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ABSTRACT: In this work, we demonstrate, for the first time, the 8 . o0
possibility to fabricate indium tin oxide nanoparticles (ITO NPs) using \FLL.J_L,i e é .

a gas aggregation cluster source. A stable and reproducible deposition s | ety 4

rate of ITO NPs has been achieved using magnetron sputtering of an
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In,0;/Sn0, target (90/10 wt %) at an elevated pressure of argon. Indium tin oxide 20 P & o
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Remarkably, most of the generated NPs possess a crystalline structure ~ SPutteringtaroet Wavelength [nm]
identical to the original target material, which, in combination with their Gas aggregation TEMofITO  Localized surface plasmon
average size of 17 nm, resulted in a localized surface plasmon resonance cluster source nanoparticles  resonance peak in the NIR
peak at 1580 nm in the near-infrared region.
Bl INTRODUCTION Despite the many advantages of ITO NPs, there are still

significant challenges regarding the integration of the currently
available deposition methods with industrial manufacturing
processes. For instance, the large-scale industrial production of
optical coatings most often relies on vacuum-based deposition
methods and is not compatible with the widely developed wet-
chemistry approaches®®'>'*!®!92! for synthesizing ITO NPs.
Moreover, to the best of our knowledge, there are no
alternative vacuum-compatible deposition processes for ITO
NPs** despite the wide use of physical vapor deposition

The outstanding combination of high luminous transmission
(70—90%) in the visible part of the spectrum and low
resistivity (down to 107 Q-cm) has made indium tin oxide
(ITO) an indispensable part of many optoelectronic
applications such as light-emitting diodes," liquid crystal and
touch screen displays,” and electrochromic” and photovoltaic
systems.” Such prominent properties are particularly inherent
to ITO thin films, the thickness of which varies from a few

nanometers up to several microns. For this goal, several (PVD) techniques for ITO films.
fabrication methods have been developed based on wet- In this work, we present a simple, low-cost way of
chemistry syntheses’™" (sol—gel, spin-coating, etc.) and synthesizing ITO NPs using a gas aggregation cluster source
physical vapor deposition” "' (e-beam evaporation, pulsed (GAS). In contrast to other methods, this technique is based
laser deposition, magnetron sputtering, etc.). on magnetron sputtering and can easily be installed on any
Recent advances in nanotechnology have demonstrated vacuum deposition chamber. It has been successfully tested in
excellent prospects for another form of ITO material, namely, the past for the fabrication of heterogeneous metal,B_25 metal-
nanoparticles (NPs). One of the most exciting properties of oxide,”® and organic’’*° NPs as well as more advanced
such ITO NPs is their ability to generate a localized surface metal—metal’"** or metal—organic®”** core—shell NPs.
plasmon resonance (LSPR) peak in the near-infrared region'” Another of the advantages of the GAS deposition technique
without affecting the luminous transmission in the visible is that the particles can be deposited on any substrate material
region. Similar to other plasmonic materials such as noble compatible with high vacuum.
metal NPs, the frequency of the LSPR can be tuned by In this short paper, we demonstrate the applicability of the

adjusting the size and shape of the ITO NPs and the properties GAS method for tbe 'deposition of ITO NP S- We particularly
of the surrounding medium.”® In addition, ITO NPs possess focus on the description of the general principles of the GAS

the exclusive property of tuning the LSPR peak position by

changing their chemical composition, mainly by controlling the Received: December 19, 2022
concentration of Sn'*™'® or oxygen vacancies.'” Therefore, Accepted: January 12, 2023
ITO NPs are particularly interesting for applications suitable Published: February 1, 2023
for robust infrared shielding without mitigating visible light

. 18 . : 19,20
transmittance ° such as electrochromic smart windows or
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automotive glass.
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method with a subsequent discussion of the basic character-
istics of the resulting ITO NPs.

B EXPERIMENTAL METHODOLOGY

NP Fabrication System. The ITO NPs were fabricated
using a GAS, as illustrated in Figure 1. The cluster source

Load-lock '

S

!

Cluster source

i

Water-cooling

Baratron

Figure 1. Illustration of the deposition system consisting of the GAS
module mounted onto the main deposition chamber.

consists of a water-cooled cylindrical stainless-steel chamber
equipped with a conical-shaped lid with a replaceable orifice. A
2 inch diameter In,05/Sn0, (90/10 wt %, 99.99% pure, Kurt
J. Lesker Co., PA, USA) target mounted onto a magnetron was
used as the source of the material for NPs. In addition, the
cluster source chamber is equipped with two ports used for a
pressure gauge and a gas inlet.

The whole GAS setup was mounted on the main deposition
chamber with a base pressure of around 1 X 107* Pa. The
cluster source is evacuated through a few millimeters in
diameter orifice utilizing the pumping system of the main
chamber consisting of rotary and turbomolecular pumps.
Sputtering of the ITO target was performed in the DC regime
using a Pinnacle (Advanced Energy, CO, USA) power supply
at different target currents from 100 to 500 mA. Argon gas
(99.999% pure, Air Liquide, QC, Canada) with a flow from 7
to 25 sccm (standard cubic centimeters per minute) was
introduced from behind the magnetron to improve the
uniformity of the gas distribution. Ar was used as a working
gas for the magnetron sputtering process but also as a

condensation center for the metal atoms.” Due to the small
orifice’s diameter, the Ar flowing through the cluster source
creates a significant pressure differential, which, in this work,
varied between 66 and 172 Pa in the GAS chamber versus 10
Pa in the main deposition chamber, which was kept constant
during all experiments. The shape and the diameter of the
orifice also control the speed at which NPs leave the GAS
source as well as their angular spread. More details on the
capabilities of the GAS method can be found elsewhere.*****

The depositions of ITO NPs were performed on a
nonheated substrate placed in the center of the chamber.
The experimental conditions were optimized using the real-
time data on the mass flux monitored by a quartz crystal
microbalance (QCM), positioned about 25 cm from the orifice
in the deposition chamber. The QCM’s output in Hz/min was
converted to more representative mass flux data using the
Sauerbrey method.*®

Characterization of the NPs. The transmission (T),
reflection (R), and scattering (S) spectra were measured using
a Lambda 1050 (PerkinElmer Inc, MA, USA) spectropho-
tometer equipped with an integrating sphere (150 mm in
diameter), while the absorption (A) was calculated as 100 —
Ttotal - Rtotal! where Ttotal and Rtotal correspond to Tspecular +
Tgiffuse a0d Rypecular + Ruifusesr Tespectively. The total amount of
scattering (S) was calculated as S = Tygyee + Ryiruser Where
Tause 1 the diffuse transmission and Ry is the diffuse
reflection.

The morphology of the ITO NPs was studied by TEM
analysis using a JEM 2100F instrument from JEOL USA Inc.
(MA, USA). The field emission gun TEM (FEG TEM) was
operated at 200 kV and used to acquire bright-field and dark-
field images, selected area electron diffraction (SAED)
patterns, and high-resolution images. The EDS analysis was
done using a TEM Xplore detector from Oxford Instruments,
UK. Analyzed samples consisted of sub-monolayers of ITO
NPs deposited on Si;N, TEM grids (Norcada, AB, Canada).

X-ray diffraction (XRD) measurements were carried out
using a Bruker (MA, USA) D8-Discover X-ray diffractometer
with a Cu target (K, radiation, wavelength 4 = 0.154 nm) and
a Gobel mirror to obtain a parallel beam configuration. All
measurements were performed using grazing incidence X-ray
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Figure 2. Mass flux (¢g/min) as a function of pressure (a) and discharge current (b). The effect of pressure in the aggregation chamber was tested
under a constant discharge current of S00 mA, while the I, effect was evaluated under a constant pressure of 113 Pa. The orange star indicates the
experimental conditions chosen for the deposition of ITO NPs on substrates for subsequent characterizations.
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Figure 3. (a) TEM image of ITO NPs deposited at a pressure in the aggregation chamber of 113 Pa, an I; of S00 mA, and a deposition time of 30 s;

(b) size distribution of the NPs and log-normal fit.

diffraction (GIXRD). The diffraction patterns were evaluated
using ICSD 50847 (similar to JCPDS card no. 06-0416).

B RESULTS AND DISCUSSION

Deposition Rate. In the first part of this work, we
evaluated the deposition rate as one of the main parameters
related to the flux of NPs toward the substrate as well as a
fingerprint to adjust the growth kinetics and the process
stability. As pointed out in previous works™ >’ ~*!
GAS deposition method, the pressure in the aggregation
chamber and discharge current are the main parameters
affecting the deposition process of NPs. By regulating the Ar
flow from 7 to 25 sccm while keeping the discharge current
constant at 500 mA, a broad range of pressure values from 66
to 172 Pa was tested. The NPs were found to be created within
the 84—172 Pa range with a nonlinear efficiency. Starting at 84
Pa, an increase in the working pressure leads to an abrupt
increase in the deposition rate until about 120 Pa, where it
starts to stabilize as indicated by the fitting of the experimental
data in Figure 2a. This dependence denotes that higher
deposition pressures promote the nucleation of ITO clusters,
which may be explained by a more efficient thermal exchange
of the vaporized target atoms with Ar atoms. At the same time,
the occurrence of stabilization and even a slight decline suggest
the onset of a shortage of fresh material supplied by the
sputtering process, the yield of which is known to decrease at
high deposition pressures.*’

The impact of the discharge current, Iy, was tested under a
fixed deposition pressure of 113 Pa, which was chosen as the
most optimal value yielding a high deposition rate. In contrast
to the deposition pressure, the effect of the discharge current
was relatively straightforward. Starting from 100 mA, where the
first ITO NPs were detected, the increase of the I; stimulated
an increase in the deposition rate up to a maximum value of
500 mA (Figure 2b). In the present sputtering configuration,
where the working gas mixture is constant and the discharge
voltage changes only slightly (210-234 V), the I; directly
affects the discharge power, which, in turn, predetermines the
sputtering rate of ITO from the target. Thus, higher discharge
currents supply more atoms and molecules that subsequently
nucleate and form more ITO NPs.

on the
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Based on the mass flux analysis results, a deposition pressure
of 113 Pa and an I of S00 mA (indicated with a star in Figure
2a) were chosen as the most representative and suitable
conditions for the deposition and further characterization of
the ITO NPs. These conditions also demonstrate a good run-
to-run reproducibility that was evaluated by the optical
response of the coatings, as described below.

Morphology and Crystalline Structure of the NPs.
The size, shape, and crystalline structure of the ITO NPs were
analyzed by TEM. A brief look at the TEM image shown in
Figure 3a reveals the high uniformity of the NP coverage over
the examined substrate surface. A statistical analysis, performed
by using Image], indicates the presence of ITO NPs with sizes
varying from a few nanometers up to 60 nm. As can be seen in
Figure 3b, the ITO NPs obey a log-normal distribution with a
mean size (#) of 17 nm and a standard deviation () of 10 nm.
Another prominent parameter extracted from the statistical
analysis of the TEM images was the flux (®) of the NPs to the
substrate. Using the simple equation @ = N,/ (S-t), where
N, is the total number of NPs per area S (um?) deposited for
a period of time ¢ (min), the resulting flux of ITO NPs is of
552 NPs/(um*min), which is comparable to the flux of Cu
NPs previously deposited by GAS." Considering the linear
relationship of the relative deposition rate with I (see Figure
2), the obtained @ value can be used to estimate the NP fluxes
for other discharge current values (but only for a constant
pressure of 113 Pa) in case it is needed for a specific
application.

A high magnification TEM image, shown in Figure 4a,
discerned various types of ITO NPs in terms of shape, which
can be mainly divided into two groups: spherical and
octahedron-like. A zoom-in into the single NPs of each type
also revealed their different crystalline structures (Figure 4b—
d). The octahedron-like NP possesses a single crystalline
structure (Figure 4c), while some spherical NPs have either
complex structures with a crystal core and amorphous shell
(Figure 4c), or they are entirely amorphous, as seen in Figure
4d. Analysis of the SAED patterns reveals that all crystalline
particles have a structure corresponding to cubic indium oxide.
This conclusion is supported by the XRD results discussed
below. The presence of amorphous ITO NPs suggests that it
may be possible to crystallize them further using a post-
annealing process.

https://doi.org/10.1021/acsomega.2c08070
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Figure 4. HRTEM images of ITO NPs revealing their different shapes
and crystalline structures: (a) broad view of several NPs on the
surface; (b) octahedron-like ITO NP; (c) spherical ITO NP with a
complex partially crystalline structure; (d) spherical but completely
amorphous ITO NP. The corresponding SAED pattern is shown in
the inset of each image.

The XRD analysis of ITO NPs (Figure S) demonstrated five
very narrow diffraction peaks in the spectrum, confirming the
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Figure S. XRD spectrum of ITO NPs deposited at an I3 of 500 mA, a
pressure of 113 Pa, and a deposition time of 30 min, XRD spectrum of
the sputtered ITO target, and diffraction pattern of cubic In,O;,
according to ICSD 50847.

highly crystalline nature of the ITO NPs as also indicated by
TEM (see Figure 4). The XRD pattern of the NPs is
equivalent to that of the ITO target, and it is in excellent
agreement with the pattern of cubic In,O; from the database
(ICSD 50847, similar to JCPDS card no. 06-0416). The most
intense peaks were identified as the crystal planes (211), (222),
(400), (440), and (622) of the cubic In,O; structure. The lack
of signal from Sn and SnO, species in the XRD spectrum
suggests that Sn atoms replaced In atoms in the structure. A
similar set of characteristic planes has been observed in
previous works on ITO NPs prepared by the wet-chemistry
methods.'*'” Moreover, the present XRD pattern of our ITO
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NPs is identical to the spectrum of a commercial ITO
powder,44 which, once again, points toward the resemblance of
their crystalline structures.

Using Scherrer’s equation t = (0.891)/(Bcosf), where 2 is
the wavelength of the X-ray beam in the diffractometer, B is
the full width at half-maximum of the strongest peak at the
(222) plane, and @ is the diffraction angle at the (111) plane,
we obtain a crystallite size of 22.6 nm, which is in good
agreement with the average size of the ITO NPs. In their
recent work, Kim et al'’ studied the effect of thermal
annealing on ITO NPs and revealed that a larger grain size
leads to a lower sheet resistance and higher conductivity of the
NPs due to lower scattering at grain boundaries. Furthermore,
they also demonstrated that the intensity ratio between the
(222) and (400) peaks provides insight into the quality of the
crystalline structure of the NPs, and confirmed that a higher
ratio results in a lower sheet resistance of the coating. In our
case, the XRD intensity line ratio is 3.84, close to the best-
performing coatings in the range of 3.68—4.17 obtained in ref
17. for their samples annealed at 300—600 °C (the
corresponding crystallite size varied within 10.35—11.85 nm).
Thus, GAS enables the fabrication of highly crystalline ITO
NPs without the need for post-deposition annealing. More-
over, the degree of crystallization and the shape of the NPs can
most probably be controlled by the process parameters, for
example, the discharge power. More investigation on this
subject is needed.

Chemical Composition. The chemical composition of the
ITO NPs was assessed by energy-dispersive X-ray spectroscopy
(EDS). Benefiting from the TEM’s analysis capabilities, we
selected an area where only a single crystal octahedron NP or
amorphous NP was present. For both types of NPs, the EDS
analysis detected the core elements of ITO compounds such as
In, Sn, and O with the corresponding atomic percentages
summarized in Table 1. While absolute compositions in at.%

Table 1. EDS Elemental Composition of the Crystalline and
Amorphous ITO NPs Shown in Figure 4b,d

In, at.% O, at.% Sn,at% Sn/In  O/(Sn + In)
crystalline NP 16.0 824 1.6 10.0 4.6
amorphous NP 18.5 79.6 1.9 10.2 3.9

are far from the nominal chemical composition of the ITO
target (Sn, 3.67%; In, 35.61%; O, 60.72%), an excellent
agreement of the Sn/In ratio (10.0—10.2%) of ITO NPs with
the original target material’s ratio of 10.3% was revealed. The
disagreement in the elemental composition can be particularly
explained in terms of the O/(Sn + In) ratio. A quick look at
the results indicates significantly large values of 4.6 and 3.9
compared to the nominal value of ~1.5. In the present case,
the oxygen amount seems to be overestimated due to the
contribution of signals from the adsorbed impurities on the
substrate surface. Furthermore, due to the different sizes of the
considered NPs, the NPs/substrate surface area ratios were
slightly different during the EDS analysis, which may thus
cause differences in the chemical composition between the
NPs of different crystalline structures.

Optical Properties. The previously observed morpholog-
ical and chemical characteristics of the produced ITO NPs
suggest that they should indeed possess unique optical
properties. For a complete optical characterization, we have
chosen a sample deposited under identical deposition

https://doi.org/10.1021/acsomega.2c08070
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conditions (113 Pa and 500 mA) but with a longer deposition
time of 30 min. The analysis of the optical spectra shown in
Figure 6a,c reveals a well-defined and strong absorption peak in
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Figure 6. (a) Transmission, (b) reflection, (c) absorption, and (d)
scattering spectra of ITO NPs deposited on a glass slide.

the near-infrared region positioned at 1580 nm. Remarkably,
the previous wet-chemistry works on tuning the Sn doping in
ITO NPs observed the same peak position for the NPs doped
with 10% Sn.”'*'* Both works also demonstrated that 10% Sn
is the most optimal percentage ensuring the highest density of
free electrons, resulting in a shorter wavelength position and a
higher absorption level of the plasmon peak. In our case, a
maximum absorption of approximately 80% was achieved
without affecting the visible spectrum (380—780 nm), as
indicated by a high luminous transmittance (T),,) value of
91% (D65 illuminant and CIE 1931 2° observer). At the same
time, the luminous reflectance decreased to 5.8% compared to
8.7% for the bare glass slide (Figure 6b).

Another crucial parameter that has often been overlooked by
previous studies on ITO NPs is light scattering. Evaluation of
scattering of the ITO NPs performed by an integrating sphere
revealed a low haze level of around 1.7% at 550 nm (Figure

6d).

B CONCLUSIONS

The early results described in this paper demonstrate the
outstanding potential for fabricating ITO NPs by the GAS
method. It was found that a combination of high deposition
pressure (>110 Pa) with high I; (500 mA) creates the most
optimal conditions for the fabrication of the ITO NPs. The
optimized experimental conditions resulted in the formation of
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ITO NPs with an average size of 17 & 10 nm, most of them
possessing a highly crystalline structure identical to the target
material. The chemical composition analysis revealed a similar
Sn/In ratio but an increased concentration of oxygen in the
NPs in comparison to the target material. The optical analysis
showed the presence of a characteristic plasmon peak at 1580
nm and a maximum absorption of around 80%. Intense
absorption in the near-infrared region did not affect the
transmission in the visible part of the spectrum (380—780
nm), as demonstrated by the resulting high Ty, of 91%.
Considering the complexity of the parameters affecting the
properties of ITO material during its deposition, it is
remarkable to achieve this optical performance by employing
the most straightforward approach of sputtering an ITO target
in Ar gas without external manipulations of the NPs.

Since this is the first work on the fabrication of the ITO NPs
using the GAS method, we wish to highlight the priorities for
further investigations. First, it is necessary to explore other
opportunities to improve the optical properties of ITO NPs,
such as adding a small amount of oxygen into the working gas
mixture. The second aspect relates to improving the efficiency
of the ITO NPs’ optical response through initiating
crystallization of the amorphous species that were observed
in the deposit. It has been shown that exposing ITO NPs to
high annealing temperatures (300—600 °C) in various gas
atmospheres can significantly improve their absorption
efficiency.'” Finally, the compatibility of the GAS method
with other vacuum-based deposition processes makes it
possible to envision various nanocomposite coatings based
on ITO NPs. For example, incorporating the ITO NPs into a
material with electrochromic properties can allow one to
independently tune the transmission in the visible and near-
infrared regions."”
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