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In this work, we investigate the optical and electrical properties of various transparent conductive oxide
(TCO) thin films deposited on insulating ceramics for emerging optoelectronic applications. Thin films inves-
tigated include indium tin oxide (ITO), ruthenium oxide (RuO2), and iridium oxide (IrO2) on Al2O3 ceramic
substrates. The conducting films have been deposited by various techniques including RF magnetron sputter-
ing and low-cost spray pyrolysis. The morphological characteristics of the films were carried out using high
magnification optical microscopy and atomic force microscopy (AFM). Optical and electrical characterization
was carried out by optical absorbance/transmittance, van der Pauw, current–voltage (I–V), and Hall effect
measurements. The results are presented in this paper.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducing oxide (TCO) films are used extensively in a
wide variety of applications, such as flat panel displays, photovoltaic
solar cells, and light emitting diodes. Furthermore, emerging applica-
tions of TCO thin films require substrates capable of withstanding
high temperature, harsh environmental conditions, or repeated stress
cycles. The electrical properties of the TCO is very important for most
applications; however these parameters change widely depending on
substrate preparation conditions and thin film deposition methods [1].

This investigation provides insight on the use of TCO thin films on
Al2O3 ceramic substrates for applications such as structural health
monitoring in intrinsically tamper indicating ceramic seals [2]. Al2O3

ceramic substrates are able to withstand high temperature, various
stresses, and extreme environmental conditions. However, it is un-
known whether or not these ceramic substrates, when coated with
a TCO layer, will be sensitive to cracks, cuts, or other structural tam-
pering. Several TCO thin films were used for this investigation, one
of which is ITO, and two less-extensively studied films, IrO2 and
RuO2. The surface properties of these thin films on Al2O3 substrates
are investigated. Furthermore, the effects of stressing the films are ex-
amined, specifically with an interest towards the changing electrical
properties of the thin films. The changing electrical properties will de-
termine the effectiveness of the thin films as a tamper indicating
material.

2. Experiment

ITO, IrO2, and RuO2 conductive thin films deposited onto square
(1×1 cm2) Al2O3 substrates. ITO films of ~300 nm in thickness were
deposited using RF magnetron sputtering [3], and were annealed in-
situ at 250 °C in argon atmosphere. IrO2 and RuO2 thin films of
~500 nm in thickness were deposited using the spray pyrolysis tech-
nique [4]. IrCl3 and RuCl3 were sprayed at 50 psi using an airbrush
onto ceramic substrates heated to 300 °C, and then annealed at
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Table 1
Parameters of the studied IrO2, RuO2, and ITO thin films on Al2O3 substrates.

ITO RuO2 IrO2

Deposition method Magnetron
sputtering

Spray
pyrolysis

Spray
pyrolysis

Thickness (nm) ~300 ~500 ~500
Rms roughness (nm) ~330 ~510 ~685
Average grain size diameter
(μm)

1.5 2.5 2

Conductivity type n-type – –

Carrier mobility in as deposited
film (cm2/Vs)

~24 – –

Sheet resistance of as-deposited
film (Ω/□)

6.4 5.8 77

Resistivity of as-deposited
film (Ω cm)

1.9×10−4 2.9×10−4 3.8×10−3

Sheet resistance of scratched
film (Ω/□)

10 7.5 79

Resistivity of scratched film
(Ω cm)

3×10−4 3.8×10−4 4×10−4
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650 °C in air, to produce IrO2 and RuO2 thin films, respectively. During
annealing the IrO2 and RuO2 are formed in accordance with the
chemical reactions given by:

2IrCl3 þ 2O2→2IrO2 þ 3Cl2↑

2RuCl3 þ 2O2→2RuO2 þ 3Cl2↑

All films were matte looking and well adherent to the ceramic
substrates without any cracks or holes. Nomarski optical micrographs
of the film surfaces were taken using a Leica optical microscope, and
grain sizes were measured by the methods described by Cottrell [5]
and Jain et al. [6] and the values are given in Table 1. AFM images
were taken using a Vecco Nanoscope IIIa AFM in tapping mode. Sur-
face roughness data was obtained from AFM images using Nanoscope
software by Vecco Inc.

Silver paint Ohmic contacts of ~1 mm in diameter were deposited
in the corners of the samples for electrical characterization. Pin type
probes were used to interconnect the samples with the measurement
equipment. The resistivities and carrier mobilities of the films were
measured using van der Pauw and Hall effect measurements. I-V
measurements of the substrates were performed using Keithley 237
High Voltage Source Meter Unit using a pair of diagonal corner
contacts.

The stressing of the films was performed by scratching the films
using a diamond tipped blade. Scratch marks were made in one direc-
tion, from side to side on the surface of the thin films. A comparison of
the electrical characteristics of the films before and after scratching
was performed. Optical characterization was performed via UV–Vis
absorbance/transmittance using Perkin Elmer Lambda 750
spectrophotometer.

3. Results and discussion

Optical and AFM images of the deposited films' surfaces are shown
in Fig. 1 and Fig. 2 respectively. The images reveal irregular structure
of the surface of the films with rms roughness of about 685 nm,
510 nm, and 330 nm for IrO2, RuO2, and ITO films respectively.
Using Cottrell's [5] and Jain's method [6] on the optical micrographs,
grain sizes for the IrO2, RuO2, and ITO thin films were calculated to
be approximately 2 μm, 2.5 μm, and 1.5 μm respectively. The surface
roughness is somewhat lower for ITO than RuO2 and IrO2 (Table 1),
which we attribute to the difference in the methods used for film de-
position. The optical transmission results for ITO film (Fig. 3a) yielded
a band gap of 4.41 eV. The transmission is above 90% until the cutoff
point, and remains above 95% in the infrared and above region,
which indicates the high quality of the ITO thin film [7].

The resistivity measurements by van der Pauw technique show
that the ITO film has the lowest and the IrO2 film has the highest re-
sistivity (Table 1). The carrier mobility ~24 cm2/Vs of ITO film is high
accounting for the good quality of the films. In contrast to the ITO
film, we were unable to measure Hall mobility for the IrO2 and
RuO2 films due to very small Hall voltage that was out of the mea-
surement capability of our Hall effect system.

I–V characteristics (Fig. 3b) exhibited linear behavior showing
Ohmic conduction of the contacts and the films. Although the ITO
film had a lowest resistivity, the slope of its I–V characteristic is less
than that for RuO2 film, which is due to the higher contact resistance
in case of the ITO film.

Stress testing results revealed an increase in the film resistivity
and sheet resistance after scratching (Table 1). The most significant
change in resistivity (~60%) was observed in the case of ITO film. In-
creases in the resistivity due to stress induced on ITO films have been
reported in the literature [8]. The IrO2 resistivity changed least, with
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Fig. 1. Optical micrographs of (a) IrO2, (b) RuO2, (c) ITO thin films on Al2O3 substrate.

a b c

Fig. 2. AFM surface images of (a) IrO2 (scale: 0 to 3000 nm), (b) RuO2 (scale: 0 to 7000 nm), and (c) ITO (scale: 0 to 1500 nm) thin film layers deposited on Al2O3 substrates.
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only a 3% increase, while RuO2 film showed ~30% increase of resistiv-
ity after scratch testing. Therefore ITO and RuO2 films appear to be su-
perior over IrO2 film for structural health monitoring in terms of their
electrical sensitivity to stressing.

4. Conclusions

We have investigated ITO, IrO2, and RuO2 conductive thin films
deposited onto the Al2O3 ceramic substrates for structural health
monitoring and intrinsically tamper indicating ceramic seals applica-
tions. The films were deposited by various techniques including RF
magnetron sputtering and low-cost spray pyrolysis. AFM and optical
microscopy revealed the granular structure of the films with rms sur-
face roughness ~330 nm, 510 nm, and 685 nm for ITO, IrO2, and RuO2

films respectively. The resistivity of the ITO and RuO2 films was ~2–
3×10−4 Ohm cm, whereas IrO2 film showed significantly higher re-
sistivity ~4×10−3 Ohm cm. Stress testing revealed that the ITO and
RuO2 film with scratch-tampered surface had large increase in sheet
resistance of 30%–60% compared to 3% increase in case of IrO2 film.
Therefore ITO and RuO2 films are preferable as coatings applied for
structural health monitoring and tamper indication over IrO2 film in
terms of their electrical sensitivity to stressing.
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Fig. 3. (a) Optical transmission of 300 nm ITO film deposited on a glass “sister” sample. (b) Current–voltage characteristics of IrO2, RuO2, and ITO thin films on Al2O3 substrates.
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