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Abstract

Nanocrystalline TiO, films used for gas sensors have been studied by means of surface photovoltage spectroscopy
and other analytical tools to investigate the oxygen chemisorption effect on the electrical properties of the films. The
results show that the surface (and intergranular interface) band bending increases with oxygen exposure due to electron
trapping at midgap states induced by chemisorption. The surface electronic structure is revealed by the measurements,
allowing determination of the sensing mechanism of these important films. In addition, a photoinduced chemisorption
of oxygen at room temperature is observed. This has important implications for low-temperature gas sensors.
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1. Introduction

Nanocrystalline titanium dioxide (TiO,) has
many important applications such as solar cells [1],
photocatalysts for water photolysis [2] and degra-
dation of environmental pollutants in air and
wastewaters [3,4], and as an oxygen- and gas-sen-
sor material [5]. The key mechanisms in these ap-
plications are based on surface redox reactions
that lead to charge separation in the space-charge
region adjacent to the surface and/or charge
transfer between the surface and the bulk of the
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nanosized crystallites [6]. Thus, it is important to
understand the impact of such reactions on the
electronic properties of nanocrystalline TiO,.
TiO, forms three different crystalline structures:
rutile, anatase, and brookite. Rutile is the thermo-
dynamically stable phase, while anatase and
brookite are metastable polymorphs that irre-
versibly transform to rutile upon heating [7]. The
electronic structure and properties of single-crys-
talline rutile have been studied quite extensively
(see, e.g., Refs. [8-10]), but only little is known on
nanocrystalline rutile [11], while most of the liter-
ature on nanophase TiO, concerns ultra fine col-
loids of the anatase modification (see, e.g., Refs.
[12,13]). The interest in colloidal anatase stems
from its high photocatalytic activity, which is
considered by many to be superior to that of rutile
[3,4]. However, the rutile phase is much more
stable than anatase and easier to produce. In fact,
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thin films of TiO, produced by reactive sputtering
on oxidized Si substrates for gas sensing applica-
tions were found to transform to polycrystalline
rutile upon heating to 400 °C or above [14]. In this
paper we present a comparative surface photo-
voltage spectroscopy (SPS) study of reduced and
oxidized TiO, rutile films used for gas sensors [14],
and discuss the effects of oxygen exposure on their
electronic properties.

2. Experimental

Thin films of TiO, (~200 nm) were deposited on
oxidized Si(100) substrates by reactive sputtering,
as described elsewhere [14]. For the SPS mea-
surements the TiO, films were deposited on a thin
Au layer covering the Si substrate to provide back
contact for the Kelvin probe apparatus. After de-
position, all samples were annealed at 450 °C in a
vacuum of ~10~7 mbar for 24 h in order to crys-
tallize the films and stabilize their microstructure.
Afterwards, some samples were reduced (again)
by annealing under high vacuum (~10~7 mbar)
at 450 °C for 24 h, while others were oxidized by
annealing in dry atmospheric air at 400 °C for
24 h. Microstructural characterization of the films
was carried out using X-ray diffraction (XRD),
transmission electron microscopy (TEM), and
high-resolution scanning electron microscopy
(HRSEM). The chemical composition was exam-
ined by Rutherford backscattered spectroscopy
(RBS). The electronic properties of the films were
investigated by means of SPS measurements [15].
The measurements were conducted inside a dark
Faraday cage, in atmospheric air at room tem-
perature. The contact potential difference (CPD)
was monitored using a commercial Kelvin probe
unit (Besocke Delta Phi, Germany) with an Au
probe, providing ~1 mV sensitivity. The samples
under investigation were illuminated through a
double 0.25 m grating monochromator fed by a
150 W Xe lamp. The output illumination power at
the sample surface typically lied in the pW range,
covering the entire probe area (2.5 mm in dia-
meter). Prior to illumination, each TiO, sample
was maintained in the dark for 24 h in order to
eliminate persisting effects of previous light expo-

sure. Wavelengths were scanned from 1000 to 250
nm, in 0.1 nm steps and with a dwell time of 1 s
between each step.

3. Results

After the initial thermal treatment (450 °C at
~10~7 mbar for 24 h) the TiO, films had a poly-
crystalline rutile structure that did not change
upon subsequent annealings [14]. The crystallized
films were columnar, with grain diameter between
10 and 80 nm (with an average of ~36 nm), as
shown in the plan-view TEM micrograph in Fig.
1(a). The height of the columnar grains was the
same as the film thickness, as shown in the cross-
section TEM micrograph in Fig. 1(b). RBS mea-
surements indicted the O/Ti ratio was about 2:1,
and no impurities except for Ar were detected.

Fig. 2 shows CPD spectra of two identical TiO,
samples (from the same deposition batch). One
sample (top) was reduced by annealing under high-
vacuum conditions (~10~7 mbar), while the other
sample was oxidized in dry atmospheric air (bot-
tom).

4. Discussion

The CPD spectra of both the reduced and oxi-
dized TiO, films (Fig. 2) show a decrease in the
CPD upon super-band gap illumination (Av > 3
eV), indicating that both films are n-type semi-
conductors [15]. The most striking difference be-
tween the two spectra is the magnitude of the
surface photovoltage (SPV). The maximum SPV
of the oxidized sample is ~340 mV, while that of
the reduced sample is only ~90 mV. This indicates
that the (upwards) surface band bending is much
stronger in the oxidized film than in the reduced
film [15]. This is attributed to chemisorption of
oxygen adions during the annealing in an oxygen-
rich atmosphere (air) [14,16]. Therefore, the sur-
face and interface (i.e., grain boundary) band
bending is much stronger in the oxidized film than
in the reduced film, and consequently its SPV is
larger. Fig. 2 shows that the dark CPD of the re-
duced TiO; film is higher by ~40 mV than that of
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Fig. 1. TEM micrographs of a typical TiO, film: (a) a plan-view
micrograph (bright field); (b) a cross-section micrograph (dark
field).

the oxidized film. The dark CPD is the difference
between the work functions of the semiconductor
(Ws) and the Kelvin probe metal electrode (W)
[15]. Ws = — eVy+ y — A¢pg, where { is the differ-
ence between the conduction band edge Ec and the
Fermi level Er in the semiconductor bulk, e is the
electron charge, V; is the surface potential, y is
the electron affinity, and A¢; is the surface dipole
energy [15]. Thus, Ws(reduced film) — Ws(oxidized
film) ~ 0.04 eV (in the dark). From the oxygen
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Fig. 2. CPD spectra of two TiO, samples reduced by annealing
in high vacuum (top) or oxidized by annealing in atmospheric
air (bottom). The inserts show the schematic electronic struc-
ture, as discussed in the text.

pressure dependence of the carrier concentration
in TiO,, n x (poz)_l/ % [17], we estimate {(reduced
film) — {(oxidized film) ~ —0.1 eV, and from
the SPV we get eV (reduced film) — e¥;(oxidized
film) > 0.25 eV (eV; < 0 in both cases since the
bands are bent upwards). Assuming that the elec-
tron affinity y is about the same for both films, we
deduce that the surface dipole energy of the re-
duced film must be more negative by ~0.39 eV
than that of the oxidized film. This can be attri-
buted to chemisorption of water molecules, which
is much stronger at reduced TiO,_; surfaces than
at stoichiometric TiO, surfaces because it requires
surface oxygen vacancy defects that act as active
adsorption sites [10]. At room temperature H,O
adsorbs dissociatively on reduced rutile surfaces,
forming OH~ species pointing outwards of the
surface [10]. The coverage of OH~ adsorbates at
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reduced rutile surfaces can be as high as one
monolayer, whereas stoichiometric surfaces are
nearly inert to water chemisorption [10]. This can
explain the remarkable difference in the surface
dipole energy between the reduced and oxidized
films: assuming a dipole length of ~2 A and a
coverage of one monolayer of OH™ adsorbates,
A¢d, =~ —0.36 eV may be estimated for the reduced
film.

In addition to the differences in the SPV and the
dark CPD values, there is also a considerable dif-
ference in the structure of the CPD spectra of the
reduced and oxidized films. Since the photoinduced
changes in the CPD spectra, i.e., the SPV, arise
from electronic transitions followed by charge re-
distribution within the space-charge region, which
occur when photons with sufficient energy (4v) are
absorbed [15,18], it is useful to divide the spectra
into two regimes: (i) the sub-band gap regime, for
photon energies below the fundamental absorption
edge (FAE) of TiO»; (ii) the super-band gap regime,
for photon energies above the FAE. The FAE of
rutile is at Av =3.06 eV at room temperature,
corresponding to a forbidden direct transition [8],
while the first absorption peak occurs at iv ~ 4.2
eV, corresponding to the first allowed direct tran-
sition [9].

In the sub-band gap regime (kv < 3 eV), the
CPD of the reduced film shows a gradual slight
increase right from the lowest photon energies and
up to hv = 2.1 eV, at which point the CPD ceases
to change until about 3 eV. The spectrum of the
oxidized film demonstrates an opposite behavior,
which is attributed to chemisorption-induced sur-
faces states distributed in energy around the mid-
gap of the allowed band-to-band transition, i.e.,
centered ~2.1 eV above the valence band maxi-
mum. Thus, the reduced sample, which is nearly
devoid of charged oxygen chemisorbates (occupied
surface states) prior to the measurement, starts to
adsorb oxygen adions upon illumination during
the CPD spectrum measurement, which is carried
out in atmospheric air. As a result, conduction
band electrons become localized (captured) in
chemisorption-induced surface states, and due to
this population of the surface states the CPD in-
creases up to a maximum [15,18]. When the inci-
dent photon energy exceeds ~2.1 eV, the rates of

surface state population (electron capture) and
depopulation (electron emission from the states
into the conduction band) become the same, and
therefore the CPD does not change any more. The
opposite scenario occurs in the oxidized film,
which is saturated with chemisorbed oxygen adi-
ons. Thus, band gap states below Ep are already
occupied, and therefore the CPD is constant for
hv < 2.1 eV. Only when the incident photon en-
ergy exceeds the minimum energy required for
transferring electrons from the surface states into
the conduction band the CPD starts to decrease.

In the super-band gap regime the CPD spectra
of the reduced and oxidized films are quite similar,
except for the difference in the SPV magnitude. In
addition, the features in the spectrum of the oxi-
dized film are red-shifted by ~0.2 eV with respect
to the same features in the spectrum of the reduced
film. Thus, the initiation of the steep fall is at
hv =~ 2.9 and 3.1 eV, respectively (see Fig. 2). This
red shift may be attributed to excitons [19], which
dissociate to free electrons and holes in the oxi-
dized film due to the high internal electric field in
this film. Therefore, the SPV starts to increase at
lower photon energies than the FAE (corres-
ponding to the binding energy of the excitons).
Another possible explanation for this phenomenon
is the band tailing effect in polycrystalline semi-
conductors with electrically active (i.e., charged)
grain boundaries [20]. The minima in the CPD
spectra of the films arise from the saturation of the
SPV when the first allowed direct transition oc-
curs. At higher photon energies the CPD gradually
increases, which is probably due to a decrease in
the incident illumination intensity close to its
spectral limit.

5. Conclusions

SPS measurements of reduced and oxidized
nanocrystalline TiO, films revealed the effect of
oxygen chemisorption on the electronic properties
of the films. The SPV of the oxidized film was
much higher than that of the reduced film. This is
attributed to chemisorbed oxygen adions that
induce gap states centered at about 2.1 eV above
the valence band maximum. These states at the
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crystallites surfaces and intergranular interfaces
(i.e., grain boundaries) capture conduction band
electrons, producing depletion layers in the adja-
cent regions and surface and intergranular poten-
tial  barriers.  Consequently, the surface
conductivity and the intergranular conductivity
decrease upon exposure to oxygen, which explains
the oxygen sensing mechanism of these films at
elevated temperatures (at high temperatures, i.e.,
above ~600 °C, bulk effects are expected to dom-
inate). In addition, it was found that photoinduced
chemisorption of oxygen occurs in reduced TiO,
films at room temperature. This effect might be of
great importance for gas sensor applications be-
cause it means that with appropriate illumination
the operating temperatures may be decreased.
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