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CaCu3Ti4O12 (CCTO) thin films were fabricated on ITO-covered MgO (100) substrates. The rectification charac-
teristics were observed in the CCTO capacitance structure with Pt top electrodes at temperatures ranging from
150K to 330K, which are attributed to the formation of a Schottky junction between n-type semiconducting
CCTO and Pt due to the difference of their work functions. At low forward-bias voltage, the current-voltage
characteristics of the Schottky junction follow 𝐽 = 𝐽𝑠𝐷 exp( 𝑞𝑉

𝑘0𝑇
). A strong decrease in ideality factor with the

increasing temperature is obtained by linear fitting at the low bias voltage.

PACS: 73.20.At, 73.40.Sx, 73.30.+y DOI:10.1088/0256-307X/28/8/087304

CaCu3Ti4O12 (CCTO) has attracted great at-
tention in recent years due to its potential appli-
cations in devices based on its giant-permittivity
properties.[1−5] CCTO material is thought of as an
insulator similar to many other perovskite oxides
(CaTiO3, BaTiO3). Semiconducting behavior has also
been reported in CCTO ceramics by an impedance
spectroscopy study.[5] It has been realized that CCTO
has n-type conduction by electrons which may result
from oxygen vacancies or from the substitution of Ti
in the Cu sites.[6] Great efforts have been devoted to
the study of its current-voltage characteristics.[7−10]

The leakage and semiconducting behaviors have been
attributed to semiconducting grains[5] and insulator
grain boundaries.[7] However, the origin of leakage cur-
rent and the conduction mechanism in CCTO have not
yet been fully understood, and there are still some de-
bates about the 𝐼–𝑉 nonlinear behavior of CCTO,
especially at the interface of CCTO and metal.

In this study, CaCu3Ti4O12 (CCTO) thin films
were fabricated on ITO-covered MgO (100) substrates.
The electrical and transport properties of the CCTO
thin films were measured on the capacitance struc-
ture of Pt/CCTO/ITO. According to the experimen-
tal results, the observed rectifying characteristics are
attributed to the formation of a Schottky junction be-
tween n-type semiconducting CCTO and Pt due to
the difference of their work functions.

CCTO thin films were grown on ITO-covered MgO
(100) substrates by pulsed laser deposition (PLD).
The beam of a Lambda Physik XeCl excimer laser

(308 nm, 20 ns, 4Hz) was focused on a sintered CCTO
or ITO target with an energy density of about
2 J/cm2. During the deposition process, the substrate
temperature was kept at about 780∘C and the oxygen
pressure was about 20Pa. Before the deposition of
CCTO, ITO films were fabricated on MgO substrates
directly as the bottom electrode. Finally, Pt dots with
a diameter of 2 mm were deposited on the CCTO films
as the top electrodes. In dots were also fabricated
as top electrodes for comparison. The thicknesses of
Pt, CCTO and ITO films were determined by a sur-
face profile measuring system (DEKTAK, USA) to be
90 nm, 300 nm and 200 nm, respectively. The crys-
talline structure of the CCTO film was analyzed by x-
ray diffraction (XRD) with Cu K𝛼 radiation at 1.54 Å.
The electric properties were measured by a Keithley
2400 sourcemeter.

The XRD pattern of the CCTO thin film on ITO-
covered MgO (100) substrate is shown in Fig. 1. Be-
sides the peaks for ITO (222) and (700) reflections,
the peaks for CCTO (220) and (310) reflections can
be observed clearly, and no impurity peaks are de-
tected. Moreover, the intensity of the (220) peak is
much higher than those of other reflections. This can
be explained by the lattice mismatch between ITO and
CCTO. The lattice constants of CCTO and ITO are
0.739 nm[1] and 1.01 nm,[11] respectively. Thus, the di-
agonal length in (220) direction of CCTO is 2.09 nm,
which perfectly matches with 2.02 nm for the value
of two times of the ITO lattice constant. Thus the
CCTO film are highly (220) oriented. Figure 2 dis-
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plays the scanning electronic microscopy (SEM) im-
age of the surface of the CCTO film. The cubic grain
of the pure CCTO film can be observed clearly due to
its body-centred cubic crystal structure.[12]

20 30 40 50 60 70 80

IT
O

 (
7
0
0
)

IT
O

 (
2
2
2
)

In
tn

e
si
ty

 (
a
rb

. 
u
n
it
s)

2 (deg)

C
C

T
O

 (
2
2
0
)

M
g
O

 (
1
0
0
)

C
C

T
O

 (
3
1
0
)

Fig. 1. XRD spectrum of the CCTO film on an ITO cov-
ered MgO (100) substrate.

2 mm

Fig. 2. Scanning electronic microscopy of the CCTO film
surface.
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Fig. 3. The 𝐼–𝑉 characteristics of the ITO/CCTO/Pt
junction at different temperatures. The inset shows the
𝐼–𝑉 relationship of ITO/CCTO/In.

Figure 3 shows the 𝐼–𝑉 curves of the
Pt/CCTO/ITO capacitance structure at different
temperatures. Forward bias was defined as a positive
pole of dc voltage applied on the Pt top electrode. It
can be seen that the 𝐼–𝑉 behavior demonstrates clear
rectifying characteristics. Under forward bias, the cur-
rent increases very quickly after the voltage exceeds
a threshold value. As the temperature decreases, the
threshold voltage is enhanced and the current is re-
duced under the same bias. Under reverse bias, the

current is very small and increases slowly with voltage
at low temperature, and the reverse current increases
obviously with increasing temperature. The inset of
Fig. 3 shows the 𝐼–𝑉 relationship of a sample with In
as the top electrode, in which no rectifying behavior
was observed.
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Fig. 4. The linear optical transmittance spectrum of the
CCTO film on ITO/MgO. The inset shows the plot of
(ℎ𝜈𝛼)2 versus ℎ𝜈 for the film, from which the value of
band gap can be calculated.
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Fig. 5. The band structure of the CCTO/Pt Schottky
junction.

To explain the observed 𝐼–𝑉 behavior, the band
structure of the CCTO/Pt junction needs to be ana-
lyzed. First, for calculating the band gap of the CCTO
film, the linear optical transmittance spectrum of the
CCTO film has been measured by using the transmit-
tance spectrum of ITO/MgO as the background, as
shown in Fig. 4. The oscillating transmittance indi-
cates that the film has a flat surface and a uniform
thickness. The band-gap energy 𝐸𝑔 of the CCTO film
has been calculated to be about 3.25 eV, slightly larger
than the reported value 2.88 eV.[13] The values of elec-
tron affinity for CCTO, Pt and ITO [𝜒 (CCTO) =

3 eV,[14] 𝜓 (Pt) = 5.7 eV[14] and 𝜓 (ITO) = 4.7 eV[15]]
are taken to construct the band structure. The con-
centration of free carriers in CCTO is very low, so
the work function of CCTO can be obtained approx-
imately by 𝜒 (CCTO)+𝐸𝑔/2 = 4.6 eV, which is close
to the ITO work function of 4.7 eV.[15] Thus there is
no energy barrier between the interface of ITO and
CCTO, and it can be thought of as an ohmic contact.
However, the work function of Pt is 5.7 eV, much larger

087304-2

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn


CHIN. PHYS. LETT. Vol. 28,No. 8 (2011) 087304

than the work function of n-type CCTO, so a Schot-
tky contact is formed with an energy barrier 𝑞𝑛𝑠 at
the interface between CCTO and metal Pt. The band
structure of CCTO and Pt is constructed as shown in
Fig. 5. Under forward bias, the energy barrier will be
reduced from the CCTO side and the electrons in the
conduction band of CCTO may inject into Pt. This
leads to a positive current through the junction at a
voltage comparable to the built-in potential. Under
reverse bias, the built-in potential increases and gives
rise to a larger depletion region, which leads to the
increase of the energy barrier, so the reverse current
is very small. For comparison, an In top electrode
was also fabricated because it has a lower work func-
tion than Pt. This sample of In/CCTO/ITO shows a
linear conduction behavior indicating ohmic contacts
at both the interfaces of In/CCTO and ITO/CCTO.
This proves that the observed rectifying conduction
behavior in Pt/CCTO/ITO is from the Schottky junc-
tion between Pt and CCTO.
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Fig. 6. The ln(𝐼)–𝑉 relation under forward bias at dif-
ferent temperatures. The inset shows the relationship be-
tween the ideality factor and temperature.

In diffusion theory, the relationship between the
current and the applied voltage across a Schottky
junction can be expressed as[16]

𝐽 = 𝐽𝑠𝐷[exp(
𝑞𝑉

𝑛𝑘0𝑇
) − 1] for 𝑉 ≥ 0, (1)

𝐽 = −𝐽𝑠𝐷 for 𝑉 < 0, (2)

where 𝑘0 is the Boltzmann constant, 𝑛 is the ideality
factor, 𝑇 is the absolute temperature and 𝑉 is the ap-
plied voltage. When 𝑞𝑉 ≫ 𝑘0𝑇 , which is satisfied in
our experiments, Eq. (1) can be simplified to

𝐽 = 𝐽𝑠𝐷 exp
(︁ 𝑞𝑉

𝑛𝑘0𝑇

)︁
. (3)

Equation (3) indicates that the junction current in-
creases exponentially with the applied voltage 𝑉 . Fig-
ure 6 shows that ln𝐼 is proportional to 𝑉 in a low bias
voltage range, which is consistent with Eq. (3). As

shown in Fig. 6, by linear fitting, the ideality factor
can be determined by the slope values. The obtained
ideality factor is from 151.6 to 13.6 at a temperature
range from 150K to 300 K, as shown in the inset of
Fig. 6. Similar 𝑛 − 𝑇 behavior was also observed by
Yamamoto et al.[17] The ideality factor is defined as[17]

1

𝑛
≡ 𝑘𝐵𝑇

𝑞

𝑑(ln 𝐽)

𝑑𝑉
= 1 − 𝑑Φ𝑛𝑠

𝑑𝑉
. (4)

The barrier height Φ𝑛𝑠 of the Schottky junction de-
pends not only on the electric field in the depletion
layers, but also on the bias voltage.[17] As the temper-
ature increases, the carrier concentration in CCTO
becomes larger, which will cause a reduction of the
value of 𝑑Φ𝑛𝑠/𝑑𝑉 . Therefore, the value of 𝑛 decreases
with the increase of the temperature.

Moreover, the experimental data deviated from
expected values under high voltage. Similar phe-
nomena were also observed in other semiconductor
structures.[18] In fact, the model of the Schottky junc-
tion is quite simplified and the effect of the interface
state is neglected. However, transport behaviors of
the carrier at the interface, such as carrier emission,
recombination and tunneling, may have a great influ-
ence, especially at high voltage.[19] Thus, it is gener-
ally observed that the current increases not so quickly
as the description of Eq. (3) under high forward volt-
age bias.

In summary, the rectifying currents at different
temperatures have been measured in the Schottky
junction of CCTO/Pt. The analysis of the band struc-
ture reveals that it is a Schottky contact at the in-
terface of the CCTO and metal Pt, because the work
function of Pt is larger than that of n-type CCTO. We
explain the 𝐼–𝑉 behavior in the CCTO/Pt Schottky
junction, which would be helpful for understanding
the nonlinear 𝐼–𝑉 behavior in CCTO.

References
[1] Subramanian M A, Li D, Duan N, Reisner B A and Sleight

A W 2000 J. Solid State Chem. 151 323
[2] Homes C C, Vogt T, Shapiro S M, Wakimoto S and Ramirez

A P 2001 Science 293 673
[3] Si W, Cruz E M, Johnson P D, Barnes P W, Woodward

and Ramirez A P 2002 Appl. Phys. Lett. 81, 2056
[4] Lin Y, Chen Y B, Garret T, Liu S W, Chen C L, Chen L,

Bontchev R P, Jacobson A, Jiang J C, Meletis E I, Horwitz
J and Wu H D 2002 Appl. Phys. Lett. 81 631

[5] Adams T B, Sinclair D C and Wrest A R 2002 Adv. Mater.
14 1321

[6] Mei L T and Hsiang H I 2008 J. Am. Ceram. Soc. 91 3735
[7] Chung S Y, Kim I D and Kang S L 2004 Nature Mater. 3

774
[8] Lin Y H, Cai J N, Li M and Nan C W 2006 Appl. Phys.

Lett. 88 172902
[9] Cheng B, Lin Y H, Yuan Y C, Cai J N, Nan W C, Xiao X

and He J L 2009 J. Appl. Phys. 106 034111

087304-3

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1006/jssc.2000.8703
http://dx.doi.org/10.1126/science.1061655
http://dx.doi.org/10.1063/1.1506951
http://dx.doi.org/10.1063/1.1490624
http://dx.doi.org/10.1002/1521-4095(20020916)14:18<1321::AID-ADMA1321>3.0.CO;2-P
http://dx.doi.org/10.1111/j.1551-2916.2008.02674.x
http://dx.doi.org/10.1038/nmat1238
http://dx.doi.org/10.1063/1.2198479
http://dx.doi.org/10.1063/1.3194311


CHIN. PHYS. LETT. Vol. 28,No. 8 (2011) 087304

[10] Li Y W, Shen Y D, Hu Z G, Yue F Y and Chu J H 2009
Phys. Lett. A 373 2389

[11] Sawada Y, Kobayashi C, Seki S and Funakubo H 2002 Thin
Solid Films 409 46

[12] Bochu B, Deschizeaux M N, Joubert J C, Collomb A,
Chenavas J, and Marezio M 1979 J. Solid State Chem. 29
291

[13] Ning T Y, Chen C, Zhou Y L, Lu H, Zhang D X, Ming H
and Yang G Z 2009 Appl. Phys. A 94 567

[14] Fiorenza P, LoNigro R, Sciuto A, Delugas P, Raineri V,
Toro R G, Catalano M R, and Malandrino G 2009 J. Appl.
Phys. 105 061634

[15] Brovelli F, Rivas B L and Bernede J C 2007 J. Chil. Chem.
Soc. 52 1065

[16] Sze M 1979 Physics of Semiconductor Devices (New York:
Wiley)

[17] Yamamoto T, Suzuki S, Kawaguchi K and Takahashi K
1998 Jpn. J. Appl. Phys. 37 4737

[18] Chen X D, Ling C C, Fung S, Beling C D, Mei Y F, Fu
K Y, Siu G G and Chu P K 2006 Appl. Phys. Lett. 88
132104

[19] Luo Z, Hao J H and Gao J 2007 Appl. Phys. Lett. 91
062105

087304-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1016/j.physleta.2009.05.001
http://dx.doi.org/10.1016/S0040-6090(02)00102-5
http://dx.doi.org/10.1016/0022-4596(79)90235-4
http://dx.doi.org/10.1007/s00339-008-4937-9
http://dx.doi.org/10.1063/1.3086198
http://dx.doi.org/10.1143/JJAP.37.4737
http://dx.doi.org/10.1063/1.2190444
http://dx.doi.org/10.1063/1.2767999

	Title
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Eq. (1)
	Eq. (2)
	Eq. (3)
	Eq. (4)
	References

