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Abstract: The influence of various gas compositions on surface adsorbate species and electrical
conductivity of indium tin oxide (ITO) powders and thick films was studied. By combining results
of temperature dependent desorption (TPD) with electrical conductivity measurements it was
shown that, after exposure to ambient air, the surfaces of both powders and films are covered with
significant amounts of oxygen, water and carbon related species. While the influence of oxygen
adsorbates has already been described for temperatures below 500 °C, desorption of some of these
species could be detected at temperatures as high as 675 °C, with a significant influence on electrical
film conductivity.
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1. Introduction

Indium tin oxide (ITO) is a promising candidate for employment as sensitive layer in various types
of gas sensors. While ITO thin films have been extensively studied during the past decades [1-3], little
information is available regarding its use in porous thick films, particularly at T > 500 °C [4]. To
investigate ITO-gas interactions in a wider temperature range, TPD measurements on nanoscale ITO
powders have been carried out at RT-700 °C and compared to electrical conductivity measurements
of screen printed and fired ITO thick films.

2. Materials and Methods

Temperature programmed desorption (TPD) measurements have been carried on commercial
ITO powders (Inframat Advanced Materials, USA) in a AutoChem II 2920 System (Micromeritics
Instrument Corp., GA, USA) equipped with a ThermoStar GSD 301 T1 quadrupole MS (Pfeiffer
Vacuum GmbH, Germany). TPD measurements were performed in both He and He with 12.5 vol%
Oz at RT-700 °C with a heating rate of 10 K/min. Qualitative analysis of MS signals was limited to gas
species showing relevant signals (O2, H20, COz). For electrical conductivity studies, thick film pastes
were prepared from the ITO powder and screen printed onto 3YSZ substrates (Kerafol GmbH,
Germany), with pre-deposited Au thick film contacts. The ITO films were fired at 700 °C in air, the
resulting porous films are 7 x 2 mm? in size, with a thickness of 10 um. For the measurement of the
electrical film properties, samples were placed in a sample holder within a tube furnace, electrical
connections were made using Au wires and paste. Gas composition was adjusted using mass flow
controllers (Bronkhorst High-Tech B.V., The Netherlands), while a type 2400 source meter (Keithley
Instruments / Tektronix, Inc., OR, USA) was used to record resistance. To obtain precise temperature
readings during measurement, a Type-S thermocouple was placed close to the sample, which was
read out using an Almemo 2390-3 data logger unit (Ahlborn Mess- und Regelungstechnik, Germany).
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The measurements were performed in N2 using the same temperature range and heating rate as the
TPD measurments (RT-700 °C, 10 K/min).

3. Results

3.1. Desorption Measurements

Figure 1 shows two TPD spectra of ITO powder recorded in He. To aid in readability, mass
spectrometer signals for Oz, H20O and CO: are normalized. Spectrum (a) was acquired after powder
exposure to ambient air for 1 h, spectrum (b) directly after spectrum (a). In spectrum (a), all gases
exhibit a large peak at 115-130 °C, one additional peak is observed for Oz at 670 °C. H2O shows
additional peaks at 260 and 640 °C, while a large CO2 peak can be found at 290 °C with further peaks
at 410 and 530 °C. In the second measurement (Figure 1b), CO: is detected at 410 °C, while the signal
of all species shows a steep increase at T > 500 °C.
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Figure 1. TPD in He after exposure to ambient air (a), subsequent measurement (b).

TPD results in He + 12.5 vol% O2 show a similar picture (Figure 2): After exposure to ambient
air (a), H20 shows a peak at 75 °C, while CO: peaks are detected at 70, 260-310 and 540 °C. The O:
signal is only plotted for completeness and shows drift but no desorption. In (b), a CO:z peak is visible
at 350 °C, while signals for Oz and H20 increase rapidly at 370 °C, reaching a shallow peak at 660 °C.
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Figure 2. TPD in He + 12.5 vol% Oz after exposure to ambient air (a), subsequent measurement (b).

3.2. Electrical Conductivity Measurements

Figure 3 shows R(T) plots recorded for an ITO thick film in N2. Plot M1 was obtained after
exposure to ambient air for 1 h, M2 (Figure 3b) was recorded immediately after M1. M1 shows a sharp
drop in resistance between RT and 250 °C, followed by a shallow decrease towards higher
temperatures. In the subsequent measurement (M2), resistance at RT is only slightly higher than at
700 °C in the previous measurement. When the temperature is ramped up, R exhibits four local
extrema, before sharply dropping at 570 °C. In Figure 4, R(T) in N2 + 12.5 vol% O: is plotted.
Measurement M1 was performed after exposure to ambient air (1 h), M2 immediately after M1.
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Although resistance in M1 again shows a steep drop between RT and 220 °C, the relative change is
considerably lower than in N2. Furthermore, after reaching a local minimum at 220 °C, R increases
again until it reaches a local maximum at 420 °C, before dropping off a higher temperatures. In the
second measurement, R again decreases to a local minimum at 220 °C but remains almost constant
until decreasing beyond 450 °C.
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Figure 3. R(T) in N2 after exposure to ambient air (a), subsequent measurement (b).
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Figure 4. R(T) in N2 + 12.5 vol% O: after exposure to ambient air and subsequent measurement.

4. Discussion

There is ample evidence that ITO surfaces are host to a variety of gaseous species often adsorbed
during exposure to ambient air, the most abundant of which are O%, Oz and O- [5] as well as H20,
OH and [OH]- groups [6,7]. The TPD spectra for Oz and H2O support these findings, with the majority
of these species desorbing between room temperature and 300 °C. While the H2O peak at 640 °C
suggests residual OH-groups even at this high temperature, the Oz peak at 670 °C could as well be a
result of ITO reduction.

Oxygen chemisorption on ITO proceeds via three possible pathways, all of which have in
common that electrons are withdrawn from the oxide surface, resulting in an increase in electrical
resistance [5]. During oxygen desorption, on the other hand, electrons are transfered back into the
material. In this light, the sharp drop in film resistance observed in both N2 and Nz + 12.5 vol% O2
below 250 °C is consistent with the desorption of oxygen species found in the TPD measurement.
While the sharp increase in O: signal during the second measurement in N2 was first thought to be
an artifact, the corresponding resistance decrease in the same temperature region supports the
hypothesis of further oxygen loss. The resistance decrease in N2 + Oz after exposure to ambient air is
considerably smaller, and it is assumed that this is because desorbed oxygen is partially replaced by
gas phase oxygen. Again, when oxygen desorption increases in the second measurement, resistances
drops accordingly.
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According to literature it can be assumed that H2O chemisorption on ITO is a dissociative
process leading to a formation of surface hydroxyl species with an increase in electrical conductivity
[3]. In most of our TPD studies, H20 desorption is accompanied by O: desorption and a significant
drop in resistance, which suggests that the resistance increase during H2O desorption is outweighed
by the resistance decrease due to the desorption of oxygen, which is assumed to be more abundant
on the ITO surface. However, during TPD in N2 + 12.5 vol% O, where the influence of oxygen
desorption on resistance is assumed to be lower, resistance still decreases even when strong H.0
desorption is observed. Currently, no coherent explanation is at hand for these findings and further
studies need to be carried out to help understanding the underlying effects.

A few groups have reported on carbon related contaminations found on ITO surfaces [8],
however, most authors have been vague about the nature and origin of these species. Their XPS
measurement findings have been attributed to graphitic carbon, various hydrocarbons (HCs) and
carbon oxides, while other researchers have reported surface carbonate species [9]. It appears
reasonable to assume that graphitic carbon and HC species may be residues of solvents or organic
compounds used during the ITO powder manufacturing. On the other hand, carbon oxides, and to a
lesser extent HCs, may also adsorb during storage and handling of the material in various
environments, particularly in ambient air. Considering the fact that complete oxidation of most HCs
requires temperatures of at least 150 °C even with effective catalysts [10], it is assumed that the low
temperature CO:2 peak found in the TPD spectra can be attributed to CO: previously adsorbed from
ambient air. The coincidence of the onset of the large CO: peak at 300 °C with a steeper drop of the
Oz signal, on the other hand, could be an indication of increasing oxidation of residual HCs and
related surface contaminants. Neither of the prominent CO: peaks has an obvious representation in
the R(T) plots. The dip in resistance for the second measurement in Nz at 410 °C, however, may be
correlated to additional oxygen consumption during oxidation of carbon related species.
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