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ABSTRACT: Epsilon near zero (ENZ) thin films have attracted =——-g===-7~~--
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considerable attention due to their unique optical properties in the
near-infrared (NIR), which have enabled a wide range of
interesting phenomena and diverse applications. In nonlinear

optics, the near-zero permittivity of films in the NIR region has h(up[
been shown to enhance second-order nonlinear processes by

several orders of magnitude, therefore boosting both second
harmonic (SH) generation and broadband THz generation. In this
work, we investigate THz-field-induced second harmonic (TFISH)
generation in indium tin oxide (ITO) thin films in the ENZ
spectral region. A symmetry-breaking electric field is applied using a
high field strength broadband THz pulse, which when temporally
overlapped with an ultrashort optical pulse, results in the emission
of second harmonic from the centrosymmetric film. The experimental results mirror very well the predictions of a four-wave mixing
optical model, capturing the interplay between linear and nonlinear effects driving the NIR-THz-ITO interaction.
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Indium Tin Oxide (ITO) thin films with high conductivity
and high transparency in the visible spectral region' have
been exploited as a key material platform in industrial
applications such as display devices,” photovoltaics® and light
emitting diodes.” Recent studies have shown that the optical
properties of transparent conducting oxides (TCOs) in the
near-infrared (NIR) spectral region, which are marked by a
zero-crossing point of the real part of the dielectric
permittivity, enable numerous applications in optics including
pulse shaping,® photonic time refraction® and time cystals,”"
ultrashort dynamics™'® and enhanced nonlinear interac-
tions."'~'* These phenomena occur around the near-zero
permittivity spectral region, resulting in subwavelength
confinement of the electric field in the thin film volume,
enhancement of nonlinear effects and ultrafast modification of
its dielectric properties.

Nonlinear field enhancement in this regime has been shown
to increase the efficiency of various frequency conversion
processes by orders of magnitude including second,'” third,"®
high harmonic,'” and broadband THz generation.ls’19 Second
harmonic generation (SHG) from centrosymmetric materials
such as ITO requires breaking of the local symmetry. This can
be achieved by either using spatially structured radiation™ or
light with a transverse magnetic (TM) incident polarization,
leveraging surface effects,”’ or designing specific meta-atom
geometries to break the symmetry, such as split ring resonators

© 2025 The Authors. Published by
American Chemical Society

WACS Publications

or meta-atoms with C3 rotational symmetry.”””> Symmetry
breaking can also be induced by applying an external DC
electric field, in a process known as electric field induced
second harmonic generation (EFISH).**~*°

EFISH is a third order nonlinear process,”* governed by the
materials’ third-order susceptibility 2. This is associated with
four-wave-mixing phenomena, including third harmonic
generation and the optical Kerr effect.”” EFISH was originally
predicted theoretically in 1962°° and then demonstrated
experimentally in calcite.”” Since then, EFISH has been
observed in a variety of materials and configurations such as
metal oxides,”° monolayers of WSe2,31 nanoantennas,””
ferroelectric single crystals’ and plasmonic nanocavities.”*
Instead of using a static field to break the material symmetry, a
low frequency, nonionizing THz pulse can provide the
necessary symmetry breaking electric field in a process
known as THz field induced second harmonic generation
(TFISH), resulting in an all-optical control of the harmonic
emission. This technique, first demonstrated in liquids®> and
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gaseous media,*>*” has been employed more recently in
various centrosymmetric bulk materials with significant P
values such as silicon,*® quartz,39 plasma,40 diamond,*' and in
2D semimetals.*” Additionally, recent studies have shown that
nanostructures can enhance the TFISH and third harmonic
signals in silicon.*’ This TFISH process can also be applied for
broadband coherent THz detection, allowing detection of THz
pulses with a high dynamic range using thin CMOS compatible
devices.*"*

Here we present a theoretical and experimental investigation
of TFISH in ITO thin films exhibiting an ENZ response in the
NIR spectral region. We analyze the TFISH emission
properties as a function of wavelength, polarization and
intensity. A theoretical model for the dispersion of the
effective 4® for TFISH in the ITO film was developed and
used in numerical simulations, allowing us to predict the
experimental TFISH signal. Finally, we compare the TFISH
signal to the SH from the same film at oblique incidence,
revealing some key differences that allows to distinguish when
this signal stems from an effective second order nonlinearity
and the one associated with the TFISH process.

A general schematic of the TFISH process is shown in
Figure la, consisting of the temporal and spatial overlap of a
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Figure 1. (a) Schematic of the experimental TFISH process: THz and
optical pulses temporally and spatially overlap in an ITO film,
generating a TFISH signal which is transmitted through the substrate.
(b) Typical THz emission characteristics of the DSTMS organic
crystal after pumping in the NIR, consisting of a near single cycle
pulse with a fwhm pulse duration of 100 fs, with a corresponding
frequency spectrum up to approximately 6 THz. (c) The TFISH
signal is examined with respect to three different pumping conditions.
The TFISH signal is only observed when the pump and THz pulse
overlap on the ITO film. Top: Typical 2D distribution of the TFISH
signal on the spectrometer CCD. The signal is lightly focused on the
CCD to increase the SNR. (d) Harmonic signal as a function of the
time delay between the pump and THz pulse.

NIR femtosecond pulse with a broadband THz pulse in a 20
nm ITO thin film. In the experiment, the THz pulse was
generated from a DSTMS organic crystal, which is phase-
matched in the NIR region,46 resulting in the emission of a
THz pulse with a peak field of 250 kV/cm (see Supporting
Information S1 for a calculation of the conversion efficiency
and S2 for the dependence of the THz field on the pump
wavelength). Figure 1b shows the typical temporal and spectral
characteristics of the emitted signal from the DSTMS crystal in
the NIR region, consisting of a pulse with a fwhm duration of
100 fs with a spectral bandwidth up to approximately 6 THz.
This agrees with the typical performance expected from this
type of organic nonlinear crystal.*>*” The NIR pump central
wavelength was tunable from 1250 to 1500 nm, delivering 50 fs
pulses to the ITO sample with typical peak intensities used in
the range of S—15 GW/cm® Typical second and third order
nonlinear conversion efficiencies for ITO thin films in the
GW/cm?” intensity range have been reported to be in the
region of 107.** Both the NIR pump and the THz pulse were
normally incident onto the ITO thin film, i.e., the direction of
propagation is normal to the ITO thin film surface plane. The
resulting harmonic signal generated in the ITO thin film was
transmitted through the glass substrate where it was collected
and analyzed using a spectrometer. Appropriate spectral filters
were used to isolate the spectral region of TFISH from the
pump pulse, DSTMS harmonics and any harmonics from the
laser cavity (see Supporting Information S3 for a full
experimental description).

The resulting signal from the ITO thin film was examined
for three configurations at a pump wavelength of 1500 nm (the
pumping wavelength for all experiments is set at 1500 nm
unless stated otherwise); (i) only the pumping NIR pulse is
incident on the sample (yellow line), (ii) only the THz pulse is
incident on the sample (purple line), (iii) both the NIR and
THz pulse temporally and spatially overlapped on the sample
(red line), as shown in Figure lc. As characteristic of TFISH, a
harmonic signal emerges exclusively when the NIR and THz
pulses overlap both temporally and spatially within the ITO
layer. Furthermore, the harmonic signal of condition (iii) was
further examined with respect to the inter pulse delay time
between the pump and THz pulse, as shown in Figure 1d. The
delay time was scanned in steps of 16 fs for a total time delay
of 850 fs. The resulting harmonic signal reveals a clear time-
dependent variation. A peak signal is observed, quickly falling
off in a near symmetrical fashion with increasing and
decreasing time delay. The zero-time delay is set at the
position of peak TFISH emission. For positive time delays after
the THz pulse, some asymmetry and further small oscillations
can be observed. These features likely arise from reflections of
the THz pulse throughout the optical setup and its interaction
with air. The characteristics of the harmonic signal, requiring
both temporal and spatial overlap of the pump and THz pulses,
along with a distinct time-delay transient behavior, clearly
confirm that the generated harmonic is a TFISH signal.

We developed a theoretical model to describe and predict
the TFISH properties of the analyzed system. The nonlinear
process in the ITO thin film is modeled as a degenerate four-
wave mixing (dFWM) process. Figure la provides a schematic
representation of the mixing process, where the NIR pump
pulse has a frequency @, and the THz pulse has a spectrum of
frequencies around Q. The radiation generated by TFISH is
defined as the signal with a frequency @, = 2w, = Q. The
TFISH is characterized by the third-order nonlinear suscept-
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ibility tensor which has elements of the type )(i(ji?(a)s;a)p,a)p,ﬂ),
where ijkl are Cartesian axes. The )(,(]ﬁ tensorial elements of the
nonlinear susceptibility are derived assuming an isotropic
response for ITO. The )(fji% dispersion is derived applying the
classical anharmonic oscillator model to an isotropic medium
and summing the contributions from free electrons and bound
electrons(see Supporting Information $4);*” we thus write

)(u(lfl) (0 @, @, Q)

= K" (@)1 (0,4 (0,7 (Q)]
(8,8 + 0udy + 5,0) + Kf[){f(l)(ws))(f(l)(wp)){}l)(wp)

X ;1)(9)](51;51(1 + 838, + 5,0) (1)

where K, and K; are fitting parameters, )(}1)(0)) and y{"(w) are
the free-electron and bound electrons contribution to the
linear susceptibility of ITO, respectively. The third order
susceptibility ;(,(]i% tensor is thus derived from the linear
susceptibility. The fitting parameters K;, and K; incorporate
both experimentally determined quantities and values taken
from the literature (see Supporting Information S4).

Figure 2a shows the measured transmittance of the ITO thin
film for TM- (orange circles) and TE- (blue squares) polarized
incident light impinging at 45°. A pronounced decrease in the
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Figure 2. (a) Experimental and numerical transmittance of the 20 nm
ITO thin film for TM and TE polarizations at an angle of incidence of
45°. A decrease in transmission is observed around 1250 nm for TM
due to the ENZ crossing region. (b) ITO permittivity retrieved from
the fitted transmittance. (c) Nonlinear susceptibility dispersion as a
function of TFISH wavelength. The frequency of the THz radiation is
2 THz. (d) Experimental and numerical TFISH power as a function
of wavelength, for a pump intensity of I, = 15 GW/ cm”. The TFISH
emission was measured for NIR pump wavelengths of 1300, 1400, and
1500 nm at a fixed pump intensity of 15 GW/cm? and at a peak THz
electric field of 250 kV/cm. The results are overlaid with the
numerically estimated SH power for the same pump intensity and for
an angle of incidence of 50°.

transmission is observed for TM-polarized waves around a
wavelength of 1250 nm, indicating the ENZ spectral region.
Both measured transmittance spectra are numerically repro-
duced using a transfer-matrix approach where the permittivity
of the ITO thin film is characterized by a Drude-Lorentz
model with one harmonic oscillator (see Supporting
Information SS for details of the permittivity model). The
fitting parameters of the Drude-Lorentz model of ITO are
chosen to reproduce numerically the measured transmittance
spectra for TM and TE light as shown in Figure 2a. Figure 2b
shows the ITO permittivity as a function of wavelength that
was estimated by applying the described method. We can
observe that the real part of the permittivity crosses zero at a
wavelength of 1250 nm, as is typical for ITO. Next, applying eq
1 and using the fitted permittivity from Figure 2b, we calculate
xtgi,)(ws;wp,wp,ﬁ) as a function of the TFISH emission
wavelength at a fixed THz frequency of 2 THz, which is
shown in Figure 2¢c. The third order susceptibility tensor is
then used to analyze the wavelength dependent TFISH
emission with fully vectorial numerical simulations imple-
mented in COMSOL. Experimentally, the TFISH emission
from the ITO film was measured for NIR pump wavelengths of
1300, 1400, and 1500 nm at a fixed pump intensity of 15 GW/
cm?® and at a peak THz electric field of 250 kV/cm. The
experimental results are shown as filled circles in Figure 2d.
The measured spectra and relative intensity dependence of the
TFISH in the NIR are reproduced numerically with fully
vectorial simulations implemented in COMSOL where the
fitting parameters K, and K; are tuned to reproduce the
experiments. Figure 2c shows the estimated )(,(j?cg(a)s;a)p,a)p,g)
as a function of the TFISH signal wavelength with the fitting
parameters K, = 7.7121 X 107! s°A*/m’kg and K = 7.4423 X
1072 $°A?/m’kg. We can observe that the real part of
)(,(ji%(a)s;wp,wp,ﬂ) crosses zero at a wavelength of about 610 nm
and monotonically decreases for higher wavelengths. This
spectral behavior can be ascribed to the presence of the zero-
crossing of the real part of the dielectric permittivity at the
pump frequency (see Figure 2b).

Figure 2d compares the power of the numerically calculated
TFISH signal with the numerically estimated power generated
by the second-harmonic (SH) process in the ITO thin film.
Since ITO is centrosymmetric, SHG can only be observed
under oblique incidence and for a TM-polarized field.””>" We
compare the TFISH power with the maximum SH generated
from the ITO thin film, which typically reaches peak emission
for angles around 50° (see Supporting Information S6 for a
description of the SH simulation and S7 for an experimental
characterization of the SH emission). For a fair comparison
between SH and TFISH, we fixed the NIR pump intensity to
15 GW/cm?, with the same film thickness of 20 nm for both
configurations. As already shown in the literature for SHG in
ENZ media,'**~>* the peak emission is observed around the
ENZ wavelength, with a following decrease in intensity with
increasing wavelength. The theoretical model confirms that the
TFISH signal measured for a NIR pump central wavelength of
1500 nm and normal incidence is comparable to the SHG
signal obtained for a NIR pump central wavelength of 1250 nm
and tilted S0° angle of incidence. Indeed, while the SHG
process is enhanced by the ENZ condition, the TFISH is
enhanced when spectrally detuned from this condition due to
the dispersion of the corresponding third order nonlinear
susceptibility (see Figure 2c).
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The properties of the TFISH signal were further examined
for several varying parameters such as the intensity of the
incident radiation, NIR pump polarization, and angle of
incidence. In the following analysis, both NIR pump and THz
pulse beam are impinging at normal incidence onto the ITO
thin film at a pump wavelength of 1500 nm. First, the effect of
the NIR pump intensity on the TFISH signal was examined for
a fixed THz field strength and is shown in Figure 3a. As
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Figure 3. (a) TFISH signal as a function of NIR pump intensity with
a fixed THz field strength, showing a second order dependence. (b)
TFISH signal as a function of the THz electric field strength squared
with a fixed NIR pump intensity I,=1S GW/cm?, showing a linear fit.
(c) TFISH signal as a function of the angle between the pump and
THz polarization; a maximum value is seen when they are
copolarized. (d) Normalized TFISH power as a function of TM-
polarized pump wavelength and angle of incidence.

expected, we observe a clear quadratic dependency between
the TFISH signal and the NIR pump intensity. The effect of
the THz field strength was then examined by increasing the
THz electric field while keeping the NIR pump power
constant, as shown in Figure 3b. The TFISH signal in this
case increases approximately linearly with the THz field, in
agreement with the nonlinear interaction described by the
dFWM process.

The effect of the NIR pump polarization angle with respect
to the THz polarization was then examined, as shown in Figure
3c. A maximum TFISH signal is observed when the NIR pulse
and THz pulse are copolarized, with the resulting emission of a
copolarized TFISH signal. As the pump polarization angle is
rotated, the TFISH signal begins to decrease, reaching a
minimum value when the polarizations of the NIR pump and
THz beam are orthogonal to each other. The TFISH power
estimated from our numerical model is superimposed over the
experimental data in Figure 3c under the same conditions,
confirming the excellent agreement between the measurements
and the theoretical predictions. This polarization dependency
follows from the isotropic nonlinear tensor )(i(ji%(ws;wp,wp,ﬂ).
Figure 3d shows the simulated TFISH power as a function of
NIR TM-polarized pump wavelength and angle of incidence

ranging from 0° up to 60°. We can observe that the TFISH
signal is enhanced when the pump angle of incidence is 0° (i.e.,
normal incidence) and the central wavelength of the pulse is
detuned from the ENZ condition. The former is a
consequence of the type of nonlinear interaction which is
based on the volume of the nonlinear material. The latter is in
afgreement with the observed dispersion of the
)(ﬁi%(ws;wp,wp,ﬂ) shown in Figure 2c.

Finally, it is important to investigate ways to increase the
TFISH efficiency, in order to make the TFISH process as
relevant as possible for applications. In particular, it would be
of interest to use lower applied THz fields, which do not
require the use of high efficiency THz crystals and high peak
power pulses. First, the TFISH efliciency can be significantly
increased by using higher pump wavelengths, which in our
study are limited to 1500 nm. This is due to the rapidly
increasing )(53,(? for longer pump wavelengths (see Figure 2c).
More interestingly, the TFISH emission may also be increased
through the design and fabrication of plasmonic or dielectric
nanostructure arrays on the ITO film, which through careful
spatial engineering can result in further strong confinement of
the optical and THz fields, resulting in an enhancement of the
nonlinear interaction and conversion efficiency.

This study presents the first experimental demonstration of
THz-field-induced second harmonic generation in an epsilon-
near-zero ITO thin film, revealing distinct properties compared
to conventional second harmonic generation. The experimen-
tal data shows very good agreement with a degenerate four
wave mixing model, also confirmed by numerical simulations.
Although TFISH achieves a nonlinear emission on magnitude
similar to SH, its spectral dependence around the ENZ
wavelength and angular dependence display unique character-
istics that align with our theoretical predictions. Our findings
establish a promising framework for exploiting ENZ materials
in THz detection, TFISH emission and all-optical control of
second harmonic generation. In contrast to commonly used
bulk materials, subwavelength thin films as the one reported
here are not bound to phase matching constrains and therefore
can be exploited over a broad excitation and emission
wavelength range.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467.

Estimated DSTMS THz field strength, DSTMS pump
wavelength dependence, experimental setup, model of
the nonlinear susceptibility, ITO relative permittivity
model, second harmonic generation in ITO thin films,
and experimental ITO SH emission (PDF)

B AUTHOR INFORMATION

Corresponding Author
Cormac McDonnell — Department of Physical Electronics,
Fleischman Faculty of Engineering, Tel-Aviv University,
69978 Tel-Aviv, Israel; © orcid.org/0000-0003-1251-
9339; Email: cormacm@mail.tau.ac.il

Authors
Luca Carletti — Department of Information Engineering,
University of Brescia, 25123 Brescia, Italy; National Institute

https://doi.org/10.1021/acs.nanolett.5c02467
Nano Lett. 2025, 25, 12201-12206


https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c02467/suppl_file/nl5c02467_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cormac+McDonnell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1251-9339
https://orcid.org/0000-0003-1251-9339
mailto:cormacm@mail.tau.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Carletti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

of Optics-National Research Council (INO-CNR), 25123
Brescia, Italy; © orcid.org/0000-0001-6268-9817

Maria Antonietta Vincenti — Department of Information
Engineering, University of Brescia, 25123 Brescia, Italy;

orcid.org/0000-0001-6698-2973

Giuseppe Della Valle — Department of Physics, Politecnico di
Milano, 20133 Milano, Italy; ® orcid.org/0000-0003-
0117-2683

Costantino De Angelis — Department of Information
Engineering, University of Brescia, 25123 Brescia, Italy;
National Institute of Optics-National Research Council
(INO-CNR), 25123 Brescia, Italy; ® orcid.org/0000-0001-
8029-179X

Michele Celebrano — Department of Physics, Politecnico di
Milano, 20133 Milano, Italy; © orcid.org/0000-0003-
3336-3580

Tal Ellenbogen — Department of Physical Electronics,
Fleischman Faculty of Engineering, Tel-Aviv University,
69978 Tel-Aviv, Israel

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.5c02467

Author Contributions
#C.M., L.C.,, and M.A.V. contributed equally to this work

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Tal Ellenbogen acknowledges support from European Union
(ERC 3D NOAM 101044797) and Israel Science Foundation
(grant No. 1495/23). Michele Celebrano and Luca Carletti
acknowledge partial financial support from the European
Union’s under Next Generation EU — PNRR — M4C2,
investimento 1.1 — PRIN 2022 — NoLimiTHz (id:
2022BC5BWS) CUP DS53D23001130006.

B REFERENCES

(1) Kim, K.-K.; Kim, H.; Lee, S.-N.; Cho, S. Structural, Optical, and
Electrical Properties of E-Beam and Sputter-Deposited ITO Films for
LED Applications. Electron. Mater. Lett. 2011, 7 (2), 145—149.

(2) Li, Z-H; Cho, E. S.; Kwon, S. J. Laser Direct Patterning of the
T-Shaped ITO Electrode for High-Efficiency Alternative Current
Plasma Display Panels. Appl. Surf. Sci. 2010, 257 (3), 776—780.

(3) Lim, K; Jung, S.; Kim, J.-K,; Kang, J.-W.; Kim, J.-H.; Choa, S.-
H.; Kim, D.-G. Flexible PEDOT: PSS/ITO Hybrid Transparent
Conducting Electrode for Organic Photovoltaics. Sol. Energy Mater.
Sol. Cells 2013, 115, 71-78.

(4) Wang, Z.; Naka, S.; Okada, H. Influence of ITO Patterning on
Reliability of Organic Light Emitting Devices. Thin Solid Films 2009,
518 (2), 497-500.

(5) Zhai, T.; Zhang, X. Epsilon-near-Zero Metamaterials for
Tailoring Ultrashort Pulses. Appl. Phys. B: Laser Opt. 2013, 113
(2), 185—189.

(6) Zhou, Y.; Alam, M. Z.; Karimi, M.; Upham, J.; Reshef, O; Liu,
C.; Willner, A. E; Boyd, R. W. Broadband Frequency Translation
through Time Refraction in an Epsilon-near-Zero Material. Nat.
Commun. 2020, 11 (1), 2180.

(7) Lustig, E.; Segal, O.; Saha, S.; Bordo, E.; Chowdhury, S. N,;
Sharabi, Y.; Fleischer, A.; Boltasseva, A.; Cohen, O.; Shalaev, V. M.;
Segev, M. Time-Refraction Optics with Single Cycle Modulation.
Nanophotonics 2023, 12 (12), 2221-2230.

(8) Lustig, E.; Sharabi, Y.; Segev, M. Topological Aspects of
Photonic Time Crystals. Optica 2018, S (11), 1390.

(9) Wu, J.; Malomed, B. A,; Fu, H. Y,; Li, Q. Self-Interaction of
Ultrashort Pulses in an Epsilon-near-Zero Nonlinear Material at the
Telecom Wavelength. Opt. Express, OE 2019, 27 (26), 37298—37307.

(10) Bykov, A. Yu,; Deng, J.; Li, G.; Zayats, A. V. Time-Dependent
Ultrafast Quadratic Nonlinearity in an Epsilon-Near-Zero Platform.
Nano Lett. 2024, 24 (12), 3744—3749.

(11) Baev, A; Prasad, P. N.; Alam, M. Z; Boyd, R. W. Dynamically
Controlling Local Field Enhancement at an Epsilon-near-Zero/
Dielectric Interface via Nonlinearities of an Epsilon-near-Zero
Medium. Nanophotonics 2020, 9 (16), 4831—4837.

(12) Anopchenko, A; Gurung, S.; Bej, S;; Lee, H. W. H. Field
Enhancement of Epsilon-near-Zero Modes in Realistic Ultrathin
Absorbing Films. Nanophotonics 2023, 12 (14), 2913—2920.

(13) Alam, M. Z; De Leon, L; Boyd, R. W. Large Optical
Nonlinearity of Indium Tin Oxide in Its Epsilon-near-Zero Region.
Science 2016, 352 (6287), 795—797.

(14) Deng, J.; Tang, Y.; Chen, S.; Li, K; Zayats, A. V.; Li, G. Giant
Enhancement of Second-Order Nonlinearity of Epsilon-near- Zero
Medium by a Plasmonic Metasurface. Nano Lett. 2020, 20 (7), 5421—
5427.

(15) Capretti, A.; Wang, Y.; Engheta, N.; Dal Negro, L. Comparative
Study of Second-Harmonic Generation from Epsilon-Near-Zero
Indium Tin Oxide and Titanium Nitride Nanolayers Excited in the
Near-Infrared Spectral Range. ACS Photonics 2015, 2 (11), 1584—
1591.

(16) Li, J; Huang, J. Wavelength and Angle-Dependent Third-
Harmonic Generation in Epsilon-near-Zero Indium Tin Oxide. Opt.
Commun. 2024, 561, 13054S.

(17) Yang, Y; Ly, J.; Manjavacas, A.; Luk, T. S.; Liu, H.; Kelley, K;
Maria, J.-P.; Runnerstrom, E. L.; Sinclair, M. B.; Ghimire, S.; Brener, I.
High-Harmonic Generation from an Epsilon-near-Zero Material. Nat.
Phys. 2019, 15 (10), 1022—1026.

(18) Jia, W,; Liu, M,; Ly, Y,; Feng, X.; Wang, Q.; Zhang, X,; Ni, Y,;
Hu, F.; Gong, M,; Xu, X,; Huang, Y,; Zhang, W.; Yang, Y.; Han, J.
Broadband Terahertz Wave Generation from an Epsilon-near-Zero
Material. Light Sci. Appl. 2021, 10 (1), 11.

(19) Minerbi, E.; Sideris, S.; Khurgin, J. B.; Ellenbogen, T. The Role
of Epsilon Near Zero and Hot Electrons in Enhanced Dynamic THz
Emission from Nonlinear Metasurfaces. Nano Lett. 2022, 22 (15),
6194—6199.

(20) Gunyaga, A. A; Durnev, M. V.; Tarasenko, S. A. Second
Harmonic Generation Due to the Spatial Structure of a Radiation
Beam. Phys. Rev. Lett. 2025, 134 (15), 156901.

(21) Wang, W.; Xu, J; Liu, X; Jiang, Y.; Wang, G; Lu, X. Second
Harmonic Generation Investigation of Indium Tin Oxide Thin Films.
Thin Solid Films 2000, 365 (1), 116—118.

(22) Keren-Zur, S.; Tal, M,; Fleischer, S.; Mittleman, D. M,
Ellenbogen, T. Generation of Spatiotemporally Tailored Terahertz
Wavepackets by Nonlinear Metasurfaces. Nat. Commun. 2019, 10 (1),
1778.

(23) McDonnell, C; Deng, J,; Sideris, S.; Ellenbogen, T.; Li, G.
Functional THz Emitters Based on Pancharatnam-Berry Phase
Nonlinear Metasurfaces. Nat. Commun. 2021, 12 (1), 30.

(24) Lee, C. H; Chang, R. K; Bloembergen, N. Nonlinear
Electroreflectance in Silicon and Silver. Phys. Rev. Lett. 1967, 18
(5), 167—170.

(25) Widhalm, A.; Golla, C.; Weber, N.; Mackwitz, P.; Zrenner, A.;
Meier, C. Electric-Field-Induced Second Harmonic Generation in
Silicon Dioxide. Opt. Express 2022, 30 (4), 4867.

(26) Jasinskas, V.; Gedvilas, M.; RaCiukaitis, G.; Gulbinas, V.
Background-Free Electric Field-Induced Second Harmonic Gener-
ation with Interdigitated Combs of Electrodes. Opt. Lett, OL 2016, 41
(12), 2759-2762.

(27) Khurgin, J. B; Clerici M.; Kinsey, N. Fast and Slow
Nonlinearities in Epsilon-Near-Zero Materials. Laser & Photonics
Reviews 2021, 15 (2), 2000291.

(28) Bloembergen, N.; Pershan, P. S. Light Waves at the Boundary
of Nonlinear Media. Phys. Rev. 1962, 128 (2), 606—622.

https://doi.org/10.1021/acs.nanolett.5c02467
Nano Lett. 2025, 25, 12201-12206


https://orcid.org/0000-0001-6268-9817
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Antonietta+Vincenti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6698-2973
https://orcid.org/0000-0001-6698-2973
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Della+Valle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0117-2683
https://orcid.org/0000-0003-0117-2683
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Costantino+De+Angelis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8029-179X
https://orcid.org/0000-0001-8029-179X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Celebrano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3336-3580
https://orcid.org/0000-0003-3336-3580
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tal+Ellenbogen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02467?ref=pdf
https://doi.org/10.1007/s13391-011-0610-0
https://doi.org/10.1007/s13391-011-0610-0
https://doi.org/10.1007/s13391-011-0610-0
https://doi.org/10.1016/j.apsusc.2010.07.063
https://doi.org/10.1016/j.apsusc.2010.07.063
https://doi.org/10.1016/j.apsusc.2010.07.063
https://doi.org/10.1016/j.solmat.2013.03.028
https://doi.org/10.1016/j.solmat.2013.03.028
https://doi.org/10.1016/j.tsf.2009.07.029
https://doi.org/10.1016/j.tsf.2009.07.029
https://doi.org/10.1007/s00340-013-5455-9
https://doi.org/10.1007/s00340-013-5455-9
https://doi.org/10.1038/s41467-020-15682-2
https://doi.org/10.1038/s41467-020-15682-2
https://doi.org/10.1515/nanoph-2023-0126
https://doi.org/10.1364/OPTICA.5.001390
https://doi.org/10.1364/OPTICA.5.001390
https://doi.org/10.1364/OE.27.037298
https://doi.org/10.1364/OE.27.037298
https://doi.org/10.1364/OE.27.037298
https://doi.org/10.1021/acs.nanolett.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/nanoph-2020-0490
https://doi.org/10.1515/nanoph-2020-0490
https://doi.org/10.1515/nanoph-2020-0490
https://doi.org/10.1515/nanoph-2020-0490
https://doi.org/10.1515/nanoph-2022-0816
https://doi.org/10.1515/nanoph-2022-0816
https://doi.org/10.1515/nanoph-2022-0816
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1021/acs.nanolett.0c01810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.optcom.2024.130545
https://doi.org/10.1016/j.optcom.2024.130545
https://doi.org/10.1038/s41567-019-0584-7
https://doi.org/10.1038/s41377-020-00452-y
https://doi.org/10.1038/s41377-020-00452-y
https://doi.org/10.1021/acs.nanolett.2c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.134.156901
https://doi.org/10.1103/PhysRevLett.134.156901
https://doi.org/10.1103/PhysRevLett.134.156901
https://doi.org/10.1016/S0040-6090(00)00649-0
https://doi.org/10.1016/S0040-6090(00)00649-0
https://doi.org/10.1038/s41467-019-09811-9
https://doi.org/10.1038/s41467-019-09811-9
https://doi.org/10.1038/s41467-020-20283-0
https://doi.org/10.1038/s41467-020-20283-0
https://doi.org/10.1103/PhysRevLett.18.167
https://doi.org/10.1103/PhysRevLett.18.167
https://doi.org/10.1364/OE.443489
https://doi.org/10.1364/OE.443489
https://doi.org/10.1364/OL.41.002759
https://doi.org/10.1364/OL.41.002759
https://doi.org/10.1002/lpor.202000291
https://doi.org/10.1002/lpor.202000291
https://doi.org/10.1103/PhysRev.128.606
https://doi.org/10.1103/PhysRev.128.606
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(29) Terhune, R. W.; Maker, P. D.; Savage, C. M. Optical Harmonic
Generation in Calcite. Phys. Rev. Lett. 1962, 8 (10), 404—406.

(30) Godefroy, P.; de Jong, W.; van Hasselt, C. W.; Devillers, M. A.
C.; Rasing, Th Electric Field Induced Second Harmonic Generation
Spectroscopy on a Metal-oxide-silicon Structure. Appl. Phys. Lett.
1996, 68 (14), 1981—1983.

(31) Seyler, K. L.; Schaibley, J. R; Gong, P.; Rivera, P.; Jones, A. M.;
Wu, S;; Yan, J.; Mandrus, D. G.; Yao, W.; Xu, X. Electrical Control of
Second-Harmonic Generation in a WSe2Monolayer Transistor. Nat.
Nanotechnol. 2015, 10 (5), 407—411.

(32) Sun, Y; Larin, A,; Mozharov, A,; Ageev, E; Pashina, O,;
Komissarenko, F.; Mukhin, I; Petrov, M.; Makarov, S.; Belov, P.;
Zuev, D. All-Optical Generation of Static Electric Field in a Single
Metal-Semiconductor Nanoantenna. Light Sci. Appl. 2023, 12 (1),
237.

(33) Abdelwahab, I; Tilmann, B.; Wu, Y.; Giovanni, D.;
Verzhbitskiy, L; Zhu, M.; Berté, R;; Xuan, F.; Menezes, L. D. S,;
Eda, G,; Sum, T. C;; Quek, S. Y,; Maier, S. A,; Loh, K. P. Giant
Second-Harmonic Generation in Ferroelectric NbOI2. Nat. Photonics
2022, 16 (9), 644—650.

(34) Cai, W, Vasudev, A. P; Brongersma, M. L. Electrically
Controlled Nonlinear Generation of Light with Plasmonics. Science
2011, 333 (6050), 1720—1723.

(35) Cook, D. J.; Chen, J. X,; Morlino, E. A.,; Hochstrasser, R. M.
Terahertz-Field-Induced Second-Harmonic Generation Measure-
ments of Liquid Dynamics. Chem. Phys. Lett. 1999, 309 (3), 221—228.

(36) Borodin, A. V.; Esaulkov, M. N.; Frolov, A. A.; Shkurinov, A. P.;
Panchenko, V. Y. Possibility of Direct Estimation of Terahertz Pulse
Electric Field. Opt. Lett, OL 2014, 39 (14), 4092—4095.

(37) Beer, A.; Hershkovitz, D.; Fleischer, S. Iris-Assisted Terahertz
Field-Induced Second-Harmonic Generation in Air. Opt. Lett, OL
2019, 44 (21), 5190—5193.

(38) Nahata, A; Heinz, T. F. Detection of Freely Propagating
Terahertz Radiation by Use of Optical Second-Harmonic Generation.
Opt. Lett, OL 1998, 23 (1), 67—69.

(39) Bodrov, S. B; Sergeev, Y. A.; Korytin, A. L; Burova, E. A;
Stepanov, A. N. Terahertz Pulse Induced Femtosecond Optical
Second Harmonic Generation in Transparent Media with Cubic
Nonlinearity. J. Opt. Soc. Am. B, JOSAB 2020, 37 (3), 789—796.

(40) Garriga Francis, K. J.; Zhang, X.-C. Local Measurement of
Terahertz Field-Induced Second Harmonic Generation in Plasma
Filaments. Front. Optoelectron. 2023, 16 (1), 44.

(41) Petev, M.; NiclasWesterberg; Rubino, E.; Moss, D.; Couairon,
A.; Légaré, F; Morandotti, R; Faccio, D.; Clerici, M. Phase-
Insensitive Scattering of Terahertz Radiation. Photonics 2017, 4 (1), 7.

(42) Chen, X; Sang, J.; Wang, K; Zheng, Z.; Fang, Y.; Wang, J.; Wy,
X.; Song, L.; Tian, Y.; Leng, Y.; Li, R. Terahertz-Triggered Ultrafast
Nonlinear Optical Activities in Two-Dimensional Centrosymmetric
PtSe,. Opt. Lett, OL 2024, 49 (8), 1864—1867.

(43) Zhong, H; Song, L,; Tian, Y. Second Harmonic Generation
and Third Harmonic Enhancement in Silicon by a Composite
Metasurface and Intense Terahertz. Opt. Express 2024, 32 (22),
39017.

(44) Tomasino, A.; Piccoli, R; Jestin, Y.; Delprat, S.; Chaker, M.;
Peccianti, M.; Clerici, M.; Busacca, A.; Razzari, L.; Morandotti, R.
Invited Article: Ultra-Broadband Terahertz Coherent Detection via a
Silicon Nitride-Based Deep Sub-Wavelength Metallic Slit. APL
Photonics 2018, 3 (11), 110805.

(45) Tomasino, A.; Mazhorova, A.; Clerici, M.; Peccianti, M.; Ho,
S.-P.; Jestin, Y.; Pasquazi, A.; Markov, A.; Jin, X.; Piccoli, R.; Delprat,
S.; Chaker, M.; Busacca, A.; Ali, J.; Razzari, L.; Morandotti, R. Solid-
State-Biased Coherent Detection of Ultra-Broadband Terahertz
Pulses. Optica 2017, 4 (11), 1358.

(46) Vicario, C.; Jazbinsek, M.; Ovchinnikov, A. V.; Chefonov, O.
V.; Ashitkov, S. I; Agranat, M. B.; Hauri, C. P. High Efficiency THz
Generation in DSTMS, DAST and OH1 Pumped by Cr:Forsterite
Laser. Opt. Express, OE 2018, 23 (4), 4573—4580.

(47) Wang, T.; Cao, L.; Zhong, D.; Liy, J.; Teng, F.; Ji, S.; Sun, S,;
Tang, J; Teng, B. Growth, Electrical and Optical Studies, and

12206

Terahertz Wave Generation of Organic NLO Crystals: DSTMS.
CrystEngComm 2019, 21 (17), 2754—2761.

(48) Rodriguez-Suné, L.; Scalora, M.; Johnson, A. S.; Cojocaru, C;
Akozbek, N.; Coppens, Z. J.; Perez-Salinas, D.; Wall, S.; Trull, J. Study
of Second and Third Harmonic Generation from an Indium Tin
Oxide Nanolayer: Influence of Nonlocal Effects and Hot Electrons.
APL Photonics 2020, S (1), 010801.

(49) Wynne, J. J. Optical Third-Order Mixing in GaAs, Ge, Si, and
InAs. Phys. Rev. 1969, 178 (3), 1295—1303.

(50) Scalora, M.; Trull, J.; De Ceglia, D.; Vincenti, M. A.; Akozbek,
N.; Coppens, Z.; Rodriguez-Suné, L.; Cojocaru, C. Electrodynamics
of Conductive Oxides: Intensity-Dependent Anisotropy, Reconstruc-
tion of the Effective Dielectric Constant, and Harmonic Generation.
Phys. Rev. A 2020, 101 (5), 053828.

(51) Scalora, M.; Vincenti, M. A; de Ceglia, D.; Roppo, V.; Centini,
M,; Akozbek, N.; Bloemer, M. J. Second- and Third-Harmonic
Generation in Metal-Based Structures. Phys. Rev. A 2010, 82 (4),
043828.

(52) Vincenti, M. A,; de Ceglia, D.; Ciattoni, A; Scalora, M.
Singularity-Driven Second- and Third-Harmonic Generation at
Epsilon-near-Zero Crossing Points. Phys. Rev. A 2011, 84 (6), 063826.

(53) Vincenti, M. A; de Ceglia, D.; Haus, J. W.; Scalora, M.
Harmonic Generation in Multiresonant Plasma Films. Phys. Rev. A
2013, 88 (4), 043812.

(54) Vincenti, M. A.; de Ceglia, D.; Scalora, M. Nonlinear Dynamics
in Low Permittivity Media: The Impact of Losses. Opt Express 2013,
21 (24), 2994929954

https://doi.org/10.1021/acs.nanolett.5c02467
Nano Lett. 2025, 25, 12201-12206


https://doi.org/10.1103/PhysRevLett.8.404
https://doi.org/10.1103/PhysRevLett.8.404
https://doi.org/10.1063/1.115646
https://doi.org/10.1063/1.115646
https://doi.org/10.1038/nnano.2015.73
https://doi.org/10.1038/nnano.2015.73
https://doi.org/10.1038/s41377-023-01262-8
https://doi.org/10.1038/s41377-023-01262-8
https://doi.org/10.1038/s41566-022-01021-y
https://doi.org/10.1038/s41566-022-01021-y
https://doi.org/10.1126/science.1207858
https://doi.org/10.1126/science.1207858
https://doi.org/10.1016/S0009-2614(99)00668-5
https://doi.org/10.1016/S0009-2614(99)00668-5
https://doi.org/10.1364/OL.39.004092
https://doi.org/10.1364/OL.39.004092
https://doi.org/10.1364/OL.44.005190
https://doi.org/10.1364/OL.44.005190
https://doi.org/10.1364/OL.23.000067
https://doi.org/10.1364/OL.23.000067
https://doi.org/10.1364/JOSAB.384841
https://doi.org/10.1364/JOSAB.384841
https://doi.org/10.1364/JOSAB.384841
https://doi.org/10.1007/s12200-023-00095-y
https://doi.org/10.1007/s12200-023-00095-y
https://doi.org/10.1007/s12200-023-00095-y
https://doi.org/10.3390/photonics4010007
https://doi.org/10.3390/photonics4010007
https://doi.org/10.1364/OL.520416
https://doi.org/10.1364/OL.520416
https://doi.org/10.1364/OL.520416
https://doi.org/10.1364/OE.537982
https://doi.org/10.1364/OE.537982
https://doi.org/10.1364/OE.537982
https://doi.org/10.1063/1.5052628
https://doi.org/10.1063/1.5052628
https://doi.org/10.1364/OPTICA.4.001358
https://doi.org/10.1364/OPTICA.4.001358
https://doi.org/10.1364/OPTICA.4.001358
https://doi.org/10.1364/OE.23.004573
https://doi.org/10.1364/OE.23.004573
https://doi.org/10.1364/OE.23.004573
https://doi.org/10.1039/C9CE00150F
https://doi.org/10.1039/C9CE00150F
https://doi.org/10.1063/1.5129627
https://doi.org/10.1063/1.5129627
https://doi.org/10.1063/1.5129627
https://doi.org/10.1103/PhysRev.178.1295
https://doi.org/10.1103/PhysRev.178.1295
https://doi.org/10.1103/PhysRevA.101.053828
https://doi.org/10.1103/PhysRevA.101.053828
https://doi.org/10.1103/PhysRevA.101.053828
https://doi.org/10.1103/PhysRevA.82.043828
https://doi.org/10.1103/PhysRevA.82.043828
https://doi.org/10.1103/PhysRevA.84.063826
https://doi.org/10.1103/PhysRevA.84.063826
https://doi.org/10.1103/PhysRevA.88.043812
https://doi.org/10.1364/OE.21.029949
https://doi.org/10.1364/OE.21.029949
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

