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ABSTRACT: Ultrafast manipulation of light polarization is crucial
in many nonlinear optic and optoelectronic operations. However,
most of the configurations are suffering from low modulation speed
(gigahertz) or small contrast ratio. Here, by taking advantange of
the anisotropic nonlinear response of indium tin oxide at its
epsilon-near-zero region and plasmonic nanoantennas at their
polarization-sensitive resonance, we achieve a large, ultrafast
anisotropic modulation of light. A polarization elliptic rotation of
32.5° at 1.23 μm wavelength, and a phase delay between the
oscillations of the linear polarization axes of π/7 within 600 fs
response time is demonstrated. This approach constitutes a novel,
efficient way to implement all-optical high-speed polarization
modulators and retarders.

KEYWORDS: femtosecond optical modulation, polarization manipulation, anisotropic nonlinearity, epsilon-near-zero material,
plasmonic nanoantenna array

Polarization is a fundamental light property that is applied
to split and combine optical fields. To meet the

requirements of integrated photonic circuits, active manipu-
lation of light polarization is one of the crucial operations.1,2

Usually an active polarization component, known as a
polarization modulator, can be evaluated by its modulation
speed and contrast ratio.3,4 The modulation speed is mainly
determined by the optical or electronic response time of the
illuminated material, and the contrast ratio is dependent on the
magnitude of its anisotropic nonlinear response. Both
azimuthal angle and phase of the polarization state of light
will change when the refractive index variations of the material
at orthogonal directions are different under external stimuli.
Conventionally, the optical polarization is altered significantly
by means of electro-optical or magneto-optical effects, such as
in Pockels cells and Faraday rotators,5,6 respectively. However,
the modulation time of these usual strategies is typically
nanoseconds due to the slow response that comes from control
electronics, which severely restricts the application of those
modulations in high-speed photonic devices. Ultrafast optical
modulation via ultrashort-pulse control paves a promising way
for achieving transient modulation of light polarization. These
transient optical modulation can be realized in various
materials, including metals,7−9 semiconductors,10−14 metal−
semiconductor hybrid systems,15,16 2D materials,17−19 and
organic materials.20−22 With this in mind, a variety of methods

operating in visible,23−25 near-infrared,26−28 and terahertz29,30

regions have been reported for polarization modulation, most
of which have response times longer than picoseconds.
Although extremely fast polarization control of X-ray radiation
in attoseconds has been presented very recently,31 realizing a
femtosecond and large-contrast modulation of polarization in
the visible and telecom wavelength ranges remains challenging.
Transparent conducting oxide, such as indium tin oxide

(ITO), coupled to nanoantennas has been recently identified
as a promising system for nonlinear phase modulation.32 In
this work, the authors strongly coupled the plasmonic mode to
an epsilon-near-zero (ENZ) mode that could only be
supported by a 23 nm thick ITO layer that is much thinner
than the skin depth of ITO33 and observed a remarkable static
phase shift through Z-scan measurements. Here, in contrast,
we couple a 310 nm thick ITO film (no ENZ mode) to
plasmonic antennas, where no strong coupling between the
two modes exists, and investigate the transient optical
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Figure 1. Femtosecond polarization modulation configuration. Schematic of the femtosecond manipulation of the polarization state of light. The
transmitted signal light is dominated by s-polarized component (direction perpendicular to the length of antennas) when no control light is
illuminated and becomes elliptical polarized due to the pump-induced phase delay and transparency of the p-polarized component under control
excitation. Inset: the SEM image of the gold nanoantennas.

Figure 2. Linear optical responses of the ITO-antennas coupled system. (a) Real (black curve) and imaginary (gray curve) parts of the permittivity
of ITO film used in this study. ENZ wavelength is indicated by a red dot. (b) Linear transmittance spectra of the ITO film (black curve) and the
coupled system for Ex- (red curve) and Ey-polarization (blue curve) at the normal incidence. Inset, transmittance spectra of the nanoantennas at
the normal incidence when taking the ITO film as the baseline. (c) Simulated transmittance spectra of the coupled system calculated by the finite-
element method (COMSOL Multiphysics). (d) Electric field intensity distribution of the coupled system at the resonant wavelength of 1230 nm.
Here, only one antenna is shown.
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dynamics that can be induced from very strong polarization
and phase changes on subpicosecond time scales that lead to
large modulated optical responses offered by such coupled
system. More precisely, by combining the large anisotropic
nonlinearity of a thick ITO film at its ENZ region and
plasmonic nanoantennas at their polarization-sensitive reso-
nant wavelength (λSP) and by applying ultrafast optical pump−
probe technique, we not only obtain a pronounced transient
phase change (π/7), but importantly achieve a significant
polarization rotation (32.5°) within 600 fs switching time
(corresponding to a calculated bandwidth of ∼0.73 THz for
Gaussian pulses with a time-bandwidth product of 0.44) when
λSP is close to ENZ wavelength (λENZ). As discussed further
below, the possibility to reach a femtosecond response of the
coupled system stems from the ultrafast electron−electron (e-
e) and electron−phonon (e-p) scattering processes together
with the large modulation in the polarization state that results
from the large anisotropic nonlinearity of the coupled system.
Under resonant pumping, hot electrons are excited, and both
the plasma frequency of ITO and the plasmonic resonance of
the nanoantennas are red-shifted. The transient evolution of
the transmitted polarization states and their large modulation
in the time domain makes our coupled system particularly
appealing for the designing of new transient transmissive
polarizers and retarders.

■ RESULTS AND DISCUSSION

Design Principle. The principle of the femtosecond
polarization modulation, based on an ITO-nanoantenna
coupled system, is presented in Figure 1. Here, the modulation
of the polarization state can be characterized by rotation of the
polarization azimuth and the change of the phase. For 45°
linearly polarized incident signal light (half p-polarized and half
s-polarized), when there is no external excitation, the coupled
system is transparent for the s-polarized component and nearly
opaque for the p-polarized component at the resonant
wavelength, due to the polarization selectivity of the plasmonic
antennas and the ENZ material at oblique incidence.13 It thus
appears like a transmissive polarizer. Under the femtosecond
control pulse excitation, an anisotropic nonlinear response of
the coupled system is induced. In such a case, the amplitude
modulation along the p-polarization direction is much larger
than that for s-polarization one. The optically excited free-

electron oscillations result in a redshift of the ENZ wavelength
and the plasmonic resonance. As a result, the coupled system
then becomes transparent for both s- and p-polarized light at
λSP. Therefore, the polarization azimuth of the transmitted
light displays a transient rotation. Moreover, the large
anisotropic nonlinearity of the coupled system under the
control pulse also corresponds to the difference in refractive
index along p- and s-polarized directions, which gives rise to an
ultrafast phase change of the transmitted signal light.

Linear Optical Response. The coupled system used in
our study consisted of gold nanoantennas on top of a 310 nm
thick ITO film. The plasmonic antennas, with average
dimensions of 580 nm × 180 nm × 90 nm, were fabricated
with a standard electron-beam lithography technique. The
dimensions of the unit cell were 800 nm × 800 nm and the
details of the sample’s preparation are given in Methods. The
size and periodicity of the antenna were designed intentionally
to support a localized plasmon resonance at the wavelength
close to λENZ -the optimization of the antenna dimensions are
discussed in Supporting Information S1. The linear permittiv-
ity of the ITO film was measured using a spectroscopic
ellipsometry (M-2000, J.A. Woollam Co. Inc.), and the
corresponding zero permittivity (real part) occurs at 1240
nm (λENZ), as shown in Figure 2a. The transmittance spectrum
of the ITO film and the coupled system for mutually
orthogonal polarizations, Ex (direction parallel to the length
of the antenna) and Ey, recorded at the normal incidence, are
shown in Figure 2b. Here, the reverse-S-shaped transmittance
spectrum of the ITO film reveal the characteristic optical
property of ENZ materials, that is, those materials exhibiting
dielectric-like (high transmittance) or metal-like (high
reflectance) properties at the wavelength shorter or longer
than their λENZ, respectively. In clear contrast with the
spectrum measured under Ey incident polarization, a
remarkable transmittance dip for the Ex-polarization was
observed for the coupled system at 1230 nm, which results
from the light absorption at the plasmonic resonance.34 Here,
the resonant wavelength of the nanoantennas can be estimated
(1230 nm) by comparing the spectrum of the sole ITO film
with the spectrum the coupled system, as shown in inset of
Figure 2b. In addition, the measured spectra of the coupled
system agree well with the theoretical simulations, shown in
Figure 2c. It should be noted here that the transmittance

Figure 3. (a) Quality factor of plasmonic resonance (orange circles) and anisotropic factor of the ITO film (black circles) as a function of the
incident angle. (b) Linear transmittance spectrum of the ITO-antenna coupled system for p- (red curve) and s-polarization (blue curve) with an
incident angle of 30°.
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amplitude of the Ex-polarized light near the ENZ region shows
a discrepancy between the measured and the simulated results.
This can be possibly due to fabrication imperfections, surface-
roughness-induced scattering, and extra optical loss involved
during the fabrication process. From the linear transmittance
spectra, we can analyze the electric field distribution of the
coupled system. Usually, the transmission is minimized when
the light strongly interacts with the dipole antenna and the
ENZ layer.35,36 This leads to enhancement of the electric field
on both constituents of the coupled system (Figure 2d). The
maximum enhancement factor at the resonant wavelength is
∼50 in our case, which is much larger than the value obtained
far from the resonance (Figure S1).
The anisotropic nonlinear response of ITO film only occurs

at oblique incidence in its ENZ region.13 Therefore, it is
essential to choose the suitable incident angle in our
measurements. For simplicity, we use an anisotropic factor to
express the ratio of the modulation depth of the p-polarized
signal light to that of the s-polarized signal light when the
pump fluence is fixed. As displayed in Figure 3a, when the
wavelength of the signal light appears at the ENZ region (1230
nm), the anisotropic factor of the ITO film increases with the
incident angle and stabilizes above 30°. Meanwhile, the quality
factor of the plasmonic resonance strongly decreases when the

incident angle is larger than 30°. Therefore, we set the incident
angle of the signal light at 30° to maximize the anisotropic
responses of both ITO and nanoantennas. The transmittance
spectra of the coupled system for p- and s-polarized light at 30°
are shown in Figure 3b.

Nonlinear Optical Response. We first carried out the
amplitude modulation of the transmitted signal light for both s-
and p-polarized cases under both nonresonant (800 nm) and
resonant (1230 nm) pump excitations, as presented in Figure
4a−c. The details of the measurements are described in
Methods. Here, the modulation depth of the transmitted signal
light at a time delay t is defined as the relative change of the
static transmittance (T0) of the coupled system by ΔT(t)/T0 =
(T(t) − T0)/T0, and the zero delay is defined at the maximum
of the transmittance change. Compared with the less-featured
ΔT(t)/T0 spectrum of the s-polarized light, the spectrum of
ΔT(t)/T0 of the p-polarized light shows remarkable positive
and negative regions centered at 1220 and 1290 nm,
respectively, at zero delay under the excitation of a non-
resonant pump (Figure 4a,b). Based on the static transmittance
spectra (Figure 3b), the absolute transmittance spectra of both
s- and p-polarized signal light at zero delay can be estimated, as
indicated in Figure S3. Obviously, this different signs of
modulation ascribe to the pump-induced redshift of the

Figure 4. Nonlinear optical amplitude modulation of the ITO-antennas coupled system. Ultrafast amplitude modulation spectrum of the coupled
system for (a) p- and (b) s-polarized signal light under 800 nm nonresonant excitation at a pump fluence of 5.1 mJ/cm2. Inset of (a): 2D cut of the
contour plot at t = 0. (c) Transient optical modulation of the coupled system for p- (red dots) and s-polarized (blue squares) 1230 nm signal light
under 1230 nm resonant excitation at 5.1 mJ/cm2 irradiated fluence. The dashed gray line (10% of maximal modulation) denotes the baseline when
considering the time response. (d) Zero-delay modulation for 1230 nm p- (red dots) and s-polarized (blue squares) signal light through the
coupled system under resonant pumping at various illuminated fluences. Gray curve displays the theoretical values obtained from our model. (e)
Temporal response of electron and lattice temperatures of the ITO film under 5.1 mJ/cm2

fluence calculated from the two-temperature model that
is discussed in Supporting Information, S3. Inset: time evolution corresponds to the convolution of the pump- and probe-plasmon-pulse profiles.
(f) Electron-temperature-dependent plasma frequency of the ITO based on the nonparabolic conduction band.
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plasmonic resonance of the coupled system. In addition, both
modulation regions exhibit similar temporal responses, that is,
200 fs rise time and 300 fs recovery time, which reveal a
physical origin related to the thermalization of electrons in the
conduction band. For the resonant excitation case, the
degenerate pump−probe measurements were investigated,
and the recorded results for the different polarized signal
beams are displayed in Figure 4c. The amplitude modulation
for the p-polarized light is 31× larger than that for the s-
polarized light and also 1 order of magnitude larger than the
value measured under nonresonant pump (55%) at the same
pump fluence (Figure 4a). An increase of the irradiated fluence
will enhance the transmittance variation. In particular, for p-
polarized signal light, ΔT(0)/T0 could reach a maximum value
of 960% at an illuminated fluence of 10.4 mJ/cm2 (Figure 4d),
which corresponds to the change of the absolute transmittance
of the coupled system from 3.6% to 38.2% and to the change of
optical density (OD) from 1.44 to 0.42. In comparison, the
ΔT(0)/T0 of the s-polarized light is only 37%. This difference
shows that the ITO-antennas coupled system exhibits a large
anisotropic nonlinearity under resonant excitation. The
response time of the modulation (500 fs) resembles that of
the nonresonant pump, indicating the same nature of these
ultrafast processes.
Under the resonant pump, the physical origin of the

ultrafast, large modulation of the transmittance of the signal
light is attributed to the femtosecond time evolution and the
pump-induced permittivity change of the ITO−antennas
coupled system. In order to simplify the discussion, the
temporal response and the permittivity variation of the ITO
and gold nanoantennas are analyzed separately in the following
text.
Because the optical properties of ITO resemble those of a

free electron gas at near-infrared wavelengths, the ultrafast
response of the ITO can be ascribed to the change of the
energy distribution of electrons in the conduction band under
laser-induced electron thermalization. The dynamics of the hot
electrons is essentially driven by electron−electron (e-e) and
electron−phonon (e-p) scattering processes, and the corre-
sponding time evolution of the electron and lattice temper-
atures can be well described by a phenomenological two-
temperature model (see details in Supporting Information,
S3).32,37,38 In this model, a large amount of optical energy is
first stored in nonthermal electrons instantaneously during the
pump illumination. It is then transferred from nonthermal
electrons to thermal electrons (hot Fermi distribution) via e-e
scattering process within hundreds of femtoseconds.39,40 After
reaching the highest electron temperature (Te), the hot
electrons interact with phonons through e-p scattering, a
process that eventually thermalizes the lattice. During this
process, Te is reduced and the lattice temperature increases.
Eventually, electrons and lattice reach a thermal equilibrium.
As calculated in Figure 4e, Te possesses an ∼150 fs buildup
time and an ∼300 fs decay time, both times consistent with the
time-dependent transmittance variations observed on a bare
ITO film, as displayed in Figure S4a in Supporting
Information, S3. In the gold nanoantennas, localized surface
plasmons are excited instantaneously within the pump pulse
irradiation and then damped into hot electrons within 13 fs via
e-e scattering. As already reported,41 the optical nonlinear
response induced by plasmons is much larger than that caused
by the lattice thermalizing process in metallic nanostructures.
Therefore, the duration of the pump-induced plasmon pulse

determines the time response of the optical nonlinearity of the
nanoantennas. The time evolution of the plasmonic non-
linearity, which corresponds to the convolution of the pump-
and probe-plasmon-pulse profiles, is calculated to be 161 fs as
displayed in inset of Figure 4e (Supporting Information, S3).
Much shorter than the time dependence of the bare ITO
transmittance, this plasmonic time response is therefore hidden
by that of ITO, thereby making the temporal response of the
coupled system resembles that of the bare ITO film (Figure
S4a).
The fluence-dependent transmittance change (Figure 4d) is

a consequence of the change in refractive index (Δn) of the
coupled system. Usually Δn is associated with the nonlinear
refractive index (n2) by Δn = n2I, where I is the intensity of the
optical fields that illuminated on the sample.5 Since refractive
index is dependent on permittivity, laser-induced Δn in our
case stems from the permittivity variation of both ITO and
gold nanoantennas. We assume that the permittivity of ITO
follows the Drude model, ε(ω) = εb − ωp

2/(ω(1 + iΓω)),
where εb is the background permittivity, ωp is the free electron
plasma frequency, ω is the frequency of the incident light, and
Γ is the Drude damping rate. Usually, the change in the
background permittivity, Δεb, is strongly dispersive. It has a
maximal value near the bandgap energy (3.8 eV)42 and retains
a small value at longer wavelengths.12 In our measurements,
the 1230 nm wavelength corresponds to an intraband
transition (conduction band), and thus, Δεb can be neglected.
According to the two-temperature model, the Drude damping
rate at highest Te under an illuminated fluence of 5.1 mJ/cm2

will increase 1.5× compared with that at room temperature.
However, the modification of Γ contributes only marginally to
the transmittance variation (∼5.5%), as seen on the
calculations performed using a transfer matrix method.43

Therefore, the large nonlinearity of ITO is mainly caused by
the change in the plasma frequency. Usually, the plasma
frequency is associated with electron density in the conduction
band (ne) and electron effective mass (m*) by ωp

2 = ne e
2/ε0

m*, where e is the elementary charge and ε0 is the permittivity
of free space. In our experiments, ne is unchanged for intraband
pumping. Therefore, a nonparabolic conduction band, which
results in an electron-wavevector-dependent m*44 and,
consequently, a Te-dependent ωp, must be taken into
consideration. As presented in Figure 4f, the plasma frequency
is reduced when the electron temperature increases (Support-
ing Information, S4). The red-shift of ωp at elevated Te is
consistent with the results in Figure S3. Knowing that the
absorbed fluence and the zero-delay Te can be connected by
the two-temperature model (Figure S4b), and revisiting the
Drude model, one can easily relate the absorbed fluence to
ΔT/T0 of the pure ITO film by means of T-matrix method.
The calculated ΔT/T0 is plotted in Figure S5a, which agrees
well with the experimental data.
The Drude model can also be applied to describe the

permittivity of the gold nanoantennas. Considering that the
frequency of the light in our experiments is much smaller than
the plasma frequency of gold (8.9 eV), both the background
permittivity and plasma frequency can be taken as constants.
Therefore, only the change in the Drude damping rate plays a
role in the permittivity variation of the nanoantennas.8 Similar
with the method used in ITO above, from the two-temperature
model and the Drude model, we can relate the electron
temperature, the change of the Drude damping rate and the
permittivity variation of the nanoantennas. By applying a finite-
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element method, meanwhile considering the transmittance
variation of ITO as discussed above, the fluence-dependent
ΔT/T0 of the ITO-antennas coupled system for the p-
polarized signal light can be well estimated, as presented with
the gray curve in Figure 4d.
Polarization Modulation. Considering the large aniso-

tropic nonlinear responses described above, it is worth to
estimate the polarization state of the transmitted signal light at
different time delays between the signal and the control pulses.
We do so by putting a rotating quarter waveplate and a fixed
polarizer in front of the photodetector (Methods). In our
experiments, the incident control light was p-polarized and the
signal light was linearly polarized at 45°. The wavelength and
incident angle of both beams are 1230 nm and 30° (∼2°
intersection angle), respectively. During the excitation by the
control pulse, the polarization state of the transmitted signal
light is modified drastically, which persists only for a few
hundreds of femtoseconds. This polarization dynamics can be
monitored as a trajectory in the Poincare sphere as shown in
Figure 5a, where the blue and red lines correspond to the
buildup and relaxation processes, respectively. The different
paths of the trajectories for these processes reveal different
modification mechanisms of the permittivity, where the
buildup and relaxation processes correspond to e-e and e-p

scatterings, respectively. Analyzing these paths, the S1OS2 in-
plane angle change corresponds to the change of the azimuthal
angle of the polarization state. Furthermore, the polar angle
with respect to S1OS2 plane represents the change of ellipticity,
which is related to the phase difference between p- and s-
polarized components.
The dynamics of the polarization state can also be expressed

as the transient change in azimuthal angle and phase. As
presented in Figure 5b, prior to the arrival of the control pulse,
the transmitted signal light is near-linearly polarized with the
azimuthal angle of 20°. Then, a 5.1-mJ/cm2 control pulse
rotates the polarization of the transmitted signal light by 23.5°
to reach 43.5°. Finally, the polarization goes back to its initial
state within 500 fs. Here, the switching time is more than 1
order of magnitude shorter than that of a plasmonic
metamaterial,23 and nearly 2 orders of magnitude shorter
than that at recently reported for a 2D chiral silicon-based
split-ring resonator.27 The fluence-dependence rotation of the
polarization azimuth of the transmitted signal light can also be
measured in Figure 5c, where the rotated angle increases with
the control fluence and eventually reach a maximum of 32.5° at
10.4 mJ/cm2 irradiated fluence. This trend can be understood
by the fact that the anisotropic nonlinearity of the coupled
system is enhanced as the pump fluence increases, as indicated

Figure 5. Ultrafast polarization modulation. (a) Dynamics of the polarization state of the transmitted signal light represented in the Poincare
sphere. (b) Femtosecond modulation of the polarization azimuthal angle of the signal light through the coupled system under 5.1 mJ/cm2 resonant
excitation. Upper panel shows the polarization ellipse at the corresponding time delay. (c) Rotated angle of the polarization azimuth as a function
of irradiated fluence. (d) Temporal response of the retardation between p- and s-polarized components of the transmitted signal light under 5.1 mJ/
cm2 resonant pump.
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in Figure 4d. In addition, the phase of the transmitted signal
light also experiences a transient modification under pump
excitation, which makes the transmitted signal light to be
elliptically polarized at zero delay (Figure 5b). The phase delay
between the oscillations of the linear polarization axes (p- and
s-polarized components) increases by π/7 within 100 fs and
goes back to its original state with a response time of ∼600 fs
(Figure 5d). This transient phase change is mainly caused by
the pump-induced distinct refractive indices of the ITO−
nanoantenna coupled system at the orthogonal directions. In
addition, although the modulation frequency in our measure-
ments is relatively low (1000 Hz), which is determined by the
repetition rate of the laser, the temporal response (or switching
time) of the ITO−antennas coupled system is an intrinsic
property and is independent of laser repetition rate. Therefore,
such a high-speed modulation, with a calculated bandwidth of
∼0.73 THz, could be used as a promising way to design
ultrafast phase retarders.
The polarization-modulation configuration discussed above

works at 1.23 μm, it is also possible to extend the operation
wavelength to other telecom wavelengths, such as 1.5 μm. A
feasible way is to shift the ENZ region of ITO by tuning the
carrier concentration/doping.45,46 Besides, choosing other
transparent conducting oxides, such as aluminum-doped zinc
oxide, can also achieve the ENZ region at other wavelengths.47

It should be noted that the power consumption applied here is
relative high for realizing practical nonlinear photonic devices.
Despite this apparent limitation, we emphasize that the
extremely fast response (600 fs) and large modulation contrast
achieved in this study still offer an efficient and promising way
for realizing ultrafast photonic devices.

■ CONCLUSIONS

To summarize, by making use of the anisotropic optical
nonlinear response of ITO at its ENZ region and nano-
antennas at their plasmonic resonances, we have achieved a
large anisotropic modulation of p- and s-polarized light in the
ITO-antennas coupled system and realized a 32.5° rotation of
the light polarization together with a π/7 phase change within
600 fs. The large anisotropic nonlinearity results from the light-
induced redshift of both the plasma frequency of ITO and the
plasmon resonance of the nanoantennas, whereas the ultra-
short response time of the coupled system stems from the
dynamics of hot electrons in conduction band. Such a large
anisotropic nonlinearity displayed at the femtosecond scale
presented here is promising for high-speed integrated photonic
device applications. Moreover, it paves an efficient way for
realizing applicable ultrafast polarization modulators and phase
retarders.

■ METHODS

Sample Preparation. The sample used in our measure-
ments is a gold nanoantenna array fabricated on top of a
commercially available 310 nm ITO film via standard electron
beam lithography (EBL). The ITO film with a sheet resistance
of 4.5 Ω/square was deposited on a 1.1 mm float glass
substrate. Between the ITO film and the substrate, there is an
∼25 nm SiO2 passivation layer in order to ensure electric
insulation. For the EBL process, two layers of the positive
PMMA e-beam resists (system 600 K/950 K of AR-P series,
Allresist GmbH) were used to improve the accuracy of the
exposed pattern. The 600 K and 950 K resists were spin-coated

sequentially with a r.p.m. of 4000 and 2000, respectively, on
top of the ITO film. The film thickness of the 600 K and 950 K
resists were 220 and 100 nm, respectively. After baking the film
at 180 °C for 90 s, the designed areas were exposed by 30 keV
electron beam (AURIGA, Zeiss). Then, the exposed resist was
developed in a conventional solution of methyl isobutyl
ketone−isopropyl alcohol (MIBK-IPA) (1:3) for 30 s. To
complete the development process, the sample was rinsed with
an IPA solution for 30 s. The obtained e-beam resist pattern
was used as a mask during evaporating 90 nm gold (0.2 nm/s,
PLASSYS ME300). Finally, the gold antenna arrays were
achieved by removing the unexposed resist with acetone. The
gold antennas, which possess average dimensions of 580 nm ×
180 nm × 90 nm, and the unit cell dimension of 800 nm × 800
nm, are designed so that they support localized plasmon modes
at 1230 nm (near to ENZ wavelength of ITO) when the
polarization of the incident light was parallel to the principal
axis of the antennas.

Optical Measurement Setup. The linear transmittance
spectra of the ITO and ITO-antennas coupled system for the
p- and s-polarized light were measured with a commercial
spectrophotometer (Model V-670, JASCO). The ultrafast
amplitude modulation was performed with an optical pump−
probe setup. The 800 nm light applied here was generated
from a Ti:sapphire laser system (Spitfire, Spectra-Physics) that
includes a seed laser (Mai Tai, Spectra-Physics) and a Q-
switched pump laser (527 nm, Empower, Spectra-Physics).
The center wavelength, the pulse width, and the repetition rate
of the output of the laser system are 800 nm, 110 fs, and 1000
Hz, respectively. For the nonresonant pump, the 800 nm
output beam was split into two portions. Both beams were
mechanically modulated at different frequencies. One portion
was used as the pump beam, the other was fed into an optical
parametric amplifier (OPA, TOPAS) in order to produce
tunable near-infrared probe light. The transient transmitted
intensity of the probe beam was acquired by a biased InGaAs
photodetector (DET10N2, Thorlabs, Inc.). The time delay
between the pump and the probe pulses was realized by
routing the probe beam through a motorized stage with
retroreflectors. The spot diameters of the pump and probe
beams were set to 600 and 180 μm, respectively, which ensures
a homogeneous pump intensity over the probed area. The
probe pulse energy was always set below 0.5 nJ to guarantee a
linear response of the photodetector at various incident
energies. For the resonant-pump condition, both the pump
and probe beams were obtained from the output of the OPA.
The pump and probe beams were set to be nearly parallel (∼2°
intersection angle) and illuminated the sample surface with an
incident angle of 30°. This ensured the excitation of localized
surface plasmons near the ENZ wavelength.
In order to estimate the Stokes parameters (S0, S1, S2, and

S3) of the polarization state of the transmitted signal light at
each time delay, a polarization state analyzer (PSA) consisting
of a rotating phase retarder (quarter-wave plate, QWP) and a
fixed polarizer were placed in front of the photodetector. Then,
for each given angle β of the QWP, the intensity of the
transmitted light (IT) can be written as a function of Stokes
parameters,48 as
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where δ is the maximum phase retardation angle, which equals
90° for the QWP used in our measurements. The intensities
here were recorded with the retarder rotated to the angles β of
0°, 15°, 30°, 45°, 60°, 75°, 90°, and 105°. This leads to an
overdetermined equation system consisting eight equations set
for solving four unknown parameters in order to improve the
accuracy of the polarization analysis and to minimize random
errors on the determination of the azimuthal angle. Since the
transmitted signal light from the sample was reflected by two
mirrors before entering the PSA, all polarization analysis were
corrected by taking into account the polarization response of
these mirrors, as explained and analyzed in detail in the
Supporting Information, S5.
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