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Kinetics of Residual Stresses in Electrochemically Doped ITO Thin Films
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Indium-Tin-Oxide (ITO) thin films were deposited by a reactive DC magnetron sputtering at 7= (100 + 700) °C on
amorphous quartz substrates. Oxygen content of the as grown films was varied by electrochemical doping using 20 %
water solution of acetic acid (CH;COOH). The dependence of residual stress of the system ITO — quartz substrate was
studied in a course of the electrochemical doping. We have found that residual stress of the ITO thin films decreased
with doping by additional oxygen ions into the films from the solution.
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INTRODUCTION

Many kinds of transparent conducting oxide (TCO)
films such as impurity-doped indium oxide, tin oxide, and
zinc oxide systems have been widely used as transparent
conductors for numerous opto-electronic applications
[1-3].

Indium tin oxide (ITO) is one of the most widely
investigated and used transparent conducting oxides,
because of it’s relatively low resistivity and high optical
transmittance in a visible spectra region compared to other
transparent conducting oxide films such as SnO,, ZrO, or
ZnO [4 - 6].

ITO film properties depend on their structural
characteristics, crystallinity, presence of impurities (or
doping), defect characteristics, uniformity, stoichiometry.
Hence, thin ITO films deposited by different techniques,
show a considerable variation in properties. Careful
optimization of technological parameters is essential to
obtain a good reproducibility of film properties.

As the need for more efficient performance and
precise, high-quality thin films has arisen, together with
the advancement of multilayer coatings, the development
of existing alternative techniques has been sought. One of
such techniques is magnetron sputtering [3, 7], the deposi-
tion tool used in this work. Magnetron sputtering is a low-
pressure process that has gained increasing popularity in
the last two decades. It permits large-scale deposition of
high-quality films (e.g. homogeneous thickness, high den-
sity and superior adhesion to substrate) at relatively high
rates. Another advantage is that material can be deposited
on substrate at room temperature. The structure of ITO thin
films depends on deposition conditions, which have a
strong influence on the mechanical properties and the
development of stress [8, 9].
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Residual stress in thin films can cause several
problems for applications. For instance, excessive residual
stress can limit the reliability and function of various ITO
film-based structures due to peeling, cracking and curling.
So, the control of the residual stress is very crucial in
almost all coatings.

Both electrical and optical properties of ITO thin films
may be tuned in wide ranges by varying oxygen content in
the films during post deposition annealing at various
oxygen pressure conditions. However, there is also a
promising possibility to control oxygen content into the
films by electrochemical doping. Low temperature of the
process is an advantage, as far as annealing of the films at
high temperatures may introduce significant residual stress
resulting cracking or peeling the films and bending of the
substrate. Precise control of oxygen amount in thin ITO
film during different technological steps is an important
factor for providing a reliable thin film device structures.

EXPERIMENTAL

A DC magnetron reactive sputtering system was used
to deposit the ITO films. Further details about the
experimental set up have been reported elsewhere [9]. Pure
In target containing 9 wt.% of Sn was disk-shaped with a
diameter of 100 mm.

The films were deposited on quartz substrates (for
optical measurements) and crystalline silicon substrates
(for the stress measurement), which were placed 40 mm
apart and parallel to the target surface. The target was pre-
sputtered for 10 min. The thickness of the films ranged
from 1 pm to 1.2 um. The substrate temperature measured
by a thermocouple was set in the range of 100 °C to
700 °C. The film thickness (d) was determined by pro-
filometer. Typical deposition rate of the films was
0.2 nm/s. The films were deposited onto 0.27 mm thick
quartz substrates. After deposition, the films were doped
additionally by oxygen at room temperature electrochemi-
cally. The water solution used for the electrochemical



doping contained about 20 % of acetic acid (CH;COOH).
The density of current during doping was kept fixed
(15 pA/em®). The temperature of the solution during
experiment was 20 °C. The influence of oxygen content on
resistivity of thin films was controlled in situ. The
schematic illustration of the oxygen doping and resistivity
measurement technique is shown in Fig. 1. (Direction of
the current (“+” or “— through the sample) was changed

by the buttons P1).
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Fig. 1. Schematic illustration of the technique used both for
electrochemical doping of ITO films by oxygen and in-
situ electrical resistivity measurement: B — sample (ITO);
E — power supply (0 — 12 V); G — ac current generator
(G3-112/1); R1, R2 — resistance; K — computer; Pt —
chemically stable platinum electrode; S1 — micro-
ampermeter; S2 — test-tube of glass; S3 — amplifier of ac
signal (data precision 3500); Tr — transformer; Cl1 —
capacitance, P1 — buttons (for changing direction of the
current)

X-ray diffraction (XRD) measurements were carried
out in order to examine crystallinity of the films as a
function of deposition temperature and doping. Cu K,
radiation source and a conventional @—2@ set-up was
used for the investigations.

Optical transmission of the films was measured in the
spectra region of wavelengths 300 nm — 800 nm using (UV
— Vis) spectrometer.

The residual stress in the plane of thin films
perpendicular to the length of cantilever was calculated
according to the Stoney’s formula [10]:

1 Ed’
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Where E; is the Young’s modulus of the substrate, d; is
the thickness of the substrate, d, is the thickness of thin
film, v, is Poisson’s ratio of the substrate, R, and R, are the
radii of the substrate after and before thin film deposition
respectively. The radii of the substrate were defined using
a laser interferometer described in [10].
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RESULTS AND DISCUSSIONS

The electrochemical doping was used to change the
oxygen content in the surface layer of ITO thin films after
the deposition. Depending on the current direction (and
time of exposure), the amount of oxygen on surface at ITO
thin films can be either increased or decreased. The
corresponding resistivity changes of the as deposited films
were observed. Resistivity kinetics of the films measured
in situ during electrochemical doping are shown in Fig. 2.
Resistivity of ITO thin films increased when positive
voltage was applied on platinum electrode (first part of the
curve in Fig. 1) while a decrease of film resistivity was
observed when Pt electrode was negative (second part of
the curve in Fig. 1). These reproducible dramatic resistivity
changes demonstrate variation of oxygen content in the
surface layer of ITO films depending on the direction of
current between platinum electrode and ITO film.

14 1 2
3 0.8
2 0.6
2 0.4
& 0.2 9
0 ; ; : : : ‘
0 10 20 30 40 50 60
Time, min.

Fig. 2. Kinetics of the resistivity of ITO thin films during their
electrochemical doping

According to our previous experimental results, the
residual stress of the as prepared thin ITO films depended
strongly on deposition temperature [11]. This is good
agreement with the results of other researchers [4] that
have demonstrated that the intrinsic compressive
component of stress always dominates for the conductive
ITO films. So, the residual stress changes with deposition
temperature can be attributed to a complicated variation of
ITO film microstructure during film synthesis [9].

Residual stress in the films can be minimized either by
annealing in oxygen ambient or by electrochemical doping.
Results of our experiments revealed an increase of tensile
stress component for the ITO thin films related to a
diffusion of oxygen into the films [9].

This increase is dependent on the structure of ITO thin
films (or temperature of deposition) as reported as well in
[4, 5, 12]. The electrochemical doping was applied for the
ITO thin films with small stoichiometric changes that
reflected by their good resistivity (~ 10 Qcm — 107 Qcm)
and optical (transparence about 80 % =+ 85 %) properties.
Residual stress was evaluated as a function of time of
electrochemical doping. From Fig. 3 (a and b) one can see,
that residual stress in indium tin oxide films deposited at
different temperatures can be minimized by electrochemi-
cal doping. An increase of resistivity of ITO thin films by
about 15% — 30% followed by a slight variation in
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Fig. 3. Kinetics of residual stress of ITO thin films deposited at: a— 150 °C, b — 700 °C, during their electrochemical doping
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Fig. 4. Kinetics of resistivity of ITO thin films, during at time
of electrochemical doping, deposited at: 1 — 150 °C,
2-700°C

optical transmittance were indicated after electrochemical
doping (Fig. 4).

CONCLUSIONS

The ITO thin films have been deposited on amorphous
quartz substrates by magnetron sputtering. It has been
observed experimentally that residual stress in indium tin
oxide films deposited at different temperatures can be
minimized at room temperature by applying extra
electrochemical doping by oxygen. Changes of the residual
stress due to electrochemical doping depended on
microstructure of the prepared ITO thin films. The
minimum residual stress (close to zero) and corresponding
increase of resistivity (by 15 % — 20 %) was obtained for
ITO thin films deposited at 700 °C (with the biggest
crystallite size).
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