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bstract

n this work n-type CaCu3Ti4O12 (CCTO) thick films obtained by screen printing were studied. The role of the potential barrier characteristics
height and width) was considered in order to explain the electrical behavior. The electrical response was also analyzed considering the oxygen
dsorption and subsequent diffusion into the grains at temperatures higher than 280 ◦C. Tunnel currents were also calculated taking into account

he donor concentration values for films in vacuum atmosphere.
ublished by Elsevier Ltd.
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.  Introduction

Semiconductor metal oxides have been proven to be excellent
n important characteristics such as sensitivity, long-term stabil-
ty, robustness and price in the field of gas sensing. The detection
f several gases can be performed by measuring changes in the
lectrical conductivity of films or bulk samples.1–4 For all oxide
emiconductors oxygen can be chemisorbed at grain surfaces
s charged species, affecting intergranular potential barriers
hat control the conductivity.5–10 Thus, the sensing mechanism
s mainly based on surface reactions involving chemisorbed
pecies.7–11

CaCu3Ti4O12 (CCTO)-based ceramics are well known for

heir colossal dielectric constant (CDC) phenomenon that
emains a topic of great scientific interest.12–19 Based on
he CDC properties, CCTO-based films might offer great
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dvantages for electronic applications. By using impedance
pectroscopy, Sinclair et al.16 concluded that CCTO ceramics are
omposed of semiconductor grains and insulating grain bound-
ries. They attributed the CDC phenomenon to the existence of
n internal barrier layer capacitance. On the other hand, Muralt
t al.14 have found evidence of a metal–insulator–semiconductor
MIS) junction formed at the electrode interface and the high
apacitance value of CCTO samples was attributed to this junc-
ion. Bueno et al.20 proposed another model which explains the
nusually high dielectric constant and considered that an inter-
al barrier layer capacitance mechanism is responsible for this
henomenon. In this model, barriers operate in the nanoscale
ange due to polaron defects associated to stacking faults. This
echanism is referred to by the authors as Nanoscale Barrier
ayer Capacitance (NBLC).

As mentioned in previously published papers, p-type
onductivity was observed in CCTO films tested at room

emperature.13–15 p-Type conduction at higher temperatures
as been confirmed in CCTO films obtained by using RF-
puttering.17 However, CCTO films may contain more than one

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.08.041&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
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ype of defect with different energy levels. N-type behavior
as also been observed in CCTO films.12 Through nanoscopic
ielectric investigations, it was demonstrated that CCTO
lms grown by metal organic chemical vapor deposition on
aAlO3 substrates possess n-type semiconducting nature.21

hus, p- or n-type conductivity strongly depends on processing
haracteristics.12,18,19 Chung et al.18 have found the presence
f Schottky potential barriers at CCTO grain boundaries. These
otential barriers act as obstacles to the current flow in poly-
rystalline ceramics, and were assigned as responsible for the
on-ohmic behavior.22,23 In n-type gas sensors, oxidizing gases
ecrease the conductivity while the exposure to reducing gases
esults in a lower coverage of oxygen, with the electrons retur-
ing to the grains and decreasing the barriers. However, native
oint defects, vacancies and interstitials can be influenced by
as adsorption affecting the semiconductor properties. This phe-
omenon can be used to improve the gas sensitivity.7

In this work, basic mechanisms related to the dependence of
he surface barriers in CCTO exposed to different atmospheres
ere studied. The n-type semiconductor behavior of CCTO was

nalyzed considering the influence of a spurious CuO phase at
he grain boundaries. Modifications in oxygen vacancy concen-
ration under different atmospheres were also considered.

.  Experimental  procedure

CaCu3Ti4O12 (CCTO) powders were prepared by solid state
eaction. Stoichiometric amounts of TiO2 (Aldrich, 99.9%),
uO (Aldrich, 99.9%) and CaCO3 (Aldrich, 99.99%) were ball
illed in isopropyl alcohol in a polyethylene bottle using zir-

onium oxide balls. The powders were milled for 24 h in order
o obtain a homogeneous mixture with reduced particle size.
fter isopropyl alcohol evaporation, the resulting powder was
echanically disaggregated in a mortar and sieved using a 200
esh sieve. Afterwards, the materials were heated at 900 ◦C for

2 h in a conventional furnace using a heating rate of 5 ◦C/min.
hick films were prepared by the screen printing method. First,
ilver electrodes (interdigitals paths of approximately 1 mm)
ere deposited on a dense alumina substrate using a silk screen
ask. The electrodes were thermally treated at 350 ◦C for 30 min

sing a heating rate of 5 ◦C/min. In the slurry preparation for
btaining CCTO thick films, 60 mg of CCTO powder and 2 drops
f glycerin were mixed in a mortar. The viscosity of the mixture
as controlled by dilution with isopropyl alcohol. Afterwards,

his slurry was deposited on the electrodes with a glass rod. In
rder to evaporate the organic binder and to improve the adhe-
ion of films to the alumina substrate, they were thermally treated
t 60 ◦C for 1 h and then at 500 ◦C for 1 h, in both cases using

 heating rate of 5 ◦C/min under vacuum (10−4 mmHg). The
esulting film thickness was around 100 �m. Crystalline phases
ere analyzed by means of X-ray diffraction (XRD) recorded
n a RIGAKU RINT2000 (42 kV/120 mA) diffractometer, with
uK� radiation in the 2θ  range from 20◦ to 80◦ and a scan

◦
ate of 0.02 /min. Raman spectra were acquired at room tem-
erature with a Renishaw inVia Reflex confocal microscope
ith a 514 nm excitation line (50 mW nominal power), via a
0X (0.75 NA) Leica metallurgical objective and a diffraction
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rating of 2400 lines/mm. The thick film morphology was
ssessed by scanning electron microscopy (Zeiss-Supra35
quipped with a field emission gun, SEM-FEG). Finally, the
lectrical behavior of films was analyzed using a multimeter
Agilent 34401A). For the resistance vs temperature cycling
xperiments, measurements were carried out while raising and
hen decreasing the temperature of the samples in the range
5–425 ◦C at a rate of ∼2 ◦C/min with the sample kept in vac-
um (10−4 mmHg), dry air (760 mmHg) and CO (760 mmHg).
esistance vs time measurements were carried out in order to
btain curves under an air atmosphere. The resistance vs time
easurements were performed in the range 250–400 ◦C, after a

hange of the atmosphere from vacuum (10−4 mmHg) to dry air
9.0 mmHg).

.  Results  and  discussion

In Fig. 1, the X-ray diffraction patterns of as-synthesized
CTO powders (a) and thick films (b) are shown. In both cases,

he diffraction peaks can be indexed by a cubic body-centered
erovskite-related structure according to JCPDS 75-2188 where
ll planes were indexed and the presence of small amounts of
xide cupper according to JCPDS 45-937. Fig. 1(c) shows a typ-
cal Raman spectrum of CCTO films. Major peaks at 443 and
09 cm−1, which are associated with the Ag symmetry (TiO6)
otation-like, along with a weak signal at 579 cm−1 attributed
o the Ti–O–Ti antistretching mode of the TiO6 octahedra are a
haracteristic signature of CCTO.24 The Raman line observed at
54 cm−1 can result from the symmetric stretching breathing of
he TiO6 octahedra24,25 Well-defined Raman peaks characteris-
ic of CuO located at 285 cm−1, attributed to the Raman active
ptical-phonon Ag mode of monoclinic CuO, and the weaker
eaks at 346 and 618 cm−1, assigned to Bg(1) and Bg(2) modes,
espectively, can also be seen.26,27 Also, traces of TiO2 (anatase
hase) are detected from peaks at 399, 639 cm−1 correspond-
ng to Bg(1), and Eg modes, respectively.28 Weak signals at 221
nd 242 cm−1 can be assigned to the O–Ti–O bending mode in
aTiO3.29

From SEM characterization of films surfaces, shown in Fig. 2,
 porous microstructure composed of a relatively wide distri-
ution of grain sizes was noticed (200 nm to 1 �m, Fig. 2a).
y cross-section examination, it was determined that the film

hickness was approximately 100 �m (Fig. 2b).
Fig. 3 shows the CCTO thick film conductance (G) as a func-

ion of temperature. Curves were acquired during a series of
ycles obtained by increasing and decreasing the temperature
n three different atmospheres. For samples in vacuum, (cycle
, points A–B–C), the final conductivity in the cooling pro-
ess (point C) is higher than in the heating process. After this
equence, samples were exposed to air (cycle b, points D–E–F)
nd a decrease in sample conductivity was observed (point E).
oreover, after the cooling process, the sample conductivity was

ower (point F). After the air cycle, the samples were exposed to

O (cycle c, points G–H–I) atmosphere and exhibited a higher
onductivity after the complete cycle (point I).

In Fig. 4, the time response of the CCTO film is presented.
esistance was measured when samples heated in vacuum were
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Fig. 1. X-ray diffraction patterns of as-synthesized CCTO powders (a) and thick
films (b). Thick film Raman spectrum (c).
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an increase in film crystallinity with a consequent increase in
surface stability. It has also been reported that intergranular
potential barriers depend on the metal atoms segregated at the

Fig. 3. CCTO thick film conductance (G) as a function of temperature in differ-
xposed to dry air at different temperatures (275 ◦C, 350 ◦C and
00 ◦C). In experiments carried out at the lower temperatures
275 and 350 ◦C), after a quick increasing due to air exposure,
he electrical resistance remained almost constant. On the other
and, for temperatures close to 400 ◦C a decrease in the resis-
ance after a quick increase was observed. In both cases the

esistance decreases after the air removal. e
ig. 2. SEM–FEG image of CaCu3Ti4O12 thick films showing a typical surface
orphology (a) and the film cross-section (b).

.1.  The  presence  of  CuO  at  grain  boundaries  and
emiconducting  behavior

It is well-known that thermal treatments usually lead to
nt atmospheres when the temperature is increased and decreased.
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ig. 4. Resistance vs. time curves of CCTO thick films for dry air at different
emperatures (275 ◦C, 350 ◦C and 400 ◦C).

rain boundaries, especially Cu2+.30 Moreover, segregation of
opper oxide at the grain boundaries was considered responsible
or the high resistance associated with the grain boundary.31–35

n the other hand, Yeoh et al.32 observed that samples with
igher amounts of CuO segregated at the grain boundaries exhib-
ted lower dielectric constants when compared to samples having
ess CuO segregation.

Deng and Muralt13 related the p-type behavior to a possible
eaction taking place during synthesis and annealing of CCTO
eramics

CuCu +  Olatt ↔  4Cu−
Cu + 1

2
O2 +  V 2+

O +  2h+ (1)

here, Cucu are the Cu (II) ions in the lattice, Olatt corresponds
o the oxygen in the lattice, Cu−

Cu are the Cu (I) ions in the lat-
ice, V 2+

O and h+ are the doubly ionized oxygen vacancies and
oles, respectively. Through XPS analysis, Foschini et al. deter-
ined that Cu(I) is present in the CCTO crystalline structure as

 point defect substituting Cu (II) and forming Cu−
Cu structural

mperfections.36

During the synthesis procedure at high temperatures or low
xygen pressures, the Cu−

Cu species are favored and the reac-
ion goes to the right, creating oxygen vacancies and holes, thus
ncreasing the p-type character. At intermediate temperatures
u−

Cu is the principal ion and oxygen in the environment forces
he equilibrium to move to the left, reducing the concentration
f oxygen vacancies, thus decreasing the p-type character.37,38

Furthermore, copper vacancies (V 2−
Cu ) could be formed, due

o the presence of the spurious phase (CuO) with the consequent
u−

Cu formation, according to:

ero ↔  V 2−
Cu +  2Cu+

Cu (2)

The origin of n-type semiconductivity in CCTO has also
een attributed to the presence of Cu+ ions, explaining the
Cu
onduction in CCTO ceramics through charge carriers hopping
etween Cucu and Cu+

Cu.19 In our samples, the n-type behav-
or can be related with the electrical resistance increase when

a
a
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amples are exposed to an oxidizing atmosphere. Indications of
he presence of a secondary CuO phase, as revealed by minor
ut detectable peaks in Raman spectrum, are certainly consistent
ith the observed semiconducting behavior.

.2.  Oxygen  adsorption,  desorption  and  diffusion

As it was previously mentioned, n-type semiconducting
ehavior can be related to the presence of CuO at the grain
oundary surfaces. When n-type films are exposed to an air
tmosphere (with oxygen adsorption on their surfaces), the inter-
ranular barriers are affected by changing their heights and
idths.37–40 Also, oxygen diffusion into the grains of n-type
CTO films should be considered, as discussed by Zhang et al.37

In this work it is assumed that oxygen is chemisorbed on
he grain surfaces, increasing the barrier height and width. This
s a fast process, so the equilibrium with atmospheric oxygen
s reached rapidly. Subsequently, in a second process, oxygen
iffuses slowly into the grains, annihilating oxygen vacancies
nd reducing the donor concentration. For the sake of simplicity,
e will consider that the main adsorbed oxygen species on the
CTO surface are O−

ads, so the relevant reactions are reduced to:

1

2
O2(g) +  S  ↔  O0

ads (3)

0
ads +  e− ↔  O−

ads (4)

here, S denotes a surface site, e− is an electron, and O2 an
xygen molecule in the gas phase.

Adsorbed oxygen leaves its site creating a doubly ionized
nterstitial,

−
ads +  e− ↔  O2−

int +  S  (5)

Interstitial oxygen migrates from the surface to the bulk anni-
ilating oxygen vacancies:

2+
O +  O2−

int ↔  Olatt (6)

All the reactions are in equilibrium and the concentrations of
he species involved depend on the partial pressure of oxygen
resent in the gas phase.

Fig. 5 shows a diagram with the basic mechanisms taking
lace at the CCTO surface in contact with an oxygen atmosphere.
ll the oxygen species appearing in Eqs. (3)–(6) are present. At

he surface it is considered that oxygen adsorbs in the atomic
orm and desorbs as oxygen molecules. Oxygen adsorbed on
he surface diffuses into the grain as interstitials. Oxygen may
lso diffuse out of the grain to be incorporated at the surface.
inally, oxygen vacancies and oxygen interstitials recombine to
enerate oxygen in the lattice.

.3.  Conduction  mechanisms
It is generally accepted that barriers formed between grains
re responsible for changes in sensor conductivity.11,13,38–43 As

 first approach to barrier height calculations, researchers have
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ig. 5. Basic mechanisms in CCTO oxide sensors. (a) Oxygen exchange equili
ut of the grains. (c) Interstitial-vacancy creation and recombination. (d) Energ

egularly considered only the thermionic conductivity (G) of
-type semiconductors12–18:

 =  G0 exp

(−φ

kT

)
(7)

here, φ  is the barrier height, T the temperature and k  the Boltz-
ann constant.
Eq. (7) reflects an activated process due to intergranular

arriers. On other hand, Eq. (3) shows that as the oxy-
en concentration increases, there will be a larger amount
f chemisorbed oxygen, which increases the potential barrier
eight and decreases the film conductivity, as Eq. (7) indicates.

The potential barrier height and donor concentration (Nd) are
irectly related as follows:

 = q2N2
s

2εrε0Nd

(8)

here, Ns represents the number of electrons (per unit of area)
xtracted from the depleted surface region Λ, ε0 is the vac-
um permittivity, εr the relative permittivity, and q  the electron
harge. The usual Schottky relation between φ  and Λ  can be
btained from Eqs. (8) and (9), considering that in an n-type
emiconductor with a double Schottky barrier 2Nd =  Ns. Then,

 can be deduced from Eq. (9) as follows:

 =
[

2ε0εrφ

qNd

]1/2

(9)

At this point it is important to note that the depletion layer

egion has been measured at the barrier bottom. In the case of
CTO, the εr reported values range from 100 to 5000. Such
reat difference affects directly the depletion layer heights and
idths as shown in Eqs. (8) and (9).43

r
i
t

 between the atmosphere and the grain surface. (b) Diffusion of oxygen in and
 diagram.

Fig. 3 shows the conductivity as a function of temperature for
easurements performed on different gases. When the CCTO
lm was heated in vacuum, adsorbed oxygen on the grain surface
esorbed, decreasing the barrier height and increasing the elec-
rical conduction. In fact, after cooling down the initial resistance
alue was not recovered (point C in Fig. 3).

When temperature was increased, oxygen desorption and dif-
usion out of the grain (according to Eqs. (3)–(6)) are the two
rocesses responsible for the resistance diminution. In this case
he oxygen out-diffusion promotes the generation of oxygen
acancies, forcing the equilibrium in Eq. (6) to move to the
eft. This process increases the donor concentration of the n-type
emiconductor and the depletion layer becomes thinner (Eq. (9)).
he band model for grains exposed to vacuum (Fig. 3) during the
ycle A–B–C is shown in Fig. 6A. The Schottky barrier height
φ) decrease is shown in the band model. After oxygen diffusion
ut of the grain, Fig. 3A point C, oxygen vacancy concentration
s increased; the depletion width of intergrain barriers becomes
arrower while the barrier heights decrease.

When CCTO films were exposed to an air atmosphere (in
5–425 ◦C range, Fig. 3 cycle b) during the heating and cool-
ng processes, a different electrical response was observed with
espect to the regular film behavior. During the first part of
eating in air atmosphere (less than 200 ◦C), a decrease in resis-
ance with increasing temperature was observed. This typical
esponse for films based on semiconductor oxides, being caused
y an improvement in the current transport mechanisms at higher
emperatures. On the other hand, above 200 ◦C, an anomalous
ehavior occurred, since an increase of the electrical resis-
ance was observed during the heating process. This anomalous

esponse is related to the oxygen adsorption at the grain surfaces,
ncreasing the barrier height. An even more important role in
he conductance decrease is played by oxygen diffusion into the
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Fig. 6. Band diagrams for samples exposed to vac

CTO grains. This phenomenon annihilates oxygen vacancies
enerated in the previous treatment in vacuum atmosphere, forc-
ng the equilibrium in Eq. (6) to move to the right. During the
eating process in air, above 220 ◦C, barrier height modification
ccurs (changes in φ  in Eq. (7)) and the barrier width increases
s a consequence of oxygen in-diffusion (changes in Λ  in Eq.
9) as a consequence of φ  and Nd changes). In Fig. 6B, the band
odel for grains exposed to an air atmosphere (during the cycle
–E–F in Fig. 3), is also shown.
When films are exposed to a carbon monoxide atmosphere,

his gas reacts with oxygen previously adsorbed on the CCTO
lm surface according to the subsequent equations:

−
ads +  CO(g) →  CO2,ads +  e′ (10)

O2,ads ↔  CO2(g) +  S  (11)

This reduction in surface oxygen improves the sample con-
uctivity.

It is generally accepted that oxygen vacancies in semicon-
ucting oxides act as electron donors, so they tend to increase
he conductivity of the n-type films. The band model for grains

xposed to CO, during the cycle G–H–I in Fig. 3 is shown in
ig. 6C in which Schottky barriers of height φ at the grain sur-
aces determine the sample conductivity. After oxygen diffusion
ut of the grains, Fig. 6C, oxygen vacancy concentration is

a
fi
u
F

(A), air atmosphere (B) and CO atmosphere (C).

ncreased; the depletion width of intergrain barriers becomes
arrower while the barrier heights decrease markedly.

The effective activation energies determined from conduction
s. the inverse of temperature curves is generally used to evaluate
arrier heights.44 On the other hand, it is known that the amount
f adsorbed oxygen species depends on temperature.7 During
he heating processes in air and CO, the barrier height changes
s a consequence of the oxygen and CO adsorption/desorption
quilibrium and of the diffusion into/out of the grains (at temper-
tures higher than 280 ◦C), and CO reactions, as it was reported
n previous works.38,40–47 However, in order to compare, the
ctivation energies for vacuum, air and CO exposure can be
stimated considering the activated process shown in Eq. (7)
here only thermionic currents are considered.
Fig. 7 shows the resistance as a function of temperature when

amples were cooled in vacuum, air or CO atmospheres. These
urves were extracted from the cooling processes in Fig. 3.
sing Eq. (9), and considering a donor concentration value of
d = 3.5 ×  1025 m−3, assumed by Muralt et al. (and previously

eported by Kafadaryan et al. as ≈2.4 ×  1025 m−3)13,45 a per-
ittivity εr = 100 (as reported by Thomas et al.47 for higher
mounts of CuO segregated at the grain boundaries and thick
lms of CCTO), a barrier height of φ  = 0.32 eV (Fig. 7) in vac-
um atmosphere and a barrier width of Λ  =  10 nm were found.
rom this barrier width value, it is possible to consider that
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Fig. 7. Conductance (1/resistance) as a function of 1/temperature (1/T) when
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amples were cooled in vacuum (cycle a), air (cycle b) or CO atmospheres
cycle c).

ll grains with a mean size greater than ≈100 nm, will present
on-overlapped potential barriers.

Other authors also used the R  vs. 1/T  curves for the evalua-
ion of the activation energies when films are exposed to different
tmospheres. Table 1 shows the barrier width results for the dif-
erent atmospheres. For vacuum, Ea = φ, and considering that
rain sizes are bigger than 100 nm (according to SEM observa-
ions), most of the grains have initially non-overlapped potential
arriers. Also, for the sake of comparison, the effective activa-
ion energies reported in Table 1 show, qualitatively, the direction
f barrier height changes when films are exposed to oxidiz-
ng (air) or reducing (CO) atmospheres. Moreover, due to the
dsorption/desorption processes discussed above, the presence
f non-parabolic potential barriers and the possible contribution
rom tunneling currents; those results are unreliable.11,12,46–51

nly for vacuum cycles we can be sure that Ea = φ, therefore only
easurements performed in vacuum should be used. The result-

ng conduction vs. 1/temperature curves cannot be explained
ust by considering the thermionic contribution to conductivity,
n which only the barrier height is relevant.

In order to improve barrier height and depletion layer calcu-

ations in vacuum, the current densities should be determined
ncluding both thermionic and tunneling contributions. In our
lms, if the doping is reduced (for classical model, Eq. (7)), the

a
h
φ

able 1
epletion layer width (Λ) and thermionic currents as a function of activation energie

tmosphere Ea (eV) T (K) 

CO 0.22
297 

465 

685 

Vacuum 0.32
297 

465 

685 

Air 1.47
571 

621 

685 
 Ceramic Society 35 (2015) 153–161 159

hermionic contribution is not affected. In contrast, the tunnel-
ng contribution is reduced as the intergranular barrier becomes
ider, increasing the film resistance (Eqs. (12) and (13)). Fur-

hermore, if the amount of oxygen diffusion into the grains is
igh enough (temperatures above 250 ◦C), the resistance will
ncrease as a consequence of the annihilation of oxygen vacan-
ies (Nd decreasing). At low donor concentrations, a higher
ermittivity value is also responsible for widening the depletion
ayer even more, with the resistance increasing accordingly. We
onsidered that this dependency could be a consequence of the
nfluence of the tunnel current in polycrystalline CCTO. The
otal electron current density through a potential barrier was
alculated as:

 =  Jtherm +  Jtunnel (12)

here Jtherm and Jtunnel are the current densities from thermionic
nd tunneling conduction, respectively. These currents can be
xpressed as:

 =  AT 2 exp

[−(φ +  ξ)

kT

]
+ AT

k

∫ φ

0
F (E)P(E)dE (13)

The first term in Eq. (13) corresponds to the thermionic con-
ribution and the second term to the tunneling contribution.
(E) is the Fermi–Dirac distribution and P(E) is the trans-
ission probability that can be calculated by means of the
entzel–Kramer–Brilloin (WKB) approximation, and ξ the dif-

erence between the bottom of the conduction band and the
ermi level.52 As proposed by Kafadaryan et al.45 a value of
.6 for the relative electron mass of CCTO was used in the
alculations.

With the purpose of improving the barrier height value
btained with the Ea measurements a mathematical model using
qs. (9), (12) and (13) was developed. Table 2 shows the cal-
ulated tunneling and thermionic current densities, the total
xperimental and calculated currents, and depletion layer width
btained by fitting only the vacuum experimental results of
ig. 7, using the mathematical model for tunnel plus thermionic
urrents and assuming a donor density of 3.5 ×  1025 m−3 and
 permittivity εr = 100. Under these conditions, the barrier
eight value obtained from fitting the theoretical curve was

 = 0.405 eV.

s obtained from Fig. 7, Nd = 3.5 × 1025 m–3 and εr = 100.

JThermionic (A/m2) Λ (×10−9 m)

1.53 × 10−9

8.35.42 × 10−8

4.72 × 10−7

3.52 × 10−11

10.05.1 × 10−9

9.92 × 10−8

1.22 × 10−13

21.51.47 × 10−12

2.12 × 10−11
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Table 2
Experimental, thermionic, tunnel and total current densities obtained by fitting the vacuum experimental results, assuming a donor density of 3.5 × 1025 m−3. A
barrier height of 0.405 eV and a depletion layer width (Λ) of 11.3 × 10−9 m was obtained with tunnel plus thermionic model.

T (K) Jexperimental (A/m2) Jtotal simulated (A/m2) Jtunnel (A/m2) Jthermionic (A/m2) Λ (×10−9 m) Ea = Φ (eV)

297 0.0004 0.0004 3.9 × 10−4 8 × 10−6

11.3 0.405

403 0.011 0.010 0.0094 6 × 10−4

448 0.047 0.026 0.024 0.0021
467 0.062 0.038 0.034 0.0034
497 0.077 0.063 0.057 0.0063
571 0.182 0.184 0.16 0.024
6
6
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e
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m
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(
A
C
A

R

41 0.384 0.412 0.34 

85 0.625 0.631 0.51 

.4.  Time  response

In Fig. 4 the time response of CCTO film when exposed to
n atmosphere changing from vacuum to dry air at different
emperatures is presented. The electrical resistance increases
ith air exposure due to the electron transfer from the n-type

emiconducting material to chemisorbed oxygen on the grain
urfaces.47 Resistance versus time curves can be understood by
onsidering that intergranular potential barriers are responsible
or the observed electrical response. When samples are exposed
o air a rapid increase in resistance is observed, indicating that
quilibrium at the surface is quickly reached. The interaction of
xygen with grain surfaces produces the transfer of electrons
rom the bulk to the surface. From this process, both φ  and

 become larger and, as a consequence, the sample resistance
ncreases.

For measurements carried out at 275 and 350 ◦C, when the
tmosphere was changed from vacuum to air, an increase of
he electrical resistance is observed, but for sensors exposed to
ir at 400 ◦C, the continuous, slow changes in the resistance
bserved after a quick initial change can be explained in terms
f oxygen in-diffusion. As it was shown in a previous work, the
henomenon of annihilation of oxygen vacancies is responsible
or the slow resistance decrease after the quick initial response.39

or CCTO samples at high temperatures, the oxygen in-diffusion
rocess is favored, annihilating oxygen vacancies in all the
rains. The slow decrease of the resistance (observed at ≈650 s)
s produced as a consequence of the change in doping level,

d. As shown in SEM observations, some of the grains have
izes greater than 500 nm. This small number of grains contin-
es with non-overlapped barriers until oxygen in-diffusion takes
lace. The remaining oxygen vacancies are then annihilated and

 decrease of the doping level, Nd, is produced.53,54

.  Conclusions

CCTO thick films obtained by the screen printing technique
nd thermally processed at temperatures under 500 ◦C are suit-
ble for application as gas sensors. CuO plays a very important
ole in the n-type semiconductor behavior. Due to the great

ermittivity range for CCTO, and different grain sizes, it is nec-
ssary to consider the possible overlapping of potential barriers
ue to oxygen in-diffusion when samples are exposed to air
tmosphere at temperatures close to 400 ◦C. This phenomenon
0.07
0.12

odifies the tunnel currents and due to Jtunnel dependence of Nd,
or potential barrier height estimation it is necessary to consider
hat during the air exposure the barrier changes its height and
idth. An approximate value of φ  can be obtained from ln(G) vs.

he inverse of temperature (1/T) only during the vacuum cool-
ng process. The response of CCTO thick films to CO exposure
s a decrease in the resistance. Initial resistance is recovered
hen the sample is cycled during CO exposure, indicating a

eversible reaction. For further refinements in the analysis of gas
ensors, tunnel currents, non-parabolic barriers, overlapped and
on-overlapped barriers, and the barrier height dependence on
emperature when samples are treated in different atmospheres
hould be considered.
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