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In this study, a batch of indium tin oxide (IT0)/Sn composites with different ratios was obtained based on the principle of
thermal evaporation by an electron beam. The crystalline structure, surface shape, and optical characterization of the films
were researched using an X-ray diffractometer, an atomic force microscope, a UV-Vis-NIR dual-beam spectrophotometer,
and an open-hole Z-scan system. By varying the relative thickness ratio of the ITO/Sn bilayer film, tunable nonlinear optical
properties were achieved. The nonlinear saturation absorption coefficient 5 maximum of the ITO/Sn composites is
—10.5 x 10~ cm /W, approximately 21 and 1.72 times more enhanced compared to monolayer ITO and Sn, respectively.
Moreover, the improvement of the sample nonlinear performance was verified using finite-difference in temporal domain

simulations.

enhancement.
DOI: 10.3788/C0L202321.081902

1. Introduction

In recent years, nonlinear optics has attracted the interest
of many researchers because of its promising applications in
optoelectronics''), optical information storage'), all-optical
devices!, and biomedicine!*. A permanent goal of nonlinear
optics is the development of materials and devices that signifi-
cantly change the refractive index using low power optical fields.
However, even under strong coherent light illumination, some
materials still exhibit weak optical nonlinearities and are difficult
to control. This weak optical nonlinearity severely limits the
nonlinear occurrences of the device, such as frequency comb
generation, frequency conversion, and entangled photon gener-
ation. Currently, researchers have proposed and developed vari-
ous schemes to obtain materials with excellent nonlinear
properties, such as field strengthening in localized areas using
composite constructions'™®, plasma excitonic structures'”®),
and metamaterials'>'®!. However, these techniques have diffi-
culty in controlling the amplitude field enhancement of the non-
linear response and are inefficient. Therefore, the imperative to
obtain nonlinear optical (NLO) devices is to find special com-
ponents that have strong stabilization and huge NLO responses.

Studies have noted that semiconductor materials, such as
indium tin oxide (ITO) films, exhibit tremendous NLO
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properties!' "2l and have been in a special status in the area

of nonlinear optics research!'*!. ITO films have a unique broad
bandgap and exhibit very strong NLO properties under both
inter-band and intra-band excitation conditions!'*'*), especially
at wavelengths where the real part of the dielectric constant is
close to zero (ENZ)!'*'7), The ITO film in this state not only
has a large NLO response, but also provides many advantages
such as its low loss performance, superior tunability, and com-
patibility with current optical platforms!"®'?!, This specific non-
linear property makes ITO a useful substrate to enhance the
nonlinear properties of other materials?>*", Recent studies
have shown that gold nanoparticles with different particle den-
sities on ITO substrates are induced by coherent light to produce
second harmonics'*?. Wu et al. inserted an ultrathin silver layer
between two ITO films to form a sandwich structure and
observed large NLO enhancement'®’), In addition, simple prepa-
ration of ITO-Au nanocomposite arrays by a self-assembled
nanosphere lithography (NSL) technique as well as under
annealing conditions also exhibited significant two-photon
absorption (TPA) saturation effects’®!. They closely coupled
metallic elements with semiconductor devices, and the plas-
monic excitation of the metal itself creates a massive electromag-
netic field within the nanostructure body'*”), which extremely
facilitates light-matter interaction to improve the NLO
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response. Such metal-semiconductor nanostructures have high
optical nonlinearity and ultrafast time responses with perfor-
mance far beyond that of individual materials'*®*”). To the best
of our knowledge, NLO effects have not been reported for ITO/
Sn nanocomposites.

In this study, ITO/Sn composite films with a thickness of
100 nm were prepared using the electron beam (EB) thermal
evaporation technique by adjusting the relative thickness ratio
of the two materials, ITO and Sn. We characterized this NLO
response for ITO, Sn, and ITO/Sn composite films using a typ-
ical Z-scan technique. In addition, the crystal structure, surface
morphology, absorption spectra, transmission spectra, and
simulated electric field distribution of the films were analyzed.
Evolution of defects and changes in optical performance within
the ITO/Sn composite film were demonstrated by finite-differ-
ence in temporal domain (FDTD) simulations.

2. Materials and Methods

Prior to the deposition process, the glass substrates were cleaned
sequentially with acetone, ethanol, and deionized water by ultra-
sonic cleaning for 20 min, and then placed in a nitrogen stream
for drying. ITO films and the Sn layer were prepared by EB
evaporation from ITO ceramics (99.99%) comprising 10% (mass
fraction) SnO, and high purity metal Sn particles (99.99%),
respectively. A base vacuum of less than 8.0 X 107* Pa was
pumped inside the chamber in the deposition process.
Furthermore, the baking temperature needed to be controlled
at about 370°C. The thickness of all samples was kept constant
at 100 nm. Here the sample thickness was observed by an in situ
quartz crystal microbalance located in an evaporation chamber.
To ensure homogeneity of film thickness, all substrates were put
onto a fixture of the same radius far from the shaft.

Then, the ITO film was used as a substrate, and the Sn layer
was deposited on its surface. By varying their relative thick-
nesses, ITO/Sn composite film structures with different ratios
were synthesized. In this study, the total thickness of the bilayer
was controlled at a constant of 100 nm. The thickness combina-
tions studied were ITO 70 nm/Sn 30 nm, ITO 50 nm/Sn 50 nm,
and ITO 30 nm/Sn 70 nm. After the deposition process was
completed, the sample was removed. For better comparison,
the ITO films, Sn films, and ITO/Sn composite films in the
deposited state were denoted as ITO 100 nm (S1), Sn 100 nm
(82), ITO 70 nm/Sn 30 nm (S3), ITO 50 nm/Sn 50 nm (S4),
and ITO 30 nm/Sn 70 nm (S5). Figure 1(a) shows the process
flow of sample preparation.

Finally, the crystal structure of the films was acquired in phase
by an X-ray diffractometer (XRD) under Cu Ka radiation
(4 =0.15408 nm) on basis of the Bruker AXS/D8 Advance sys-
tem. The optical absorption coefficients and transmittance mea-
surements were taken using a UV-Vis-NIR dual-beam
spectrophotometer (Lambda 1050, PerkinElmer, USA). An
atomic force microscope (AFM) (XE-100, Park System) was
used to measure the surface morphology of the film and reflect
the surface roughness variation of the film samples with a
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Fig. 1. (a) Flow chart of sample preparation and (b) single-beam Z-scan setup.

scanning region of 3pum X 3pm. In Fig. 1(b), a single-beam
Z-scan experimental setup based on optical aberration (autofo-
cusing) is used to characterize the third-order NLO properties of
the sample. The mode-locked picosecond laser with 1550 nm
excitation wavelength is used as the optical excitation source
with a duration of 2 ps and a repetition frequency of
100 MHz and focuses on the sample through a 15 mm lens.
All measurements are conducted at room temperature.

3. Results

The X-ray diffraction spectrometers of ITO, Sn, and ITO/Sn film
samples are displayed in Fig. 2. It is clear that the higher crys-
talline quality of the ITO film corresponds to the body centered
cubic (bcc) crystal structure of In,O; (JCPDS: 06-0416)1?%! and
one of the strongest diffraction peaks appears near 30.45°(26),
corresponding to the (222) crystal plane, implying that the
In,0; grains are preferentially oriented along the (222) crystal
plane. The absence of characteristic peaks of Sn, SnO, or SnO, in
the ITO films indicates that all tin atoms are substitutionally
incorporated into the In,O; lattice. For a single tin sample, three
well-defined diffraction peaks at approximately 30.7°, 32.0°, and
45.0°, corresponding to the (200), (101), and (211) planes of Sn
(JCPDS card number: 04-0673), respectively, indicate the for-
mation of metallic Sn. The diffraction peak located near 30.7°
(20) is the sharpest, implying a selective orientation of the Sn
grains towards the (200) crystal direction. Generally, for non-
epi-deposition on substrates, the film favors the (222) or
(200) plane[29], when the surface free energy is minimal. After
adding a Sn surface layer on the ITO surface, all of the above
diffraction peaks can be clearly detected, and the position of
the diffraction peaks drifts slightly, which is caused by the stress
generated in the film. The results show that the preparation of
ITO/Sn composite film is very successful.
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Fig. 2. XRD plots of (a) ITO, Sn nanofilm and (b) ITO/Sn samples synthesized
according to different relative thickness ratios.

Figure 3 shows typical AFM images of all samples with a scan
area of 3 um X 3 pm. From the figure, it can be found that the
apparent changes of surface morphology for the ITO/Sn
composite film are strongly associated with the thickness ratio
between the bilayers. The surface morphology of deposited
ITO films is glossy and has the smallest root-mean-square
(RMS) roughness (~2.93 nm). For a monolayer tin sample, small
and sharp nano-spherical particles with uniform particle distri-
bution and an average diameter size of about 16.267 nm are
grown on the surface, with agglomerative growth between adja-
cent Sn grains and an RMS roughness of approximately
4.521 nm. When a layer of Sn film is deposited on the ITO sub-
strate, the voids between ITO grains are gradually filled with Sn
grains. The relatively large grain size of Sn leads to the triggering
of three-dimensional clusters during the polymerization proc-
ess, which can better converge on the surface of the ITO layer
and form a large number of grain boundaries. The growth of
Sn on ITO surfaces is affected by many factors, such as strain
energy, surface free energy, and diffusion activation energy of
metal atoms with the substrate surface®”. During the film
growth process, the strain energy gradually accumulates as
the thickness increases, and when the strain energy is released,
the high energy at the interface will excite the film island
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Fig. 3. AFM 3D images of (a) ITO 100 nm, (b) Sn 100 nm, (c) ITO
70 nm/Sn 30 nm, (d) IT0 50 nm/Sn 50 nm, and (e) ITO 30 nm/Sn 70 nm samples.
(f) RMS value change of samples and (g) average diameter of samples.

growth®!), and the film surface will become rough, which is
depicted in Figs. 3(c)-3(e). With the increase of the thickness
ratio of bilayer (ITO/Sn) deposition, the morphology of the
composites changes significantly: the surface becomes very
rough, the RMS roughness value increases to higher values,
and the particle size increases significantly and is not uniformly
distributed. The increase of the Rq value is also attributed to
the gain boundary between the oxide and metal layers in the
composite thin film system®. In addition, the size of the
composite film nanoparticles fluctuates with the increase of
the relative thickness ratio of the bilayer film, but the overall size
of the nanoparticles decreases, as shown in Fig. 3(g).

Figure 4(a) shows the optical transmission of monolayer ITO,
Sn films, and ITO/Sn composite films. As can be understood
from the figure, the monolayer ITO film has a large transmit-
tance in the entire wavelength band; the transmittance grows
rapidly in the UV band, and gradually reaches about 80% at
Vis scope (400-800 nm) with a progressive decrease in the
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Fig. 4. Optical (a) transmittance and (b) absorption profiles of ITO, Sn, and
[TO/Sn films.

NIR band (800-1600 nm). Single-layer Sn films have the lowest
optical transmittance due to the localized surface plasmon res-
onance (LSPR) properties of Sn nanoparticles. When ITO is
combined with the Sn layer, the light transmittance value of
the ITO/Sn composite decreases. By changing the relative thick-
ness ratio of the bilayers, the light transmittance is found to
decrease gradually. In Fig. 4(a), the ITO/Sn composite film
has a reduced light transmittance rate compared to a single layer
of ITO. The light absorption at the interface between ITO and Sn
films reduces the light transmission rate of the ITO/Sn film. In
addition, agglomeration on the ITO surface increases the scat-
tering of incident light and thus reduces the light transmis-
sion rate.

The optical absorption spectrum on the prepared samples is
depicted in Fig. 4(b). The deposited ITO films have very low
absorption in the Vis band and gradually increasing optical
absorption coefficients in the NIR band, with a very wide plasma
absorption band, which is typical of ITO films. For monolayer
Sn films, there is a slight surface plasmon resonance (SPR) band
near 393 nm due to the LSPR effect of Sn'**!. In comparison with
ITO, the absorption intensity of the ITO/Sn composite is altered
across the detection band, enhancing the absorption intensity
across the band. With the improvement in the relative thickness
ratio between the bilayers, there is a significant shift of the weak
absorption band of the sample to the left, which may be attrib-
uted to the strong coupling between ITO and Sn nanoparticles.
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The single-beam Z-scan experimental system has advantages
such as high sensitivity and can be used to determine the NLO
characteristics of certain materials. In this experiment, third-
order nonlinear absorption properties were obtained using a
Z-scan-device-based system with an excitation source of
2.9 X 1073 GW/cm?. In its nonlinear state, the total absorption
coefficient @ of the sample under strong excitation can be
described as a(I) = ay + p(I)I, where ay, f(I), and I represent
the linear absorption coefficient, nonlinear absorption coeffi-
cient, and laser intensity at excitation, respectively. The normal-
ized transmittance of all samples can be obtained using the
apparatus in Fig. 1(b), and Ty, (2) can also be obtained by[34]

1 ﬂ IOLeff
TNorm(Z) =1 2\/51 + (ZLO)Z > (1)
where Leg = (1 — e7%L) /ay is the effective path length, in which
z is the vertical separation from the focal point to the sample, z;
is the diffraction length of the beam, I is the laser strength of
this beam waist, and L is the thickness of the test sample!**.
The nonlinear absorption behavior of the samples was inves-
tigated at the excitation wavelength of 1550 nm, as shown in
Figs. 5(a) and 5(b). The normalized Z-scan curves of samples
were focused near the focal point (Z = 0) and showed symmetric
peaks, exhibiting nonlinear saturated absorption (SA) proper-
ties. Significant normalized transmittance was observed at the
point of focus for all samples (from S1 to S5) with transmittance
values of 1.420, 5.783, 2.026, 7.069, and 9.801, respectively. It is
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Fig. 5. (a), (b] Open aperture Z-scan measurements of ITO, Sn, and 1T0/Sn
composite films with different relative thickness ratios.
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clear that ITO films exhibit the weakest saturation absorption
phenomenon, while monolayer Sn has excellent saturation
absorption behavior due to SPR. Compared with a single layer
of ITO or Sn, the ITO/Sn composites exhibit strong light trans-
mittance at the same excitation intensity, indicating powerful
light-matter interactions between the ITO-Sn composite
films®®°. In Fig. 5(b), the normalized transmittance of the
composite film further increases with the increase of the relative
thickness of the surface Sn layer, and the peak shape broadens at
the center of focus. We find that there is also fierce saturation
synergistic competition mechanics between ITO and Sn layers.
The ITO/Sn composite film (sample S5) exhibits the strongest
SA effect when the relative thickness ratio of the bilayer film
(3/7) is the smallest.

From Fig. 5, we can see that the saturation absorption char-
acteristics of the ITO/Sn composite film form are significantly
enhanced. Among them, the ITO layer has a uniform distribu-
tion and complete and orderly surface structure, which is con-
ducive to the better deposition of Sn particles attached to the
ITO surface. This enhanced nonlinear response arises from
the local field effect™”) and synergistic effect’®® between ITO
and Sn nanoparticles. The local field effect promotes close con-
tact between Sn nanoparticles and ITO, which contributes to the
association between the two materials and can effectively
improve the NLO properties of the composites. In addition,
since ITO and Sn share the same saturable absorption proper-
ties, the synergistic effect between the two materials will also
result in the enhancement of the NLO properties of the
composite.

The differences in the relative size ratios in the composite
films lead to different surface activities of Sn nanoparticles
and compatibility between nanoparticles and ITO™), When the
relative size ratio of the Sn layer is low, the dispersion of Sn
nanoparticles on the ITO surface decreases and weakens the
compatibility between ITO and Sn nanoparticles, and the syn-
ergistic effect is weakened, so the NLO properties are reduced,
even lower than that of sample S2. When the proportion of Sn
nanoparticles deposited on the ITO surface reaches a certain
value, the compatibility between the two materials increases
and the synergistic effect is greatly enhanced, so the nonlinear
optics is significantly enhanced.

In Fig. 6, we provide the nonlinear absorption coefficients j
for ITO, Sn, and ITO/Sn composite films obtained by fitting
using Z-Scan theory!*”). For nonlinear SA behavior, /3 has a neg-
ative value. Under the same excitation conditions, the nonlinear
absorption coefficients f§ for monolayer ITO and Sn were —0.5 X
1077 cm/W and —6.1 X 1077 cm /W, respectively. When the rel-
ative thickness ratio between the bilayers was changed, the f
value of the composite film samples increased from —1.2 X
1077 cm/W to —10.5 X 1077 cm/W. This suggests that boun-
dary coupling between ITO and Sn films of different relative
thicknesses induces the crystallinity, surface roughness, and
grain size of composites, which contributes directly to variations
in normalized transmittance and strong saturation absorption
behavior.
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Fig.7. FDTD simulated electric field distributions for (a) ITO, (b) S, and (c] ITO/
Sn films.

To further verify the properties of ITO/Sn composites, we
simulated the electric field distribution of the samples based
on FDTD analysis. We used a 1550 nm excitation light to irra-
diate the x—y surface of the sample vertically and polarize it on
the y axis, and the simulation results are shown in Fig. 7. The
ITO film has a dense and uniform surface with small roughness,
showing a weak electric field intensity of 0.81. In contrast, the
local electric field of monolayer Sn can reach 1.6 because it is
uniformly distributed on the surface. After deposition of the
synthetic ITO/Sn nanofilm, the roughness was significantly
larger, the surface was irregularly distributed, and the electric
field intensity of ITO/Sn composite film was significantly
enhanced to 3.6. This indicates that the strong coupling between
ITO and Sn films can excite a strong local electric field, resulting
in an effective improvement of the optical properties of the sam-
ples. Combining simulation with experimentation can help bet-
ter understand this behavior.
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Conclusion

To summarize, we investigated the nonlinear saturation absorp-
tion behavior of ITO, Sn, and ITO/Sn composite films. The
results show that the ITO/Sn composite film samples exhibit
good crystallinity and optical properties. Using ITO layers as
substrates can raise the nonlinear absorption behavior in the
films. By adjusting the relative thickness ratio of the bilayer film,
P is considerably increased. It is due to this special NLO property
that ITO/Sn composites will have a major role in all-optical
modulation apparatuses.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (Nos. 61775141 and 62075133).

References

1.

10.

11.

12.

13.

14.

15.

16.

A. M. Kowalevicz, V. Sharma, E. P. Ippen, J. G. Fujimoto, and K. Minoshima,
“Three-dimensional photonic devices fabricated in glass by use of a femto-
second laser oscillator,” Opt. Lett. 30, 1060 (2005).

. F. Leo, S. Coen, P. Kockaert, S.-P. Gorza, P. Emplit, and M. Haelterman,

“Temporal cavity solitons in one-dimensional Kerr media as bits in an
all-optical buffer,” Nat. Photonics 4, 471 (2010).

. W. Yoshiki and T. Tanabe, “All-optical switching using Kerr effect in a silica

toroid microcavity,” Opt. Express 22, 24332 (2014).

.J. J. Giner-Casares, M. Henriksen-Lacey, M. Coronado-Puchau, and

L. M. Liz-Marzan, “Inorganic nanoparticles for biomedicine: where materials
scientists meet medical research,” Mater. Today 19, 19 (2016).

. R.W.Boyd, R. J. Gehr, G. L. Fischer, and J. E. Sipe, “Nonlinear optical prop-

erties of nanocomposite materials,” Pure Appl. Opt. 5, 505 (1996).

. A. Sarychev, “Electromagnetic field fluctuations and optical nonlinearities in

metal-dielectric composites,” Phys. Rep. 335, 275 (2000).

. M. Abb, Y. Wang, C. H. de Groot, and O. L. Muskens, “Hotspot-mediated

ultrafast nonlinear control of multifrequency plasmonic nanoantennas,” Nat.
Commun 5, 4869 (2014).

. X. Yang, X. Hu, H. Yang, and Q. Gong, “Ultracompact all-optical logic gates

based on nonlinear plasmonic nanocavities,” Nanophotonics 6, 365 (2017).

. J. Lee, M. Tymchenko, C. Argyropoulos, P. Y. Chen, F. Lu, F. Demmerle,

G. Boehm, M. C. Amann, A. Alu, and M. A. Belkin, “Giant nonlinear
response from plasmonic metasurfaces coupled to intersubband transitions,”
Nature 511, 65 (2014).

A. D. Neira, N. Olivier, M. E. Nasir, W. Dickson, G. A. Wurtz, and
A. V. Zayats, “Eliminating material constraints for nonlinearity with plas-
monic metamaterials,” Nat. Commun. 6, 7757 (2015).

M. Alj, A. Shehata, M. Ashour, W. Z. Tawfik, R. Schuch, and T. Mohamed,
“Measuring the nonlinear optical properties of indium tin oxide thin film
using femtosecond laser pulses,” J. Opt. Soc. Am. B 37, A139 (2020).

P. Guo, R. D. Schaller, L. E. Ocola, B. T. Diroll, J. B. Ketterson, and
R. P. Chang, “Large optical nonlinearity of ITO nanorods for sub-picosecond
all-optical modulation of the full-visible spectrum,” Nat. Commun. 7, 12892
(2016).

M. Z. Alam, L. De Leon, and R. W. Boyd, “Large optical nonlinearity of
indium tin oxide in its epsilon-near-zero region,” Science 352, 795 (2016).
R. A. Afre, N. Sharma, M. Sharon, and M. Sharon, “Transparent conducting
oxide films for various applications: a review,” Rev. Adv. Mater. Sci. 53, 79
(2018).

M. Clerici, N. Kinsey, C. DeVault, J. Kim, E. G. Carnemolla, L. Caspani,
A. Shaltout, D. Faccio, V. Shalaev, A. Boltasseva, and M. Ferrera,
“Controlling hybrid nonlinearities in transparent conducting oxides via
two-colour excitation,” Nat. Commun. 8, 15829 (2017).

W. Tian, F. Liang, D. Lu, H. Yu, and H. Zhang, “Highly efficient ultraviolet
high-harmonic generation from epsilon-near-zero indium tin oxide films,”
Photonics Res. 9, 317 (2021).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

081902-6

Chinese Optics Letters

M. Z. Alam, S. A. Schulz, . Upham, I. De Leon, and R. W. Boyd, “Large opti-
cal nonlinearity of nanoantennas coupled to an epsilon-near-zero material,”
Nat. Photonics 12, 79 (2018).

X. Jiang, H. Lu, Q. Li, H. Zhou, S. Zhang, and H. Zhang, “Epsilon-near-zero
medium for optical switches in a monolithic waveguide chip at 1.9 pum,”
Nanophotonics 7, 1835 (2018).

L. Liberal and N. Engheta, “Near-zero refractive index photonics,” Nat.
Photonics 11, 149 (2017).

L. Caspani, R. P. Kaipurath, M. Clerici, M. Ferrera, T. Roger, J. Kim,
N. Kinsey, M. Pietrzyk, A. Di Falco, V. M. Shalaev, A. Boltasseva, and
D. Faccio, “Enhanced nonlinear refractive index in epsilon-near-zero mate-
rials,” Phys. Rev. Lett. 116, 233901 (2016).

S. Kumar, E. S. Shibu, T. Pradeep, and A. K. Sood, “Ultrafast photoinduced
enhancement of nonlinear optical response in 15-atom gold clusters on
indium tin oxide conducting film,” Opt. Express 21, 8483 (2013).

I. V. Kityk, J. Ebothé, I. Fuks-Janczarek, A. A. Umar, K. Kobayashi,
M. Oyama, and B. Sahraoui, “Nonlinear optical properties of Au nanopar-
ticles on indium-tin oxide substrate,” Nanotechnology 16, 1687 (2005).

K. Wu, Z. Wang, J. Yang, and H. Ye, “Large optical nonlinearity of ITO/Ag/
ITO sandwiches based on Z-scan measurement,” Opt. Lett. 44, 2490 (2019).
Z.Bai, G. Tao, Y. Li, ]. He, K. Wang, G. Wang, X. Jiang, ]. Wang, W. Blau, and
L. Zhang, “Fabrication and near-infrared optical responses of 2D periodical
Au/ITO nanocomposite arrays,” Photonics Res. 5, 280 (2017).

A. V. Zayats, L. I. Smolyaninov, and A. A. Maradudin, “Nano-optics of sur-
face plasmon polaritons,” Phys. Rep. 408, 131 (2005).

V. Sreeramulu, K. K. Haldar, A. Patra, and D. N. Rao, “Nonlinear optical
switching and enhanced nonlinear optical response of Au-CdSe heterona-
nostructures,” J. Phys. Chem. C 118, 30333 (2014).

G. L. Fischer, R. W. Boyd, R. J. Gehr, S. A. Jenekhe, J. A. Osaheni, J. E. Sipe,
and L. A. Weller-Brophy, “Enhanced nonlinear optical response of
composite materials,” Phys. Rev. Lett. 74, 1871 (1995).

X. Fang, C. L. Mak, S. Zhang, Z. Wang, W. Yuan, and H. Ye, “Pulsed laser
deposited indium tin oxides as alternatives to noble metals in the near-infra-
red region,” J. Phys. Condens. Matter 28, 224009 (2016).

M. Kanehara, H. Koike, T. Yoshinaga, and T. Teranishi, “Indium tin oxide
nanoparticles with compositionally tunable surface plasmon resonance
frequencies in the near-IR region,” J. Am. Chem. Soc. 131, 17736 (2009).
C.-H.-T. Chang, H.-H. Chang, P.-C. Jiang, and W.-B. Su, “Electronic growth
of Ag islands on MoS2,” Jpn. J. Appl. Phys. 57, 08NB10 (2018).

Z. Li, R. Hong, Q. Liu, J. Liao, Q. Cheng, Q. Wang, C. Tao, H. Lin, and
D. Zhang, “MoS2 induced the enhancement of nonlinear absorption of
Ag thin film,” Physica. B. Condens. Matter. 591, 412261 (2020).

R. Henriquez, M. Flores, L. Moraga, G. Kremer, C. Gonzalez-Fuentes, and
R. C. Munoz, “Electron scattering at surfaces and grain boundaries in thin
Au films,” Appl. Surf. Sci. 273, 315 (2013).

G. Cao, X. Ye, S. Duan, Z. Cao, C. Zhang, C. Yao, and X. Li, “Plasmon
enhanced Sn:In203/attapulgite S-scheme heterojunction for efficient photo-
thermal reduction of CO2,” Colloids. Surf. 656, 130398 (2023).

G. Liu, S. Dai, B. Zhu, P. Li, Z. Wu, and Y. Gu, “Third-order nonlinear optical
properties of MoSe2/graphene composite materials,” Opt. Laser Technol.
120, 105746 (2019).

J. Serna, E. Rueda, and H. Garcia, “Nonlinear optical properties of bulk cupr-
ous oxide using single beam Z-scan at 790 nm,” Appl. Phys. Lett. 105, 191902
(2014).

J. Xu, Q. Liu, X. Li, R. Hong, C. Tao, Q. Wang, H. Lin, Z. Han, and D. Zhang,
“Tunability of nonlinear optical properties of amorphous Cu-Al-O films
induced by thermal oxidation,” Opt. Mater. 136, 113466 (2023).

B. Zhu, F. Wang, Y. Cao, C. Wang, ]. Wang, and Y. Gu, “Nonlinear optical
enhancement induced by synergistic effect of graphene nanosheets and CdS
nanocrystals,” Appl. Phys. Lett. 108, 252106 (2016).

J. He, J. Mi, H. Li, and W. Ji, “Observation of interband two-photon absorp-
tion saturation in CdS nanocrystals,” J. Phys. Chem. B. 109, 19184 (2005).
B. Zhu, F. Wang, P. Li, C. Wang, and Y. Gu, “Surface oxygen-containing
defects of graphene nanosheets with tunable nonlinear optical absorption
and refraction,” Phys. Chem. Chem. Phys. 20, 27105 (2018).

H. Cheng, Y. Wang, H. Dai, J.-B. Han, and X. Li, “Nonlinear optical proper-
ties of pbs colloidal quantum dots fabricated via solvothermal method,” J.
Phys. Chem. C 119, 3288 (2015).


https://doi.org/10.1364/OL.30.001060
https://doi.org/10.1038/nphoton.2010.120
https://doi.org/10.1364/OE.22.024332
https://doi.org/10.1016/j.mattod.2015.07.004
https://doi.org/10.1088/0963-9659/5/5/005
https://doi.org/10.1016/S0370-1573(99)00118-0
https://doi.org/10.1038/ncomms5869
https://doi.org/10.1038/ncomms5869
https://doi.org/10.1515/nanoph-2016-0118
https://doi.org/10.1038/nature13455
https://doi.org/10.1038/ncomms8757
https://doi.org/10.1364/JOSAB.396327
https://doi.org/10.1038/ncomms12892
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1515/rams-2018-0006
https://doi.org/10.1038/ncomms15829
https://doi.org/10.1364/PRJ.414570
https://doi.org/10.1038/s41566-017-0089-9
https://doi.org/10.1515/nanoph-2018-0102
https://doi.org/10.1038/nphoton.2017.13
https://doi.org/10.1038/nphoton.2017.13
https://doi.org/10.1103/PhysRevLett.116.233901
https://doi.org/10.1364/OE.21.008483
https://doi.org/10.1088/0957-4484/16/9/046
https://doi.org/10.1364/OL.44.002490
https://doi.org/10.1364/PRJ.5.000280
https://doi.org/10.1016/j.physrep.2004.11.001
https://doi.org/10.1021/jp5118739
https://doi.org/10.1103/PhysRevLett.74.1871
https://doi.org/10.1088/0953-8984/28/22/224009
https://doi.org/10.1021/ja9064415
https://doi.org/10.7567/JJAP.57.08NB10
https://doi.org/10.1016/j.physb.2020.412261
https://doi.org/10.1016/j.apsusc.2013.02.037
https://doi.org/10.1016/j.colsurfa.2022.130398
https://doi.org/10.1016/j.optlastec.2019.105746
https://doi.org/10.1063/1.4901734
https://doi.org/10.1016/j.optmat.2023.113466
https://doi.org/10.1063/1.4954716
https://doi.org/10.1021/jp0534028
https://doi.org/10.1039/C8CP04940H
https://doi.org/10.1021/jp510214x
https://doi.org/10.1021/jp510214x

	Thickness dependency of nonlinear optical properties in ITO/Sn composite films
	1. Introduction
	2. Materials and Methods
	3. Results
	4. Conclusion
	Acknowledgement
	References


