Technical Physics Letters, 2025, Vol. 51, No. 10

13

Effect of an intermediate layer on the formation and properties of

nanostructured ITO films
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The process of growing nanostructured films by magnetron sputtering on glass substrates with and without pre-
deposited dense indium-tin oxide (ITO) layers has been studied. It has been shown that the intermediate ITO layer
helps the nucleation of nanowires at low temperatures at the initial stages of film growth. Optical measurements
have demonstrated antireflection ability of the nanocrystal layer. Taking into account the reduced surface resistance
of the obtained films, the proposed method is promising for a wide range of applications, including manufacturing

transparent electrodes for optoelectronic devices.
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Indium tin oxide (ITO) is one of the key functional
materials in modern optoelectronics due to its unique
combination of high electrical conductivity and visible-range
optical transparency. The fact that ITO is widely used as
transparent conductive contacts for various devices, such
as liquid crystal displays, touch panels, LEDs and solar
cells, has stimulated active research into ways to control its
structural and electrical properties. In recent years, special
attention has been paid to nanostructured forms of ITO
layers, including porous and nanowire-based ones, which
exhibit improved characteristics because of an increase in
their specific surface area and realization of new physical ef-
fects. New horizons are opening up in applying the material
for omnidirectional antireflective coatings with a gradient of
the effective refractive index [1], gas sensors [2], medical
electrochemical sensors [3], ionic microsupercapacitors [4],
in photocatalytic processes [5], electrochromic coatings [6],
light-scattering surfaces promoting light coupling from high-
refractivity media [7], and field emitters [8].

ITO films containing nanowires (NWs) may be obtained
by various methods: pulsed laser deposition [9], molecular
beam epitaxy [10], chemical vapor deposition [11], electron
beam evaporation [12], ion-assisted electron beam evapora-
tion [1], magnetron sputtering [13]. The NW ITO formation
from In—Sn seed droplets proceeds autocatalytically via
the vapor-liquid-crystal (VLC) mechanism. Accordingly,
this process requires heating the substrate to temperatures
exceeding the melting point of the seed droplet metal
composition. In [14], we have examined how the substrate
temperature affects the morphology of indium tin oxide
films deposited on glass substrates by magnetron sputtering.
The magnetron sputtering method has a number of advan-
tages over other methods for producing films containing
ITO NWs, namely, relative simplicity, virtually unlimited
scalability, and, hence, possibility of commercial use.
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Here we propose a method for fabricating nanostructured
ITO films, which is able to make significantly easier the
process of NW nucleation and formation and, hence, allows
conducting the process at lower temperatures.

The films were deposited by magnetron sputtering of a
high-purity ITO target (99.99 %, 90 %wt. of In,O3+10 %wt.
of SnO,) at the direct current of 200 mA (P ~ 130 W) and
high-purity (99.999%) argon pressure of 0.3Pa by using
a combined film-deposition setup produced by Torr Int.
(USA). As the substrates, borosilicate glass slides 1.2 mm
thick were used. Jointly with them, we loaded in the
chamber similar substrates pre-coated with smooth dense
ITO layers prepared via the commercially available tech-
nique on the Astra-S magnetron sputtering setup (Izovac
Ltd. (Belarus). The layer thickness was 170 nm, its surface
resistance was 10 /0. Fig. 1 presents a scanning electron

Figure 1. SEM image of the initial substrate pre-coated with an
ITO layer.
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Figure 2. SEM images of the cleavage (a, b) and top view (c, d) of the film deposited at 300 °C on the glass substrate (a, ¢) and on the

glass substrate with a dense ITO layer (b, d).

microscopy (SEM) image of the ITO-layer-coated substrate
used in the experiments. In the experiments, SEM images of
the films were obtained with scanning electron microscope
JEOL JSM-7001F (JEOL Ltd., Japan).

The substrate temperatures during depositing the nanos-
tructured film was 300 °C, while the mass content of the
film substance matched its mass content in an unstructured
dense film 150nm thick. The films were deposited on
the substrates in the argon atmosphere. After being
deposited, the films were heated to 550°C and annealed
in nitrogen at the same temperature for 10 min without
removal from the vacuum chamber. Additional annealing
helps to achieve the optimal combination of the films’ con-
ductivity and transparency. The transmission and reflection
spectra of the samples were studied using spectroradiometer
Optronic Laboratories OL 770. The radiation was incident
on the sample from the side of the film perpendicular to its
surface. X-ray diffraction measurements were performed on
diffractometer D2 Phaser Powder (Bruker AXS, Germany).
In the experiments, the CuK,1 » radiation was used, which
was detected by a semiconductor linear position-sensitive
detector LYNXEYE (Bruker AXS, Germany) with the
opening of 5°. The diffraction curves were interpreted
based on the ICDD diffraction database PDF-2, release 2014

(Powder Diffraction File-2, ICDD, 2014), by using special
software package EVA (Bruker AXS, Germany).

The SEM data (Fig. 2) shows that the morphology of
ITO films obtained in the experiment is determined by the
substrate on which the films have been deposited. For
instance, at the very beginning of the NW formation during
deposition on a pure glass substrate they have small lengths
and low surface density (Fig. 2, a, and ¢), while in the case
of deposition on the substrate pre-coated with a smooth ITO
layer pronounced nanowires with a high surface density are
formed (Fig. 2, b and d).

Since initiation of the VLC process needs formation of
molten-metal droplets on the substrate surface, the observed
effect is associated with a higher probability of droplet
formation on the ITO layer surface as compared with that on
the glass surface. Probably, at the initial stage of deposition
the decisive role is played by the surface wettability by the
molten-metal droplets, which in the simplest case is defined
by the Young equation for contact wetting angle

cosf = Ysv — Pst _VSL, (1)

Yv

where psp, Vsyv, vy are the surface tensions at the
solid—liquid, solid—vapor and liquid—vapor interfaces,
respectively. Hence, an increase in component psy will lead
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Figure 3. Diffraction curves from the sample on pure glass (/)

and from that on glass with the ITO sublayer (2). The colored
figure is given in the electronic version of the article.

to a decrease in the contact angle. Apparently, surface ten-
sion at the glass—vapor interface is significantly higher than
that at the ITO—vapor interface, which prevents the droplet
formation on the glass surface and promotes creation of a
continuous ITO layer. Further, formation of the continuous
sublayer on the glass surface is accompanied by variations
in the wettability conditions, and droplet formation on the
substrate becomes energetically more favorable. Thus, the
pre-formed ITO sublayer promotes an earlier and more ac-
tive growth of NWs. This assumption is consistent with the
demonstrated in [15,16] dependences of the density and size
distribution of the In—Sn droplets arising on the substrate
at the early stage of the ITO film deposition on two factors:
substrate surface energy and surface diffusion energy.
X-ray diffraction analysis showed that ITO has a cubic
lattice with space group la—3. The presented diffraction
patterns (Fig. 3) show clearly that the sample grown on the
ITO sublayer has a pronounced texture over planes (£00),
i,e.  NWs stretch in directions perpendicular to the
cube face. In the figure, indices of these reflections

are highlighted in red (the color version of the figure is
presented in the electronic version of the article). In the
curve measured for the ITO sample grown on pure glass,
the texture is pronounced only slightly. The diffraction peaks
on the curve of the sample grown on the ITO sublayer have
a pronounced asymmetry towards smaller angles on the 26
scale (see the inset to Fig. 3). This evidences that the sample
contains two ITO phases significantly differing in the cell
parameters and crystallite sizes.

The results of the diffraction curves profile analysis are
listed in the Table. According to the Table data, the
NW layer created on the ITO sublayer (row 3 in the
Table) is characterized by a larger crystallite size and
lower microdeformations, which is associated with specific
features of their growth via the VLC mechanism.

Transmission and reflection spectra of the samples under
study are given in Fig. 4  The same figure presents
the spectra of glass with a smooth ITO film, which was
used in the experiment as one of the substrates. As
per Fig. 4, both obtained samples have similar optical
characteristics allowing using them as contacts for highly
efficient optoelectronic devices. Note that, in almost the
entire wavelength range, the sample with developed NWs
grown on the substrate with an even ITO layer exceeds the
substrate itself in transmittance, despite the almost twofold
increase in the film specific mass, and, hence, in the light
absorption in it. Thus, the nanostructured layer has an
antireflective effect on the smooth film due to the presence
of gradient of the effective refractive index. The fact
that transmittance of the sample with the nanostructured
film without the ITO sublayer is higher than that of the
film on the ITO sublayer is explainable by that in the
first case the film specific mass is lower. The NW layer
grown on the ITO sublayer is more efficient in view of
light coupling than that grown on glass; this is confirmed
by a lower integrated reflectivity of this sample (curve 3
in Fig. 4).

Measurements of the electrical characteristics of the
films obtained in the experiment gave the following values
of surface resistance: 29 2/[] for the film without the
ITO sublayer, 9Q2/00 for thefilm with the ITO sublayer.

Results of the profile analysis of diffraction curves from the studied samples

Cristallite Divergence factor
Samble tvpe Cell size Microdeformation of the model and
ple typ parameter a, A ’ & experimental
curves Ry
NWs on
th
¢ pure 10.159 200 8.4.107* 22
glass
substrate
NWs on 10.196 17.7-107*
the glass
substrate 10.139 7010~ 42
with the ITO layer ' e
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Figure 4. Transmission and reflection spectra of samples with
different coatings: initial substrate with the smooth ITO layer (7),
nanostructured ITO layer deposited on pure glass (2), and glass
with the smooth ITO sublayer (3).

As mentioned above, the ITO sublayer surface resis-
tance was 10 /1.

Thus, in this paper we propose a new method for
creating nanostructured ITO films, which involves prelim-
inary deposition of a dense even ITO sublayer onto the
glass substrate. As a result, the process of the ITO NW
formation is significantly simplified due to variations in
the substrate surface wettability by the In—Sn droplets.
Concurrent reduction in the surface electrical resistance
of the nanostructured samples allows using these films in
applications requiring high current densities. The gradient
of the effective refractive index caused by the ITO layer
nanostructure has an antireflective effect, that is, it increases
the film transmittance and reduces its reflection.
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