-density nonlinear nano-
photonic devices, and also demonstrate a subwavelength nonlinear
metasurface for ultrafast all-optical control of the phase, amplitude
and polarization of light.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-017-0089-9.
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Methods

Design. We used a commercial finite-difference time-domain (FDTD) software
(Lumerical FDTD solutions) to design the metasurface. The material dispersion
was taken into account by using experimental values for the permittivity of ITO.
The permittivity of the ITO film was measured using a spectroscopic ellipsometer.
The antenna was designed by choosing the length-to-width ratio in such a way

so that the fundamental dipole resonance of the antenna in the absence of the

ITO film (that is, assuming only the glass substrate) lies near the zero crossing
wavelength of the permittivity of the ITO film. The fabricated antennas had average
dimensions of ~370nm X 110nm X 27 nm (the designed dimension was

~355nm X 110 nm X 27 nm) and the unit cell dimension was 600 nm X 600 nm. The
ITO film was 23 nm thick with a surface resistivity of ~80 Q[J".

Fabrication. The 500 pm X 500 pm antenna array was fabricated on commercially
available ITO on glass substrates (PGO GmbH). The antenna patterns were defined
in a bilayer poly(methylmethacrylate) resist using electron beam lithography (Raith
Pioneer 30kV), followed by Au deposition and a liftoff step. Intraparticle proximity
error correction was used to ensure sharp corners and a good rectangular shape of
the antennas*.

Measurements. The linear response of the metasurface was measured using a
thermal light source and a custom-built transmittance measurement system.

We used a single-beam Z-scan technique to measure the nonlinear response of
the system using a regeneratively amplified femtosecond laser pumped optical
parametric amplifier as the source laser. The pulse width was ~140fs. A pair of
apertures was used to produce a beam with a circularly symmetric trimmed Airy
profile (that is, only the central lobe of an Airy pattern) in the far-field. A pair of
achromatic doublet lenses was then used to collimate and enlarge the beam. Part
of the collimated beam was routed to a reference photodiode to monitor power
fluctuations. The rest of the collimated beam was focused onto the sample using
an achromatic doublet lens with antireflection coating. The diffracted light after
the sample was split using a pellicle beamsplitter, and routed to a pair of detectors
for closed- and open-aperture measurements. The sample was mounted on a
computer-controlled motorized translation stage. For each position of the sample
we recorded truncated mean values (the lowest 25% and highest 25% values were
discarded before calculating the mean) from the photodiodes averaged over ~3,000
pulses. Due to the diffractive propagation required to produce a collimated beam
with an Airy profile, the beam diameter at the Z-scan lens varied as a function of
wavelength. Specifically, the input beam diameter varied from 10.2+0.15mm to
14.65+0.15mm for A=1,160nm to A=1,560 nm. The beam was focused onto the
sample using an antireflection-coated achromatic doublet lens of ~100 mm focal
length. The closed-aperture detector was placed 285 mm away from the Z-scan
lens. We did not use any aperture before the closed-aperture detector because

the active area (5 mm diameter) of the detector was much smaller than the beam

NATURE PHOTONICS

diameter. The use of an even smaller aperture adversely affected the measurement
by reducing the signal-to-noise ratio.

We used the Fresnel-Kirchhoff diffraction integral with a fast-Fourier-
transform-based beam propagation method to simulate the experimental beam
propagation over the entire set-up. We were thus able to calculate the z-dependence
of the light falling onto the closed- and open-aperture photodiodes. We wrote
the numerical beam propagation program using Julia language"’, which allows
arbitrary order nonlinear refraction and absorption to be taken into account. We
have observed that at high intensity fifth-order nonlinear absorption becomes
significant, and at non-resonant wavelengths it can almost completely cancel the
third-order nonlinear absorption.

Numerical model of the nonlinear refractive index. To calculate the nonlinear
refractive index, we carried out a series of linear FDTD simulations of the antenna—
ITO structure by varying the plasma frequency of the ITO. We then calculated the
homogenized refractive index from each set of s-parameters, resulting in a plasma
frequency-dependent effective index distribution of the coupled system. We then
calculated the time-dependent electronic temperature using a semiclassical two-
temperature model. The plasma frequency of the ITO layer was calculated based
on the electronic temperature (see Supplementary Section "Two-temperature
model'). Based on the calculated plasma frequency and the set of homogenized
refractive indices, we calculated the time-dependent change in the refractive
index. The effective nonlinear coefficients n, and  were determined by dividing
the time-averaged homogenized refractive index (normalized by the pulse shape)
by the incident intensity. In this model, we ignore the intrinsic nonlinearity of the
metal and the change in absorption of the coupled system due to the temperature-
dependent change in the damping coefficient (imaginary part of the permittivity)
of the ITO layer. This leads to an overestimation of  obtained from the numerical
model for all wavelengths far from the saturation intensity. Hence, we scaled down
the f values by a factor of 3.0 to fit the numerical result to that obtained in

the experiment.

Code availability. All relevant code used in this paper are available from the
corresponding author upon reasonable request.

Data availability. All relevant data used in this paper are available from the
corresponding author upon reasonable request.
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Linear response of ITO
We measured the permittivity of the 23 nm ITO using ellipsometry (Fig.S1). For the entire spectral range the following
Drude-Loretz model can quantify the permittivity:

(SS B Sw)wtz wI% (1)
0} —w?—iThw ©*+il,0

E=Ex+

We use the following values for the parameters. €. = 3.1178, & = 3.8466980, @y = 7.42969 x 103 rad/sec, W, = 2.6594 x
10'3 rad/sec, Tp = 0.534217 x 10'3 rad/sec, Ty = 0.231806 x 10'° rad/sec.
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Figure S1. Permittivity of ITO: The real part of permittivity of the low conductivity ITO crosses zero at 1420 nm.
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Figure S2. Strong coupling: Length dependent variation in the transmittance of gold dipole antenna on glass in the absence
of an ITO layer (left panel) and with an ITO layer between the antenna and the substrate (right panel).

Linear response of the coupled system
A thin ENZ layer supports a bulk plasma mode with wavevector-dependent radiative and nonradiative properties at the zero
permittivity wavelength. This mode has been theoratically and experimentally investigated in a number of papers.""> When a
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dipole antenna with resonance near the bulk plasma mode is placed on the ITO layer, the antenna mode and the bulk plasma
mode interacts. This interaction results in strong coupling induced splitting of the antenna resonance. Fig. S2 shows an
anti-crossing in the coupled structure which is a signature that antenna-ITO is in strong coupling regime. This artificial polariton
splitting (~ A /4) is one of the largest observed in metamaterials.*> The shape and the magnitude of the resonance dips of
the ITO-antenna coupled structure depend on the coupling strength and the material parameters. The spectral width of the
resonance of the coupled system at the shorter wavelength is narrower than that of antenna only.

Electronic dispersion relation in ITO
ITO has a non-parabolic conduction band.® Following Kane’s model’”-® of semiconductor we can write the energy-wavevector

(E, k) dispersion relation for a conduction band electron of ITO as

n2i?
— E+CE?, @
2m

where C = 0.4191 eV~ is the non-parabolicity parameter and we have used the value reported by Liu et. al.® m = 0.4m, is the
effective mass of the electrons. From the above relation we find

k=1/2mE(1+CE)/R?, 3)
2m 1+42CE

dk = | = —————AdE. 4

n? 2v/E + CE? X

The number of states available for a given magnitude of wavevector |k| can be found by constructing a spherical shell of radius
|k| and thickness dk. The volume of this spherical shell in the momentum space is 47k>dk . The number of k states within the
spherical shell, g(k)dk, is

1 Vv
g(k)dk = 55 2% 47rk2ﬁdk. 5)
The factor 2 is the spin degeneracy factor of electrons. The factor 1/23 is to avoid counting indistinguishable wavefunctions
differing in signs only. Now by using Eqns. (3) and (4) and by dividing by the volume V, we can find the density of states
g(E), defined as the number of electron states in the conduction band per unit volume over an energy range dE,

er) =

The total number of electrons n can be found by integrating the product of the Fermi-Dirac distribution function (frp) and
the density of states over all energy range

)2 [(1+CE)]2 (1+2CE) 6)

n— /mfFD(E,y(Te),Te)g(E)dE, %)
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where 1 (T,) is the electro-chemical potential which depends on the electron temperature 7, due to the conservation of total
electron number in the conduction band. Thus, the electron number conservation requirement results in decreasing value of the
chemical potential with increasing electron temperature.

We can write the plasma frequency as”'°

(T, = /dE1+2CE) (?(EJFCEQ))%(—afFD(Eé‘;(m’n)). 8)

3m8()7l'2

JE

level. For electrons in a room temperature solid the thermal broadening function is narrow and is zero beyond a few kg7 from
the Fermi level. However, an elevated electron temperature leads to the broadening of this function due to a strong modification
of the Fermi-Dirac distribution. The modification of the Fermi-Dirac distribution is much stronger in ITO than a noble metal
due to the lower heat capacity constant of the free electrons of ITO. This results in an electron-temperature-dependent plasma
frequency of ITO due to the temperature dependence of the electro-chemical potential (the effective mass of the electrons) as
required by Eq.(7). For a given electronic temperature we find the chemical potential from Eqn. (7), and use Eqn. (8) to find
the plasma frequency of ITO which we insert into the Drude-Lorentz model of ITO to calculate the permittivity of ITO at an
elevated electron temperature. For a parabolic band (C = 0) the above expression reduces to the well known expression of the
plasma frequency. '’

The expression (— i D) is a measure of the strength of the thermal broadening of the electronic distribution around the Fermi
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Two-temperature model
The free-electron dynamics in ITO are metal-like and can be described by the Drude model. The third-order self-focusing
nonlinearity of ITO in the ENZ regime is dominated by the response of the free-electrons. To describe this nonlinear mechanism,
we use a phenomenological two-temperature model.''~!3 The nonlinear process due to the hot-electron dynamics has a finite
response time and the maximum response is delayed with respect to the peak of the laser excitation. In noble metals the total
relaxation time of the hot electrons is a few picoseconds and is limited by the electron-phonon interaction time. However
the response of the ITO thin film deviates from that of the metal in three important ways: i) unlike noble metals, ITO has no
interband transition resonance in the visible or infrared range of the optical spectrum; ii) the free-electron density in ITO is
almost two orders of magnitude smaller than that of noble metals such as gold, resulting in much smaller electron heat capacity
and larger change in the electron temperature if all other parameters are held constant; and iii) owing to a relatively smaller
free-electron density, the Fermi level is quite low in the conduction band (~ 1 eV for ITO). Due to the last property, infrared
radiation at ENZ wavelengths can excite even the lowest-energy conduction band electrons (in contrast, the Fermi level of gold
is ~ 6.42 eV and IR light only excite only those electrons that sit near the Fermi level).

According to the delayed two-temperature model, after the laser pulse is absorbed, the generated hot electrons acquire a
non-thermal energy distribution and act as a delayed source of energy. The overall dynamics of the conduction band electrons
can be described by the following system of phenomenological coupled differential equations:'?

Nip (t)

“To T 73"1’(Te(t)*Tl(t))Jrzree(t),
CZ% B geP(Tf@)—Tz(t)Hr:?t),
onG) NG NG
FrE o R PR )

Here, N is the non-thermal energy density stored in the excited electrons, g, is the electron-phonon coupling coefficient, T, (1;)
is the free-electron (lattice) temperature, C, (C;) is the heat capacity of the electrons (lattice), Te. (T,p) is the electron-electron
(electron-phonon) relaxation time, and P is the time dependent absorbed power density (i.e., rate of energy density absorbed in
the material). We have ignored thermal diffusion processes in Eq. (9). In the transverse dimension the beam size greatly exceeds
the electrons thermal diffusion length and hence we also ignore the transverse dependence. We have also ignored the thermal
diffusion in the longitudinal direction by assuming constant absorbed energy density due to small thickness of the ITO film.

Next we estimate the different parameters for ITO that appear in Eq. (9). We calculate the electron heat capacity C, by
using'4

afFD (u(Te),T.)
/E SR e (10)

We take the lattice heat capacity C; = 2.54 x 10° Jm—K to be a constant due to relatively small change in the lattice
temperature. 15

The electron-electron scattering rate (I',, = 1/7,,) determines the time duration electrons require to reach to thermal
equilibrium with each other. We use the following relation to estimate the temperature dependent electron-electron scattering
rate'®

2 2
I, — (0] o 2wkgT,
4m2w,(T,) ho

The electron-phonon scattering rate (I',,;) depends on the lattice temperature and the Debye temperature of the lattice
(®p = 900K)

2 4T) /T
Con=To|3+ g5 [ Zqad]- (12)
D

Y

The electron-phonon coupling coefficient (g.,) determines the rate of the energy exchange between the excited hot electrons
and the vibrational modes of the lattice. Due to the strong modification of the conduction band electron distribution, even the
electrons with initial energy much below the Fermi level take part in this energy exchange process. Hence we estimate the
electron-phonon coupling coefficient using a relation which includes the density of states of the conduction band'*

Tkp afFD
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where A,,, is the electron-phonon mass enhancement parameter and the second moment of phonon spectrum < (i@,;,)? > is an
empirical parameter. We take A., < (ha),,h)2 >=0.0042 ¢V? are a few times smaller than nobel metals such as gold.'*
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Figure S3. Field distribution: The plots show the field distribution at two resonances (A ~ 1280 nm and A = 1640 nm).
The left panel shows the field distribution of the resonance at the short wavelength (the resonace of interest for this report). The
right panel shows the field distribution at the resonance located at the long wavelength (we have not investigated the response at
this wavelength). The z-components of the electric field profile shows the main difference between the two modes of the
coupled structure. The edges of the antennas are rounded with a rounding radius of 7 nm. We plot the wavelength-dependent
intensity enhancement along the vertical black line in the next figure.
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Figure S4. Wavelength-dependent intensity enhancement: Shown inside the ITO layer of the coupled structure, for a
fixed x-position — along the vertical black line in Fig. S3 — when excited from air.

Field enhancement and absorption

The antennas placed on the ITO film allow electric field to be concentrated inside the ITO structure resulting in enhancement
of the field intensity. Figure S4 shows the calculated intensity enhancement factor, as a function of position and wavelength,
sufficiently far from the antenna edge to avoid hotspots. The fabricated dipole antennas differ from the simulated ones due to
the fabrication imperfection which results in antenna edges being rounded off. We took this into account in the simulation by
rounding the edges (7 nm rounding radius) of the antennas. Furthermore, in our calculation of the two-temperature model we
take the calculated intensity enhancement (averaged over the ITO thickness) by considering the electric field enhancement
sufficiently far away from the antenna edge (along the vertical black line in the lower left panel of Fig. S3).

The absorption spectrum of the coupled system also differs significantly from the absorption coefficient of the bare ITO (Fig.
S5). Due to the stronger interaction of light with the ITO and the loss introduced by the plasmonic antennas, the absorption
coefficient is higher close to the resonances of the coupled system (maximum absorption is ~ 30% within the spectral range
of interest in this paper). Thus the antenna array increases the absorbed power density in the ITO film which results in the
enhancement of the nonlinear response of the overall system. However, a significant fraction of the power is absorbed by the
antennas which can be reduced by using dielectric antennas.

Nonlinear response of ITO

We measured the nonlinear response of the 23-nm-thick ITO sample use a Z-scan technique at normal incidence. The 23-nm-
thick ITO film exhibits wavelength dependent positive nonlinear refraction and saturable absorption. The maximum value of n,
is ~ 1.5 x 1073 at A = 1400 nm with ~ 200 GW /cm? incident intensity. Thus ~ 200 GW /cm? of incident intensity induces a
change of 0.15. It can be explained, to first approximation, due to a 5% red-shift in the plasma frequency. In order to find
the nonlinear response of the ITO film, we measured the nonlinear response of the ITO coated substrate (float glass) and the
nonlinear response of a similar substrate seperately while keeping the incident intensity constant. We then used the relation
n2 110 = (nz,ITO7with7substrateLITofwith7substrate - n2,substrateLsubstrate)/ Lito to find the n; of the ITO layer. Here, L denotes the
thickness.

Refractive index homogenization

The effective linear refractive index of the medium depends on the Q-factor of the resonator and the coupling dynamics between
the antennas and the ENZ film. We used the metamaterial homogenization procedure introduced by Smith et al.'” to calculate
the effective refractive index of the hybrid structure. We use the following set of equations to find both the real and the imaginary
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Figure S5. Absorption: Calculated absorption profile by the ITO-antenna coupled structure. The two peaks in the profile -
one at a shorter wavelength than the zero-crossing wavelength and one at a larger wavelength - further confirms the strong
coupling dynamics between ENZ mode and the antenna mode. Within the spectral range of interest the the theoratical
maximum absorption is ~ 34%.

part of the homogenized effective linear refractive index (Figure S7)
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We calculated the plasma-frequency-dependent homogenized refractive index by calculating the s-parameters using a series
of FDTD simulations while manually varrying the zero permittivity wavelength of the ITO film. The two-temperature model
and the plasma-frequency-dependent homogenized refractive index of the overall system allows us to calculate the nonlinear
refractive index of the antenna-ITO coupled system.

Change in plasma frequency and nonlinear index

To first approximation the change in the refractive index of ITO and that of the coupled system can be attributed to the red-shift
of the plasma frequency as a function of incident intensity.> %1819 For example, a 5% change in the plasma frequency
(Aw, = 5%) leads to a change in the refractive index of the bare ITO layer by ~ 0.16 at A = 1400 nm which can be achieved
with incident intensity of 100 GW /cm?. Whereas, for the coupled system a red-shift of the plasma frequency leads to a much
larger change in the refractive index. Depending on which spectral side of the resonance is under investigation, the change
in the refractive index, An, can be either positive or negative. For example, in the coupled system Aw, = 5% leads An = —5
and An = 1.16 at A = 1280 nm and A = 1440 nm respectively (Fig. S8). However, experimentally we measure Anp,x ~ —2.5
at 1280 nm and Anpax & 2.5 at A = 1440 nm. Thus, this simple analysis based on the red-shift of the plasma frequency
overestimates the Anpx on- and near- resonance but underestimates the changes far from the resonance. The change in the
electronic temperature not only red-shifts the plasma frequency of the ITO but also increases the damping coefficent, i.e. the
imaginary part of the permittivity. As a result, the resonance width of the coupled system broadens in addition to the red-shift
of the resoance due to the change in @), as a function of the incident intensity. A broadened resonace of the coupled system
reduces Anp,x at on- or near-resonance wavelengths and enhances Anp,x at far from resonance. The presence of the antennas
thus amplify the change in the refractive index by upto a factor of 20. Moreover, the presence of the antenna introduces an
intensity enhancement of at least a factor of ~ 50 at normal incidence (Fig. S4). Thus, even at the saturation intensities these
two effects combined can explain a factor of 1000 enhancement of the value of n; of the coupled structure compared to that of
the the bare ITO at A = 1400 nm.
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Figure S6. Measured nonlinear response of low conductivity ITO: (a) The effective nonlinear refractive index n, as

measured using Z-scan. We use a 23-nm-thick ITO, which is used as the ENZ layer in the coupled structure, for this
measurement. (b) The nonlinear absorption coefficient 3.
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Figure S7. Homogenized refractive index: We used a refractive index homogenization technique to obtain the effective
index of the antenna-ITO coupled system. The large effective nonlinear response can understood as the light induced
time-dependent shift and reshaping of the homogenized linear dispersion of the coupled system.
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Figure S8. Change in the refractive index due to a red-shift of the plasma frequency: The plot shows that due to the
presence of the antenna, a 5% change in the plasma frequency can lead to a much larger change in the refractive index in the
coupled structure compared to the bare ITO. Moreover, the required incident intensity to induce a constant amount of red-shift
in the plasma frequency is much smaller in the coupled structure than the bare ITO due to the field enhancement. Here, we
calculate the change in the refractive index An simply by subtracting /€(@),) from /€(0.95m,). In order to calculate the
refractive index for a particular plasma frequency, we use the Lorentz-Drude model and the homogenized refractive index for
the bare ITO and the coupled system respectively.

Z-scan traces

We show representative Z-scan traces in the presence of large nonlinear absorption in Fig. S9a (A = 1340nm). To obtain
the nonlinear measurements, we use a pellicle beam splitter placed right after the sample to divide the beam in order to
simulatenously measure closed- and open-aperture signals. We also use a reference photodiode to monitor the power fluctuation.
We do two sets of measurements for each wavelength in order to calculate ny and  values: one set of measurements with the
incident intensity low enough so that nonlinear response is absent; and the other set with an incident intensity large enough
(~ 150MW /cm?) to induce a nonlinear response. We normalize the open-aperture signal by dividing the high intensity signal
(normalized by the reference signal to account for the power fluctuation) by the low intensity signal (normalized by the reference
signal to account for the power fluctuation). In order to find the value of the imaginary part of the phase shift we fit the
normalized data to curves generated numerically, as described in the method section. For the closed-aperture signal we find the
best fit after dividing the closed-aperture data by the open-aperture data. Finally, we calculate the n, and  values from the
phase shifts using the standard equations.?”

We perform a series of measurements with varying intensity to find the maximum possible phase shift — and the change in
the refractive index — as shown in Fig. 3. We observed that for a sufficiently large incident intensities the fifth-order nonlinear
effects can become important (Fig. S9b). This is the case for some of the data points in Fig. 3. In such cases, we do not
divide the closed-aperture signal with the open-aperture signal in order to decouple the nonlinear refraction from the nonlinear
absorption. Instead, we find the real part of the nonlinear phase shift by finding the best fit lines while taking the third- and
fifth-order nonlinear absorptions into account (Fig. S9b). The phase shifts obtained with such large intensities were used to find
the maximum intensity-dependent change in the refractive index (An) shown in Fig. 3 of the main text. The values of ny and 8
were obtained using a much lower input intensity, as mentioned above.
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Figure S9. Z-scan traces: (a) Unprocessed (top panel) and processed data (bottom panel) for Z-scan signals at A = 1340 nm
for incident intensity of ~ 158 MW/ cm?. We obtained the normalized closed-aperture signal after dividing the closed-aperture
signal with the open-aperture signal. We obtain the nonlinear phase shifts values - real phase shift = 0.055 rad and imaginary
phase shift = 0.043 rad - by fitting the data with the numerically obtained curves (solid lines). (b) Normalized open- and
closed-aperture signal at A = 1440 nm for real phase shift of ~ 0.57 rad which is equivalent to An = 2.61. In this case, both
third- and fifth-order nonlinear absorptions are important. In order to extract the phase shift from the z-scan traces, it is
necessary to normalize the signal in such a way so that the transmittance far from focus approaches 1.0.

’ Reference Inz|(cm?/GW)  A(nm) ‘
ITO (R, = 70— 100 Q/sq.)' 4.0x 107> 1000
ITO (R, =8 —12Q/sq.)'8 1.6x 1073 1000
Dimer antenna-ITO'® 5.9x 1072 1000
ITO (Ry = 4.5 Q/sq.)" 2.6x1073 1240
ITO (R; = 80 Q/sq.) (this work) 1.5x1073 1400
Dipole antenna-ITO (this work) 3.73 1240

Supplementary Table 1. Comparison of nonlinear response of ITO and hybrid ITO-antenna system at normal incidence.
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Figure S10. Response time: Normalized pump-probe transmittance of 23 nm thin ITO, 310 nm thick ITO and ITO-antenna
coupled system at 1300 nm wavelength. The Pump-probe response time for the coupled system is longer than that of the thin
(low conductivity) or thick (high conductivity) ITO films. We normalized the x-axis such that the zero pump-probe delay time
corresponds to the maximum transmittance for visual aid.
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