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Invertible optical nonlinearity in epsilon-near-zero materials
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Epsilon-near-zero (ENZ) materials such as indium tin oxide (ITO) have recently emerged as a new platform to
enhance optical nonlinearities. Here we report a theoretical and experimental study on the origin of nonlinearities
in ITO films that are dominated by intraband and interband transitions. We show that there are two competing
factors that jointly contribute to a spectrally invertible nonlinearity of ITO near its ENZ region, i.e., the
nonparabolicity of the bands that results in a larger effective mass, and the Fermi energy shift that determines the
free carrier density. Our work reveals the relationship between the large nonlinearity and the intrinsic material
properties of the ITO films, which will enable design and development of photonic materials and nonlinear
devices made of transparent conductive oxides.
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I. INTRODUCTION

The pursuit of a large nonlinearity with a moderate ex-
citation field has been a long-time goal in optics. To that
end, most approaches have been focused on materials whose
refractive index (RI) can be drastically modified using an
optical pump [1,2]. Recently, epsilon-near-zero (ENZ) materi-
als have emerged as intriguing platforms exhibiting diverging
velocities [3,4], wavelength expansion [5], and large field
enhancement [6–8]. In addition to the linear effects in ENZ
[9,10], studies have revealed the potential of ENZ materials
in nonlinear applications [11]. Intuitively, the change of RI
can be expressed as dn = dε/2

√
ε, which becomes significant

given a near-zero permittivity ε ≈ 0.
Transparent conductive oxides (TCOs) are often used as

strongly nonlinear ENZ platforms [12–15]. Typical examples
include Al- or Ga-doped zinc oxides (AZO/GZO) [12,16,17],
cadmium oxides (CdO) [18,19], and indium tin oxide (ITO)
[20,21]. These materials support ENZ resonances in the
near-infrared (NIR) range and are compatible with existing
complementary metal oxide semiconductor (CMOS) tech-
nologies [22,23], thus showing great promise for applications
in telecom industries [24]. Moreover, the stability of these
materials is better than traditional metals [25] and highly
doped semiconductors [26] that show near-zero ε at their bulk
plasma wavelengths. This rich design space for photon manip-
ulation enables different strategies to enhance the nonlinearity,
including patterned structures [27,28], plasmonic materials
[20,29–31], and waveguide modes [32].

In recent studies strong optical nonlinearities, including
RI change dn on the order of unity, were observed in ITO
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thin films [6,8,15,16,20,33,34]. The transient response is dom-
inated by two subpicosecond (ps) processes: (i) intraband
transition excited by pump photons with sub-band-gap ener-
gies; and (ii) interband transition, pumped with high-energy
UV photons. Understanding the origin of the nonlinearity
observed in ultrafast experiments necessitates effective mod-
eling of these two processes [6,20,21,35]. Interband transition
is described by carrier generation followed by trap-assisted
recombination [8]. For intraband transitions, an optical Kerr
effect model was proposed where the plasma frequency ωp

or the RI n is linearly dependent on the pump intensity,
enabling quantitative description of the nonlinearity [15,36].
Specifically, using the electron-phonon coupling as a fitting
parameter, the two-temperature model revealed that the rise
of the electron temperature due to laser excitation generates a
temperature-dependent complex index [6,8,20]. Alternatively,
a deterministic physical model attributed the nonlinearity to a
nonparabolic conduction band, which modifies the effective
mass for the excited hot electron population [19,28,37,38].
However, to our knowledge, no unified description exists for
the excited-state dynamics and instead, these mechanisms are
modeled as separate processes when explaining the origin of
the nonlinearity, while their joint contributions and simultane-
ous interactions remain unexplored. Specifically, the influence
of the nonparabolicity on the interband transition has never
been investigated.

Here we adopt a conceptually different approach by ex-
ploring optical nonlinearities in ENZ materials under various
interaction regimes and material parameters, discovering a
different type of spectrally invertible nonlinear response in
ITO films. Our theory predicts that by varying the nonparabol-
icity and the Fermi level of ITO, the ENZ resonance shift can
be tuned to occur in opposite spectral directions, giving rise
to transient transmittance signals with highly variable spectral
shapes. This prediction is confirmed using femtosecond (fs)
pump-probe measurements with broadband probe beams on
ITO films with different ENZ wavelengths. The nonparabol-
icity of the bands and the free carrier density are shown to be
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FIG. 1. (a) Transmittance of the commercial ITO film at different
incident angles: 15° (black), 30° (red), 45° (blue), 60° (azure), and
75° (magenta). Solid curves are experimental data and dashed curves
are calculated using TMM. (b) Calculated permittivity using the
fitted Drude parameters. (c) Experimental (black line) and calculated
(red line) 60° transmittance spectra of sputtered ITO films with
different ENZ wavelengths.

two competing factors that jointly contribute to the invertible
nonlinearity, revealing the relationship between the large op-
tical nonlinearity and the intrinsic dispersion relations of ITO
films in the ENZ region.

II. LINEAR OPTICAL PROPERTIES

Figure 1(a) shows the linear optical properties of a 23-nm-
thick commercial ITO film on a glass substrate. The oblique-
angle transmittance reveals a resonant ENZ peak at 1240 nm,
with its amplitude increasing at larger incident angles. From
boundary conditions we have ε0E0⊥ = ε1E1⊥, where ε0 and ε1

are permittivity of air and the ITO film, respectively, and E0⊥
and E1⊥ are the normal components of the electric field. Thus,
for a small ε1 in the ENZ region, the field normal to the ITO
film would be enhanced with larger incident angles producing
stronger field enhancement. A Drude model can be used to
describe the permittivity of ITO films near the ENZ region:

ε(ω) = ε∞ − ω2
p

ω2 + iγpω
. (1)

The transfer matrix method (TMM) [39] is used to calculate
the reflectance and transmittance of the ITO thin films after
obtaining the thickness and the permittivity. Combining the
Drude model and TMM, the linear transmittance spectra of
ITO films are fitted to extract parameters ωp and γp. Here ωp

represents the plasma frequency without a pump ωp,unpump.
Figure 1(a) shows the calculation result using ωp = 1.9 and
γp = 0.17 eV, which show good agreement with the exper-
iments. The calculated dispersion of ITO with these Drude

parameters is shown in Fig. 1(b). The real part of the permit-
tivity switches sign at 1240 nm and defines the ENZ region
with εi < 1 [shaded area in Fig. 1(b)]. More ITO films with
the same thickness, 23 nm, are fabricated with rf magnetron
sputtering on glass substrates, followed by different annealing
processes to obtain different ENZ wavelengths. (See Ap-
pendix A for fabrication details and Fig. 2 for atomic force
microscopy images of ITO films [40]). The measured and
fitted transmittance spectra of three samples at 60° excitation
angle are shown in Fig. 1(c) featuring different ENZ reso-
nances.

III. THEORETICAL MODEL OF INVERTIBLE
OPTICAL NONLINEARITY

Figure 3 shows the schematic of the transient processes.
When the NIR pump photon energy is smaller than the
band gap, the electrons in the conduction band undergo
an intraband transition through free carrier absorption. Be-
fore absorption, the electron equilibrium can be described
as a room-temperature Fermi distribution. Once the pump
photon is absorbed and hot electron distribution is formed,
the effective mass of the electron sea is increased due to
the nonparabolicity of the conduction band. This redshifts the
ENZ resonance by decreasing the plasma frequency ωp,

ωp =
√

ne2

ε0m∗ , (2)

where n is the free electron density and m∗ is the effective
mass of the conduction band. Conversely, when the photon
energy is greater than the band gap (UV photons), an in-
terband transition occurs and the free carrier concentration
n is increased, which increases ωp [Eq. (2)], blueshifting
the ENZ resonance. However, the increased free carrier den-
sity raises the Fermi level, which also increases m∗ due to
the nonparabolicity. Thus, when the nonparabolicity of the
material is large enough, m∗ increase dominates the free car-
rier density increase, and interband transition can cause an
overall redshift of ENZ, inverting the nonlinearity. The total
change and the shift direction of ωp and the nonlinearity will
depend on the competing contributions of the free carrier
density at the equilibrium and the nonparabolicity of the con-
duction band.

To evaluate the influence of both factors on the nonlinearity
of ITO, an analytical model is developed. First, to account for
nonparabolicity, the band structure E (k) is written as [41,42]

k2h̄2

2m∗ = E (k) + E2

Eg
, (3)

where 1/Eg denotes the nonparabolicity. From the collision-
less Boltzmann equation, the plasma frequency ωp is derived
as [28]

ωp,pump(μ, T )2 = e2

3m∗π2

∫ ∞

0

[
2m∗

h̄2

(
E + E2

Eg

)] 3
2

×
(

1 + 2E

Eg

)−1(
−∂ f0(μ, T )

∂E

)
dE , (4)
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FIG. 2. Atomic force microscopy scan images of homemade ITO films with the ENZ wavelengths at (a) 1220 nm, (b) 1400 nm, and
(c) 1500 nm. The surface roughness is (a) 0.59 nm, (b) 0.52 nm, and (c) 0.43 nm, respectively.

where f0(μ, T ) represents the Fermi-Dirac distribution, μ is
the chemical potential, and T is the electron temperature.
Meanwhile the electron density is

n(μ, T ) = 1

π2

∫ ∞

0

[
2m∗

h̄2

(
E + E2

Eg

)] 1
2

×m∗

h̄2

(
1 + 2E

Eg

)
f0(μ, T )dE . (5)

The energy density is given by

U (μ, 300K ) + dU = 1

π2

∫ ∞

0

[
2m∗

h̄2

(
E + E2

Eg

)] 1
2

× E
m∗

h̄2

(
1 + 2E

Eg

)
f0(μ, T )dE , (6)

where dU is the absorbed energy density after pump. For
the intraband transition, the free carrier density n(μ, T ) is a
constant and the electron energy density U (μ, T ) is equal to
the room-temperature energy density U (μ, 300 K) plus the
absorbed pump photon energy density dU . Therefore the in-
traband nonlinearity is fully determined by the parameters m∗,
Eg, ωp, and γp. In Figs. 4(a) and 4(b), we explore the differen-
tial transmittance change �A near the ENZ region under the
NIR pump, where intraband transition dominates the nonlin-

FIG. 3. Schematic of the nonlinear optical responses in ITO
films. The intraband transition under the NIR pump induces a larger
effective mass due to the nonparabolic band structure and decreases
the plasma frequency. The interband transition under the UV pump
generates additional free carriers, increases the plasma frequency,
and induces a larger effective mass. Ec: conduction band, Ef : Fermi
level, Ev: valence band, Ehot: hot electron energy level, and dashed
curves represent the parabolic bands and the increase of the Fermi
level.

earity. �A is defined as − log(1 + �T/T0), where T0 denotes
the reference transmittance and �T is the dynamic change in
transmittance after the pump. In Fig. 4(a) the ENZ wavelength
is varied from 1220 to 1500 nm while the nonparabolicity Eg

and m∗ are kept at 2.39 eV and 0.26m0, respectively, where
m0 is the electron mass at rest. At longer ENZ wavelengths
that correspond to the lower free carrier density and lower
Fermi level, the maximum absolute value of �A is larger. This
is because electrons at a lower Fermi level undergo a larger
change in effective mass when the same amount of energy is
absorbed, which results in a larger nonlinearity. Conversely,
as shown in Fig. 4(b), when the ENZ wavelength is kept un-
changed, increasing Eg from 2 to 3.3 eV results in decreasing
�A values. Smaller Eg represents larger nonparabolicity, thus
creating a larger change in m∗ and a larger nonlinearity.

After considering the nonlinearity under the NIR pump
dominated only by intraband transitions, we introduce a
phenomenon which involves both intraband and interband
transitions under a UV pump. Here, the free carrier density
n(μ, T ) is equal to the room-temperature carrier concentration
n(μ, 300 K) plus the density of absorbed photons dn:

n(μ, 300K ) + dn = 1

π2
×

∫ ∞

0
dE

[
2m

h̄2

(
E + E2

Eg

)] 1
2 m

h̄2

×
(

1 + 2E

Eg

)
f0(μ, T ), (7)

where dn is given by

dn = FAcosθ

πr2hEphoton
, (8)

where F is the energy per pulse, A is the absorption, θ is
the incident angle, r is the pump beam radius, h is the film
thickness, and Ephoton is the photon energy. The calculated
�A is plotted in Fig. 4(c), where the ENZ wavelength is
1220 nm and Eg is varied from 2 eV to 3.3 eV. Interestingly,
unlike in Figs. 4(a) and 4(b), where the NIR pump causes an
unchanged spectral shape of �A regardless of the values of
Eg and ENZ, the spectral shape under the UV excitation in
Fig. 4(c) depends on the relative strength between the free car-
rier density and the nonparabolicity. For small Eg [Fig. 4(c),
black curve], the hot-electron-induced Fermi-level shift has
a stronger contribution than the increase in carrier density
due to band-to-band transition and causes a redshift of ωp.
Conversely, an overall blueshift of ωp occurs when the hot
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FIG. 4. (a) Differential transmittance change �A under NIR excitation for Eg = 2.39 eV. (b) Calculated �A for different values of Eg under
NIR excitation. (c) Calculated �A for different values of Eg under UV excitation.

electron contribution is relatively lower [Fig. 4(c), red and
green curves]. We observed spectral inversion of nonlinearity
based on the competing mechanisms of the free carrier density
changes and the nonparabolicity.

IV. ULTRAFAST EXPERIMENTAL RESULTS

To verify these predictions, we carry out a set of
transient transmittance measurements using a narrow-band

FIG. 5. (a)–(c) Time-resolved transmittance spectral change of
ITO films. The pump wavelength coincides at the ENZ wavelength
at (a) 1220 nm, (b) 1400 nm, and (c) 1500 nm. (d)–(f) �A spectra
at the beginning of the relaxation process for ENZ wavelengths at
(d) 1220 nm, (e) 1400 nm, and (f) 1500 nm. The black curves
are extracted from the experimental data with the delay time at
(d) 0.19 ps, (e) 0.13 ps, and (f) 0.17 ps. The red curves are theoretical
spectra based on the intraband model. (f) Kinetic decay process of the
absorbed energy dU .

femtosecond pump and broadband femtosecond probe pulses
(see Appendix A for experimental details). Figure 5(a) shows
the �A spectral map measured on an ITO film with both
the ENZ resonance and pump wavelength at 1220 nm. An
ultrafast redshift of the ENZ resonance is observed, indi-
cating the increase in m∗ induced by intraband transitions.
A maximum of nonlinear response of �A = 100 mOD is
obtained at a pump fluence of 1000 µJ/cm2, as shown in
Fig. 9(a), corresponding to �T/T = 35%, which is com-
parable to values in the literature [8,20,28]. Additional �A
spectral maps measured on ITO films with different ENZ
wavelengths and pumped at their resonance peaks are plot-
ted in Figs. 5(b) and Fig. 5(c). In Fig. 5(d) the spectrum
immediately after the pump absorption (black curve) is
fitted to determine m∗ and Eg using the intraband tran-
sition model, followed by the Drude model and TMM
analysis. In the fitting process, we assume two initial val-
ues for Eg and m∗. Since at room temperature 300 K the
plasma frequency ωp,unpump is known, the chemical potential
µ(300 K) can be extracted from Eq. (4). Then n(µ, 300 K)
and U (µ, 300 K) can be obtained. After the NIR pump,
n remains unchanged for the intraband transition, which
means n = n(µ, 300 K); therefore μ as a function of T is
determined from Eq. (5). Equation (6) gives the electron
temperature T with the specific dU , which represents the
pump strength. Then ωp,pump(μ, T ) can be calculated from
Eq. (4). This intraband transition model helps determine Eg

and m∗ from the NIR pump transient spectra, where ωp,pump is
extracted by fitting the experimental data. The fitted spectrum
[Fig. 5(d), red curve] is in good agreement with the experi-
ment. Remaining deviations may be due to nonconstant Eg and
ε∞ in our theoretical model and experimental uncertainties.
The same calculation is conducted on other samples with ENZ
wavelengths at 1400 and 1500 nm [Figs. 5(e) and 5(f)]. The
fitting values for all Drude and band-structure parameters are
listed in Table II.

Next, a UV pulse centered at 360 nm (corresponding to
the band gap of ITO films, Fig. 9(b) [43]) is used as a pump

TABLE I. Parameters used in sputtering ITO thin films.

λENZ (nm) Anneal temperature (oC) Anneal time (min)

1220 450 60
1400 600 60
1500 300 60

013198-4



INVERTIBLE OPTICAL NONLINEARITY IN … PHYSICAL REVIEW RESEARCH 5, 013198 (2023)

TABLE II. Drude and band structure parameters of ITO thin films.

λENZ (nm) ε∞ (eV) ωp (eV) γp (eV) m∗ (m0) Eg (eV)

1220 3.75 1.95 0.2 0.13 1.77
1400 3.75 1.70 0.14 0.13 2.07
1500 3.75 1.58 0.11 0.43 2.64

pulse. The transient maps for the same films used in NIR
experiments with varying ENZ wavelengths are shown in
Figs. 6(a)–6(c). A different behavior is observed as a result
of the competing mechanisms of interband and intraband
absorption. The film with ENZ wavelength at 1220 nm has
the largest nonparabolicity (Table II), and therefore the con-
tribution of the intraband transition to ωp is larger than the
contribution of the interband transition. Thus, as shown in
Fig. 6(a), the plasma frequency is redshifted, which is similar
to the behavior exhibited under the NIR pump. In contrast to
this, films with longer ENZ wavelengths have smaller non-
parabolicity, which is not able to balance the shift induced by
the free carrier density increase. Therefore ωp is blueshifted
[Figs. 6(b) and 6(c)], agreeing well with the theory shown
in Fig. 4(c). Moreover, in Figs. 6(d)–6(f), the experimental
spectra corresponding to the peak of �A are plotted along
with the interband model calculation. Here the nonlinearity

FIG. 6. (a)–(c) Time-resolved transmittance spectral change of
ITO films at pump wavelength of 360 nm. The ENZ wavelength is
at (a) 1220 nm, (b) 1400 nm, and (c) 1500 nm. (d)–(f) �A spectra
at the beginning of the relaxation process for ENZ wavelengths at
(d) 1220 nm, (e) 1400 nm, and (f) 1500 nm. The black curves
are extracted from the experimental data with the delay time at
(d) 0.21 ps, (e) 0.16 ps, and (f) 0.15 ps. The red curves are the-
oretically calculated using the interband transition model and the
parameters in Table II.

FIG. 7. Kinetic decay process of the absorbed energy dU under
(a) NIR pump and (b) UV pump.

is calculated using all the necessary parameters ωp, γp, Eg,
and m∗ that are determined under the NIR pump, as shown in
Table. II. By solving Eqs. (6) and (7) simultaneously, μ and T
under the UV pump are determined, which can be plugged
into Eq. (4) to calculate ωp,pump. It should be emphasized
that the theoretical spectra under the UV pump require no
fitting. Unlike the spectra in Figs. 5(d)–5(f), the red curves
in Figs. 6(d)–6(f) are solely determined from the interband
model and the parameters in Table II. These curves show
a remarkable agreement with the experiments without any
additional fitting procedure. Interestingly, these results seem
to suggest that increased doping in ENZ materials tend to
decrease the effective mass of electrons, which is the opposite
effect compared to what one would expect from a quasiparti-
cle interaction picture in Landau’s Fermi liquid theory [44].

Finally, the ultrafast decay process is investigated. Af-
ter the NIR excitation, the hot carriers cool down through
the electron-phonon coupling on a sub-picosecond timescale
[6,45]. The dissipation of the excitation energy density
dU as a function of time is plotted in Fig. 7(a). Exponential
fits estimate a relaxation time of ∼100 fs, which agrees well
with typical intraband transition dynamics [6]. While under
UV excitation, the dynamics of the relaxation process involve
thermal dissipation through electron-phonon interactions and
recombination, including the radiative and the trap-assisted
channels [46]. Generally, the recombination is slower than
the thermal dissipation. As shown in Fig. 7(b) (black curve),
the decay of dU in the film with the ENZ wavelength at
1220 nm shows a characteristic recovery time of 142 fs. This
agrees with the typical thermal dissipation time revealed in
Fig. 7(a), indicating the dominance of the intraband transition.
In contrast, red and green curves in Fig. 7(b) are better fit with
a bi-exponential model, which includes a slower decay with
τ2 ≈ 500 fs in addition to the faster decay τ1 attributed to ther-
mal dissipation. This longer relaxation rate may correspond
to the recombination, which again indicates that interband
transitions play a dominant role in ITO films with the ENZ
at 1400 and 1500 nm. More discussion on time dynamics
of the carrier concentration, Fermi-Dirac distribution, and the
transient permittivity is presented in Appendix C and Fig. 8.

V. CONCLUSION

In conclusion, we report a comprehensive analytical and
experimental study explaining the role of various mechanisms
responsible for ultrafast nonlinear properties of ITO thin films
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FIG. 8. (a) Transient spectral change of the real part of the permittivity �εr . (b) Transient spectral change of the imaginary part of the
permittivity �εi. Both the ENZ wavelength and the pump wavelength are 1500 nm. (c) The time dynamics of �εr and �εi at 1500 nm. (d) The
plasma frequency shift under NIR pump. (e) The plasma frequency shift under UV pump.

near their ENZ wavelengths. We have explored the interplay
between the intraband transition, which increases the electron
effective mass due to the nonparabolic band structure, and
the interband transition, which generates larger free carrier
concentrations. The combination of these processes under the
above-band-gap pump results in different nonlinear behaviors
predicting the cumulative shift direction of the plasma fre-
quency and spectrally invertible nonlinearity. Moreover, the
Drude and band structure parameters extracted from the fits
show clear trends that are related to the material properties
of ITO films. Therefore, ENZ materials are shown to be
great optical platforms with tunable and invertible nonlinear-
ities controlled solely by their intrinsic material properties.
Our model will enable future exploration of nonlinear ENZ
materials based on the competing mechanisms between non-
parabolic band structure and the carrier density. The tailored
nonlinearities can be used to guide the design and fabrication
of TCO photonic platforms for desired optical functionalities.
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APPENDIX A: METHODS

The ITO thin films are deposited by rf magnetron sputter-
ing on glass substrates at room temperature. The magnetron
sputtering is performed in vacuum at pressure of 2 × 10−6

Torr, with an Ar gas flow of 12 sccm. It is followed by a
postdeposition annealing process in nitrogen atmosphere to

redshift the ENZ wavelengths of ITO films to the NIR regime
[40,47]. The annealing temperatures are shown in Table I.
Additional tunability of the ENZ wavelength is achieved by
cutting off the nitrogen gas flow during the annealing process,
which increases the oxygen concentration in the atmosphere.

The oblique transmittance spectra are measured using a
halogen lamp obliquely incident on the sample at various
angles. The transmitted light is collected with a 10x objec-
tive (NA = 0.25). Transient transmittance experiments are
performed by optically pumping the ITO thin films with a
single-wavelength pulsed laser and probing the transmitted
signals with a broadband white light continuum. The pump
pulse is generated by using a Coherent Astrella Ti:sapphire
amplified system centered at 800 nm and an optical para-
metric amplifier (OPA). The pulse length is approximately
35 fs, and the repetition frequency is 1 kHz. The broad-
band probe beam (800–1600 nm spectral range) is generated
by focusing the output of the amplifier on a sapphire crys-
tal. The probe beam is obliquely incident at 45 degrees,
and the pump beam is deviated from it by a small angle.
The probe beam is p polarized to support out-of-plane elec-
tric field components, and the pump beam is s polarized
to avoid extra nonlinearity caused by two-beam coupling
effects.

APPENDIX B: DRUDE AND BAND STRUCTURE
PARAMETERS OF ITO THIN FILMS

Table II lists the values for all Drude and band structure
parameters that are calculated using the intraband transition
model. It shows that with the increase of the plasma fre-
quency, the free carrier density will increase, giving rise to
a higher Fermi level. This can be attributed to the sam-
ple annealing process where the grain size shrinks and
more electrons are relaxed from the bound states. The
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nonparabolicity generally also tends to increase with the
plasma frequency. The reason could be the modification of
the crystalline structure followed by the annealing process
or doping-related band modification effects; however, more
theoretical and experimental studies are needed to further
understand this.

APPENDIX C: ADDITIONAL DISCUSSION
ON TIME DYNAMICS

Additional discussion on the time dynamics of carrier con-
centration, Fermi-Dirac distribution, and transient permittivity
is introduced in this section.

The carrier concentration of ITO films under the NIR pump
does not change with time due to the sub-band-gap pump
photon energy. The excitation energy dU is fully absorbed
by the conduction band electrons, resulting in a hot electron
distribution and raising the Fermi level. Thus the decay dy-
namics of the Fermi level is expected to follow the same trend
as shown in Fig. 7(a). The time dynamics of the real and
imaginary parts of the transient permittivity, �εr and �εi, for
ENZ wavelengths at 1500 nm, are shown in Figs. 8(a) and
8(b). Specifically, �εr and �εi at the probe wavelength of
1500 nm are shown in Fig. 8(c). To better illustrate the decay
process, the transient shift of the plasma frequency, which can
directly reflect the transient permittivity through the Drude
model, is plotted in Fig. 8(d). The decay process shows the
same characteristic lifetime as the decay of dU .

FIG. 9. (a) Time-resolved transmittance spectral change of the
ITO thin film. The pump wavelength coincides with the ENZ wave-
length at 1220 nm. The maximum |�A| = 126 mOD under the
1000 µJ/cm2 pump fluence corresponds to �T/T = 35%. (b) Pump-
wavelength-dependent maximum |�A| in the UV region.

Second, both the carrier concentration and the Fermi level
are raised under the UV pump, and therefore two charac-
teristic recovery processes are expected, corresponding to
the recombination and the electron-phonon interaction. As
shown in Fig. 7(b), the carrier concentration decays through
the recombination process with the lifetime τ2 (red and
green curves), and the Fermi level drops through both the
electron-phonon interaction with a faster lifetime τ1 and the
recombination with a slower lifetime τ2. The transient shift
of the plasma frequency is shown in Fig 8(e). Figure 9 shows
the maximum observed change in the transmittance and its
dependence on the pump photon energy.
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