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Two-dimensional (2D) periodical Au and indium tin oxide (ITO) nanocomposite arrays have been fabricated
based on a self-assembled nanosphere lithography technique. A button-shaped Au nanoparticle was formed
on each hollow hemisphere-shaped ITO shell. Importantly, the underlying formation mechanism during the
thermal treatment has been thoroughly explored by comparing structures resulting from different deposition
conditions in detail. Compared to the Au nanoparticle arrays without ITO shells, the Au/ITO nanocomposite
arrays showed a stronger localized surface plasmon resonance effect and higher absorption in the
near-infrared (NIR) region, benefiting from the free-electron interaction enhancement between Au and ITO. The
nonlinear optical properties were investigated using a modified femtosecond intensity-scan system, and the results
demonstrated Au/ITO nanocomposite arrays with a remarkable two-photon absorption saturation effect for fem-
tosecond pulses at 1030 nm. The versatile NIR optical responses indicate the great potential of the elaborately
prepared 2D periodical Au/ITO nanocomposite arrays in many applications such as solar cells, photocatalysis,

and novel nano optoelectronic devices. © 2017 Chinese Laser Press
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1. INTRODUCTION

Ordered noble metal nanostructured arrays have attracted
much attention due to their unique optical properties, which
have shown promising application in a variety of fields, such as
surface-enhanced Raman scattering (SERS) active substrates
[1], solar cells [2], optoelectronic as well as plasmonic devices

[3], and metamaterial absorbers [4]. As a typical noble metal

However, the main drawback of the lithography techniques
(such as photolithography [8] and electron beam lithography
[9]) lies in their high cost and low sample throughput. In
the last decade, much attention has been focused on the tem-
plate-based methods, which have proven to be simple, effective,
and low cost. For instance, the nanosphere self-assembling
template technique, which is known as self-assembled nano-

material, Au nanostructured arrays have been widely studied
and have become promising candidates in these areas. It is well
known that the optical properties of Au nanostructured arrays
depend directly on their size, shape, composition, and the sur-
rounding environment corresponding to their localized surface
plasmon resonance (LSPR) [5,6].

Up to now, various efficient methods, including lithography
techniques and the template-based techniques [7], have been
developed to fabricate periodical metal nanostructures and
effectively control the space of arranged array structures.
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sphere lithography (NSL) [10], demonstrates a low-cost, high-
throughput, and efficient method for the fabrication of periodic
metallic nanostructures. By using the NSL techniques com-
bined with subsequent processes, Li ez al. proposed a facile strat-
egy to prepare a variety of two-dimensional (2D) ordered Au
nano arrays, e.g., nanoparticle arrays, nanoring arrays, and nano-
bowl arrays [11]. Yan ez al. fabricated an Au-coated polystyrene
nanosphere array with tunable optical properties by controlling
the nanosphere gaps [12]. Wang ez al. prepared a gold quasi rod-
shaped nanoparticle-built hierarchically nanostructured pore
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array via clean electrodeposition on a polystyrene nanosphere
colloidal monolayer [13]. These structures fabricated by the
NSL technique have presented different properties and potential
applications. However, most studies have focused on the fabri-
cation of various Au hierarchical nanostructures; it is still a big
challenge to achieve controllable fabrication of ordered Au
composite nanostructures with a uniform size.

Among a variety of transparent conducting materials,
indium tin oxide (ITO) is the most widely used due to high
optical transmittance and conductive properties, as well as
its excellent adhesion properties to substrates [14]. Interest
in assembling gold nanoparticles on ITO substrates has in-
creased in recent years as the resulting interfaces have shown
interesting optical properties. Szunerits ez al. prepared Au island
films on ITO substrates for localized surface plasmon sensing
[15]. Duan e al. fabricated an ordered Au particle array with
hierarchical surface roughness on an ITO substrate for SERS
[16]. Therefore, it is of particular interest for the fabrication
of Au and ITO composite nanostructures.

Herein, an Au and ITO nanocomposite array (referred to as
Au/ITO-NA) has been fabricated simply by the NSL technique
combined with an annealing treatment. This hybrid nano-
antenna, which can be efficiently produced without using nano-
lithography techniques, is composed of hexagonally packed
arrays of hollow hemisphere-shaped ITO shells, with one button-
shaped Au nanoparticle on the top of each ITO shell. Importantly,
the formation mechanism of this 2D NA has been studied by com-
paring the structures resulting from different depositions in detail.
Moreover, this fabricated Au/ITO-NA exhibits excellent optical
properties. Ultraviolet (UV)—visible—near-infrared (NIR) spectra
have shown that this NA has a strong broadband optical extinction
and enhanced absorption in the NIR due to the combined effects
of the LSPR of Au nanoparticles and the free-electron interaction
on Au/ITO interfaces. The Au/ITO-NA also exhibits a remark-
able two-photon absorption (TPA) saturation effect for femtosec-
ond (fs) pulses at 1030 nm, with a significant TPA coefficient of
(4.40 +0.19) x 10*> cm/GW. Therefore, it is believed that the
proposed Au/ITO-NA with prominent versatile NIR optical
responses would be promising in optical applications such as solar
cells, photocatalysis, and novel nano optoelectronic devices.

2. EXPERIMENT

A. Materials

Monodispersed polystyrene spheres (PSs) (600 nm) in an aqueous
suspension (2.5 wt. %) were purchased from Huge Biotechnol.
Co., Lid. (China). Quartz glass slides (50 mm x 30 mm x
1 mm) were used as substrate, and were ultrasonically cleaned
in deionized water, acetone, ethanol, and deionized water for
30 min, and then dried with nitrogen gas before use. Triple deion-
ized water was prepared from a Milli-Q water purification system
(Shanghai Yarong Co., Ltd). The ITO target (purity, 99.99%)
with a mass ratio between In, O3 and SnO, of 9:1 was purchased
from Hefei Kejing Co., Lid. All the reagents were of analytical-
grade purity and were used directly without further purification.

B. Preparation of PS Colloidal Monolayer Template
The preparation process of the PS colloidal monolayer template
is described in Figs. 1(a)—1(c). First, the substrate was exposed
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Fig. 1. Scheme of the Au/ITO-NA fabrication process.

to an oxygen gas plasma in the plasma cleaner (Shenzhen
Dongxin High-Tech Co., Ltd.) with a power of 45 W for
180 s to enhance its hydrophily. Second, PSs were self-
assembled into a 2D hexagonal and closely packed array by
the air-liquid interface method [17]. In detail, the suspension
of monodisperse PSs and ethanol was mixed together with a
volume ratio of 1 to 2 and ultrasonically vibrated for 30 min.
After the quartz substrate was placed horizontally, 600 pL
deionized water was poured over it and then spread rapidly
to form a water film. About 90 pL of the homogeneously mixed
PS suspension was poured onto the water surface at one end of
the substrate, and the PSs would spread over the water surface
in several minutes. Then a monolayer colloidal crystal was
formed at the air/liquid interface. After the solvent was evapo-
rated completely, the self-assembled monolayer PSs were left on
the substrate. Finally, a large area of colloidal monolayer
template was formed after it was heated at 100 °C for 10 min
in an oven to form a firm connection between the PSs and the
substrate.

C. Fabrication of Au/ITO NA

The prepared PS colloidal monolayer template was first coated
with 20 nm ITO film using the pulsed laser deposition method
[18] with a 248 nm KrF excimer laser. Second, an Au film of
the same thickness was coated onto the sample using the mag-
netic sputtering method. At last, the Au/ITO-NA was obtained
after being annealed in a resistance furnace at 600 °C for
120 min with a heating rate of 5 °C/min and cooled naturally.
The scheme of the above fabrication process is shown in
Figs. 1(d)-1(f).

As mentioned above, we have produced the hybrid nano-
antennas by a novel (to our knowledge) method without using
nanolithography techniques. For comparison, different Au and
ITO nanostructures have also been fabricated: (1) single ITO
shell arrays with ITO film thickness of 15 nm (called ITO-15)
and 20 nm (called ITO-20); (2) Au/ITO nanocomposites with
10 nm Au film (referred to as Au-10/ITO-20) and 30 nm Au
film (referred to as Au-30/ITO-20); (3) 20 nm Au film depos-
ited directly on the PS colloidal monolayer template (referred to
as Au-20-NPA); (4) 20 nm Au film deposited directly on the
substrate (referred to as Au-20-NPs). All the above samples
were annealed under the same conditions as described above.
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D. Characterization

The morphologies of all the prepared samples were character-
ized using a field emission scanning electron microscope
(FESEM, Zeiss Auriga) and an atomic force microscope
(AFM, Veeco Dimension 3100) to clearly show its three-
dimensional topography. The proportion of Au and ITO in
Au/ITO-NA was analyzed by an energy dispersive spectrom-
eter. The spectral analysis of the sample was carried out using
a LAMBDA 1050 UV/visible/NIR spectrometer along with a
150 mm integrating sphere (PerkinElmer, Inc., Shelton,
Connecticut, USA).

3. RESULTS AND DISCUSSION

A large-area (more than 2 cm x 2 cm) periodical Au/ITO-NA
was fabricated on the quartz glass substrate, with both Au and
ITO films of 20 nm used for the deposition process. Figure 2(a)
is a photograph of our fabricated sample. It can be seen that
most of the quartz glass substrate is covered with the quite uni-
form Au/ITO nanocomposite film (the nonuniform area on the
right side of the substrate resulted from the Au/ITO nanostruc-
ture being formed with no template). Typical FESEM images
of the sample are shown in Fig. 2(b), indicating the uniformly
distributed Au/ITO-NA. From the high-magnification scan-
ning electron microscope (SEM) image of the front part
[Fig. 2(d)] and the reversed part [Fig. 2(e)] of our sample, it
can be observed that the Au/ITO-NA has a hexagonally packed
array of hollow hemisphere-shaped ITO semi-shells, on each of
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Fig. 2. (a) Digital photograph and (b) FESEM images of the Au/
ITO-NA; (c) AFM topography of the sample and 2D longitudinal
profile along the blue dashed line; high magnification SEM image
of the (d) front and (e) back part of the Au/ITO-NA; (f) EDS results
of the sample (inset: EDS 2D mapping of different elements in the
Au/ITO-NA).
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which is a button-shaped Au nanoparticle. The central distance
of the neighboring units is 600 nm, showing a nice template-
replica process. The longitudinal profile of the sample can be
obtained from the AFM result, as shown in Fig. 2(c). Along the
blue dashed line, the first Au particle is absent, and thus it can be
estimated that the average height of the Au nanoparticles is about
35 nm, which is a key parameter for our later nonlinear optical
coefficient calculations. Energy dispersive spectrometry (EDS)
was performed for the component analysis of our sample
[Fig. 2(f)]. It is clear that our material contains Au, In, and
Sn elements. Moreover, the EDS 2D mappings shown in the
insert of Fig. 2(f) also show the hexagonally packed Au/ITO-
NA more clearly. Therefore, a facile method by NSL with a sub-
sequent annealing treatment has been successfully demonstrated
for fabricating a large area of high-quality Au/ITO-NA structure.

During the annealing process, the evolution of the nano-
composite structures can be divided into two main processes
[19]. On one hand, PS polymer templates were removed com-
pletely due to thermal decomposition, leaving the ITO shell of
a hollow hemisphere shape. On the other hand, the Au film at
the top layer shrank and finally evolved into button-shaped
nanoparticles on the ITO shells. ITO film can remain stable
over time, benefiting from its higher melt point [20].
Therefore, in order to optimize the deposition parameters
for the as-designed composite structure, samples with different
thicknesses of both Au and ITO films were fabricated. First, to
get the optimized ITO thickness, samples with only ITO film
were fabricated, the thickness of which was of 15 or 20 nm. As
shown in Fig. 3(a), when the thickness of the ITO film was
15 nm (ITO-15), collapsed and even broken hollow hemi-
sphere-shaped ITO shells were obtained after the annealing
process, indicating that the ITO film was too thin to keep
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Fig. 3. SEM images of (2) ITO-15, (b) ITO-20, (c) Au-20-NPA

(inset: Au-20-NPs), (d) Au-10/ITO-20, (e) Au/ITO-NA, and (f) Au-
30/ITO-20; formation mechanism schemes of (g) Au-10/ITO-20,
(h) Au/ITO-NA, and (i) Au-30/ITO-20.
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its initial shell structure without the support of the PS template.
However, when the thickness of the ITO film was increased to
20 nm (ITO-20), the stable hollow hemisphere-shaped ITO
shell arrays could be integratively formed with hardly any de-
fect, as shown in Fig. 3(b). There is no doubt that the thicker
the ITO film is, the more stable the I'TO nanostructure will be.
However, for a better optical transmission property of the
NA, a deposition thickness of 20 nm was chosen for our
Au/ITO-NA design.

Second, Au films with thicknesses of 10, 20, and 30 nm
were deposited on the 20 nm ITO film, followed by the same
annealing process. Figure 3(d) is the SEM image of the sample
deposited with 10 nm Au film (Au-10/ITO-20); it can be seen
that the Au film has transformed into independent Au particles
on each hollow hemisphere-shaped ITO shell, with a bigger
one on the top surrounded by plenty of smaller ones. However,
when the thickness of the Au film is increased to 20 nm, an
ideal Au/ITO-NA structure with only one button-shaped
Au particle on the top of each ITO shell is formed, as shown
in Fig. 3(e). Nevertheless, as the thickness of the Au film is
further increased to 30 nm (Au-30/ITO-20), aggregation of
part Au particles on adjacent ITO shells will take place, as
shown in Fig. 3(f). Based on the above results, it is indicated
that the proper thicknesses of ITO and Au films are both key
issues for the successful fabrication of the Au/ITO-NA.

More significantly, the underlying mechanism of different
nanocomposite structures with Au thicknesses of 10, 20, and
30 nm should be demonstrated clearly. According to the
theoretical studies on the dewetting of metallic thin films
during heat treatment, the dewetting process is driven by sur-
face and strain minimization [21]. As explained by the classical
nucleation and growth theory, dewetting of metallic thin films
starts with the formation of voids, which can take place at the
grain boundaries [22], the film—substrate interface [23], and
especially in areas of high local stress [24]. Subsequently, the
formed voids grow larger, leading to the breaking up of con-
tinuous film into droplets or islands [25]. As for our sample
with an Au film of 20 nm, voids first emerge at the edge of
each ITO shell due to local stresses and then make the continu-
ous gold film separate into discrete islands. These isolated gold
islands on the ITO shells undergo the dewetting process inde-
pendently, which finally leads to the formation of our ideal
Au/ITO-NA structure [scheme in Fig. 3(g)]. However, for a
thinner (10 nm) or thicker (30 nm) Au film, the dewetting
processes are quite different. As for the Au-10/ITO-20, there
are already numerous voids formed in the thin film during the
sputtering process, which will behave as nuclei in annealing.
Therefore, these small voids in the thin film will grow larger
and larger during the annealing process, resulting in the discon-
tinuous film being separated into a large number of isolated
small-sized islands. Moreover, these small-sized islands will
be difficult to move under the combined influence of gravity
and the surface roughness of the ITO shells. Finally, each of the
isolated islands will transform into dispersive Au particles under
further annealing treatment [scheme in Fig. 3(h)]. Conversely,
as for the Au-30/ITO-20, it is thick enough to prevent the
growth of some voids at the edge of ITO shells. As the

annealing proceeds, these voids disappear, accompanied by
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Fig. 4. Optical extinction spectra of all the prepared samples.

the aggregation of some connected Au islands on the adjacent
ITO shells, which finally evolve into the larger-sized Au par-
ticles, as shown in the red dashed circle in Fig. 3(f) [scheme
in Fig. 3(1)].

To investigate the optical properties of the as-prepared
Au/ITO-NA, we first tested its linear optical spectra compared
with those of other prepared samples from the visible to the
NIR region. Figure 4 shows the optical extinction spectra of
all the prepared samples. First, it can be observed from the gray
line that there is little absorption or scattering in ITO-20,
which indicates that ITO-20 with its minimal thickness could
be regarded as a nearly transparent layer. Second, compared to
Au-20-NPs with Au nanoparticles dispersed randomly (pink
line), there is a stronger extinction peak in the Au-20-NPA
(green line), which is ascribed to the stronger LSPR effect of
Au-20-NPA due to the formation of the periodical Au nano-
particle arrays. However, compared to the Au-20-NPA and
Au-20-NPs, an obviously enhanced and broadened LSPR peak
can be observed for Au/ITO composites (Au/ITO-NA and
Au-10/ITO-20). As for Au-10/ITO-20, it is clear to see that
the extinction peak has been greatly enhanced and broadened
with a redshift of the peak from 550 to 600 nm, which could
result from the following possible factors. First, since ITO is a
transparent free-electron conductor in the visible and near-IR
region [26], the free-electron interaction between Au and ITO
by optical excitation would be a key factor to enhance the LSPR
strength of the Au nanoparticles. Second, since the regularly
dispersed Au particles are formed on the ITO shell arrays, their
modulated shape and size could be another reason for the en-
hancement and broadening of the LSPR effect. Moreover, the
light-scattering of the Au particles could be enhanced by the
structural modulation of the periodical template, which is also
responsible for the redshift of the resonance peak.

As for Au/ITO-NA, in addition to the extinction peak near
600 nm, which is similar to Au-10/ITO-20, there is a stronger
broadband peak near 900 nm, which would be of great poten-
tial in many applications such as SERS, optoelectronic devices,
and solar cell areas. On one hand, as the average lateral dimen-
sion of the button-shaped Au nanoparticles on top of the ITO
shells is about 350 nm [Fig. 3(e)], this strong resonance peak
should correspond to the sized-dependent LSPR mode of the

Au nanoparticles under TM mode stimulation of the incident
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optical field [27]. Due to the larger interface area, the free-
electron interaction region between ITO shells and Au
nanoparticles will be much larger in Au/ITO-NA than that
in Au-10/ITO-20. As a result, the LSPR strength of the Au
particles can be enhanced greatly. On the other hand, according
to the well-known Mie theory [28], the total Mie extinction is a
sum of contributions from absorption and scattering compo-
nents. It is well known that larger particles have a larger scatter-
ing cross section; considering the average size of the Au
nanoparticles is over 300 nm, the light scattering in the NA
should play a key role in the large light extinction. Therefore,
to investigate the optical properties of the Au/ITO-NA more
thoroughly, a 150 mm integrating sphere is employed for the
further optical absorption and a scattering test.

Figure 5(a) shows the absolute value of the optical extinc-
tion, absorption, and scattering of the Au/ITO-NA. In the
short wavelength band from 300 to 560 nm, it is observed that
the optical absorption of the sample is more prominent, while
in the longer waveband from 600 nm to the NIR region, the
optical scattering becomes much greater than the absorption. It
is indicated that the size-dependent optical scattering of the Au
nanoparticles plays a dominant role in the strong LSPR effect in
the NIR region. Nevertheless, it is easy to see the absorption
enhancement of the Au/ITO-NA compared to that of the
Au-20-NPA, as shown in Fig. 5(b). More importantly, there
is a broad optical absorption band in the NIR region with a
central peak near 1100 nm in Au/ITO-NA, which is absent
in Au-20-NPA. This enhanced absorption peak should also
be ascribed to the LSPR effect of the Au particles: when light
is scattered by a metal nanoparticle, the electric field distributed
on its surface can be enhanced by orders of magnitude [29],

(a) &0 —
Extinction
——— Absorption
60 ——— Scattering
s
@ 40
<
=
20
O 1 L L 1 A L L
400 600 800 1000 1200 1400 1600
‘Wavelength (nm)
(b)
30 Au/ITO-NA
Au-20-NPA
s
=
2
2
P
o
o
o
<
0

T L] L L) L} T 1
500 750 1000 1250 1500 1750 2000
Wavelength (nm)

Fig. 5. (a) Extinction (E), absorption (A), and scattering (S) of
the Au/ITO-NA; (b) comparison of the absolute absorbance of

Au/ITO-NA and Au-20-NPA.
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Fig. 6. Schematic diagram of the fs-I-scan system used for the non-
linear transmission/absorption experiment.

which then promotes the resonance absorption. At the same time,
the strong free-electron interaction on the Au/ITO interface could
contribute to the NIR absorption by enhancing the LSPR resonance
of the Au particles. Moreover, the redshift of the absorption band
compared to the LSPR peak should also be ascribed to the free-
electron interaction between Au and ITO, which could change
the plasmon frequency of Au nanoparticles [30].

It is widely known that Au nanoparticles can exhibit a non-
linear optical response several orders of magnitude larger than
bulk metals due to its prominent SPR effects [31]. In this work,
to further investigate the nonlinear optical properties of the Au/
ITO-NA, a modified femtosecond intensity-scan system
(fs-I-scan) [32,33] has been built up, as illustrated in Fig. 6.
All experiments were performed by using 340 fs pulses from
a mode-locked fiber laser operating at 1030 nm with a repeti-
tion rate of 1 kHz. The focus length of the convex lens is
10 cm, and an objective (50 x , N.A. = 0.85) is used to collect
the signal after the sample. It should be noted that we selected
several different points on the sample and repeated our mea-
surement at least three times for each point to ensure the results
are reliable. According to the experimental result shown in
Fig. 7, the sample exhibits a typical TPA effect [34] as the nor-
malized transmission reduces gradually with rising 7;, and
tends to be stable when 7 is above 110 GW /cm?. According
to the linear absorption spectrum of the Au/ITO-NA, as shown
in Fig. 5(b), there is strong absorption (33%) at 515 nm, which
is much greater than that at 1030 nm. Therefore, the sample
shows a significant TPA effect, in which the free electron of
the Au particles can absorb two photons simultaneously when
excited by fs pulses at 1030 nm.

Based on the nonlinear optical theory, the attenuation of a
light beam [/(z)] passing through an optical medium caused by
TPA can be described as [35]
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Fig. 7. TPA saturation effect of the Au/ITO-NA under the
excitation of 340 fs, 1030 nm, and 1 kHz laser pulses.
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where @ is the linear absorption coefficient derived from
Ty = e %L [T, is the linear transmission (7o =1-A-25)
and L is the thickness of the sample], f(7) is the TPA coeffi-
cient, and z is the propagation distance in the sample. The
change in § with incident intensity (/) can be expressed as [36]
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where f is the nonsaturation TPA coefficient and 7 1py is the
TPA-induced saturable intensity of the sample. In our experi-
ment, no clear nonlinear response from either the ITO shells or
the quartz substrate was observed. Therefore, the contribution
of f(I,) only originates from the Au nanoparticles. More im-
portant, according to the repeated measurement results at one
point, the TPA signal was stable and no damage was observed,
as shown in Fig. 8; thus it can be demonstrated that the Au/
ITO-NA structure can keep a stable TPA response under high-
power fs laser radiation. According to Egs. (1) and (2), a well-
fitted result from the experiment data can be obtained, as
shown in Fig. 6. The corresponding TPA coefficient f, is
(4.40£0.19)x 10 cm/GW, and 7 py is 113 GW /cm?.
The results have demonstrated that our Au/ITO-NA has an
excellent nonlinear absorption property in the NIR region,
which might have great potential for nonlinear nano optical
devices.

4. CONCLUSIONS

In summary, an Au/ITO-NA with a button-shaped Au particle
on each hemisphere-shaped ITO shell has been fabricated
based on the combined methods of NSL and thermal decom-
position, instead of using nanolithography techniques.
Deposition thicknesses of the ITO and Au films are key issues
for the successful fabrication of the Au/ITO-NA, and its under-
lying formation mechanism has been discussed. Moreover, the
Au/ITO-NA shows an enhanced LSPR band in the NIR,
which could benefit from the free-electron interaction between
Au and ITO. An integrating sphere is also employed to help
investigate its linear optical properties thoroughly. Compared
to the Au nanoparticle array without an ITO shell, the
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Au/ITO-NA has shown a distinct absorption band near
1100 nm. The nonlinear optical response has demonstrated
that the Au/ITO-NA shows a remarkable TPA effect for fs
pulses at 1030 nm, with a TPA coefficient of (4.40 £ 0.19) x
102 cm/GW, which corresponds to the strong intrinsic
absorption band of Au nanoparticles. Therefore, this NA struc-
ture with prominent optical properties may have great potential
in NIR optical applications such as solar cells, photocatalysis,
and novel nano optoelectronic devices.
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