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In this work, CaCu3Ti4O12 (CCTO) thin films were synthesized with the polymeric precursor method and charac-
terized by structural (X-ray diffraction) and morphological (scanning electron microscopy) techniques. These
films were composed of a single CCTO phase and presented high surface porosity. The gas sensing response
and conductivity-type relationship were investigated by two different approaches. Gas sensing measurements
performed at different temperatures using different atmospheres showed that the CCTO has n-type gas sensing
behavior and can detect small amounts of oxidizing gaseswith high sensitivity and selectivity. The type of intrin-
sic conductivity was also investigated through thermopower measurements, which indicated intrinsic n-type
conductivity in CCTO thin films prepared with the polymeric precursor method and confirmed the direct
relationship between the gas sensing behavior and the intrinsic conductivity of CCTO.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Chemical gas sensors based onmetal oxide semiconductor (MOS gas
sensors) have attracted significant attention due to their simplicity, low
cost, small size, easy integration into electronic devices and versatility
for applications in different areas, such as environmental, health, auto-
motive and security applications [1,2]. In recent years, researchers
have focused their attention on finding new and/or nanostructuredma-
terials, such as thin films, nanoparticles and nanobelts, for the develop-
ment of gas sensors with high sensitivity and selectivity combined with
low energy consumption [3,4].

In this context, the perovskite CaCu3Ti4O12 (CCTO) is under intense
study for applications in new electronic devices, owing to its excellent
dielectric and non-ohmic properties [5–7]. In addition, this material ex-
hibits multifunctional properties, such as photoluminescence, resistive
switching and gas sensing behavior, thus making it attractive for a
wide range of applications [8–10]. However, in gas sensing, the dual be-
havior of these films is not fully understood. Kim et al. have reported n-
type gas sensing behavior and higher H2 sensitivity in macroporous
CCTO thin films prepared with pulsed laser deposition (PLD) [11].
Using the same deposition technique, Deng et al. have reported p-type
conductivity due to the difference in the oxygen partial pressure
conditions during the deposition process [12]. However, p-type behav-
ior has also been reported by Joanni et al. in films prepared with rf-
sputtering, whereas Parra et al. have shown that mesoporous thin
films prepared with the sol–gel method display an n-type gas sensing
response [13,14]. These studies have indicated that gas sensing behavior
depends not only on the growth method but also on the intrinsic
parameters of the deposition technique. Moreover, the gas sensing
behavior and intrinsic conductivity relationship is not well defined in
the literature for this material and it is still under discussion.

In light of these predictions, themain goal of this work was to inves-
tigate the gas sensing behavior and intrinsic conductivity relationship of
nanoporous CCTO thin films prepared with the polymeric precursor
method (PPM). The gas sensing behavior was studied at different tem-
peratures and atmospheres using several gas concentrations. In addi-
tion, thermopower measurements were performed to confirm the
intrinsic charge-type in these films. Our results indicated a direct corre-
lation between the gas sensing behavior and intrinsic conductivity in
these CCTO thin films.
2. Experimental details

2.1. Synthesis procedure

CCTO thin films were prepared with the polymeric precursor meth-
od (PPM) [15]. This method consists of the preparation of polymeric so-
lutions by dissolving soluble cation sources, such as nitrate and
carbonate, into water, followed by the addition of chelating and poly-
merizing agents, such as citric acid and ethylene glycol, respectively,
for the formation of a polymeric solution by a polyesterification reaction
at an appropriate temperature [16]. The PPM is useful for the prepara-
tion of a wide range of oxides because it allows for mixing of the cations
on a molecular level, leading to homogeneous oxide films [17,18].
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The resulting polymer solution from PPM can be coated on a sub-
strate, with techniques such as dip- or spin-coating. Then, using an ap-
propriate heating setup, the polymer film can be pyrolyzed to produce
crystalline oxide thin filmswith dense or porous morphologies. The ad-
vantages of this sample preparation route are the fine control of the film
thickness, throughmultiple solution depositions, and the grain size and
porosity, through the temperature and time of crystallization annealing
[19,20].

In this work, the polymeric solutionwas prepared at a molar ratio of
metal:citric acid:ethylene glycol of 1:3:3. Stoichiometric amounts of cal-
cium carbonate (CaCO3, Sigma-Aldrich, 99.999%), copper(II) carbonate
basic (CuCO3·Cu(OH)2, Sigma-Aldrich, 99.99%) and titanium(IV)
isopropoxide (C12H28O4Ti, Sigma-Aldrich, 99.999%) were dissolved in
an aqueous nitric acid solution (0.1M) at 50 °C and under constant stir-
ring. After homogenization, citric acid was added to the solution for the
formation of metal chelates. Then, the temperature was increased to
90 °C, and ethylene glycol was added to achieve polymerization. The so-
lution viscositywas adjusted to 30 cPby controlling the deionizedwater
content using a Brookfield viscometer (Model-DV III+). CCTO solution
layers were deposited on alumina substrates by spin-coating at
4000 rpm for 30 s, followed by heat treatment at 370 °C for 30 min,
using a heating rate of 20 °C/min, to remove organic material. This pro-
cess was repeated 3 times; then, the thin films were annealed at 775 °C
for 30min, using a heating rate of 10 °C/min, in air to obtain the crystal-
line phase.

2.2. Characterizations

Thinfilm phase analysis was performedwithX-ray diffraction (XRD;
Rigaku, Model Rint 2000) at room temperature, and the surface of the
annealed films was analyzed using a field emission scanning electron
microscope (FEG-SEM; JEOL, Model 7500F). Interdigitated platinum
electrodes (100 μm Pt fingers spaced by 200 μm) were sputtered at
room temperature on the surface of CCTO films to perform the gas sens-
ing measurements.

Gas sensing tests were performed at 200 °C, 250 °C and 300 °C, and
the resistance was monitored using a stabilized high voltage source
measuring unit (Keithley, Model 237) at a constant voltage of 10 V
with a 1 s delay per point. The gas sensing response of the CCTO thin
films was analyzed during cyclic exposure (20 min gas exposure with
60 min recovery) to different concentrations of testing gases. For the
oxygen test, clean dry air was used as the oxygen source, with dry N2

as the baseline gas. For H2 (between 20 to 1000 ppm) andNO2 (between
2 to 100 ppm) test gases, the baseline gas was dry air. To achieve
Fig. 1. (a) X-ray pattern of a CCTO thinfilm.Miller indices (hkl) are related to theCCTOphase (JC
SEM image of the CCTO thin film.
this, certified pre-mixed gas mixtures, containing a trace of the test
gases diluted in dry air (H2 (1000 ppm) and NO2 (100 ppm) (White
Martins) were mixed with clean dry air using mass flow controllers
(MKS). The total gas flow rate (test gas plus baseline gas) was kept
constant (100 sccm) during all tests.
3. Results and discussion

Fig. 1a shows a typical XRD pattern for a CCTO thin film grown on an
alumina substrate at 775 °C for 30min. CCTO peaks were indexed as the
CaCu3Ti4O12 cubic body-centered perovskite-related phase with space
group Im3. The X-ray pattern showed that the CCTO thin film was free
of secondary phases, and the relative intensities of the peaks indicated
the formation of a polycrystalline samplewithout a preferential orienta-
tion. The additional peaks observed in the XRD pattern were related to
the Al2O3 phase from the substrate.

Porosity has a strong influence on the gas sensing behavior of semi-
conductor oxides [21]. Therefore, a quick annealing treatment at 370 °C
for 30 min was performed for organic removal, followed by a final an-
nealing treatment at 775 °C for 30 min to induce the phase crystalliza-
tion, with the goal of increasing the surface porosity. Fig. 1b shows a
typical SEM image of the CCTO thin film surface. The SEM characteriza-
tion indicates that the quick annealing used in thisworkwas an efficient
way to improve the surface porosity of the CCTO thin films compared to
the literature results for other perovskite thin films prepared with PPM
[18,19]. In addition, the film shows a homogeneous grain size distribu-
tion, with an average width of approximately 50 nm.

The mechanism of gas detection in metal oxide semiconductors has
been described by different models [2]. The most accepted mechanism
is related to the transfer of free charge carriers between the absorbed
molecules and the semiconductor surface. For instance, in n-type semi-
conductors with oxygen as the analyte gas, this mechanism, called the
ionosorption model [22,23], occurs when neutral oxygen molecules
are physisorbed at the semiconductor surface, and chemisorption pro-
ceeds by the transfer of electrons from the surface to oxygenmolecules,
i.e., an electron from the oxide surface is trapped by the absorbed
oxygen molecules. This in turn results in a lowering of the Fermi level
and the formation of a depletion layer by the band bending. This band
bending increases with the concentration of chemisorbed ions at the
surface until a steady state is achieved. As a result, there is a decreased
electron concentration at the oxide surface, leading to an increase in
surface resistance and, consequently, sensor resistance. The opposite
occurs for a reducing gas [24].
PDS75–2188), and the symbol (*) is related to theAl2O3 phase (JCPDS71–225). (b) Surface



Fig. 2. Gas sensing response plots as a function of the oxygen partial pressure (%pO2) at
300 °C for the CCTO thin film. Inset: sensor signal as a function of temperature at 12% pO2.
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The reverse behavior is observed for a p-type gas sensor,
i.e., oxidizing gases induce an accumulation of holes near the surface,
resulting in a decrease in sensor resistance, whereas reducing gases de-
plete holes near the surface, resulting in an increase in sensor resistance
[24]. Moreover, the intrinsic conductivity in semiconductor oxides is
also correlated with the effect of changing the oxygen partial pressure
(pO2) in the electrical resistance of the material [23].

So, we can establish a relationship between the gas sensing behavior
and intrinsic conductivity in a semiconductor oxide, whichwill indicate
the type of themajority charge carriers. In n-type semiconductor oxide,
the changing in material resistance must satisfy three requirements:
i) resistance increases when the device is exposed to an oxidizing
atmosphere; ii) decreases when exposed to a reducing atmosphere;
and iii) increases with increasing in oxygen partial pressure. The oppo-
site behavior is expected for the p-type semiconductor oxide [23,24].
Based on these assumptions, the CCTO thin films were tested to study
the gas sensing characteristics and determine the conductivity type.

The gas sensing response of CCTO thin films as a function of the
oxygen partial pressure measured at 300 °C using N2 as the baseline is
Fig. 3.Gas sensing response plots for different gases as a function of the gas concentration at 300
H2 response (20–1000 ppm) is linked to the right axis.
shown in Fig. 2. The sensor signal or sensor response was defined as
the ratio of the sensor resistance measured when exposed to the target
gas (Rgas) to the resistance in the baseline gas (Rair or RN2

) for oxidizing
gas and vice versa for reducing gases, i.e., in this work RO2

/RN2
(Fig. 2) or

RNO2
/Rair and Rair/RH2

(Fig. 3).When oxygenwas used as the analyte, the
CCTO thin film exhibited an increased sensor responsewhen exposed to
an oxygen atmosphere, i.e., the CCTO resistance increased in the pres-
ence of oxygen molecules, indicating an n-type gas sensing response.
In addition, the n-type gas sensing characteristic was evidenced by the
oxygen partial pressure dependencewhen the sensor signal and, conse-
quently, the resistance increased with increasing oxygen concentration,
as seen in Fig. 2.

Additionally, the sensor signal decreased when the temperature de-
creased, i.e., the sensor signal was temperature-dependent, with higher
response at higher temperature (see inset in Fig. 2). Based on this find-
ing and the literature results [11], new tests were performed using NO2

andH2 as target gases and dry air as the baseline gas at 300 °C, as shown
in Fig. 3. Our results showed that the CCTO thin films were sensitive to
both reducing (H2) and oxidizing (NO2) gases, displaying reversible
sensor response down to the lowest levels of gas exposure. As expected,
the CCTO gas sensing response for these thin filmswas typical of n-type
semiconductors, i.e., the resistance increased when exposed to oxidiz-
ing gas and decreased for reducing gas and, in both cases, the sensor re-
sponse increased with increasing gas concentration. Moreover, there
was good selectivity for oxidizing gases with the sensor response at
100 ppm, more than 5-fold larger for NO2 than for H2. In summary,
our results satisfy the three gas sensing characteristics, indicating that
CCTO thin films prepared with PPM have predominant n-type (elec-
tronic) conductivity. These results also corroborate those obtained by
Parra et al. for CCTO films prepared with the sol–gel method, which is
similar to our work [9].

The gas sensing and conductivity relationship is true for many semi-
conductor oxides [23]; however, it is not necessarily a law once that the
switching of these mechanisms has been observed for some materials
[25,26]. Thus, a double checkwith another electricalmeasurement is re-
quired to confirm this characteristic in CCTO thin films. The conductivity
type can be directly determined by thermopower measurements, in
which the movement of charge carriers due to a temperature gradient
generates a voltage difference [27]. The charge carriers respond to an
electric field in the same direction of the temperature gradient, depend-
ing on their charge (positive charges respond in the same direction as
°C for the CCTO thin film. The NO2 response (2–100 ppm) is linked to the left axis, and the



Fig. 4. Schematic illustration of the thermopower measurements.
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the electric field, whereas negative charges respond in the opposite
direction). This response is characterized by the signal of the ratio be-
tween the electric field and the temperature gradient, called the
Seebeck coefficient (S), i.e., in n-type semiconductors, which have elec-

trons (negative charges) as the major carriers, the electric field ( E
!
) be-

tween the hot and cold ends and the temperature gradient (∇T) point in
the opposite direction, which results in a negative Seebeck coefficient
(S). Likewise, for p-type semiconductors, the opposite behavior is ob-
served, with a positive Seebeck coefficient (S). These relationships can
be expressed by the following equation:

S ¼ E
!
∇T

ð1Þ

or

S ¼ �Vhot � Vcold

Thot � Tcold
ð2Þ

where Thot, Tcold, Vhot and Vcold are the temperatures and voltages at the
hot and cold ends, respectively, as shown in Fig. 4. To perform the
thermopower measurements, platinum wires were used as the electric
contact and pasted (using platinum paste) at the ends of the surface of
the CCTO film. A voltmeter was used to measure the voltage difference
between the cold and hot ends. Two thermocouples were used to mon-
itor the temperature at both ends of the back side of the alumina sub-
strate, and a hot plate was used as the heating source, as shown in Fig.
4. Our experiments indicate a voltage difference between the hot and
cold ends of approximately +45 mV for a temperature variation be-
tween the ends of approximately 40 °C, i.e., a negative Seebeck coeffi-
cient (S b 0). These results corroborate our gas sensing results,
confirming that the CCTO thin films prepared with PPM display n-type
conductivity and indicating that there is a direct correlation between
the gas sensing behavior and the conductivity type in this material.

Recently, a theoretical study has proposed that oxygen vacancy de-
fects can affect the electronic structure of CCTO, depending on the oxygen
regime during the synthesis conditions [28]. Furthermore, Rupp et al. and
Knauth et al. have reported that ceria and titanium-based thin films are
affected by the initial processing route, leading to changes in the near-
ordering of oxygen-cation bonds [29,30].

We hypothesize that either the reducing atmosphere, as a conse-
quence of organic decomposition, inwet-chemical processing or gas en-
vironments, due to changes in the oxygen partial pressure during the
deposition procedure, in physical processing can affect the formation
of oxygen-related defects on the crystalline CCTO structure during
thin film processing, leading to a different conductivity type. To confirm
whether oxygen-related defects are the determining factor of changes
in the conductivity type in CCTO thin film, additional studies, already
in progress, must be completed to deconvolute the main mechanism
controlling CCTO conductivity.

4. Conclusions

Single-phase CCTO thin filmswere preparedwith the polymeric pre-
cursor method on alumina substrates, presenting polycrystalline grains
and high surface porosity. The gas sensing response indicated that CCTO
film has high sensitivity and selectivity to oxidizing gases and that CCTO
films prepared via MPP have n-type conductivity, whichwas confirmed
by thermopower measurements. Explanations for this behavior were
proposed, identifying the oxygen-related intrinsic effects during film
processing as the main mechanism responsible for controlling the
type of gas sensing response and conductivity in CCTO thin films.
These results indicate that CCTO thin film is a promising material to be
used as active element in gas sensor devices for the detection of oxidizing
gases.
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