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In this work, electric transport properties of CaCu3Ti4O;, (CCTO) thin films were investigated for
resistive switching, rectifying and gas sensor applications. Single phase CCTO thin films were
produced by polymeric precursor method (PPM) on different substrates and their electrical
properties were studied. Films produced on LNO/Si substrates have symmetrical non-ohmic

current-voltage characteristics, while films deposited on Pt/Si

substrates have a highly

asymmetrical non-ohmic behavior which is related to a metal-semiconductor junction formed at
the CCTO/Pt interface. In addition, results confirm that CCTO has a resistive switching response
which is enhanced by Schottky contacts. Sensor response tests revealed that CCTO films are
sensitive to oxygen gas and exhibit n-type conductivity. These results demonstrate the versatility of
CCTO thin film prepared by the PPM method for gas atmosphere or bias dependent resistance
applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751344]

. INTRODUCTION

In the last decade, materials with high dielectric
constant have been thoroughly researched due to their poten-
tial applications in microelectronic devices. Recently,
CaCu;3Ti4O1, (CCTO) has attracted scientific interest due to
its huge dielectric constant'™” and hysteretic current-voltage
profile®~'? for applications in electronic devices such as ran-
dom access memories, microwave devices, Sensors, etc. 1
However, CCTO applications in microelectronic devices
such as sensors or random access memories lead to the inte-
gration of this oxide in the form of thin films on silicon-
based substrates. Several studies of CCTO thin films
prepared by different methods have shown that this material
has multi-functional properties which are directly related to
the synthesis route and the electrode/substrate used. Deng
et al.">*" reported current-voltage rectifying behavior in
CCTO thin films prepared by pulsed laser deposition (PLD).
They show that, due to a Cu-rich layer in the film surface, a
metal-insulator-semiconductor (MIS) junction or a metal-
semiconductor (MS) junction between the CCTO film and
top electrode can be formed. CCTO thin films grown by
rf-sputtering result in the formation of well-aligned nanorods
depending on the substrate temperature.'” They display a
resistive switching effect which is attributed to the polariza-
tion of defects at grain boundaries.!" Hysteretic current-
voltage was also observed in thin films prepared by chemical
methods. Lin ef al. showed that the conductivity in CCTO
films prepared by the sol-gel method on Pt/Ti/SiO,/Si sub-
strates is strongly affected by the electrode/film interface due
to the work function of the metal used as the top elec-
trode.'>'® Gas sensing properties have also been reported by
several researchers for CCTO thin films; however, the type
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of conductivity in these films is not well defined in the litera-
ture. Kim et al."” reported the preparation of macroporous
CCTO thin films by PLD onto PMMA (polymethyl methacry-
late) microsphere templated substrates. These films have n-
type conductivity and higher H, sensitivity compared to CO
and CHy. N-type conductivity was also reported by Parra
et al. in mesoporous thin films prepared by the sol-gel
method.'® On the other hand, Joanni et al. showed that films
prepared by rf-sputtering display p-type conductivity.'®

In light of these predictions, the main goal of this study is
to investigate the multi-functionality of CCTO thin films pre-
pared by the polymeric precursor method (PPM). Electrode-
CCTO film interfaces on non-linear charge transport and gas
sensing were investigated, and their potential applications in
micro-devices such as resistance random access memories,
Schottky diodes, or gas sensors are discussed.

Il. EXPERIMENTAL
A. Synthesis procedure

CCTO thin films were prepared by PPM on three differ-
ent substrates: Si (111) with a LaNiO3 (LNO) buffer layer,
Al,O3 and Pt/TiO,/Si0,/Si (100). More details regarding the
PPM were reported by Zanetti er al.?° The molar ratio of
metal: citric acid: ethylene glycol was 1:3:3 in both CCTO
and LNO solutions. For the substrate with the buffer layer, the
first step was to prepare the LNO electrodes on a Si (111) sub-
strate. Stoichiometric amounts of lanthanum carbonate
((LayC0Os3)3.xH,0, Sigma-Aldrich, 99.99%) and nickel nitrate
(Ni(NO3),.6H,0, Sigma-Aldrich, 99.99%) were dissolved in
an aqueous nitric acid solution at 50°C. After homogeniza-
tion, citric acid was added to the solution to form metal che-
lates. Then the temperature was raised to 95 °C, and ethylene
glycol was added to achieve the polymerization reaction. The
viscosity of the resulting solution was adjusted to 30 cP by
controlling the water content using a Brookfield viscosimeter.

© 2012 American Institute of Physics
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A LNO layer was deposited on a Si (111) substrate by spin
coating at 4000 rpm for 30 s (Spin coater; Laurell Tech. Corp.,
Model WS-400B) followed by heat treatment at 370 °C for 4 h
in a conventional oven to remove organic material; these steps
were repeated three times, and finally thin films were annealed
at 825 °C for 60 min in air.

To obtain CCTO films, calcium carbonate (CaCOs;,
Sigma-Aldrich, 99.999%), copper(Il) carbonate basic (CuCO;
Cu (OH),, Sigma-Aldrich, 99.99%) and titanium(I'V) isoprop-
oxide (C,H,304Ti, Sigma-Aldrich, 99.999%) were used to
prepare the CCTO solution. The precursor solution of Ca, Cu,
and Ti atoms was prepared by adding raw materials to an
aqueous citric acid/ethylene glycol solution with constant
stirring and heating at 90 °C. Then the viscosity of the result-
ing solution was adjusted to 30 cP by controlling the water
content. CCTO layers were deposited on substrates (alumina,
LNO/Si and Pt/Si) by spin coating at 4000rpm for 30s
followed by heat treatment at 370°C for 4h to remove the
organic material. Three CCTO layers were deposited, and thin
films were annealed after the whole process at 775°C for
30 min in air.

B. Structural and morphological characterization

Phase analysis of CCTO thin films was performed by
x-ray diffraction (XRD; Rigaku, Model Rint 2000) at room
temperature. The annealed film thickness was analyzed using
a field emission scanning electron microscope (FEG-SEM;
JEOL, Model 7500F).

C. Electrical characterization

To perform electrical measurements, top electrodes
(300 um diameter) were deposited by Au sputtering through
a shadow mask at room temperature in CCTO films prepared
on LNO or Pt bottom electrodes. Electrical properties were
measured by an Au/CCTO/bottom electrode capacitor struc-
ture. Current—voltage measurements were taken using a sta-
bilized high voltage source measuring unit (Keithley, Model
237) with different time delay by point in the temperature
range from 25 °C to 250 °C with a step of 25 °C. The Pt wires
were used as probe electrodes.

D. Sensor response

CCTO films were deposited on Al,Oz substrates and
interdigitated Au-electrodes (100 um Au fingers spaced by
200 um) were sputtered at room temperature on the CCTO
film surface to characterize its sensor response. Sensing tests
were performed at 200 °C, 250 °C, and 300 °C by applying a
d.c. voltage of 20 V. The sensor response of CCTO thin films
was performed by cyclic exposure to oxygen gas by varying
the concentration between 12% and 0.05% in a nitrogen gas
flow of 150 sccm. Resistance—time measurements were taken
using a stabilized high voltage source measuring unit (Keith-
ley, Model 237) with a delay of one second.

lll. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns for CCTO thin films
grown on different substrates at 775°C for 30 min. CCTO
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FIG. 1. XRD patterns of CCTO film grown on (a) LNO buffer, (b) Pt elec-
trode, and (c) alumina substrate. The inset shows transversal section of the
films.

peaks can be indexed for all samples by a cubic body-
centered perovskite-related structure with space group Im3
according to JCPDS 75-2188 and do not present any prefer-
ential orientation. Additional peaks of LaNiO; (JCPDS
79-2450), Pt (JCPDS 87-640), Si (111), and Al,O3 (JCPDS
71-225) related to the bottom electrodes and/or substrates
were observed. LNO and CCTO layers can be seen in the
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cross sectional images and present a high degree of densifi-
cation and thickness around 250 nm and 450 nm, respectively
(see Figure 1(a) inset). A high degree of densification and a
thickness of 500 nm are also visible in the CCTO film grown
on a Pt electrode (see Figure 1(b) inset).

In the following sections, the electrical characteristics of
these three CCTO samples will be discussed. Sensor, rectify-
ing and resistive switching behavior were tested for these
samples.

A. Gas sensing response

The predominant electrical character of semiconductor
oxides can be classified according to the resistance change
direction relative to the oxidant atmosphere. This classifica-
tion is related to the intrinsic conductivity type of semicon-
ductor oxides which is determined by the nature of the
dominant charge carriers; i.e., electrons or holes. If the mate-
rial resistance increases when the film is exposed to an oxi-
dant atmosphere, the oxide has n-type conductivity; if the
material resistance decreases when the film is exposed to an
oxidant atmosphere, the oxide has p-type conductivity.?!*?
In addition, the conductance in n-type semiconductor oxides
is dependent on oxygen partial pressure, and it decreases
when the oxygen partial pressure increase (the inverse is
valid for p-type semiconductor oxides).”*** Based on these
fundamentals, sensor measurements were performed to
determine the dominant charge carriers for CCTO films pre-
pared by the PPM and to verify the gas sensitivity of the ma-
terial (sensor characteristics). The gas test was performed
with an oxygen concentration at 12% and varying operating
temperatures (200 °C, 250 °C, and 300 °C) (see Figure 2).

The sensor signal of CCTO thin films increases when
the film is exposed to an oxygen atmosphere (the resistance
in oxygen is higher than in nitrogen) which indicates that
CCTO films reveal predominant n-type (electronic) conduc-
tivity for the PPM processing. The sensor response as a func-
tion of oxygen partial pressure was measured at 300 °C (see
Figure 3). The sensor signal depends on the oxygen partial
pressure, and the resistance increases when the oxygen concen-
tration increases (see Figure 3 inset). This result corroborates

10
I 0,,(0ff)
ol =2
AN 8 I
6 i —=—200°C
6L —0—250°C
I —A—300°C

Sensor Signal (R, /R

T>0,(0n)

0 10 20 30 40 50 60 70
Time ( minutes )

FIG. 2. Sensor signal vs. time for different temperatures at 12% oxygen par-
tial pressure.
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FIG. 3. Sensor signal vs. time for different oxygen partial pressure at 300 °C.
The inset shows the resistance as a function of oxygen concentration.

the n-type charge carrier of CCTO thin film prepared by the
PPM. These results agree with the results obtained by Parra
et al. for CCTO films prepared by the sol-gel method which
is a synthesis procedure similar to our method."® In addition,
thermopower measurements (not shown here) were per-
formed which indicate a negative Seebeck coefficient (S)
and verify the n-type conductivity in our CCTO thin films.*’
On the other hand, p-type conductivity was observed by thin
films deposited by vacuum-based film processing such as
PLD."*'" It may be hypothesized that either organic residues
from wet-chemical processing or gas environments in the
physical processing (PLD or sputtering) can affect the near-
ordering of the thin film CCTO phase due to the oxygen
partial pressure during the synthesis procedure. Examples
are reported in the literature for ceria- and zirconia-based
thin films where the near-ordering of oxygen-cation bonds
can be substantially affected by the initial processing
route.”**® Thus, this singularity in CCTO thin films is not
completely understood and is still an open research topic.

B. Rectifying behavior

In order to study the barrier contacts formed on the elec-
trodes/film interface, CCTO thin films were prepared by the
PPM on conductive (LaNiOs) and metal (Au and Pt) electro-
des, and current-voltage characteristics were measured. All
samples were measured using Au as the top electrode and
LaNiOs; or Pt as bottom electrodes. Figure 4 shows the non-
cyclic current vs. voltage curves for the CCTO film prepared
on the Au/CCTO/Pt set-up up to 10uA, and the inset
shows current-voltage profiles for Au/CCTO/Pt and Au/
CCTO/LNO set-ups. LNO film has a resistivity of around
5 % 10~* Q m which is suitable as a bottom electrode for elec-
trical measurements. The non-linear behavior of the current
observed in the CCTO film prepared on LNO indicates
Schottky-type conductivity, typically observed in this mate-
rial, with non-linear coefficient («) of about 22230 Moreover,
the symmetry of I vs. V curves in forward and reverse vol-
tages was expected since that LNO phase displays a n-type
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FIG. 4. Current-voltage curve of the Au/CCTO/Pt setup at room tempera-
ture. The applied voltage was from +5V to —16 V up to 10 uA. The solid
red line over the experimental data is the theoretical simulation of the
Schottky thermionic emission equation. The left inset shows the current-
voltage curve for Au/LNO/CCTO and Au/CCTO/Pt set-ups.

conductivity which forms an ohmic contact with perovskite
materials.®>’*> The Au top electrode has a work function
value very close to the CCTO electron affinity which also
forms an ohmic contact (as discussed below).

Rectifying behavior for a CCTO film prepared on a
Pt-electrode is characterized by strong asymmetry in the cur-
rent vs. voltage curves. This film possesses a good rectifying
characteristic for low reverse voltages (see inset in Figure 4)
with the current increasing slowly (o~ 1) as a function of
applied voltage up to 10 uA. However, for forward voltages
the current increases more abruptly (o~ 7), evidencing the
rectifying behavior of the sample. Zang et al. proposed that
CCTO has an intrinsic back-to-back Schottky barrier at grain
boundaries and it was recently confirmed by using d.c. charac-
terizations.>>>* Nevertheless, we do not believe that the
asymmetric response in / vs V curves is an intrinsic behavior
of CCTO because back-to-back barriers should give symmet-
rical I vs V curves, as observed in the Au/CCTO/LNO set-up.
In addition, Ramirez et al. reported recently that CCTO thin
films prepared on a Au/CCTO/Pt set-up at low temperatures
(500-600°C) do not exhibit rectifying behavior in current-
voltage measurements.>’ Moreover, our results show that the
CCTO film prepared on a LNO buffer layer displays an ohmic
contact with bottom (LNO) and top (Au) electrodes, and the
sensor characterization reveals that CCTO film prepared by
the PPM has n-type conductivity. Thus, our hypothesis is that
the top (Au) electrode forms an ohmic contact, and the bottom
(Pt) electrode and CCTO film form a MS rectifying interface
influenced by the annealing temperature.

Keeping in mind the few studies about current charge
transport in the CCTO/Pt interface and disregarding the resis-
tive switching effect in the CCTO (discussed in Sec. III C),
we resort to standard Schottky barrier theory in our discussion
of the rectifying behavior limiting our assumptions to the
current transport by the thermionic emission process and the

J. Appl. Phys. 112, 054512 (2012)

Schottky effect in a MS junction. The barrier potential height
@y formed between a metal and an n-type semiconductor can
be given by:*

O = Dy — 1 ey

where @,, is the work function of the metal and y, is the
electron affinity of the semiconductor.

This relation is for the barrier height of an ideal
Schottky barrier where surface states are neglected. If sur-
face states are considered, the barrier height will depend
upon both the metal work function and surface states on the
semiconductor.”® The Schottky-barrier height can be modi-
fied by image-force lowering (the Schottky effect), i.e., it
is directly influenced by an external electric field which con-
trols the charge carrier conduction across the junction. Fur-
thermore, when subjected to an external electrical field, the
Schottky barrier is modified and the effective height barrier
is reduced or increased depending on the biasing condi-
tions.>® The determination of the Schottky barrier height can
be obtained by energy-activation measurements which is an
important approach in the investigation of novel or unusual
MS interfaces. This method is based on the determination of
the height barrier by the saturation current (I) instead of the
current density because the electrode contact area is often
unknown. Thus, the current density for a Schottky barrier
has the following relationship with the electrical field:*®

J = ATexp [7(4’3 I:Tﬁ \/E)] , @)

where A* is Richardson constant for the material, k is Boltz-
mann constant, T is the absolute temperature, @y is barrier
height formed at the interface region, and Sv/E is a term-
related Schottky effect given by

\ 4re,

where ¢ is the relative permittivity and E is the external
electric field. The f term can be extracted from the slope of
the T vs E? curve for a fixed temperature.®* To obtain the
barrier height of a CCTO/Pt junction, further analysis of the
temperature dependence upon the saturation current is
required using the relationship

1 b
Ln<T02> — Ln(ax) - 9. )

where ®p is the height barrier to E=0, and AA* is the
product of the electrically active area (A) and the effective
Richardson constant (A*).

Figure 5 shows the temperature dependence of the satu-
ration current at the CCTO/Pt interface. The barrier height at
this interface was calculated as 0.44 eV and the AA* product
is 8.90 x 107® AK > This value is close to 0.46eV as
observed by Bodeux et al. for CCTO/Pt Schottky barriers
using dc bias impedance measurements.?” On the other hand,
Deng et al."* reported that CCTO thin films prepared by
PLD have p-type conductivity and form a MS junction of
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FIG. 5. Characteristic curve of Ln(Iy/T 2) vs 1/T for a CCTO film deposited
over Pt/Si substrate.

0.8 eV with the top (Pt) electrode prepared at room tempera-
ture. The difference between these CCTO/Pt interfaces can
be related to two parameters:*® (1) the conductivity type
(n-type in our films); and (2) the formation temperature
of the MS junction (775 °C in our films). In addition, in the
case of an ideal Schottky barrier (Eq. (1)) and based on
the work function values of platinum (®Pp,=5.65eV) and the
potential barrier height (0.44eV), an electron affinity of up
to 5.21 eV for CCTO thin films can be expected. Therefore,
if the electron affinity of CCTO is close to the gold work
function (@4, =5.10eV) and the conductivity of this sample
is n-type, we can confirm that the formation of a MS junction
occurs between the bottom (Pt) electrode and the CCTO
film. This result confirms results reported by Bodeux et al.
for CCTO thin films prepared by PLD with n-type conduc-
tivity using an Au/CCTO/Pt set-up which displays only one
Schottky barrier at the CCTO/Pt interface due to the anneal-
ing process in the bottom Pt-electrode.?”

In addition (as discussed above), the effective barrier
height of MS junctions depends on polarization; i.e., in a for-
ward bias, there is an increase in the current across the inter-
face due to a decrease in the barrier height while for the
reverse bias, the barrier height increases and current across the
interface decreases. I vs. V curves of the CCTO/Pt interface
were simulated for forward and reverse bias at room tempera-
ture (Figure 6) based on constants determined experimentally
(=289 x107* eV cm"? V72 and p;=4.47 x 107 eV
em'® V7' for 25°C and AA* =8.90 x 10~® AK ) and the
Schottky thermionic emission equation (Eq. (2)). The simula-
tions show that the best settings for effective barrier height
values in the forward and reverse bias is 0.42eV and 0.45¢eV,
respectively; i.e., lowering the forward bias height barrier by
0.02eV and increasing the reverse bias height barrier by
0.01eV. Best fitted curves (red line) and experimental data
are illustrated in Figures 4 and 6. The fitted curves show good
agreement between experimental and simulated data in
reverse voltage and high forward voltage but not in low for-
ward voltage. The charge transport in MS interfaces formed
by high-mobility semiconductors can be better described by
thermionic-emission theory, while the diffusion theory is bet-
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FIG. 6. Theoretical simulation of the Schottky diode behavior to (a) reverse
and (b) forward current across of the CCTO/Pt interface.

ter applied to low-mobility semiconductors.>® Furthermore,
CCTO possesses both characteristics (low and high charge
mobility) depending on the external applied field.**** Thus,
these results indicate that the main transport mechanism in
CCTO/Pt interfaces can be described by the thermionic-
emission theory at high voltages due to the high charge mobil-
ity of CCTO. On the other hand, the diffusion theory could
describe better the main transport mechanism due to the low
charge mobility of CCTO at low voltages. Additional studies
are necessary for the thermionic-emission-diffusion theory
which we expect will produce a better fitting.*°

In summary, our results indicate that CCTO is a com-
plex material, and its electrical properties are highly depend-
ent on the synthesis route and electrode set-ups used in the
device manufacturing. N-type CCTO thin films were
obtained using the PPM which can have symmetrical or non-
symmetrical non-ohmic behavior depending on the electrode
set-up used. Using Au as a top electrode and LNO as a
bottom electrode, ohmic contact is formed between the film
and the electrodes, while using annealed Pt as a bottom elec-
trode produces a rectifying MS junction. Current-voltage
curves were fitted using a thermionic emission theory which
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indicates that more than one mechanism can be involved in
the current charge transport in CCTO/Pt interfaces.

C. Resistive switching effect

In the recent years, large efforts have been made to
understand the resistive switching effects in metal-
semiconductor materials, but the mechanisms responsible for
these effects are not completely understood. In this context,
aside from enrolling CCTO as a material candidate in this
field, we would like to investigate the role of the electrode-
CCTO interface and barrier contact on the resistive switch-
ing effects. Cyclic voltammetry measurements on Au/
CCTO/LNO samples show two distinct resistance states for
a voltage sweep range of —25V to 25V at a sweep rate of
500 mV/s (see Figure 7). The measurement displays a hyste-
retic current-voltage profile with a R,,/Rq¢ ratio of 1.1. No
change in the hysteretic behavior was observed relative to
the voltage sweep or test electrodes. Current-voltage curves
for CCTO prepared on a Pt bottom electrode at an equal
sweep rate were performed; test electrodes and polarity con-
figurations as well as voltage sweep (from —5V to +5V and
vice versa) are shown in Figure 8. The rectifying effect is in-
dependent of the current direction because the change of the
electrode configuration (1 and 2) does not change the current
direction; i.e., the direction of high current flow in the
CCTO/Pt interface is dependent on polarity configurations
due to the Schottky contact and is always higher from the
Pt-electrode to the film than in the opposite direction. These
results show an increased hysteretic current-voltage profile
with a R,,/R¢r ratio of 3.2 and reveal a factor up to of three-
fold increase in the R,,/Rq¢ ratio for the Au/CCTO/Pt set-up
as compared to Au/CCTO/LNO set-up. Au is the top elec-
trode in both samples forming ohmic contact. However, the
bottom electrodes (LaNiO5 and Pt) have different work func-
tions, and contact barriers at bottom electrode/film interfaces
are different, because LNO forms an ohmic contact and Pt
forms a Schottky contact which could be causing different
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FIG. 7. Cyclic voltammetry curves of CCTO film deposited on LNO buffers.
Measurements were performed by switching the test electrode (1 and 2) on
the bottom and top electrodes; arrows in the Au/CCTO/LNO capacitor con-
figuration indicate the current flow direction in both insets.
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FIG. 8. Cyclic voltammetry curves of CCTO film deposited on Pt/Si sub-
strate. Measurements were performed with switching the test electrode
(1 and 2) on the bottom (a) and top (b) electrodes and the arrows in the
Au/CCTO/Pt capacitor configuration indicate the current flow direction in
all insets. The plot inset shows the zoom in the high resistance state.

screen electric fields at the bottom electrode/film interface.
Thus, the formation of the Schottky contact increases the dif-
ference between the low and high resistance states as a con-
sequence of an increase in the current flow in the forward
voltage which results in a shift in the hysteresis loop and an
enhanced resistive switching effect. Our results clearly indi-
cate that the resistive switching effect in CCTO thin films is
influenced by the barrier contact and the work function dif-
ference between CCTO and electrodes where metal electro-
des with high work function values forming Schottky
contacts can produce increased hysteresis and R,,,/R¢ ratio.
In general, Schottky contacts in CCTO films may be ben-
eficial for the electronic charge transport in resistance random
access memory applications; and, on the other hand, the con-
ductive oxides as electrical contact can result in an inferior
resistive switching effect. However, additional studies are nec-
essary to determine which mechanisms are responsible for the
enhanced resistive switching behavior in CCTO/Pt interfaces.

IV. CONCLUSION

CaCu;Ti4O5, (CCTO) thin films were prepared by
PPM on different substrates, and electrical transport proper-
ties were characterized. Sensor response and thermopower
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measurements reveal that CCTO films have n-type conductiv-
ity with high oxygen sensitivity. Films prepared on Pt/Si sub-
strates show a rectifying behavior as a consequence of the
formation of a MS junction between the bottom (Pt) electrode
and the CCTO film. Films deposited on a LNO buffer or Pt/Si
substrates indicate that the resistive switching effect in CCTO
films depend upon the work function of the electrode and the
type of contact formed. All experiments point to the strong
influence of the oxide/electrode interface on the non-linear
charge transport in CCTO thin films where the gas sensing,
resistive switching, or rectifying characteristics may be
enhanced depending upon the oxide/electrode set-up used.
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