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Abstract Gas sensors based on Titanium dioxide films have
been a subject of interest due to its high sensitivity and low
cost. The sensing mechanism of this type of sensors is based
on the conduction mechanism, which is governed by the po-
tential barriers formed at the inter-grains of the polycrystalline
structure. The shape of these potential barriers strongly de-
pends on the characteristics of the material, and then it is
expected that a doping aggregation will affect significantly
the conductivity and thus the sensitivity of the sensor. In this
work, we study the effect in the oxygen sensitivity of titanium
dioxide films due to N-doping. We developed a model in order
to explain our experimental results based on the fact that, for
the particle size of our titanium dioxide samples, grains are
completely depleted of carriers.
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1 Introduction

Metal-oxide semiconductor gas sensors can monitor the con-
tent of oxidizing and reducing gas molecules in a surrounding
medium, which reflects in the resistance of a sensing film.
Thus, a gas-sensing film and a substrate, including electrodes
and heating elements, convert a chemical quantity into an
electrical quantity for purposes of a measurement. This type
of gas sensors has been subjected to extensive research due to
low cost of production and wide range of applications, such as
detection of flammable, toxic, and explosive gases [1-4].

Despite the advances in the field, the development of this
type of sensors has been mostly built on empirical results
[5-8]. Indeed, the gas-sensing mechanism remains not fully
understood. It is usually accepted that the electrical conduc-
tion in polycrystalline semiconductors is dominated by inter-
granular potential barriers that have a Schottky-type nature.
Oxide semiconductors, such as tin or titanium oxides, are
usually oxygen-deficient and then they are of n-type.
Crystallites of the semiconductor oxide film present a surface
layer that is depleted of electrons. The width of this layer
depends on the oxygen vacancy concentration and height of
surface barriers. When the sensing material is exposed to a
different atmosphere, surface reactions affect intergranular
barriers leading to a change in conductance. Relevant issues
to sensing include film structure, particle size, chemical com-
position, and thermal treatments of thick films.

Titanium dioxide has attracted great interest as it is found in
a variety of applications in different fields, such as
photocatalysis, photovoltaics, and gas sensors [8—12]. There
are seven known and hypothetical Titanium dioxide poly-
morphs (anatase, rutile, columbite, baddeleyite, cotunnite, py-
rite, and fluorite structures); nevertheless, in nature, Titanium
dioxide presents three different forms, which in order of abun-
dance, are rutile, anatase, and brookite. Anatase turns into
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rutile above 400-600 °C and the temperature of this irrevers-
ible transformation decreases with increasing pressure [13].
Moreover, rutile is denser than anatase, so bulk rutile is con-
sidered to be stable with respect to bulk anatase, both at high
temperature and high pressure. However, rutile is metastable
concerning anatase when the Titanium dioxide particle size is
below roughly 14 nm [14]. In particular, anatase is character-
ized by high electron mobility responsible for its elevated
sensitivity and faster response as a gas sensor [15] and it has
been successfully used in gas-sensing devices [16-22]. Akbar
and co-workers discussed the electrical response of doped and
undoped anatase gas sensors including the influence of several
additives [23-25].

Here, we study the conductivity response to changes in the
oxygen atmosphere content of a Titanium dioxide thick film.
In particular, we compare the outcomes for samples with and
without N-doping. The obtained results constitute a strong
evidence for the doping contribution in the conductivity and
sensitivity of polycrystalline semiconductor films.

2 Experimental details

Experimental analysis was carried out using a commercial
undoped Titanium dioxide (Hombifine N, Sachtleben
Chemie) and N-doped Titanium dioxide. The later was syn-
thesized by precipitation method proposed by Wang et al. [26]
using titanium (IV) isopropoxide Ti(OCH(CHz),)4 (Aldrich
97%) and concentrated nitric acid. The solution was stirred
vigorously for 30 min and aqueous ammonium hydroxide
solution (Cicarelli 28%) was added drop by drop until pH 9.
The resultant precipitate was filtered, washed with deionized
water and dried in air at room temperature. After that, the dried
precipitate was calcined in air at 623 K for 4 h.

The crystalline structure and crystal size were determined
with X-ray diffraction (XRD) in the range of 20 = 20-80°
using a PANalytical X Pert Pro diffractometer and Ni filtered
Cu K radiation (A = 1.54 A). Crystallite sizes were calculated
using the Scherrer eq. [27].

Raman spectra were acquired in a Renishaw In Via Reflex
system equipped with a charge-coupled device (CCD) detec-
tor of 1040 x 256 pixels and coupled to a Leica microscope
with a computer-controlled stage. An Argon laser line
(514 nm) with a nominal power of 50 mW was used as exci-
tation source, in combination with a grating of 2400 grooves/
mm. The laser power was kept below 5% to avoid sample
damage. A 50% (0.75NA) Leica metallurgical objective was
used in the excitation and collection paths. Spectra were ac-
quired in 1 s with at least 5 accumulations.

With different powders, pastes were prepared with an or-
ganic binder (glycerol). The used solid/organic binder ratio
was %2, and no dopants were added. Thick, porous film sam-
ples were made by painting onto insulating alumina substrates
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on which electrodes with an interdigitated shape made by
sputtering. A 96% dense alumina substrates were placed in a
sputtering chamber and an adhesion layer consisting of 25 nm
of titanium was deposited. Then, a platinum film 200 nm thick
was then deposited over the Ti layer. Electrodes were defined
using a 20 W laser. The interelectrode distance was 20 pm.
After painting, in order to evaporate the organic binder and to
improve the adhesion of films to the alumina substrate, sam-
ples were kept at 100 °C for 1 h in air. Later, samples were
heated up to 380 °C using a heating rate of 1 °C/min and
exposed to dry air at 380 °C during 1 h.

For gas-sensing measurements, the films were tested in a
chamber with temperature, pressure, and gas composition
control. Electrical resistance and impedance measurements
were carried out with an Agilent 3440A multimeter and a
HP4192A impedance analyzer, in the 20 Hz—10 MHz fre-
quency range. Measurements were done under vacuum
(10* atm) and in dry air at atmospheric pressure.

3 Results and discussion

The XRD patterns of pure Titanium dioxide and N-doped
Titanium dioxide samples are presented in Fig. 1. The anatase
phase has been retained without phase change after nitrogen
doping. The line widths of the anatase (101) diffraction peak
of the two samples were obtained by fitting the measured
peaks by a mixed Lorenzian-Gaussian shape. Comparing re-
sults, one can see that pure Titanium dioxide and N-doped
samples have almost the same crystallite size (~8-9 nm).
Overall, the diffraction peaks of the pure sample are more
intense than the N-doped Titanium dioxide powder, indicating
that the pure powder has a better crystal quality.

Figure 2 shows the Raman spectra of the pure, and
nitrogen-doped titanium dioxide. The observed Raman lines

(101) —+—N-TiO,
—TiO,

(200) (105)
(004) 211) (204
(211) (204) 116)

Intensity / counts

20 30 40 50 60 70 80
20/°

Fig. 1 XRD patterns of pure Titanium dioxide and N-doped Titanium
dioxide samples
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Fig. 2 Raman spectra of the pure and nitrogen-doped titanium dioxide

at 147,398, 513 and 640 cm ™' can be assigned to the Eq Big
A, and E, modes of the anatase phase, respectively [28]. It
can be seen that the Raman shift and the relative intensity of
lowest-frequency £, Raman mode is affected by doping. It is
known that Raman lines become weak and broad when the
samples have local lattice imperfections [29]. Since with ni-
trogen doping the intensity of the £, mode increases, nitrogen
must affect the Raman scattering efficiency.

To investigate the effect of nitrogen doping on the structure
of the titanium dioxide, the Raman spectrum of N-doped
Titanium dioxide was fitted, and the result is shown in Fig.
3. As can be seen, the peaks at 400, 518, and 638 cm ' witha
dash dotted line are the vibration peaks of anatase. In the
fitting curves, two peaks at about 545 and 670 cm™' with a
dotted line can be observed distinctly, which are attributed to
the vibration of Ti-N. According to previous reports, in the
Raman spectrum, the band at 550 cm ! is the first-order scat-
tering of non-stoichiometric titanium nitride and the common
component at 680-700 cm ' is ascribed to second order scat-
tering of non-stoichiometric titanium nitride [27, 30]. Typical

Experimental
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Fig. 3 Raman spectrum of N-doped Titanium dioxide fitting

vibrational bands of Ti-N can be found in the Raman spectrum
of N-doped sample, indicating that nitrogen replaces some
oxygen atoms in the titanium dioxide lattice.

In order to analyze the effect of the N-doping on the titani-
um dioxide sensitivity, we measured the resistivity of
Titanium dioxide and N-doped Titanium dioxide films to at-
mosphere changes from air to vacuum and viceversa. Figure 4
shows three different stages (I, II and III), in the first stage,
denoted as I, both samples (pure titanium dioxide and N-
doped titanium dioxide) are exposed to air atmosphere at a
temperature of 7'= 350 °C, held fixed in the three stages. In
stage 11, the chamber pressure was reduced to approximately
10~* atm (referred here as vacuum), and then the resistivity of
both samples decreases abruptly, as regularly observed in n-
type metal-oxide semiconductors. In stage Il samples are ex-
posed again to air atmosphere; there is a quick increase of the
electrical resistance, and then a steady increase for both types
of studied samples, undoped and N-doped. This is expected
due to the transfer of electrons from bulk to the surface as
consequence of the interaction of oxygen with grain surfaces
[30]. It is evident that the N-doped sample presents larger
conductivity and sensitivity. The rapid increase of resistance
in stage III could be attributed to the fast adsorption of oxygen
at intergrains, due to the open porous microstructure, while the
subsequent evolution could be related with a significant dif-
fusion of oxygen into the grains. From these processes, the
barrier height and the depletion width become larger and, as a
consequence, the sample resistance increases.

At temperatures greater than ~200 °C, oxygen diffusion
into the grains is possible, with the consequent annihilation
of oxygen vacancies. Conversely, if oxygen diffuses out of the
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Fig. 4 Electrical resistance under vacuum and air exposure for undoped
and N-doped titanium dioxide
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grains, vacancies are generated. The adsorbed oxygen chang-
es to various oxygen anion species transferring an electron
form the oxide to the chemisorbed oxygen according the fol-
lowing processes [30, 31]

Oz(gas)(_)O/Z(ads)HO;dsHOstHO;”Hoé (1)

where O, refers to oxygen in the gas environment, O,
to an oxygen molecule adsorbed at the grain surfaces, O’y
and O", to singly and doubly ionized monatomic oxygen at
the grain surface, O to interstitial oxygen, and O to oxygen
at the titanium dioxide lattice. The interstitial oxygen O"; mi-
grates from the surface to the bulk annihilating oxygen vacan-
cies, as follow:

VY + 0,<0; (2)

Then, for temperatures greater than ~200 °C by exposing the
sample to an oxygen rich atmosphere, a decrease in V', can be
expected. Conversely, under vacuum V) is expected to increase.

If the particle size were much larger than the width of the
surface layer, the charge depletion would occur in a relatively
reduced surface region of the particle. On the contrary, in a
small particle, it can happen that its diameter is such that the
whole crystallite is depleted of electrons and then the electrical
conduction mechanisms are different. Since the gas sensing is
based on the change of electrical resistance that follows a
change in the gas atmosphere, the sensor response is expected
to directly depend on the grain size.

In order to check the depletion of the crystallite in the
titanium dioxide, we first determined the capacitance of the
films under vacuum and air at 1 MHz, a frequency at which
the contribution of traps can be disregarded [31].
Experimentally we found that, the capacitance before the in-
corporation of the sensor film for | MHz is 12 pF. In order to
analyze the film capacitance, it is necessary to consider the
shape of the used electrodes. After the incorporation of the
film, the capacitance becomes =~ 35.5 pF. The contribution to
the total capacitance due to the film of thick by, can be
expressed, as a good approximation [32],

Cﬁlm = %l |:SiI11’17l (bﬁ[m/a) + 0234:| (3)
™

where [ is the length of the electrode, 2a is the width of the inter-
electrode pathway and ¢, is the film relative permittivity. For our
set-up /=11 cm, a = 10 pum, by, = 0.09 mm and Cgy,, = 35.5 pF
— 12 pF =23.5 pF. With the above information we can determine
the film permittivity €, =~ 24, which is consistent with reported
values for the anatase permittivity at 1 MHz [33].

If we assume a spherical grain, the condition for which
grains become completely depleted is [31]

eN 4R?
V=
6c¢e,

(4)
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where Vy is the band bending, R the grain radius, N, the
oxygen vacancies concentration, e the electron charge, ¢, the
vacuum permittivity, and ¢, the relative permittivity. Typical
values of band bending goes from 0.6 eV up to 1 eV; therefore,
by using V, = 0.6 eV, we can estimate the lower limit for the
complete depletion to occur. Thus, using R = 4.25 nm (half of
crystallite size average obtained from Raman spectroscopy
and XRD) and ¢, = 24, we get that N; < 2.6 x 10*® m>.
This is an extremely large vacancy concentration.

The above results and considerations imply that, for the
particle size of our titanium dioxide samples, grains are
completely depleted of carriers. After the exposure to vacuum,
diffusion from the bulk of the grains to the intergrains can take
place. If barriers reduce to the point at which quasi-neutral
regions at the grains centers develop, the capacitance should
increase. However, we observe a slight reduction in capaci-
tance that we attribute to an increase in the film porosity. Thus,
driven by the above analysis, we consider that grains continue
being completely depleted of carriers.

According to the results of Fig. 4, the larger conductivity
and sensitivity of N-doped samples can be explained with two
different models, taking into account two different main
mechanisms of conduction, as depicted in Fig. 5 or Fig. 6. In
these figures, (a) and (b) refer to pure anatase under air and
vacuum, respectively; while (¢) and (d) refer to N-doped ana-
tase under air and vacuum, respectively.

In one hand, most researchers assume that electrical con-
duction is dominated by thermionic emission [8]. If this were

(a)

Fig.5 Expected band bending changes assuming thermionic emission as
the dominant conduction mechanism. (a) and (b) refers to pure titanium
dioxide under air and vacuum, respectively; while (¢) and (d) refers to N-
doped titanium dioxide under air and vacuum, respectively
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Fig. 6 Possible band bending changes assuming tunneling contribution

as the dominant conduction mechanism. (a) and (b) refers to pure

titanium dioxide under air and vacuum, respectively; while (¢) and (d)
refers to N-doped titanium dioxide under air and vacuum, respectively

the case, then barrier heights should behave as seen in Fig. 5.
Resistances reported in Fig. 4 indicate that @, > @, > @, > P,,.
Also, since the sensitivity for the N-doped sample is larger,
AP.; > Ad,;,. This analysis implies that nitrogen plays a
crucial role at the surface of the grains. Indeed, not only re-
duces the intergranular barriers but also makes barriers more
sensitive to changes in the environment.

On the other hand, other possible mechanism that can be
responsible for the experimental findings is related to band
bending, which can make relevant the tunneling contribution
to the sample conductivity. In this case, Fig. 6, barriers corre-
sponding to samples under air are considered having the same
height, @, = @... Also, barrier corresponding to samples under
vacuum present the same height, @, = ®,,. If this were the case,
the found differences in conductivity would depend on the
sample doping. In the pure sample, the oxygen vacancy con-
centration is not very high and vacuum favors oxygen vacan-
cies slightly increasing the band bending. If this takes place,
tunneling can play a role in conductivity as electrons might
tunnel the resulting intergranular barriers. It is known that
nitrogen favors the oxygen vacancy formation and then the
sample doping [34]. If so, a larger doping can be responsible
for a larger band bending and then a more relevant contribu-
tion of tunneling through barriers. In this case, changes in
conductivity could be explained as the result of different

contributions of tunneling to conductivity. It is possible that
both phenomena, barrier height and width changes, were pres-
ent and responsible for the observed results.

4 Conclusions

In summary, we have studied and analyzed the resistivity of
undoped and N-doped titanium dioxide under air atmosphere
and vacuum and its sensitivity. We found that, for the N-doped
sample, there is a significantly global decrease in the resistiv-
ity and the sensitivity to oxygen exposure is highly favored. In
order to explain our experimental results, we determined the
size of the crystallites of our samples through XRD and found
that for the small particle sizes of our samples with a
completely depleted grains must be the regular situation. We
propose two different alternatives to explain the behavior of
the sensitivity of the samples given that total grain depletion
occurs. In the first one, the thermionic emission is the domi-
nant conduction mechanism, electrons must jump over the
potential barriers. In the second one, tunneling current is con-
sidered as the dominant contribution to electrical conduction
trough the crystallite. Either of the two models, or a combina-
tion between them, could explain the difference in the sensi-
tivity of the undoped and the N-doped titanium dioxide having
into account that nitrogen favors the oxygen vacancy forma-
tion. The correct choice of the model will depend on the exact
conduction mechanism of this type of sensors that must be
deeply studied in future works.
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