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a b s t r a c t

The resistance changes of thick films of titania were examined in the presence of CO at elevated temper-
atures ranging from 500 to 1000 ◦C. Three materials were examined, commercial samples of anatase and
rutile and a Cr3+-doped rutile prepared in the laboratory. The anatase film exhibited a n-type response
to both oxygen and CO in the tested O2 range of 2–21% and CO from 10 to 2000 ppm at 600 ◦C, with the
response disappearing beyond 700 ◦C. On the other hand, the rutile films showed an entirely different
electrical behavior. Until 1000 ◦C, p-type response was observed to oxygen concentrations from 2 to 21%.
With CO concentrations up to 2000 ppm, p-type behavior was observed in 2–21% oxygen concentra-

◦ ◦

–n transition
igh temperature CO sensor

tions between 600 and 700 C. However, when the temperature was above 750 C, an n-type behavior to
CO with concentrations ranging from 200 to 2000 ppm was observed, and response was observed until
850 ◦C. A coating of colloidal platinum on the rutile film induced a transition of the response of the thick
film from p to n-type to both oxygen and CO at 600 ◦C. With the Cr-rutile sample, p-type behavior was
observed for both CO and O2. The possible mechanisms for the observed p–n transition of the two rutile
films are discussed. Strategies for developing CO sensors for high temperature applications based on the

rmul
above observations are fo

. Introduction

Titanium dioxide (titania, TiO2) is used in various gas sensing
nd catalysis applications. Low temperature synthesis methods
sually lead to anatase, with anatase undergoing an irreversible
ransformation to the more stable rutile phase in the tempera-
ure range of 500–1000 ◦C (controlled by crystallite size), with
ccompanying grain growth [1]. The electrical properties of titania
re influenced by deviation from stoichiometry due to interac-
ion between the oxide surface and surrounding atmosphere and
resence of impurity ions. Changes in the oxygen stoichiometry

nfluence the bulk electronic properties, whereas, the presence of
mpurities can influence both the bulk and the surface properties,
epending upon the location of the impurities. Electrical conduc-
ivity changes as a function of oxygen non-stoichiometry has been
xtensively studied and supported by various defect chemistry

odels [2–6]. The electrical properties of undoped TiO2 at elevated

emperatures depends on pO2 with n-type conduction at low pO2
nd p-type behavior at high pO2, the transition point depending
n temperature [2–6]. Titania doped with donor impurities such

∗ Corresponding author.
E-mail address: dutta.1@osu.edu (P.K. Dutta).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.09.021
ated.
© 2009 Elsevier B.V. All rights reserved.

as Nb5+ behave as a n-type semiconductor, whereas, with acceptor
impurities such as Al3+, Fe3+, Cr3+ the behavior is that of a p-type
semiconductor [7,8].

Chemisorption of oxygen on semiconducting oxide surfaces
result in formation of Om−

n surface species, the exact form depend-
ing on the temperature. Upon oxygen chemisorption on an n-type
oxide semiconductor, the electrical resistance across the inter-
face increases. Reducing gases like CO, H2 can react with the
chemisorbed oxygen resulting in a decrease of the resistance,
and is the basis for using semiconducting metal oxides, such as
TiO2 as gas sensors. In the case of a p-type oxide semiconduc-
tor, the opposite effects in electrical conduction are observed. The
change of conduction behavior from n-type to p-type and vice versa
has been observed in titania [9], BaTiO3 [10], SrTiO3 [11] and �-
Fe2O3 [12] by varying temperature and impurity doping and gas
concentrations.

Within the temperature range of 200–400 ◦C, the cause of
p–n transition observed with transition metal oxides has been
attributed to an inversion layer formed on the conduction surface

due to oxygen adsorption [12,13]. Based on investigations of the
p–n transition of CdS and �-SnWO4, Solis et al. [14] proposed that
reducing gas, e.g. CO can function as surface acceptor leading to the
switch of the conduction behavior. Similar mechanism was also
proposed by Birkefeld et al. [15] to interpret the sensing behav-

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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ctuato

i
7
p
[

s
f
m
[
m
f
b
b
a
r
a
a
H
r

a
R
b
fi
g

2

2

A
a
T
w
1

1
(
t
2
X
w
A
f
b
m

2

s
H
t
d
8
h
w
c
c
f
t
t
u
F

and rutile, respectively, along with the fits. These peaks were fit to
three species, with binding energies of 530.5, 531.5 and 533.8 eV
[33,34]. In the case of rutile, the intensity of the 533.8 eV peak was
negligible.
X. Li et al. / Sensors and A

or of TiO2 to reducing gases in N2 background. At temperatures of
00–800 ◦C, the surface lattice oxygen of Ga2O3 has also been pro-
osed to be involved in the resistance change with reducing gases
16].

There is an increasing demand of high temperature gas sen-
ors with fast response, high sensitivity, reliability and low cost
or applications in harsh industrial environments in heat treating,

etal processing and casting, automobile and power industries
17–21]. Semiconductor-type chemical gas sensors using transition

etal oxides such as SnO2, Ga2O3 and TiO2 have shown promise
or such applications. However, the extensively investigated SnO2-
ased sensor functions at temperatures up to 400 ◦C [22]. Ga2O3 has
een recently studied for high temperature reducing gas sensors
nd indicated good sensitivity to methane up to 800 ◦C [23–26]. Our
esearch group has focused on exploration of TiO2 for sensing of CO
t temperatures around 600 ◦C [9,27–30]. The sensor using doped
natase showed good sensitivity and selectivity to CO at 600 ◦C.
owever, once above 700 ◦C, the sensitivity of sensor diminished

apidly [29].
In this study, we focus on electrical properties of commercial

natase and rutile thick films, as well as a Cr-doped rutile film.
esistance changes of such films in the presence of CO and O2 has
een studied at 600–1000 ◦C. Addition of Pt colloids to the rutile
lms alters their electrical properties. These results provide strate-
ies for fabricating high temperature CO sensors.

. Experimental

.1. Materials preparation and characterization

The commercial anatase and rutile titania powder (99.9%
ldrich) were used as the starting material for fabrication of both
natase and rutile thick films, respectively. The 0.5 wt.% Cr-doped
iO2 powders were prepared by mixing Cr(NO3)3·9H2O (Aldrich)
ith the rutile TiO2 powders with a subsequent calcination at

020 ◦C for 24 h.
The as-purchased antase and rutile were calcined at 800 and

020 ◦C, respectively, prior to characterization. X-ray diffraction
XRD) patterns were collected on a Rigaku Geigerflex diffractome-
er using Ni-filtered Cu K� radiation at 40 kV and 25 mA between
� of 20 and 80◦ at a scanning speed of 12◦ min−1. High-resolution
-ray photoelectron spectroscopy (XPS) studies were performed
ith a Kratos AXIS Ultra X-ray photoelectron spectrometer. An
l source was used for all measurements. Experiments were per-

ormed at a resolution of 0.02 eV with a pass energy of 5 eV. Charge
alancing was used to eliminate charging of the sample during
easurement.

.2. Thick film fabrication

The as-received commercial titania powders and the synthe-
ized Cr-doped TiO2 powders were mixed with solvent (5V-507
eraeus) and glue (V-801 Heraeus) to make a paste which was

hen painted on the alumina substrate pre-printed with the inter-
igitated Pt electrodes. The anatase thick film was annealed at
00 ◦C whereas the rutile and Cr-doped TiO2 thick films were
eated at 1020 ◦C for 2 h. For preparation of the rutile film coated
ith Pt, platinum colloids prepared by using dipotassium tetra-

hloroplatinate and polyvinyl alcohol was used [31]. The platinum
olloid-PVA dispersion was added drop-wise onto the top sur-

ace of the rutile thick films by using a syringe followed by heat
reatment at 650 ◦C for 2 h. Surface morphology of the rutile
hick films before and after platinum coating was examined
sing scanning electron microscopy (SEM: Phillips XL 30 ESEM
EG).
rs B 143 (2009) 308–315 309

2.3. Electrical measurements

The thick films were tested in an apparatus as described previ-
ously [27–31]. Prior to starting the electrical measurement, films
were kept at the testing temperature for about 2 h. Gas concentra-
tions of 20–2000 ppm CO were tested. Additionally, measurements
of the dependence of the resistance on pO2 were also conducted
at temperatures from 600 to 1000 ◦C. The films were placed in a
quartz cylinder housed at the center of a tube furnace and attached
via platinum leads to a Hewlett-Packard HP34970A multiplexer.
The multiplexer was operated in high internal impedance mode
(∼100 M�). The temperature was assumed as the set point of the
furnace. The gas flow rate was kept constant at 100 standard cubic
centimetres per minute. The magnitude of the resistance change
was calculated as S = R/R0, where R is the resistance of the film in
the CO gas mixture and R0 in the background gas mixtures of O2 and
N2 with different oxygen concentrations at 10, 5 or 2% in volume.

3. Results

3.1. Synthesis and characterization

Anatase and rutile forms of titania, obtained from commercial
sources are the main focus of this study. These commercial pow-
ders were used to print thick films on interdigitated Pt electrodes.
The thermal treatment for the anatase sample was done at 800 ◦C
and for rutile at 1020 ◦C. In addition, a sample prepared by heating
a 0.5 wt.% chromium impregnated rutile to 1020 ◦C was also exam-
ined. Fig. 1 compares the power diffraction of the three samples,
indicating that with Cr3+, rutile remains as the primary phase [32].
Fig. 2 shows the XPS data in the Ti 2p and O 1s region for the anatase
and the rutile sample. For the Ti 2p peak, there are no differences
between the two samples (Fig. 2a). The O 1s region however, shows
differences and these data are shown in Fig. 2b and c for anatase
Fig. 1. XRD patterns of anatase, rutile and 0.5% Cr-doped TiO2.
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ig. 2. XPS spectra of anatase calcined at 800 ◦C and rutile calcined at 1020 ◦C in the
egions of (a) Ti2p; (b) O 1s in anatase and (c) O 1s in rutile.

.2. Resistance changes with O2 and CO
.2.1. Anatase
Fig. 3a shows the change in resistance of an anatase film with

2 concentration varying from 2 to 10% (balance N2) and CO vary-
ng from 25 to 180 ppm (background 5% and 10% O2) at 600 ◦C.
Fig. 3. (a) Response of anatase film to O2 and CO at 600 ◦C and (b) sensitivity change
of the film (R = resistance of film, R0 = resistance in background gas) as a function of
temperature.

The increase of resistance with increasing O2 concentration and
decrease of resistance with increasing concentration of CO is indica-
tive of n-type behavior. The baseline showed a drift towards higher
resistance, but for the purposes of this study, is not relevant. The
resistance of the film to CO (R) can be normalized relative to the
background resistance (R0) for any particular CO concentration.
Fig. 3b shows the change in response of the anatase film to CO with
temperature in a background of 5%O2/N2. Above 700 ◦C, presence
of 25 to 180 ppm CO has minimal effect on the resistance of the
anatase film. Similar results were observed for CO concentrations
upto 1000 ppm.

3.2.2. Rutile
Fig. 4 shows the change in resistance of the rutile film at 700 ◦C

upon exposure to O2 and CO. A resistance increase is observed
with increasing CO concentration, whereas a resistance decrease is
observed with increasing O2 concentration, and suggests that the
material is exhibiting p-type behavior. Fig. 5a shows the response
to 20–180 ppm CO as a function of temperature in a background
of 5% O2. The response does decrease with temperature, but at

◦
745 C, there is a crossover from p to n-type behavior at CO concen-
tration exceeding 100 ppm. Fig. 5b focuses on resistance changes
at 745 ◦C and shows that the crossover from p to n-type behav-
ior also depends on O2 concentration, with higher concentrations
of CO necessary to make the switch at higher oxygen concen-
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ig. 4. Response of rutile film calcined at 1020 ◦C to oxygen and CO at 700 ◦C.

◦
rations. Fig. 6a shows the behavior of the rutile film at 800 C,
ith O2 (21–2%) exhibiting p-type behavior, but the CO concen-

ration between 200 and 1800 ppm exhibiting n-type behavior
nder different oxygen backgrounds (2–10%). Fig. 6b shows that
he response to CO disappears above 850 ◦C (data for 5% oxygen,

ig. 5. (a) Sensitivity of the rutile film to CO in 5%O2 background at temperatures of
00 ◦C, 725 ◦C and 745 ◦C and (b) variation of the sensitivity of the film to CO with
he different oxygen concentration backgrounds at 745 ◦C.
Fig. 6. (a) Response curve of the rutile film calcined at 1020 ◦C to oxygen and CO at
800 ◦C and (b) sensitivity of the film to CO in 5%O2/N2 background as a function of
testing temperatures.

but similar behavior also at 2% and 10% oxygen). Fig. 7 shows that
the p-type behavior towards oxygen switches at 1000 ◦C.

Fig. 8 shows the resistance changes of a rutile film which was
treated with Pt colloid and then exposed to CO and O2 at 700 ◦C. The
addition of Pt alters the response characteristics from p to n-type
(compare with Fig. 4). The chemical state of Pt on the TiO2 interface
was investigated using XPS. Fig. 9a shows the XPS data for rutile-Pt
in the Pt-4f region. The peak positions at 70.4 and 73.7 eV corre-
spond to metallic Pt [23]. In addition to the metallic Pt, there is also
significant contribution from PtOx with a binding energy of 74.7
and 77.8 eV [35]. Fig. 9b shows the morphology of the rutile film
with particles of 2 �m, and Fig. 9c is with the Pt colloids dispersed
on the rutile thick film.

Fig. 10 shows the change of resistance of the Cr-doped rutile film
with oxygen and CO at 800 ◦C. The resistance changes are similar
to the rutile sample (Fig. 6), indicating p-type behavior towards O2
and n-type towards CO.
4. Discussion

There is a striking difference in the resistance changes upon
exposure of anatase and rutile films to O2 and CO, as evidenced
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ig. 7. Sensitivity of rutile film calcined at 1020 ◦C to oxygen at different tempera-
ures.

rom Figs. 3a and 4. The observations with the anatase film are
onsistent with earlier studies [9,27–31]. Upon heating the metal
xide, there is a loss of oxygen that leads to non-stoichiometry and
-type semiconducting property as shown by reaction (1),

iO2 ↔ TiO2−x + 1
2 O2 + xV

••
O + 2xe− (1)

here VO depicts oxygen vacancy. Upon exposure to oxygen,
hemisorbed oxygen species traps electrons at the surface (reaction
2), simplified representation as O−

ads), thereby creating a barrier of
lectron flow between the anatase grains.

1
2 O2 + e− ↔ O−

ads (2)

With increase in oxygen concentration, the resistance is
xpected to increase, as observed for the anatase films in Fig. 3a.
he drop in resistance with increasing CO is readily understood
rom reaction (3):

O + O−
ads ↔ CO2 + e− (3)
ausing an increase in the carrier (e−) concentration and a decrease
n the resistance. Minimal changes in resistance are observed for
natase films at temperatures exceeding 700 ◦C (Fig. 3b), and can
e explained as arising from high concentration of electron carriers
t the higher temperatures due to reaction (1) and therefore the

Fig. 8. Response of the Pt-rutile film to oxygen and CO at 700 ◦C.
Fig. 9. (a) XPS spectra of Pt in 4f-region and surface morphology of (b) rutile and (c)
Pt-rutile thick films.

relative changes of these carrier concentrations with CO reaction
in the concentration range examined (reaction (3)) is minimal.

The following observations with the rutile sample are more
complex and form the focus of this discussion:

Observation 1: p-type behavior towards oxygen (2–21%) at tem-
◦
peratures of 600–900 C (Fig. 4).

Observation 2: Switch from p-type to n-type behavior between 10
and 5% O2 at 1000 ◦C (Fig. 7).
Observation 3: p-type behavior to CO (200–1800 ppm) at back-
ground oxygen concentration of 2–10% O2 at 600–725 ◦C (Fig. 4).
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ig. 10. Response of 0.5%Cr-doped rutile to oxygen and CO in different oxygen
ackgrounds at 800 ◦C.

Observation 4: Switch from p-type to n-type behavior with CO
(0–200 ppm) at background oxygen concentration of 2–10% O2 at
and above 750 ◦C (Fig. 5).
Observation 5: Significant resistance changes with CO up to tem-
peratures of 800 ◦C, and loss of response beyond this temperature
(Fig. 6).
Observation 6: At a fixed concentration of O2, requiring higher
temperatures to switch from p to n-type for any concentration of
CO (Fig. 5a).
Observation 7: At a fixed temperature (745 ◦C), requiring higher
concentration of CO to make the p to n switch with increasing O2
concentration.

It is important to point out that all electrical properties exam-
ned in this paper are based only on resistance, thus while we
xperimentally distinguish between n- and p-type behavior, we
ave not determined the majority charge carriers explicitly under
he conditions of the experiment. With this caveat, we find that
here are two models that can adequately describe these obser-
ations. However, indirect evidence does provide credence to one
odel, as we discuss below.

.1. Model 1

Several studies have reported on the p-type behavior of poly-
rystalline rutile with O2 in the temperature range of 700–1100 ◦C
2–6]. The explanation for p-type behavior is usually related to the
resence of acceptor impurities. Impurities such as Al3+, Fe3+, Ca2+,
an be incorporated into the lattice during the formation of rutile
t high temperatures [2–6,9,32,36], as shown in reaction (4):

2O3 → 2A′
Ti + 3OO + V

••
O (4)

here A represents the impurity atom. The oxygen vacancies can
e consumed by reaction with oxygen, thereby generating electron
oles via reaction (5):

1
2 O2 + V

••
O ↔ OO + 2h

•
(5)

Thus, holes become the dominant charge carriers in rutile, lead-
ng to p-type conduction.

Using this model, we can explain the above observations as fol-

ows:

Observation 1: Since holes are the major carriers, O2 adsorp-
tion increases number of holes via reaction (5) and so resistance
decreases with increasing oxygen, as seen in Fig. 4.
rs B 143 (2009) 308–315 313

Observation 2: As temperature increases, TiO2 loses more oxygen
releasing electrons (reaction (1)) and at 1000 ◦C and 5% O2 the
electrons become the majority carriers, as seen in Fig. 7.
Observation 3: There are two possible reactions with CO, reaction
(3) above and reaction (6) with lattice oxygen (Os):

CO + Os → CO2 + V
••
O + 2e− (6)

Reaction (3) is expected at lower temperatures, whereas (6) is
expected at higher temperatures. Both these reactions result in
increase of electrons, which can then react with the majority holes
resulting in an increase in the resistance as seen in Figs. 4 and 5a.
Observation 4: As the CO concentration is increased above a cer-
tain limit at a particular temperature, the gas–solid interaction
between CO and TiO2 via reaction (6) can release electrons, over-
whelming the holes as majority carriers, and exhibiting a n-type
response, as seen in Fig. 6a.
Observation 5: The loss of response to CO at higher temperatures
(>800 ◦C, Fig. 6b) is difficult to explain, since CO should continue
to react with lattice oxygen.
Observation 6: At a fixed O2 concentration, increasing temperature
should lower oxygen adsorption, leading to reversal of reaction (5)
and lower hole concentration. Thus, the p- to n-type transforma-
tion requires lower concentrations of CO.
Observation 7: At a fixed temperature with higher O2 levels, reac-
tion (5) is promoted, creating more holes and requiring higher
concentration of CO via reaction (3) and/or (16) to revert to n-type
behavior.

4.2. Model 2

This model considers, that, like anatase, rutile is also n-type
with electrons as the majority carriers. However, strong oxygen
adsorption on surface sites on rutile leads to formation of an
inverted layer. The experimental observations can be explained as
follows:

Observation 1: Oxygen adsorption leads to inversion so surface
carriers are holes, and p-type behavior is observed.
Observation 2: Switch from p- to n-type at 5%O2 is due to fewer
Oads (adsorbed oxygen) on the surface at the high temperature of
1000 ◦C and also because of increased oxygen vacancies (reaction
(1)), which leads to increase in the electron concentration.
Observation 3: p-type behavior to CO since reaction of CO with
Oads decreases surface concentration of holes but the surface is
still in the inverted state.
Observation 4: Decrease of inversion-causing Oads at higher tem-
peratures and further reaction of Oads with CO leads to n-type
behavior.
Observation 5: Above 800 ◦C, x in TiO2−x is increased (reaction (1)),
inversion effects are smaller and so CO reacting via reaction (3)
does not alter the majority carrier concentration enough to make
perceptible changes in resistance.
Observation 6: Requiring higher temperatures to switch from p-
to n-type via reaction with CO at a fixed concentration of O2 is
because at higher temperatures, Oads decreases minimizing the
inversion effect and also electron concentration increases due to
reaction (1).
Observation 7: Increasing concentration of oxygen increases Oads
increasing inversion, so requires higher concentration of CO to
make the p to n switch.
Model 1 requires impurity cation insertion into TiO2 lattice
(reaction (4)) whereas Model 2 requires specific oxygen adsorption
sites on the surface. In order to examine which of these models bet-
ter represents the observations, further experiments were carried
out. Doping of Cr3+ into the rutile structure was done by thermal
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reatment. The strategy behind the Cr-rutile sample was based on
he fact that Cr3+ with a radius of 0.615 Å can substitute for Ti4+,
hich has a radius of 0.605 Å [32,36]. The substitution should pro-
ote p-type behavior (reaction (4)) and our goal was to examine if

he Cr substitution would alter the properties towards O2 and CO
s compared to commercial rutile. However, as Fig. 10 shows, the
ehavior of Cr-doped rutile at 800 ◦C is very similar to rutile, with
o evidence of p-type behavior towards CO.

The other experiment involved adding colloidal Pt to rutile.
his led to conversion from p-type to n-type (Fig. 8). XPS analy-
is indicates the formation of PtOx on the rutile surface (Fig. 9).
irner et al. examined Pt diffusion in rutile at ∼900 ◦C and based
n XPS and Auger depth profiles concluded that Pt can diffuse
nto the subsurface layers of TiO2 [35]. Since the solubility of Pt
s negligible in TiO2, the interaction of Pt with the surface must
e via interstitial positions as Ptm+ (m = 2, 3, 4) within the top
urface of the rutile particles. These defect sites can modify oxy-
en chemisorption. We propose that the presence of Pt on the
utile surface modifies the oxygen adsorption sites that cause
nversion.

Thus, we are concluding that the profound differences between
he anatase and rutile are related to differences in their surface
tructure which results in differences in oxygen chemisorp-
ion. Though we do not address the nature of these sites, it is
nown from the literature that anatase and rutile exhibit dif-
erent properties. Anatase is a better photocatalyst than rutile
37]. Anatase is also of lower density than rutile and consists
f distorted TiO6 octahedrons [38]. Calculations suggest that
he rutile surface (1 1 0) is easier to reduce as compared to
natase (1 0 1) [39].

The band bending that leads to inversion is controlled by sur-
ace adsorption effects. The surface states, typically within the
nergy gap of the semiconductor can arise from lattice imperfec-
ions and/or impurity atoms in the near-surface region. The XPS
ata in Fig. 2, especially for the O 1s region was carried out to
iscern if the surface oxygens were in any way different. Three
eaks are observed, with the peak at 533.8 eV arising from adsorbed
pecies that are not present in rutile due to the higher tempera-
ure treatment. The peak at 530.5 eV is unambiguous and assigned
o O2− of the TiO2 framework. The peak at 531.5 eV has been
ssigned to oxygen bonded to Ti3+, but we find no evidence of
his oxidation state in the Ti2p XPS. Another assignment in the
iterature is to more covalent oxygen (O−), arising from defect
tructures [34]. Both anatase and rutile exhibit the 531.5 eV peak,
nd we cannot use this information to infer about what surface
ites in rutile are causing the inverted behavior. Another possi-
ility is that transition metal impurities at the rutile surface are
esponsible for the strong binding to oxygen which results in inver-
ion. The catalytic activity of CO to CO2 oxidation is enhanced
ith Fe3+-doped sample of rutile, and it has been proposed that

e3+ substitutional doping on Ti4+ sites leads to generation of
xygen vacancies that can activate molecular oxygen by creation
f superoxide and peroxide species [40]. The results with the
hromium doped sample (Fig. 10) support this hypothesis. Also,
he fact that the presence of the Pt on the surface reverts the
utile to n-type suggests that surface sites are relevant in these
bservations.

Inversion effects have been reported in the literature, though at
ignificantly lower temperatures. Gurlo et al. observed n–p switch-
ng in �-Fe2O3 at 280 ◦C with increasing O2 concentration and with
ncreasing CO at a fixed O2 concentration [12,13]. They also mea-

ured the contact potential difference, which is an estimate of band
ending and noted that the band bending increased as the switch
rom n- to p-type was observed.

In developing these models, we have assumed, based on the
iterature, that the contributions of ionic conductivity is negligible
rs B 143 (2009) 308–315

at the temperatures and oxygen concentrations used in this study
[41–43].

4.3. High temperature CO sensors

The peculiar properties of rutile surface provide an opportu-
nity for using these films for CO sensing at temperatures as high
as 800 ◦C, as shown in Fig. 6. To the best of our knowledge, such
high temperatures for CO detection have been seldom reported in
the literature. The only other high temperature CO sensing system
that has been reported in the literature is based on Ga2O3 that per-
forms at temperatures of 600 ◦C, and possibly higher [23–26]. The
limitation of commonly used tin oxide or anatase for high temper-
ature sensing is that in these materials, the sensing mechanism is
controlled by grain boundary resistance. Intergranular resistance
decreases with increase in majority carriers as a result of increased
non-stoichiometry (x higher in TiO2−x). Thus, at very high temper-
atures, the sensing response is controlled primarily by the oxygen
defect chemistry and the intergranular contacts become irrelevant.
This is the basis for rutile sensors for sensing O2 at temperatures
exceeding 1000 ◦C [6].

All metal oxides will exhibit this effect and oxygen sensors with
Ga2O3, SrTiO3, BaTiO3 have been demonstrated [10,11]. However,
these oxides that function based on oxygen defect equilibrium do
not function well as reducing gas (e.g. CO) sensors because the
change in oxygen partial pressure is typically too small at ppm
(0–1000) levels of reducing gas.

With methane, sensing response is observed in the 750–800 ◦C
range on Ga2O3 and it was proposed that the resistance changes are
not controlled by grain boundaries, but rather by direct interaction
of the gas with lattice oxygen, or by chemisorption of the reducing
gas and injection of electrons into the solid [23–26]. Our hypothesis
for the current rutile-based devices at 800 ◦C is that the resistance in
background oxygen (2–21%) is controlled by p-type conductivity,
and the switch to n-type upon CO introduction (200–1000 ppm)
brings about a change in the majority carrier in the surface and
results in a significant change in resistance. These data present a
new paradigm for development of high temperature gas sensors
for reducing gases.

5. Conclusions

The anatase thick film shows an n-type response, whereas, the
rutile thick film exhibits p-type behavior for oxygen in the concen-
tration range of 2–21% at temperatures below 1000 ◦C. However,
with CO in the gas stream, depending on the CO and O2 concen-
tration and the temperature, both p-type and n-type behavior is
observed. Incorporation of Cr3+ does not alter the properties of the
rutile, but addition of platinum colloids on the surface of rutile
results in n-type behavior. In anatase, oxygen non-stoichiometry
is the main source of defect states, leading to n-type conduction
behavior at elevated temperatures. On the other hand, in the case
of rutile phase, there are two possibilities, impurity-induced oxy-
gen vacancies lead to holes as the majority carriers or hole-based
conduction can also result from inversion due to adsorption of
oxygen on a n-type rutile surface. We conclude that the surface
properties of the rutile are determining the resistance behavior
and that the inversion model is more appropriate to explain the
observations.
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