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order to track the reaction kinetics as a function of the concentration of hydrochloric acid and accordingly solu-
tion pH. Contact angle measurements and atomic force microscopy experiments determined that acid treatment
increases surface hydrophilicity and porosity. X-ray photoelectron spectroscopy experiments identified that film
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the concentration of undisassociated hydrochloric acid molecules. Taken together, the findings presented in this
work verify the acid-catalyzed kinetics of ITO film dissolution by chemical treatment, and support that the
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corresponding chemical reactions should be accounted for in ITO film processing applications.
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1. Introduction

Indium tin oxide (ITO) is a transparent conducting oxide [1,2] that is
widely employed as a thin film coating in many types of optoelectronic
devices, including liquid crystal displays [3-6] and solar panels [7].
Chemical stability of ITO films is therefore an important factor for device
fabrication and processing as well as for long-term issues such as
dissolution and degradation [8-11], durability [12] and corrosion [13].
ITO films may be treated by one or more types of processing steps, in-
cluding chemical etching or leaching (acid or base treatment) [14-19],
oxidation (oxygen plasma) [20-23] and annealing [2,24]. In addition
to their possible coating applications, ITO films can also serve as a
substrate for deposition of electroactive materials, including metal ox-
ides, ceramics and conducting polymers. The deposition process typical-
ly involves cathodic polarization in aqueous electrolytes [25-28]. As
device fabrication and processing can be performed in a variety of
electrochemical and electrolyte conditions, there has been significant
interest in correlating fabrication and processing methods with
resulting structural, optical and electrical properties of the ITO film.

Early speculation predicted that structural changes in ITO films may
arise under negative applied potentials, and Armstrong et al. [29]
provided the first direct evidence to show that changes in the chemical
composition of an ITO film surface can occur as a function of electrolysis
potential. Film instability under anodic potential cycling has also been
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observed [30], and it is now understood that both cathodic and anodic
potentials can affect ITO film properties [27,28,31,32]. While high ap-
plied potentials and corresponding electrochemical reactions are one
contributing factor to induce changes in ITO film properties, chemical
reactions that involve the breaking of surface bonds may also occur
[33,34]. Indeed, ITO film processing and electrochemical deposition is
generally performed in acidic or alkaline conditions, with a preference
toward concentrated acids [19,25-28,35,36]. Furthermore, ITO films ex-
hibit higher corrosion rates in acidic solutions, as compared to neutral
solutions, suggesting that the aqueous electrolyte contains chemically
active species.

Based on high corrosion rates observed in acidic solutions, it would
appear that acidic conditions promote chemical reactions on the ITO
surface. Adding to the complexity, there can be significant variation in
the reaction kinetics depending on the type of acid [33,36]. A range of
acids have been tested for ITO film etching and halogen acids are the
most active and therefore widely used for film processing [33]. As a
representative halogen acid, hydrochloric acid solutions etch ITO films
via a non-electrochemical mechanism and the etch rate depends on
the concentration of undisassociated hydrochloric acid molecule,
which is the active species. Weak acids such as acrylic acid have also
been identified to affect electrochemical and structural properties of
ITO films [36]. However, a large fraction of studies have been oriented
toward electrochemical deposition and have therefore simultaneously
examined the effects of the aqueous electrolyte and applied potential
on ITO surface characteristics. Although this approach has led to practi-
cal insights for device fabrication and processing, it also raises a
fundamental question about the role of electrochemical versus non-
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electrochemical reactions occurring on the ITO surface and its corre-
sponding effects on film properties, including structural morphology.
Recently, Spada et al. [32] reported that electrochemical effects on ITO
film properties can occur in a manner that is largely independent of
solution pH. In relation to previous works on the subject, their findings
support that the effect of solution pH on ITO film properties (e.g.,
morphology, structure, chemical composition) remains to be elucidated
further, especially in terms of chemical reaction kinetics.

However, it is challenging to study the reaction kinetics occurring on
ITO film surfaces because most chemical, colorimetric and spectroscopic
methods do not track the reaction progress. As a result, most studies
have analyzed the surface properties of an ITO film after treatment
under the desired conditions. One promising technique to study
reaction kinetics is the quartz crystal microbalance (QCM), which is
able to monitor changes in the adsorbed mass of the ITO film. Using
the QCM technique, Folcher et al. [35] identified that the rate of ITO
film corrosion (i.e., monitored as dissolution) under a cathodic potential
increases appreciably in solutions with high concentrations of hydro-
chloric acid, as compared to solutions with lower concentrations. As
these experiments were performed under a cathodic potential, ITO
film dissolution was likely due to a combination of electrochemical
and chemical reactions. A systematic investigation of how the chemical
environment influences ITO film dissolution in the absence of an applied
potential has not been reported yet. In this work, we investigate the
kinetics of ITO film etching by chemical processes in acidic and basic
electrolytes. ITO film dissolution was tracked by the QCM measurement
technique along with secondary characterization by contact angle mea-
surement, atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS).

2. Experimental details
2.1. Sample preparation

Experiments were performed on ITO-coated (QSX999) QCM sensor
chips (Q-Sense AB, Gothenburg, Sweden). The ITO thin films
(~150 nm thickness) were sputter-coated on top of a Quartz-Cr-Au-
Ti-based adhesive layer. The ITO substrates were cleaned with 1% sodi-
um dodecyl sulfate (99%, Alfa Aesar) solution, and then rinsed with
deionized water and finally ethanol in sequential order. Immediately
before experiment, the substrates were dried with a gentle stream of ni-
trogen air and treated with oxygen plasma (Harrick Plasma, Ithaca, NY,
USA) for 1 min. For all experiments, a 10 mM Tris buffer solution
[pH 7.5] with 150 mM NaCl was freshly prepared and the solution pH
was adjusted by 1 M hydrochloric acid (Merck Millipore) or 1 M sodium
hydroxide (BioXtra, Sigma-Aldrich). Stock buffer solutions were pre-
pared from pH 2 to pH 12, and the pH values were checked before
use. All buffer solutions were prepared with deionized water (resistivity
of >18 MQ-cm, Millipore, Oregon, USA).

2.2. Quartz crystal microbalance (QCM)

The Q-Sense E4 instrument (Q-Sense) was used for QCM experi-
ments. The QCM technique measures the change in the resonance
frequency, Af, and energy dissipation, AD, when a material either ad-
sorbs onto or desorbs from the surface of an oscillating, AT-cut piezo-
electric crystal quartz crystal with a fundamental frequency of 5 MHz.
QCM measurements were recorded at the fundamental frequency and
selected overtones (n = 3-9).

2.3. X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted on a Kratos XPS system with a
monochromated Al-K alpha source for high resolution, ~0.3 eV.
Measurements were performed on ITO-coated surfaces after QCM ex-
periment. Measurements were recorded under ultra-high vacuum

(UHV) at a pressure of 5 x 1072 Torr. The take-off angle was 90°.
Atomic concentration percentage calculations and peak analysis were
performed with the CasaXPS software and OrginPro 8.5. The XPS mea-
surements were repeated twice. For experimental analysis, the first
Clspeak (peak 1) was shifted from ~285.5 eV to ~284.3 eV [37]. Accord-
ingly, all XPS data was shifted and compared to the main reference and
libraries in the Kratos XPS system [37].

2.4. Contact angle measurement

The contact angle of ITO substrates was measured with the
Attension Theta Optical Tensiometer (Biolin Scientific, Stockholm,
Sweden). Measurements were performed on ITO-coated surfaces after
QCM experiment. Contact angle measurements were repeated at least
three times for each sample. Due to the size of the QCM substrate,
only static angle measurements were performed.

2.5. Atomic force microscopy (AFM)

An atomic force microscope (NX-Bio, Park Systems, South Korea)
combined with an optical microscope (Eclipse Ti, Nikon, Japan) was
used. A silicon nitride DNP-S10 (Veeco, USA) tip was prepared, which
has a triangular shape, 18 kHz resonant frequency, and 0.06 N/m spring
constant. Before experiment, the tip was treated with oxygen plasma for
5 min, and then rinsed with ethanol, water, and ethanol in sequential
order before drying with a gentle stream of nitrogen air. All experiments
were performed at a constant temperature of 25 °C.

3. Results and discussion

QCM experiments were conducted in order to measure ITO film
stability in different pH conditions (Fig. 1). To set the measurement
baseline, an ITO-coated QCM crystal was first incubated in 10 mM Tris
buffer solution [pH 7.5] with 150 mM NaCl. Two sets of independent ex-
periments were then performed, acidic and basic titrations. In the basic
titration series, the bulk solution in the QCM measurement chamber
was exchanged incrementally with increasingly basic buffer solutions.
The new buffer was introduced under flow conditions for 5 min, and
then the flow was stopped and the incubation proceeded under equilib-
rium conditions. The titration range was pH 7.5 to 12.0, and the titration
increment was 0.5 pH units upward. Across the range, there was a
change in frequency of less than 5 Hz and no change in energy dissipa-
tion (Fig. 1A). Using the Sauerbrey relationship which converts the
change in frequency to the change in adsorbed mass for non-
viscoelastic films, the QCM frequency shift corresponds to mass desorp-
tion of 40 ng-cm ™2 from the ITO surface (Fig. 1B).

In the acidic titration series, a similar protocol was used in the pH
range 7.5 to 2.5 downward. In contrast to the basic titration series, acidic
titration caused an appreciably larger change in frequency of more than
450 Hz (Fig. 1C). However, again, there was no change in energy dissi-
pation. The QCM frequency shift corresponds to mass desorption of
more than 7900 ng-cm ™2, as determined by the Sauerbrey relationship
(Fig. 1D). The desorption behavior indicates that acidic conditions pro-
mote significant ITO film degradation. In addition to general trends
across the pH range, the acidic titration series shows that the rate of
mass desorption became greater with increasingly acidic pH conditions.
Within each titration step, an equilibrium in the frequency shift was
reached during the QCM measurement, as discussed further below.

After the QCM experiments were finished, additional surface charac-
terization experiments were performed. Base- and acid-treated samples
refer to the ITO surfaces which were subjected to the basic or acidic
titration series, respectively. Contact angle measurements were per-
formed in order to measure surface hydrophilicity (Fig. 2). The contact
angle of a control ITO-coated QCM crystal incubated only in 10 mM
Tris buffer solution [pH 7.5] with 150 mM NaCl (without titration)
was 61.9° 4 8.4°. In contrast, the contact angle of the base-treated ITO
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Fig. 1. QCM monitoring of ITO surfaces incubated in acidic or basic electrolytes. QCM measurements were performed to track adsorption/desorption processes occurring on an ITO-coated
surface as increasingly acidic or basic solutions were introduced into the measurement chamber. The shift in QCM frequency as a function of time is presented for the (A) basic and
(C) acidic titration series. The corresponding changes in Sauerbrey mass as a function of time are presented for the (B) basic and (D) acidic titration series.

surface was 33.9° + 9.4°. As there was only minor desorption observed
in the corresponding QCM measurement, the change in hydrophilicity is
likely due to changes in the ITO surface chemistry. The isoelectric point
(IEP) of ITO surfaces is around 6 [38]. With increasing pH above the IEP,
the surface becomes increasingly negatively charged which is consistent
with deprotonation of oxide groups on the film surface. The contact
angle of the acid-treated ITO was 29.7° £ 6.5°. Based on the QCM
measurement data indicating mass desorption, the increase in hydro-
philicity in acidic conditions is probably due to mass desorption, i.e., in-
creased film porosity.

To investigate morphological effects of the acidic and basic titra-
tion series on ITO surface characteristics, the ITO-coated QCM

crystals were also characterized by atomic force microscopy
(Fig. 3). The control surface had a homogenous film surface, with
consistent-size ITO grains (diameter between 50 and 80 nm) and
an average surface roughness of 0.596 nm. By contrast, the ITO sur-
faces treated in acidic or basic conditions had appreciably coarser
features. The base-treated ITO surface had an average surface rough-
ness of 1.554 nm and more discernible surface features, including a
granular appearance. This effect is likely due to ITO dissolution
which occurs preferably at the grain boundaries. Even more so, the
acid-treated ITO surface had an average surface roughness of
2.709 nm and significantly greater surface dissolution. The formation
of spherical particles on the ITO surface was due to dissolution at the

Control

Base-Treated Acid-Treated

Contact Angle (°) 61.9+84

33.9+94 29.7+6.5

Static Angle
Image Recording

nili

—

Fig. 2. Contact angle measurement on treated ITO surfaces. Contact angle experiments in static angle mode were performed on ITO-coated surfaces after the QCM experiments were com-
pleted. The control sample was an ITO-coated surface incubated only in 10 mM Tris buffer solution [pH 7.5] with 150 mM NaCl.
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Fig. 3. Atomic force microscopy imaging of treated ITO surfaces. AFM experiments were performed on ITO-coated surfaces after the QCM experiments were completed. (A) Height mode
images, (B) section analysis, (C) roughness average and root mean square roughness, and (D) deflection mode images, are presented for control, base-treated, and acid-treated samples,
respectively. The control sample was an ITO-coated surface incubated only in 10 mM Tris buffer solution [pH 7.5] with 150 mM NaCl. *Roughness average. **Root mean square roughness.

grain boundaries, and has been previously reported by Huang et al.
[19] for an electrochemical reaction on the ITO surface also involving
hydrochloric acid. The findings herein support that a chemical reac-
tion under appropriate conditions can have similar effects on ITO
surface morphology as electrochemical reactions. Taken together,

the AFM experiments provide direct evidence that chemical process-
es can cause ITO film degradation via dissolution at grain boundaries.

ITO film surfaces have a variety of chemical species so X-ray photo-
electron spectroscopy (XPS) experiments were next performed to iden-
tify if there was selective disassociation of one or more species (Fig 4).
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Fig. 4. X-ray photoelectron spectroscopy analysis of ITO surface composition. XPS experiments were performed on ITO-coated surfaces after the QCM experiments were completed. The
data presented is as follows: (A) atomic concentration percentage of C(1s), In(3d), O(1s), and Sn(3d), (B) In/Sn ratio. The control sample was an ITO-coated surface incubated only in
10 mM Tris buffer solution [pH 7.5] with 150 mM NacCl.
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Fig. 5. XPS spectra and peak analysis. (A) O(1s) peaks, (B) Sn(3ds/,) peaks, and (C) In(3ds,) peaks are presented.

Compared to the control ITO surface, there was a small decrease in the
atomic concentration of In(3d) on the base-treated ITO surface and a
more appreciable decrease on the acid-treated ITO surface (Fig. 4A).
Accordingly, the In/Sn atomic ratio for the control and base-treated
samples (8.84 and 6.52, respectively) were appreciably larger than for
the acid-treated sample (1.78) (Fig. 4B). The XPS experimental results
clearly identify that acidic conditions promote indium dissolution. Pre-
vious work by Huang et al. [19] demonstrated that indium dissolution
increases surface roughness and porosity, especially near the grain
boundaries. Collectively, the XPS and AFM experiments therefore sup-
port that acidic treatment of the ITO surface causes indium dissolution
and accordingly film porosity increases.

Spectral decomposition of certain atomic peaks was also performed
in order to estimate which indium species were disassociated (Fig. 5).
Compared to the control sample, the acid-treated sample had a decrease
in In,03 and an increase in reaction products, indium hydroxide and
oxy-hydroxide, due to incomplete hydrolysis. The findings provide
evidence to propose a mechanism to explain indium dissolution.
Chemically, acidity in our system is related to the molar concentration
of hydrochloric acid. Consistent with previous works [33,34] on halogen
acid treatment of ITO surfaces, we therefore assume that the
undisassociated hydrochloric acid molecule is the active species that
catalyzes indium dissolution. One reaction product would be indium
chloride (InCl3), which is ionized and dissolved in the solution.
However, the acid-treated ITO sample would have more indium hy-
droxides at the grain boundaries because this product has poor
solubility in aqueous solution [37].

To clarify the mechanism of ITO film dissolution by hydrochloric
acid, a kinetic model was developed. Within each titration step, there
were three kinetic regimes: Stage A represents the mixing period during
solution exchange. This stage showed nonlinear reaction kinetics and
was not included in the kinetic modeling; Stage B represents the linear

reaction kinetics when there was saturation of reactants; and Stage C is
the nonlinear region when there is no longer saturation of reactants
(Fig. 6). In Stage B, the reaction progress can be represented as [39]

dm AGg/RT
d;ﬂ = kner<‘1 —e K ) (])
where d’gg“ is the net reaction rate, k., is the dissolution rate, and AGg is

the Gibbs free energy of the reaction. As the dissolution reaction is in
non-equilibrium conditions in Stage B, AGg << 0 so e““*/fT will approach
zero. Accordingly, the dissolution rate can be simplified as follows

dmye _

T Ko @

Using Eq. (2), the QCM frequency shifts were fit to the linear model,
kneca + b, where a and b are fitting parameters. As presented in Table 1,
Kne¢ varied from 3.16 4 0.05 ng-cm™2-min~ ! at pH 5.0 to 782.04 +
2.79 ng-cm™2-min~ ! at pH 2.5. The net dissolution rate was strongly
affected by solution pH and accordingly the molar concentration of
hydrochloric acid molecules in solution (Table 1). Importantly, the
logarithm of the reaction rate had a linear dependence on the solution
pH (Fig. 7). The model results support that, in the absence of an applied
potential, hydrochloric acid may catalyze ITO film dissolution via a
strictly chemical reaction. A schematic describing the reaction steps as-
sociated with acid-catalyzed dissolution of ITO thin films is presented in
Fig. 8. Based on these findings, it is evident that solution pH influences
ITO film dissolution and hence appropriate solution conditions should
be chosen to achieve a balance between electrochemical and non-
electrochemical reactions occurring on ITO surfaces.
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Fig. 6. Kinetic analysis of ITO surface dissolution by hydrochloric acid. Sauerbrey model analysis for region B by linear fit in the following conditions: (A) pH 2.5, (B) pH 3.0, (C) pH 3.5,
(D) pH 4.0, (E) pH 4.5, and (F) pH 5.0.

4. Conclusions

ITO films are susceptible to degradation by a variety of electrochem-
ical and chemical reactions. Clarifying the relative role of electrochemi-
cal versus chemical reactions in ITO film dissolution is desirable. In this
work, QCM measurements supported that ITO film etching increases
under more acidic conditions. This finding was corroborated by contact
angle, AFM and XPS measurements. Building on previous works [35,40]
which investigated how hydrochloric acid influences ITO film dissolu-
tion, the experiments presented herein were performed under well-
controlled conditions, i.e., the acidic titration series was performed

Table 1

QCM dissolution kinetics of acid-treated ITO surface. Based on
the Sauerbrey mass corresponding to mass dissolution, Kyer
was calculated as a function of solution pH.

pH

knet (ng-cm™2-min” ")

782.04 + 2.79
170.15 + 0.61
44.70 £+ 0.19
17.60 + 0.11
6.38 + 0.04
3.16 + 0.05

from pH 7.5 to pH 2.5 in 0.5 pH unit increments. A kinetic model was
applied to explain the acid-catalyzed dissolution of ITO surfaces. The
key finding was that, in the acidic titration series, the logarithm of the
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Fig. 7. Acid-catalyzed dissolution of ITO surface. In the acidic titration series, there was a
linear trend between the logarithm of k. and the solution pH.
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Fig. 8. Schematic of acid-catalyzed dissolution of ITO surface. Under acidic conditions, chemical dissolution of ITO thin films occurs at the grain boundaries. The rectangular boxes indicate

the representative areas where ITO interacts with solution.

reaction rate depended linearly on the solution pH. This finding verifies
that hydrochloric acid catalyzes ITO film dissolution via a chemical pro-
cess, and underscores that the corresponding chemical reactions should
be accounted for in order to optimize ITO film processing.
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