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We report the electrical conduction mechanism of amorphous titanium oxide thin films applied for bolometers. As the O/Ti ratio
varies from 1.73 to 1.97 measured by rutherford backscattering spectroscopy, the resistivity of the films increases from 0.26Ω cm
to 10.1Ω cm. At the same time, the temperature coefficient of resistivity and activation energy vary from −1.2% to −2.3% and
from 0.09 eV to 0.18 eV, respectively. The temperature dependence of the electrical conductivity illustrates a thermally activated
conduction behavior and the carrier transport mechanism in the titanium oxide thin films is found to obey the normal Meyer-
Neldel Rule in the temperature range from 293K to 373K.

1. Introduction

Titanium dioxide (TiO
2
) is one of the most widely studied

transition metal oxide semiconductors due to its nontoxic
nature, chemical stability, and commercial availability at a
low cost, robust, and general reactivity. During the past
decades, TiO

2
thin films have attractedmuch interest because

it has a wide range of promising energy and environmental
applications, such as hydrogen generation by water splitting
[1], photocatalytic water purification [2], dye-sensitized solar
cells [3], and gas sensors [4]. Recently, few people have
fabricated amorphous nonstoichiometric titanium dioxide,
(a-TiO

𝑥
, where 𝑥 is smaller than 2) thin films by different

methods and pointed out that a-TiO
𝑥
thin films are potential

thermal sensing material for an uncooled IR bolometer
imager [5]. However, the effect of the deposition process
on the film structure, composition and electrical properties
of this material such as resistivity, temperature coefficient
of resistivity (TCR), and activation energy, have not been
illustrated up to now, and these factors are very crucial for
the detectivity of thermal IR detectors.

TiO
𝑥
thin films can be prepared by sol-gel [6], hydrother-

mal [7], chemical and physical vapor deposition [8]. Reactive
sputtering is a commonly used physical vapor deposition
method to grow dense and uniform metal oxide films for

industrial application [9, 10]. In this process, a metal target is
sputtered in an atmosphere consisting of argon and oxygen,
this allows higher deposition rates than does the sputtering
of an oxide target [10]. It has been experimentally established
that the oxygen partial pressure (pO

2
) during sputtering has

the most significant effect on the structure, phase composi-
tion, and electrical properties of TiO

𝑥
thin films [11].

TiO
2
is electrically insulating with an extremely high

resistivity above 108Ω cm, but the suboxidized TiO
2
with an

excess of titanium is an n type semiconductor with unique
properties [12], indicating the defect disorder and O/Ti stoi-
chiometry play an important role in the electrical properties
of TiO

𝑥
[13]. In this work, we have mainly investigated the

electrical properties and electron transport mechanism of a-
TiO
𝑥
thin films applied for uncooled IR thermal detectors.

2. Experimental

TiO
𝑥
thin films were deposited on K9 glass and p-silicon

(100) substrates simultaneously at room temperature by a
dc reactive sputtering technique. Oxygen and argon were
used as reactive gas and sputtering gas, respectively. The
total pressure was kept at 1 Pa and the other characteristic
parameters of the investigated samples are summarized in
Table 1.
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Table 1: Experimental parameters of reactive sputtering and the results of measurements. (SCCM is an abbreviation of standard cubic
centimeter per minute).

Samples Ar (SCCM) O2/(O2+ Ar)
(pO2)

Thickness 𝑑
(nm) O/Ti ratio Resistivity 𝜌

(Ω cm)
Conductivity
𝜎 (Ω−1 cm−1)

Activation
energy 𝐸

𝑎
(eV) |TCR| (%)

S10 80 1.0% 101 1.73 0.26 3.85 0.09 1.2
S25 80 2.5% 100 1.84 1.9 0.53 0.15 1.9
S40 80 4.0% 98 1.91 3.1 0.32 0.16 2.0
S55 80 5.5% 99 1.97 10.1 0.01 0.18 2.3
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Figure 1: XRD pattern of TiO
𝑥
thin film (S25) deposited at the pO

2

of 1.5%.

The thickness and surface morphology of the films were
characterized by field emission scanning electronmicroscopy
(FESEM, Hitachi S4800). Glancing incidence X-ray diffrac-
tion (GIXRD, PANalytical X’Pert PRO) was performed by
using Cu𝐾𝛼 radiation (0.1564 nm) with a glancing incidence
of 2∘, 𝑈 = 40 kV and 𝐼 = 35mA. The O/Ti stoichiom-
etry of the films was measured by rutherford backscatter-
ing spectrometry (RBS, NEC 5SDH-2) performed with a
2.023MeV 4He+ beam from a 2 × 1.7MV tandem accelerator.
The temperature dependent electrical measurements were
performed with a semiconductor characterization system
(Keithley, 4200-SCS) in a temperature controller (Sigma
Systems, Sigma C4) with an accuracy of 0.1∘.

3. Results and Discussion

The GIXRD pattern for sample S25 is shown in Figure 1. The
patterns of the other three samples have similar characteris-
tics as S25. No sharp diffraction peak of any crystalline phase
is observed, which indicates all the films deposited at room
temperature have amorphous structure, with no preferred
orientation as demonstrated in the previous studies [5, 14, 15].

Figure 2 presents the cross-sectional and surface mor-
phological micrographs of sample S25, which shows that the
thickness of the TiO

𝑥
film is about 100 nm, and the film

is dense and smooth, which is the advantage of sputtering
technique compared with other deposition methods [10].

Furthermore, no grain or cluster appears in the films, this
confirms the amorphous structure of the films.

Figure 3 shows a typical experimental RBS spectrum
of titanium oxide films (S25) deposited on p-silicon (100)
substrate with the simulated spectrum using the program
SIMNRA [16]. The O/Ti stoichiometry across the films have
been obtained by simulating the experimental spectrum
(circle) and theoretical spectrum (line).The results presented
in Table 1 show the O/Ti ratio is in accordance with the pO

2
,

and all the films have nonstoichiometry compositions.
Figure 4 shows the electrical resistivity (𝜌) of TiO

𝑥
films

as a function of temperature. As is seen, the resistivity
is significantly influenced by the pO

2
during the deposi-

tion process. The resistivity measured at room temperature
increases from 0.26Ω cm to 10.1Ω cm as the pO

2
increases

from 1% to 5.5%. This can be explained by the decrease of
oxygen vacancies in the TiO

𝑥
films with the increasing pO

2

[17], resulting in an increase of O/Ti ratio as illustrated by
RBS analysis. Thus the larger resistivity is obtained [12]. The
electrical resistivity (𝜌) or conductivity (𝜎) of the broad-band
semiconductors can be expressed as follows [18]:

𝜌 = 𝜌
𝑎
exp(
𝐸
𝑎

𝑘𝑇
) , (1a)

𝜎 = 𝜎
𝑎
exp(−
𝐸
𝑎

𝑘𝑇
) , (1b)

where 𝐸
𝑎
is the thermal activation energy, 𝑘 is the Boltzmann

constant, 𝑇 is the absolute temperature, and the preexpo-
nential factors 𝜌

𝑎
and 𝜎

𝑎
are the resistivity at 𝑇 → ∞

and conductivity at 𝑇 → 0, respectively. As can be seen
in Figure 4, the curves exhibit Arrhenius characteristics in
accordance with equation (1a) [19].

From the temperature dependence of electrical conduc-
tivity plotted as ln𝜎 versus 103/𝑇 shown in Figure 5, the
activation energies of TiO

𝑥
films can be calculated from the

slopes of the fitted lines by equation (1b), and the results are
presented in Table 1 show that the activation energy increases
from 0.09 eV to 0.18 eV with the increasing resistivity. With
the activation energies, the temperature coefficient of resistiv-
ity (TCR) can be obtained and TCR is extensively exploited
as one of the most important parameters characterizing the
detectivity of uncooled IR sensors, defined as the slope of
natural logarithm resistivity [20]:

TCR = (1
𝜌
) × (
𝑑𝜌

𝑑𝑇
) . (2)
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Figure 2: FESEMmicrographs of sample S25 (the other samples are alike): (a) cross-section and (b) surface morphology.
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Figure 3: RBS spectrum of TiO
𝑥
thin film (S25) on p-Si (100)

substrate.

Combing equation (1a) and equation (2), we can yield

𝐸
𝑎
= −𝑘𝑇

2
× TCR. (3)

This relation links the activation energy 𝐸
𝑎
to TCR. With

the calculated values of 𝐸
𝑎
, the TCR of the TiO

𝑥
films can

be deduced from equation (3), and the absolute values of
TCR are found to increase from 1.2% for to 2.3% as the pO

2

increase from 1% to 5.5%, respectively. This is due to the fact
that the increase in oxygen during deposition can result in its
direct incorporation into the films. Accordingly, an increased
oxidation state could be expected to compensate the oxygen
deficiency in the TiO

𝑥
films, and the electron concentration

in the film decreases, which will cause an increase of the
activation. As a result, absolute value of TCR increases [21].

In fact, for TiO
2
semiconductor thin films having broad

energy gap about 3.0 eV, the contribution of impurity band
conduction may become significant [22]. Mardare et al.
have investigated the electrical properties of polycrystalline
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Figure 4: Temperature dependence of resistivity 𝜌 in the tempera-
ture range from 20∘C to 100∘C.

TiO
𝑥
thin films containing a mixed phase of anatase and

rutile, and they point out that at high temperatures (𝑇 >
300K), the measured conductivity of TiO

𝑥
thin films can

also be explained in terms of the simple thermally activated
conductionmechanism, but at low temperatures (𝑇 < 300K),
the conductivity takes place through the electrons’ variable
range of hopping (VRH) between the localized states, and
the activation energy of hopping is much smaller than that
of the simple activated conduction [18]. However, they did
not investigate the electrical transport properties of the a-
TiO
𝑥
thin films, and the conduction mechanism is not clear

yet. From the linear characteristics of the curves plotted as
ln𝜎 versus 103/𝑇 in Figure 5, the mechanism of electrical
conduction in a-TiO

𝑥
thin films can be explained according

to the thermally activated mode in the temperature domain
293K to 373K, as illustrated by equation (1b).

Furthermore, we have found that the pre-exponential
factors 𝜎

𝑎
of TiO

𝑥
thin films exhibits an exponential depen-

dence as functions of the activation energies, as presented
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Figure 5: Temperature dependence of conductivity 𝜎 plotted as ln𝜎
versus 103/𝑇 in the range between 293K and 373K.
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Figure 6: Preexponential factors 𝜎
𝑎
as a function of activation

energies 𝐸
𝑎
of TiO

𝑥
films deposited at various pO

2
.

in Figure 6. The data can be fitted linearly by the following
function:

ln𝜎
𝑎
= ln𝜎

𝑎0
+
𝐸
𝑎

𝐸MN
, (4a)

where 𝜎
𝑎0

and 𝐸MN are constants, called the Meyer-Nedel
pre-exponential factor and characteristic energy, respectively.
This relation can also be written as

𝜎
𝑎
= 𝜎
𝑎0
exp(
𝐸
𝑎

𝐸MN
) . (4b)

This is called the Meyer-Neldel Rule (MNR) because it was
first pointed out by Meyer and Neldel in 1937 [23], and the
relation gives the dependence of the pre-exponential factor
𝜎
𝑎
on the activation energy 𝐸

𝑎
. Although it is an empirical

relation (also called as the compensation rule), the MNR

has been frequently observed in a wide variety of condensed
matter, particularly in disordered, amorphous, and nanocrys-
talline materials that exhibit a thermally activated behavior,
such as amorphous silicon [24], chalcogenide glasses [25, 26],
liquid semiconductors [27], and polymers [28]. As shown in
Figure 6, the 𝜎

𝑎
increases with the increasing 𝐸

𝑎
, indicating

the electrical conductivity in amorphous TiO
𝑥
thin films

deposited obeys the normal MNR but not inverse MNR [29].

4. Conclusion

Amorphous TiO
𝑥
(a-TiO

𝑥
) thin films for bolometric appli-

cation have been fabricated at room temperature using a dc
reactive sputtering technique. The O/Ti ratio changes from
1.73 to 1.97, and the resistivity of the samples varies from
0.26Ω cm to 10.1Ω cm and TCR from −1.2% to −2.3% with
different oxygen partial pressures. It has been demonstrated
that the dependence of electrical conductivity of the films
exhibits a thermally activated behavior in the temperature
range from 293K to 373K. Furthermore, it is also found that
the electron transport mechanism in the a-TiO

𝑥
obeys the

well-known normal Meyer-Neldel Rule.
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