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Indium tin oxide (ITO) films have recently emerged as a new class of functional materials for nonlinear optical
(NLO) devices due to their exotic properties around epsilon-near-zero (ENZ) wavelength. Here, we experimen-
tally investigated and tailored the NLO absorption properties of ITO films. The NLO absorption response of ITO
films is investigated by using the femtosecond Z-scan measurement technique at two different wavelengths of
1030 nm (out of ENZ region) and 1440 nm (within ENZ region). Interestingly, we observed conversion behavior
from saturable absorption (SA) to reverse saturable absorption (RSA) at 1030 nm with the increasing incident
laser intensity, whereas only SA behavior was observed at 1440 nm. We demonstrate that SA behavior was as-
cribed to ground-state free electrons bleaching in the conduction band, and RSA was attributed to three-photon
absorption. Moreover, results reveal that ITO film shows more excellent SA performance at 1440 nm with a
nonlinear absorption coefficient of ~ -23.2 cm/GW and a figure of merit of ~1.22x 107! esu-cm.
Furthermore, we tailored the SA and RSA behaviors of ITO films at 1030 and 1440 nm wavelengths via
post-annealing treatment. The modulatable NLO absorption was ascribed to the changing of free-carrier con-
centration in ITO films via annealing treatment. The experimental findings offered an inroad for researchers
to tailor its NLO absorption properties by changing the free-carrier concentration through chemical modification
such as annealing, oxidation, or defect implantation. The superior and tunable nonlinear optical response suggests
that ITO film might be employed as a new class material with potential applications in novel optical switches or
optical limiters to realize the all-optical information process. ~© 2021 Chinese Laser Press
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to the enhanced nonlinear refractive index and the local field
effect when approaching the ENZ wavelength [11,12]. Indium
tin oxide (ITO) thin film is one of the most commonly used
TCOs, for which the ENZ wavelength is located in the near-
infrared range. As a heavily doped oxide semiconductor, it has
been proven that its ENZ wavelength and dielectric properties
can be tailored by changing the free-carrier concentration via
doping or post-annealing treatment [13-17]. Recently, lots
of fantastic NLO effects of ITO film, including nonlinear ab-

1. INTRODUCTION

Transparent conductive oxides (TCOs) that function as thin
films exhibit high electrical conductivity and good transparency
in the visible range [1,2]. Owing to the unique characteristics of
TCOs with electrical conductivity, high optical transmittance,
and wide bandgap (3.2-4.2 V), they are widely applied in elec-
tronics and optoelectronics applications [3—6]. In recent stud-
ies, TCOs exhibit interesting nonlinear optical (NLO)

responses over a wide spectral region (from visible to midin-
frared), especially in the epsilon-near-zero (ENZ) region
[7-10], where the real and imaginary parts of dielectric con-
stant simultaneously approach zero for materials. A vanishing
dielectric permittivity leads to the large optical nonlinearity due
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sorption [18-20], Kerr nonlinearity [12,21-23], and four-wave
mixing [24], have been exploited. Among them, nonlinear ab-
sorption effects [e.g., saturable absorption (SA) or reverse satu-
rable absorption (RSA)] are always one of the most compelling
and intensive research topics. The SA effect is usually used to
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generate short laser pulses by Q-switching or passive mode-
locking techniques [25-28]. The RSA effect can be useful
for applications in optical limiters to protect eyes or sensors
[25,26]. The SA and SA responses involve the high-intensity
light field and are dependent on the intrinsic properties of op-
tical materials. The enhancement of electric fields in the ENZ
region should be favorable for the generation of SA or RSA
effects. However, SA and RSA effects are two competing non-
linear responses, which are affected by the wavelength or inten-
sity of the incident radiation [29,30]. Recently, quite a few
investigations into SA and RSA effects of the ITO film or other
refractory materials like TiN have been conducted [31-34]. For
example, Ali er al. observed that, under the excitation wave-
length from 720 to 900 nm, the nonlinear absorption coeffi-
cient of ITO film depended on the wavelength and input
intensity, but the nonlinear refractive only was wavelength de-
pendent [31]. Elin ez a/. observed the optical Kerr nonlinearity
and its carrier concentration dependence in ITO films with
femtosecond laser pulses at 780 nm [34]. In addition,
Kinsey er al. and George et al. investigated the nonlinearities
and carrier dynamics in TiN thin film by using dual Z-scan
and nondegenerate transient pump-probe  techniques
[32,33]. Past research has not focused on intrinsic competitive
mechanism of the NLO absorption in ITO film. Moreover,
intrinsic competitive mechanisms and the tailoring of this com-
petition remain largely unexplored. Therefore, an in-depth in-
vestigation of the aforementioned competitive mechanism can
enable us to further understand the inherent optical properties
of ITO film and then promote additional applications of ITO
film in the field of optoelectronics.

In this paper, we prepared ITO films using an electron beam
evaporation method and chose two different wavelengths of
1030 nm (out of ENZ region) and 1440 nm (within ENZ re-
gion) to analyze the electron transition behavior related to SA
and RSA. Our results show conversion behavior from SA to
RSA at 1030 nm with increasing incident laser intensity,
whereas only SA behavior was observed at 1440 nm. We found
that ground-state free electrons bleaching in the conduction
band and three-photon absorption play a vital role in this
conversion. In the SA process, a large nonlinear absorption
coefficient ff~23.2 cm/GW and a figure of merit of
~1.22x107'% esu-cm  were obtained ar 1440 nm.
Furthermore, we tailored the free-carrier concentration by
post-annealing treatment to obtain adjustable dielectric proper-
ties and analyzed the electron absorption behavior of the an-
nealed ITO film. Results reveal that the NLO absorption
response behavior and response amplitude of ITO film can
be tailored via post-annealing treatment. By analyzing and tai-
loring the NLO properties of ITO films, we can design films
with low saturable intensity or large three-photon absorption
coefficient, thereby enabling their potential application in ultra-
fast lasers or optical limiting devices.

2. EXPERIMENTS

A. ITO Film Preparation

In this work, ITO films were deposited on fused-silica sub-
strates (10 mm x 10 mm x I mm) using the electron beam
evaporation technique with a baking temperature of 200°C
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and base pressure lower than ~2 x 107® Pa. Before deposition,
the substrates were ultrasonically cleaned in acetone, ethanol,
and deionized water for 30 min and subsequently dried with a
flow of nitrogen. The film thickness was 200 nm with 10% Sn-
doping. The evaporation rate and thickness were monitored by
a quartz crystal (SQM-160). All substrates were placed on the
fixture at the same radius from the axis to ensure uniform film
thickness. Post-annealing treatments were carried out using a
high-temperature tubular furnace. The ITO films annealing
in air atmosphere were maintained for 2 h at 400°C.

B. Characterization of ITO Films

The surface morphologies of the as-deposited and annealed
ITO films were examined by scanning electron microscopy
(SEM). The SEM images in Figs. 1(a) and 1(b) show a regular
surface with small-sized uniformly distributed particles in both
as-deposited and annealed ITO films. The structure properties
and the crystalline quality of the films were evaluated by a
Bruker AXS/D8 Advance X-ray diffraction (XRD) system
(Bruker, Billerica, MA, USA) with Cu Ka radiation
(4 = 0.15408 nm). Figure 1(c) presents the XRD patterns
in the scan range of 10°~70° for the as-deposited and annealed
ITO films. XRD patterns of the ITO films showed peaks in
orientations of (211), (222), (400), (440), and (622), sug-
gesting a polycrystalline with cubic bixbyite In,O3 structure.
The intensity of (222) peak was slightly enhanced after the
annealing process, implying that the crystallinity of the films
was enhanced. The linear optical transmittance was measured
with a UV/VIS/NIR spectrometer (Lambda 1050, Perkins
Elmer, Waltham, MA, USA) over the spectral range of 200
1800 nm, as shown in Fig. 1(d). Typically, transmittance im-
provement in the visible region after annealing is ascribed to the
enhanced crystallinity, which subsequently reduces grain-boun-
dary scattering [35]. The small crystallinity improvement ob-
served before and after annealing in our experiments was
consistent with the insignificant change in transmittance in
the visible region. However, in the near-IR region, the free-
carrier absorption becomes important for the transmittance
of the ITO films [35,36]. From Fig. 1(d), we can sce that,
in the near-infrared range, the transmittance of the ITO films
increased after annealing process, which is due to the decrease
of free electrons in the ITO film due to annealing in the
air.

C. Determination of ENZ Wavelength of ITO Films

To locate the ENZ region of the as-deposited and annealed
ITO films, the optical properties of the ITO films were char-
acterized by spectroscopic ellipsometry (HORIBA, UVISEL 2
series, Japan) in the spectral region from 400 to 2000 nm. The
dielectric function of the ITO film can be well described using
the Drude—Lorentz oscillator model [37]. In ITO film, con-
duction band electrons have a near continuum of available
states, so the conduction band electrons can be treated as a
3D free-electrons gas if we ignore the nonlocal effects. The in-
teraction with an electromagnetic field is described by the
Drude model. The Lorentz oscillator model is used to describe
the absorption of photons by valence band electrons. According
to the Drude—Lorentz oscillator model, the permittivity of ITO
film is given by
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Fig. 1. Characterization of as-deposited and annealed ITO films. SEM images showing (a) as-deposited ITO film and (b) ITO film annealed at

400°C. (c) X-ray diffraction pattern. (d) Linear optical transmittance spectrum.
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In this model, w, = (V. & Jegm*)'/? is the unscreened plasma
frequency, where IV is the free-electron density, e is the elec-
tronic charge, m* is the effective free electron mass, y 7 s
the free-electron damping coefficient, @, ; is the bound elec-
tron plasma frequency, @y, is the resonance frequency, and
7, is the bound electron damping coefficient. The results
are shown in Fig. 2. Notably, the ENZ point of the as-deposited
ITO film is located at ~1.46 pm, whereas the ENZ point of
the post-annealed ITO film is located at ~2.0 pm. The redshift
of the ENZ point in the post-annealed ITO film is due to the
decrease of the free-carrier concentration caused by annealing
treatment [15,16,38,39].
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D. Z-Scan Measurements

Nonlinear optical properties of the ITO films were investigated
at 1030 and 1440 nm wavelengths using the femtosecond
Z-scan technique developed by Sheik—Bahae [40]. The normal-
ized open aperture (OA) transmittance provides information
about the nonlinear absorption, while the normalized closed
aperture (CA) transmittance merely represents the nonlinear
refraction effect. The schematic of this optical setup is shown
in Fig. 3. The films were excited by a fiber laser (1030 nm) and
a commercial tunable femtosecond laser (1440 nm) with ~340
and ~45 fs pulse widths, respectively, both operating at 1 kHz
repetition. Based on the related theory and research [41,42],
the repetition rate of the pulsed laser in our Z-scan system
is lower than the threshold that produces the thermal lens
effect. The sample was mounted on a computer-controlled
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Fig. 2. Real and imaginary components of the permittivity of ITO films. (a) As-deposited ITO film. (b) Post-annealed ITO film.
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Fig. 3. Optical nonlinear absorption measurement setup based on
the Z-scan method.

platform moving along the propagation direction of the laser
beam (Z axis). A lens of 150 mm focal length focused the
1030 and 1440 nm laser beams on the sample to spots with
radii of approximately 17 and 30 pm, respectively. A beam
splitter divided the output laser beam into a signal and a refer-
ence parts, collected by detectors 1 and 2. A half-wave plate and
a polarizer placed in the front of the lens are used to
attenuate the beam intensity.

3. RESULTS AND DISCUSSION

A. Nonlinear Optical Absorption Properties of
As-deposited ITO Films at 1030 nm

In Fig. 4(a), a typical OA Z-scan analysis of an ITO film, mea-
sured with 1030 nm laser excitation is shown, which was in-
vestigated at input intensities of 15.3, 24.5, 30.6, 45.9, and
61.2 GW /cm? (the fluence at focusing point). The nonlinear
absorption (NLA) response of the ITO film revealed that the
transmittance changed in a nonlinear manner with the incident
pump intensity. First, we found the typical SA features, where
the transmittance increases as the sample is moving to the beam
waist (Z = 0), i.e., the incident light intensity increases, form-
ing a transmission peak at the waist [29,30]. As the laser ex-
citation intersity at the focal point increases, the SA
modulation amplitude will further increase, whereas when
the laser intensity at the focal plane increased approximately
91.8 GW/cm?, a depletion cure appeared as shown in
Fig. 4(b), which illustrated the phenomenon of the RSA effect
[29,30]. Note that the transmittance curve exhibits a symmet-
rical valley with two humps, indicating the coexistence of SA
and RSA effects [30]. Moreover, no signal was detected from
blank quartz under the maximum achievable photo-excitation,
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confirming that only the ITO films contribute to the NLO
response we measured. These results verify the strong nonlinear
optical response and optical signal modulating capabilities of
ITO films.

Generally speaking, for ITO film, the nonlinearities can be
differentiated into two classes, depending on the relative ener-
gies of the bandgap and the optical pump. When an ultrafast
optical pulse with energy smaller than the bandgap excites ITO
films, the free electrons in the conduction band undergo intra-
band transitions via free-carrier absorption. However, when the
incident fluence is high enough, the interband transitions may
occur related to multiphoton absorption. Before excitation, the
free electrons in the conduction band are in equilibrium and
can be described by a room-temperature Fermi distribution.
When the laser pulses excite ITO film, the electrons are ener-
gized, and their distribution is highly nonthermal, which pro-
duces a redshift of the plasma frequency. We can describe
the optical response by means of a phenomenological two-
temperature model [43,44]. For optical pulse energies greater
than the bandgap or if the excitation intensity is strong enough,
the interband transitions occur. The interband transitions in-
crease the total free electron concentration, which causes the
blueshift of plasma frequency. In addition, it is worth noting
that the nonlocal effects play an important role in the nonlin-
earity of ultrathin films supporting ENZ and Berreman modes.
Hydrodynamic models that account for both nonlinear and
nonlocal contributions have been used to explain the nonlinear-
ities and blueshift the plasma frequency of ENZ nanofilms such
as ITO and doped-cadmium-oxide films (~20 nm thickness)
[37,45,46]. The blueshift of the plasma frequency caused by
nonlocal effects will in turn modify the absorption, which
can change the free electron effective mass, causing the redshift
of the plasma frequency. Therefore, the nonlocal effects and
modulation of the plasma frequency are dynamic. The redshift
of the plasma frequency tends to reduce the reflectivity, as the
ITO film appears more dielectric, whereas the blueshift of the
plasma frequency tends to increase the reflection, as the ITO
film appears more metallic. Taking into account that the non-
linearities of free electrons, the third-order hot electron effect,
and the high-order nonlocal effects may be competitive, if the
third-order hot electron effect is dominant, the nonlinear re-
sponse of ITO film exhibits an increase in transmittance

(SA effect). The high-order nonlocal effect dominates the
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Fig. 4. Open aperture Z-scan results of as-deposited ITO films under excitation of 1030 nm at different input fluences.
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Table 1. Saturated Absorption Intensity (/) and Corresponding Three-Photon Absorption Coefficient (y)

Laser Intensity (GW /cm?) 24.5 61.2 91.8 122.4 214.2
I, (GW /cm?) 64.4 67.1 76.1 105.9 88.5

7 (cm?/GW?) 3.6x 107 6.0x 1072 4.9 %1072 6.1x1072 8.8x 1072

nonlinear response of the ITO film, which exhibits a decrease
in transmittance (RSA effect). In our experiments, the thickness
of all ITO films is 200 nm, so the nonlocal effects may be not
obvious. Moreover, all Z-scan experiments were carried out at
normal angle of incidence, so it is difficult to form ENZ or
Berreman modes. Considering these, the most likely nonlinear
response mechanisms in our experiments are dominated by in-
traband and interband transitions.

The observed SA behavior of ITO films can be attributed to
the ground-state free electrons bleaching in the conduction
band with anharmonic motion under a strong electromagnetic
field excitation (intraband transitions) [22,47]. When the sam-
ple moves near the focal point, the enhanced electronmagnetic
field inside the sample resonates with the incident light wave,
which leads to absorption saturation and the increase of trans-
mittance. With further increase in the laser excitation intensity,
the RSA effect was observed, indicating another nonlinear pro-
cess occurs. It is worth noting that, in the present experiments,
the laser photon energy is 1.2 ¢V (1030 nm) and the bandgap
of the ITO film was about 3.3-3.4eV in our experiment,
which satisfies 2/v < E, < 3/hv. Therefore, the RSA effect
may be related to three-photon absorption, which involves
the bound electrons in the valence band transition to the con-
duction band by absorbing three photons simultaneously (in-
terband transitions). For further verifying our speculations, we
first analyze the absorption coefficient, which consists of the SA
coefficient and the three-photon absorption coefficient, which
is written as [30]

=N e @)

where a(/) is the total absorption coefficient. The first term
describes the SA (negative nonlinear aborption) and the second
term describes the RSA (positive nonlinear absorption). a, and
y are the linear and nonlinear absorption coefficients, respec-
tively; 7 and /| are the incident laser and saturated absorption
intensity, respectively. Based on the nonlinear optical theory,
the light attenuation during propagating through an optical
material can be expressed as

% = —a()l. (3)
Here, z is the propagating distance in the samples. Theoretical
fit of the experimental data could be conducted by substituting
Eq. (2) into Eq. (3). /; and ¥ can be obtained by fitting the
Z-scan curves, and the results are listed in Table 1. Solid lines
in Figs. 4(a) and 4(b) show the theoretical fitting at different
laser excitation intensities, which are in good agreement with
the experimental results, indicating the model used is
reasonable.

From Table 1, it is interesting to note that /; and y are de-
pendent on the peak intensity at the focal point. The saturated
absorption intensity increased monotonously when the laser in-
tensity increased from 24.5 to 122.4 GW /cm? and then de-
creased with further intensity increase. In contrast, the three-
photon absorption coefficient y increased monotonically with
increasing laser intensity over the whole interval measured. This
change indicates competition between SA and RSA effects in
the ITO films excited with 1030 nm light. At low incident in-
tensity (61.2 GW /cm?), the SA parameter /; was the promi-
nent factor; therefore, only SA behavior was detected. The
three-photon absorption coefficient y becomes significant
when the laser intensity increased past 61.2 GW /cm?, leading
to the occurrence of the RSA effect. These changes show the
competition between the ground-state free-electron bleaching
and three-photon absorption.

B. Nonlinear Optical Properties of As-deposited ITO
Films at 1440 nm

Figures 5(a) and 5(b) show the experimental curves of Z-scan
for the as-deposited ITO films under 1440 nm excitation with
OA and CA configurations, respectively. In contrast with the
results obtained from 1030 nm excitation, only the SA response
was observed under 1440 nm excitation, as shown in Fig. 5(a).
Obviously, the photon energy corresponding to 1440 nm is
~0.86 ¢V, which is much smaller than the bandgap of ITO
film (3.3-3.4¢V); therefore, the multiphoton absorption
process is almost impossible, and the SA response is dominant.
The experimental data in Fig. 5(a) can be fit by the traditional
Z-scan model [40]:

[-4,(2, 0)"
T()—Z(q0+l)3/2,

where L.y = [1 - exp(~apL)]/ay is the effective interaction
length, a is the linear absorption coefficient, f# is the NLA
coefficient, /; is the on-axis peak intensity at the focal plane,
L is the sample thickness, and z, is the Rayleigh diffraction
length.

To determine the sign and magnitude of the nonlinear re-
fractive index of the as-deposited ITO films, a CA Z-scan mea-
surement was subsequently conducted. The typical shape of the
nonlinear refractive index can be extracted from the division of
the CA measurement by the OA measurement. The CA/OA
curves shown in Fig. 5(b) present a valley peak shape, which
means a self-focusing behavior under the illumination of fs laser
pulses, indicating a positive value of 7,. As for the CA Z-scan
measurements, we fit the experimental data with the following
function [40]:

BLerly

iz @

9,(2,0) =

4A¢0 (Z/zo)
(1+2%/25) + (9 +2°/z)’

T(z)=1- (5)
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Fig. 5. Open aperture Z-scan results of as-deposited ITO films under excitation of 1440 nm at different input fluences. (a) OA Z-scan. (b) CA

Z-scan.

where Agpy = knylyL g is the on-axis phase change of the laser
beam due to nonlinear refraction, # = 27 /1 is the wavelength
number, /; is the incident intensity at the focus point, L.g is
the effective interaction length, z is the longitudinal distance
moved by the sample from the focus (z = 0), and z; is the
Rayleigh diffraction length. The fitting results show that f
and 7, are as high as ~-232cm/GW and 1.02x
107 cm?/GW, respectively at 133 GW /cm?. In addition,
we evaluate the NLO performance of the ITO film. The imagi-
nary part of the third-order NLO susceptibility is defined as
follows [48-50]:

Imy® = gn(’)eoc(n(’)ﬂj—” + né’nz). 6)
Here, € is the free space permittivity, ¢ is the speed of ligh, 4 is
the wavelength, and other parameters are defined as follows.
7= ny + ny/ is the total complex refractive index, including
third-order nonlinearities; 79 = 7 + iny is the complex linear
refractive index; 7, = n) + inj is the complex nonlinear re-
fractive index. The figure of merit (FOM) for the third-order
optical nonlinearity is defined as FOM = |Imy‘® /a|, which
can be used to eliminate the discrepancy caused by linear ab-
sorption. Therefore, Imy® and FOM for the ITO film under
the excitation of 1440 nm are calculated as ~ -1.60x
10712 esu and ~1.22 x 107 esu - cm, respectively, where a,
is ~1.3027 x 104 cm™!. The value of the FOM for ITO film
is comparable with some other SA nanomaterials, such as MoS,
(~1.47 x 10715 esu-cm) [51], graphene oxide (~4.2x
107" esu-cm) [52], and graphene (~5x 107!° esu-cm)
[52]. It can be inferred that the ITO film has a large SA re-
sponse at 1440 nm, which suggests that this material might
have potential for Q-switching, pulse compression, and mode
locking in the near-infrared region.

C. Tailoring SA and RSA by Thermal Annealing

To further explore the characteristics of electronic nonlinear
absorption in the ITO films, we changed the free-carrier con-
centration in the ITO films via post-annealing treatment. The
NLA properties of the ITO films before and after annealing
were tested under the same laser excitation conditions (at
1030 and 1440 nm). The intensity-dependent normalized

transmittance of the ITO films (as-deposited and annealed)
is shown in Figs. 6(a) and 6(b), respectively.

Obviously, as mentioned, for the as-deposited ITO film, the
SA transforms into RSA upon increasing the excitation inten-
sities at 1030 nm wavelength. The different NLA manifesta-
tions suggest that ITO film cannot only act as an optical
switch at low incident intensity but also have potential appli-
cations as an optical limiter at high incident intensities.
However, it is a consistent SA response under the excitation
at 1440 nm wavelength. Interestingly, it can be seen from
Fig. 6 that, compared with the excitation at 1030 nm, the
SA effect of the as-deposited ITO film is more pronounced
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Fig. 6. Dependence of normalized transmittance of ITO films (as-
deposited and annealed) on optical intensity using different pump
sources. (a) 1030 nm. (b) 1440 nm.
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Fig. 7. Transient response of 7', and 7' obtained using the two-temperature model under different pump fluences. (a) 1030 nm excitation.

(b) 1440 nm excitation.

under 1440 nm excitation. This phenomenon may come from
the following two possibilities. One is that the large SA effect at
1440 nm (in ENZ region) is associated with the resonance ab-
sorption. If the pump frequency coincides with plasma fre-
quency (at the zero-permittivity wavelength), the free
electrons in the ITO film are excited resonantly [10,22]. In
addition, under the excitation of 1030 nm wavelength, the
SA and RSA are in a competitive relationship. Therefore, even
at a small incident fluence, the RSA may still inhibit the SA.
The observed nonlinearity is primarily due to a modification of
the energy distribution of conduction-band electrons caused by
laser-induced electron heating. We calculate the transient re-
sponse of 7', (electron temperature) and 7, (lattice tempera-
ture) under 1030 and 1440 nm wavelength excitation at
different incident fluence by using a two-temperature model.
The results are shown in Fig. 7. It is worth noting that increas-
ing the incident fluence causes the higher temperature of the
hot electrons in the conduction band and the longer time for
hot electrons and lattice to reach thermal equilibrium.
Comparing Figs. 7(a) and 7(b), the temperature profile exhibits
the one feature present in our experiment results shown in
Fig. 6, namely, a pronounced enhancement SA effect of the
response at 1440 nm wavelength. This provides guidance
for us to apply ITO films as an optical switch, that is to
say, we can design an optical switch with better SA effect by
matching the ENZ wavelength to the optical switch wave-
length. Moreover, through annealing treatment, we can tailor
the NLA behavior of ITO films. As shown in Fig. 6(a), the
annealed ITO film always shows RSA behavior when the input
intensities vary from 15.3 to 61.2 GW /cm?, whereas the as-
deposited ITO film exhibits the SA effect. When the excitation
intensity further increases, the as-deposited ITO film begins to
exhibit the RSA effect, while damage occurs in the annealed
ITO film. We observe that the minimum normalized transmit-
tances are 0.991 and 0.972 for ITO films before and after
annealing, respectively, indicating that the RSA effect of the
annealed ITO film is suppressed. Additionally, the as-deposited
ITO film exhibits damage behavior undl the excitation
intensity is 229.5 GW /cm?, which is much higher than the
annealed ITO film. In Fig. 6(b), the as-deposited film always
behaves as the SA, whereas the annealed ITO film

only exhibits the SA under low excitation intensity

(133 GW /cm?). Furthermore, under the excitation intensity
of 443 GW/cm?, the as-deposited ITO film shows the
maximum normalized transmittance of 1.204, but the normal-
ized transmittance of annealed ITO film is 0.99, indicating that
annealing treatment can change the switching effect of ITO
film in the near-IR region. For a better interpretation of this
nonlinear optical absorption tailoring, the Hall effect properties
of the samples were characterized by a four-probe method. The
results are listed in Table 2. After the annealing treatment, the
electrical properties of the ITO film were modified. The free-
carrier concentration decreases to 1.6 x 102! cm™3, while the
mobility increases to 39.7 cm?/(V - s) for the annealed ITO
film. Figure 6 shows that the SA effect of the annealed ITO
film is suppressed under both wavelengths’ excitation. After
the annealing treatment, the free-carrier concentration in the
conduction band of ITO film is reduced, which leads to sup-
pression of ground-state free-electrons bleaching. Such depend-
ence has been observed in semiconductors such as Si and Ge
[53]. According to the free-electron theory [53], the SA coef-
ficient (relating to the imaginary part of third-order susceptibil-
ity) is proportional to the free-carrier concentration.
Consequently, we observed that the SA of annealed ITO film
decreases, whereas the RSA related to the three-photon
absorption increases.

Another interesting phenomenon is that the effect of
annealing treatment on the resistance of ITO film to laser dam-
age at the two wavelengths is opposite. Obviously, in Fig. 6(a)
the damage threshold of the annealed ITO film is reduced
when irradiated by the 1030 nm light. In contrast with the
results obtained for 1030 nm light excitation, the annealed
ITO offers better resistance to laser damage (532 GW /cm?
for the as-deposited and 800 GW/cm? for the annealed
ITO film, respectively) under the excitation of 1440 nm.

Table 2. Hall-Effect Properties of As-deposited and
Annealed ITO Films

Carrier Mobility Resistivity
Samples Concentration (cm™3) [cm?/(V +s)] (Q.cm)
As-deposited 7.5 x 102! 31.5 2.2
Annealed 1.6 x 10%! 39.7 11.9
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This interesting phenomenon may originate from the fact that
the ability of ITO film to resist laser damage depends on the
competition between interband transitions and intraband tran-
sitions. Under 1030 nm laser irradiation, compared with the
annealed ITO film, the conduction band of the deposited
ITO film can be filled to a higher energy state due to the high
free-carrier concentration, which leads to the suppression of in-
terband transition. Therefore, the damage threshold of the an-
nealed ITO film is reduced. However, under 1440 nm laser
irradiation, the as-deposited ITO film has a lot of free electrons
in the conduction band; therefore, the damage behavior is do-
minated by intraband transition. After annealing treatment, the
free electron concentration is reduced, leading to the domina-
tion of interband transition. The results show that, by changing
the free-carrier concentration in ITO film, we can design op-
tical switching or an optical limiter with larger laser damage
resistance at different wavelengths.

4. CONCLUSION

In summary, we systematically investigated the intrinsic mech-
anisms of NLO absorption in ITO films using the femtosecond
Z-scan technique. The results reported in this work indicate
that ITO films can exhibit switching between the SA and
RSA response, depending on the irradiation wavelength and
excitation intensity. Numerical fitting of the experimental data
indicates that ground-state free electrons bleaching (third-order
nonlinearity) and three-photon absorption (fifth-order nonlin-
earity) play a significant role in this conversion. The analysis,
based on the nonlinear optical absorption model, shows
that, under the excitation of a 1440 nm wavelength (within
ENZ region), ITO films possess saturable absorption with
an imaginary part of the third-order NLO susceptibility
of ~-1.60x10"2 esu and the FOM of ~1.22x
1071° esu- cm. Moreover, we experimentally demonstrated
that the NLA responses and the resistance to laser damage
of ITO films can be tailored by annealing treatment. These
changes are attributed to the change in free-electron concentra-
tion induced by annealing treatment. Investigating and tailor-
ing the NLO responses of ITO films can drive the further
development and applications for ITO films in the fields of
optoelectronics and photonics.
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