
This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C

Cite this:DOI: 10.1039/c5tc00197h

Reducing dielectric loss in CaCu3Ti4O12 thin films
by high-pressure oxygen annealing

Y. Lin,*ab D. Y. Feng,a M. Gao,a Y. D. Ji,a L. B. Jin,a G. Yao,a F. Y. Liao,a Y. Zhanga

and C. L. Chen*cd

The nature of dielectric loss in high dielectric constant CaCu3Ti4O12 (CCTO) thin films was systematically

studied by characterizing the films grown in high-pressure oxygen annealing processes. The films were grown

on (001) LaAlO3 substrates by a polymer assisted deposition (PAD) technique while the annealing processes

were performed in various high oxygen pressure environments. Microstructural characterizations by X-ray

diffraction and atomic force microscopy indicated that the phase and morphologies of the films were strongly

impacted by the annealing oxygen pressures. It was found that the high oxygen pressure annealing can

significantly reduce the dielectric loss, which may be attributed to the TiO2 phase separation in CCTO, good

quality of thin films grown by the PAD technique and fewer oxygen vacancies. The optimized room

temperature low dielectric loss tangent of 0.002 at 10–100 kHz was achieved in the samples annealed with

high pressure O2 of about 5 atm, which is more than one order of magnitude lower than that from the normal

pressure annealed samples.

Introduction

With the scaling of integrated circuits and the emerging concept
of system on packages, the advancing technical development
demands the miniaturization of passive components. Dielectric
materials with high dielectric constants have played a key role in
reducing the dimensions of capacitors.1–5 CaCu3Ti4O12 (CCTO),
a perovskite-related material with an unusual high dielectric
constant, has attracted great attention in the last decades since
its high dielectric constant is independent of temperature in the
broad temperature range of 100–600 K in the frequency range
from 0 Hz to 1 MHz. The room temperature dielectric constant
of single crystal CCTO is more than 105 at 1 MHz.6–8 And no
ferroelectric transition can be detected from 4.2 to 773 K.9,10

However, the high dielectric loss in the CCTO has become the
roadblock for its applications in microelectronic technology.9–12

Therefore, understanding the nature of its high dielectric loss
and paving the way to reducing its loss become the key issues for
the practical applications of the CCTO in microelectronic devices

and energy technology. Doping has been considered as a practical
technique to tune the dielectric behavior of CCTO and has been
widely investigated. However, although doping of Mn, Nb or Fe can
obviously reduce the dielectric loss of CCTO ceramics,13,14 a sharp
decrease of the permittivity from 104 to about 100 was also observed
over the measured temperature range from 4.2–300 K. These
physical phenomena were interpreted as the effects from the carrier
compensation in the grains, i.e., the hole compensation by Nb ions
for the oxygen vacancies. On the other hand, Seunghwa Kwon et al.
reported a successful improvement through doping by using ZrO2

in CCTO ceramics to replace an aliovalent dopant (Nb5+), showing
that the ZrO2 doping can lower down the dielectric loss but also
keep its high dielectric permittivity property with a slight decrease
of permittivity over a wide range of temperature and frequency.15

This result was considered to be related to the presence of ZrO2 at
the grain boundaries, which could reduce the grain boundary
conductivity so as to decrease the dielectric loss of CCTO ceramics.

It is well understood that oxygen vacancies can be induced
during the traditional high temperature annealing process of
CCTO in air, which results in the semiconducting properties of
CCTO grains and the increases in its dielectric loss.16–19 Therefore,
it is reasonable to consider high oxygen pressure annealing as a
practical technique to reduce the oxygen vacancy density in the
CCTO films and to decrease their dielectric loss. Moreover, the high
pressure recrystallization dynamics can alter crystal structures and
grain morphologies,20–23 which may be utilized to manipulate the
dielectric properties of the films. Although the high pressure
oxygen synthesis was reported to enhance the physical properties
of ceramic materials due to the densification of the materials and
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improvement in crystallinity,20 the effect of high pressure
oxygen annealing on the dielectric properties of thin films is
still lacking. In this paper, we report our effort on the study of
the high pressure oxygen annealing of CCTO thin films and the
significant improvement in their dielectric loss under such a
high pressure oxygen processing.

A polymer assisted deposition technique (PAD)24 was employed
to grow the highly epitaxial CCTO thin films. Briefly, the distinctive
characteristic of PAD is its precursor solution which uses a water
soluble polymer to bind metal ions. This ensures a more stable and
homogeneous solution by preventing the metal ions from undesired
reactivity such as hydrolysis. Thus, the stoichiometry in complex
oxide thin films can be perfectly controlled, as proven by previous
studies.24,25 To optimize the processing for reducing the dielectric
loss of the CCTO films, a high pressure oxygen annealing technique
was adopted and systematically investigated. It is demonstrated that
high dielectric permittivity with low dielectric loss can be achieved in
the CCTO thin films via the optimization of the high oxygen pressure
annealing process.

Experimental details

The homogeneous metal polymeric liquid precursor was pre-
pared as previously reported.24 Technically, 2 g Ca(NO3)2 was
dissolved in 40 mL deionized water and 2 g polyethylenimine
(PEI) was dissolved in 40 mL deionized water. The two solutions
were mixed together and the resultant solution was filtered by
Amicon ultrafiltration. The final concentration of Ca2+ in the
solution (labeled as X) was 103.03 mmol L�1, as measured by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES). Similarly, a copper complex was electrostatically
bound to PEI by mixing a Cu(NO3)2 solution and a PEI solution
and filtering by Amicon ultrafiltration. The final concentration
of Cu2+ in the solution (labeled as Y) was 148.95 mmol L�1.
A titanium complex was electrostatically bound to PEI by mixing
a Ti(cat)3(NH4)2 solution and a PEI solution and filtering as well.
The final concentration of Ti4+ in the solution (labeled as Z) was
79.12 mmol L�1. Lastly, solutions X, Y, Z were mixed together with
corresponding molar ratio of Ca : Cu : Ti = 1 : 3 : 4 to yield the final
precursor solution for CCTO. The as-prepared solution was then
spin-coated on (001) LaAlO3 (LAO) substrates at a rate of 3000 rpm
for 30 seconds to yield the precursor films. The precursor films
were gradually heated from room temperature to 510 1C to burn
out the polymer. The spin-coating and heating process was
repeated for 5 times. Then, the resultant coatings were heated
from 510 to 900 1C in a pure oxygen atmosphere under normal or
high pressure (0.1–0.95 MPa) using a high pressure tube furnace
(MTI OTF 1200X), and kept at 900 1C for 10 hours under that
oxygen pressure condition before naturally cooling down to
room temperature. The final thickness of the CCTO film was
about 400 nm.

To systematically investigate the effects of high-pressure O2

annealing on the dielectric constant and loss tangent, five sets
of samples were prepared under exactly the same conditions
except annealed under different O2 pressures, i.e. 0.10, 0.35,

0.55, 0.75, and 0.95 MPa, respectively. For convenience, these
samples were named as NP10, HP35, HP55, HP75, and HP95,
respectively. X-ray diffraction (XRD) was employed to examine
the crystallinity and phases of the as-prepared CCTO films.
Surface morphologies of the films were checked by atomic force
microscopy (AFM). The interdigital capacitor technique was
employed to measure the dielectric constant of the epitaxial
CCTO films.26,27 Au/Ni electrodes with cross-finger-shape, as
shown in Fig. 1, were deposited on the surface of the CCTO thin
films by sputtering. The pattern possesses a total of 100 fingers
with the finger length of 400 mm, the finger width of 20 mm and
the finger gap of 20 mm. Capacitance and loss tangent of
samples were measured by an Agilent 4294A Precision Impedance
Analyzer.

Results and discussion

Fig. 2(a) shows the normal (w = 901) XRD y–2y scanning patterns
for the CCTO films annealed under different pressures. Only
(00l) peaks from the CCTO thin films can be seen in this
pattern, suggesting that the CCTO films are preferentially
oriented with the c-axis normal to the surface of the substrates.
It is worth noting that a small ratio of TiO2 phase can be
observed in the XRD patterns of all the high pressure annealed
samples. Although the accurate mechanism for such a secondary
phase separation from the current available microstructural
knowledge is not fully understood yet, it can be considered as
the results that high pressure oxygen annealing has altered the
nucleation dynamics during the crystal growth and changed the
chemical stability of the stoichiometric CCTO crystal under
the high pressure. The fluctuated and high intensity peaks near
451 actually come from the substrate, which have been found in
the XRD y–2y scanning patterns for the bare substrate as well,
probably due to the contributions from the twinning structures
in the LAO substrates. Fig. 2(b) is a typical XRD phi-scanning
pattern for the as-grown films, showing that all the films were
epitaxially grown on the substrates. The epitaxial relationships

Fig. 1 Schematic view of the electrodes for the dielectric measurement.
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were therefore determined to be (001)CCTO//(001)LAO and
[100]CCTO//[100]LAO. Fig. 2(c) shows the tilted (w = 451) XRD
y–2y scanning patterns for the CCTO films annealed under
different pressures. The (202) peaks from the CCTO thin films
can be clearly distinguished from the (101) peaks of the LAO
substrates. Furthermore, the peaks of the CCTO films shift when
the annealing pressure changes. Both out-of-plane and in-plane
lattice parameters of samples annealed under different pres-
sures can be calculated based on the normal and tilted XRD y–2y
scanning patterns. The unit cell volume of the CCTO thin films
can be estimated by assuming the in-plane lattice parameters of

the CCTO films are primarily equal due to the pseudo-cubic
nature of the LAO substrate.

Fig. 3 is the plots from the as-calculated out-of plane and
in-plane lattice parameters of the CCTO films under different
annealing pressures. The calculated unit cell volumes of the
CCTO films under different annealing pressures were plotted in the
inset of Fig. 3. The values for the bulk CCTO are also indicated in
the figure by the blue line for comparison. Obviously, both the
in-plane and out-of-plane lattice parameters first decrease and then
increase with the increase of the annealing pressure with the lowest
values appearing in the sample HP35. A similar trend in the unit cell
volumes can be found in the inset of Fig. 3, i.e., the unit cell volume
decreases as the annealing pressure increases from 0.1 MPa to
0.35 MPa and then it increases back with the further increase of the
annealing pressure.

The mechanisms for the relationship between lattice
changes with the applied pressures are not fully understood
yet. However, the compensation of oxygen vacancy and the
elastic deformation of the crystals under high oxygen pressures
can be considered as the key factors for this high pressure
effect. The decrease of the lattice parameters and unit cell
volume from NP10 to HP35 can be interpreted as the result of
the compensation of oxygen vacancies under the high oxygen
pressure annealing conditions. For the sample annealed at normal
pressure (NP10), the high temperature annealing should induce
plenty of oxygen vacancies in the film. Thus, the unit cell of this
sample is normally larger than its bulk values due to the positive
ion interactions around the oxygen vacancies. For high pressure
annealed samples, most of the oxygen vacancies can be compen-
sated under the high oxygen pressure annealing. Thus, the unit cell
volume of HP35 shrinks to a smaller value. To understand the
changes of the lattice volumes with the annealing pressures,
interface strain evolution during the annealing process has been
carefully considered. Since the lattice parameter of the LAO
substrate (3.79 Å) is larger than half of the lattice parameter of
the bulk CCTO (B3.7 Å), which can induce the in-plane tensile
strain in the CCTO films. On the other hand, since the thermal
expansion coefficient for LAO [B10 � 10�6 per 1C] is slightly
larger than CCTO [4.4 � 10�6 per 1C],10,28 during the cooling

Fig. 2 (a) XRD patterns from theta–2theta scans of CaCu3Ti4O12 films pre-
pared through PAD process under different pressures: 0.10 MPa, 0.35 MPa,
0.55 MPa, 0.75 MPa and 0.95 MPa, respectively. (b) A typical XRD phi-scanning
pattern of a CCTO film grown on (001) LaAlO3 under high pressure. (c) Tilted
(w = 451) XRD theta–2theta scanning patterns of CaCu3Ti4O12 films prepared
through PAD process under different pressures: 0.10 MPa, 0.35 MPa, 0.55 MPa,
0.75 MPa and 0.95 MPa, respectively.

Fig. 3 Lattice parameters of CCTO thin films versus the annealing pres-
sure. The inset image is the calculated unit cell volumes of CCTO films
under different annealing pressures.
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process, the interface compressive strain will be accumulated
during the cooling processing. The final strain status would
depend on the competition of the lattice and thermal misfit.
During the cooling process, the interface strain will fully or
partially release by inducing the dislocations. Moreover, the unit
cell volumes for films under high pressure annealing should be
smaller than that under the normal pressure and the higher the
pressure is, the smaller volume the unit cell should be. And the
lattice of the film in the growth stage would be easier to deform
than the single crystal substrate under the pressure. In other
words, the higher the pressure, the larger the lattice misfit
between the film and the substrate, thus possibly leading to
more dislocations when the misfit strain releases. When the
pressure reduced from high pressure to normal pressure after
the samples were cooled down, the volume of the CCTO unit cell
would increase. Though we could not get a better estimation due
to the lack of lattice and thermal expansion data in the pressure
range we applied, the data in Fig. 3 indicate that the in-plane
lattice parameters will become larger with a higher annealed
pressure. For the out-of-plane parameter effect, the films treated
in higher pressures to the normal pressure will result in the
slight lattice change. Therefore, from the high-pressure to the
normal-pressure treatments, the unit cell volumes are increased.
Thus, the overall lattice parameter and the final unit cell volume
changes will be the result from the competition between the
lattice misfit, the thermal expansion mismatch and the pressure
effects.

To support the above discussion, dislocation densities in the
samples were evaluated by comparing the values of the full
width at half maximum (FWHM) of the peaks from XRD rocking
curves and phi scanning. It has been suggested that the broadening
in the XRD rocking curve is closely related to the screw dislocations
or grain boundaries.29–32 Moreover, the density of edge dislocations
can be estimated from the peak broadening of the f scan.29,32

Fig. 4(a) and (b) plot the FWHM values of the peaks from the XRD
rocking curves and phi scanning versus the annealing pressure of
the CCTO films, respectively. Typical scanning patterns from the
samples HP35 and HP95 were also plotted for comparison in the
insets of Fig. 4(a) and (b), respectively. It is clearly shown that the
largest values of FWHM for both the rocking curve and the f
scanning peaks are observed in the sample HP 95. The result
suggests the highest density of both screw dislocations and edge
dislocations in the sample HP95, which may also induce the
highest density of domain boundaries in this sample among the
five samples.

Fig. 5 shows the surface morphologies of all the samples
from the AFM characterizations to investigate the effect of high-
pressure oxygen annealing. In the normal pressure annealed
sample (NP10), nanorod-like grains are randomly distributed
on the film surface. These nanorod structures result from the
large anisotropic strain in the CCTO films as indicated in Fig. 3,
since the interface energy can be significantly reduced by
forming the anisotropic growth structures on the pseudo-cubic
LAO substrate. With the increase of the processing pressures,
e.g., at the annealed pressures higher than 0.55 MPa, the
nanorod structures gradually change into the well-ordered

square shape. As seen in Fig. 5(b), very small square-shaped
grains appeared on the sample HP35 and the grain sizes are
much bigger than those seen in sample NP10. The morphology
of the sample HP55 (Fig. 5(c)) indicated that the grains coalesce
together in these processing conditions. When the pressure
increases to 0.75 MPa (for the sample HP75), the square-
shaped grains become uniformly formed on the entire film
surface, as shown in Fig. 5(d). Further increasing the processing

Fig. 4 The FWHM values of the peaks from the XRD rocking curves (a)
and phi scanning (b) versus the annealing pressure of the CCTO films,
respectively. Typical scanning patterns from the samples HP35 and HP95
were also plotted for comparison in the insets of (a) and (b), respectively.

Fig. 5 Surface morphologies of the thin film samples annealed under
different pressures: (a) normal pressure 0.10 MPa, (b) high pressure
0.35 MPa, (c) high pressure 0.55 MPa, (d) high pressure 0.75 MPa, (e) high
pressure 0.95 MPa. (f) The root mean square (RMS) roughness of surface
morphologies of CCTO samples under different pressures.
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pressure to 0.95 MPa results in the continual grain coalescence
to form larger grains or islands, as seen in Fig. 5(e) for the
surface morphology of the sample HP95. To understand the
relationship between the annealing pressure and growth
morphologies, it is necessary to revisit the lattice parameters of
samples annealed at different pressures, as shown in Fig. 3. With
the increasing of the annealing pressure from 1 atm to 0.75 MPa,
the lattice parameters of CCTO are getting closer and closer
to that of the bulk cubic CCTO, resulting in the formation of
the square facet as a relaxed cubic structure. However, when
the annealing pressure further increases to 0.95 MPa, a large
negative strain was induced in the CCTO lattice and different
facets appeared. Fig. 5(f) shows the root mean square (RMS)
values of the surface roughness of CCTO samples under different
pressures. It is indicated that the change in surface roughness is
briefly consistent with the residual strain in the films. More exact
to say, the lower the strain, briefly the lower the surface rough-
ness. The only exception is the sample HP95 whose strain is the
highest whereas the surface roughness is lower than samples
NP10 and HP35. This phenomenon may be attributed to two
factors. On one hand, the sample HP95 exhibits a large tensile
strain which will actually reduce the lattice misfit between the
film and the substrate. This can also explain the phenomenon
that although the samples NP10 and HP35 or HP55 and HP75
have very close values in the strains, the ones with tensile strains
(NP10, HP75) show lower surface roughness values than the ones
with compressive strains (HP35, HP55). On the other hand, as
mentioned above, the dislocation/domain boundary density in
the sample HP95 is the highest among the five samples. The
formation of dislocations and domain boundaries near the
interface may help reduce the stress during the growth and
cooling process thus leading to a rather smoother surface.

To investigate the impact of high pressure annealing on the
dielectric properties, the frequency dependence of the dielectric
properties was characterized in all the CCTO thin films, as
shown in Fig. 6(a) and (b). It is found that high-pressure
annealing at a proper pressure range decreased the dielectric
loss of the CCTO samples to less than 0.01 at 10–100 kHz,
which is more than one order of magnitude lower compared to
that of the normal pressure annealed samples (about 0.1). On
the other hand, it should also be noted that the dielectric
constants of high-pressure annealed samples decrease by about
50% but are at the same order of magnitude when compared to
the normal pressure annealed samples.

Fig. 6(c) summaries the dependency of dielectric loss with
the O2 annealing pressure at various frequencies. The data
measured at 1 MHz is plotted in the inset for the different scale.
It is clearly seen that the dielectric loss was obviously reduced
for high-pressure annealed samples when measured at the
frequency of 1 MHz. On the other hand, the trend is different
if the measuring frequency is between 1 kHz to 100 kHz, i.e. the
dielectric loss decreases when the annealing pressure is in the
region of 0.35–0.75 MPa but increases when the annealing
pressure further increases to 0.95 MPa. In the low frequency region,
the space charge relaxation is considered to be the primary
dielectric mechanism.33 Therefore, high pressure treatments can

make a significant change to the space charge relaxation. On one
hand, when samples are annealed in a high oxygen pressure, the
oxygen vacancies will be greatly compensated, and cause a
reduction in space charge density.34–36 On the other hand, large
volume change happens during the annealing process due to the
lattice misfit and thermal expansion mismatch and pressure
change, inducing dislocations/defects, domain boundaries, and
lattice deformation, which would induce new space charge and
contribute to the low frequency dielectric relaxation as well.37,38

It is interesting to note that the trend of change in dielectric loss
is consistent with the change in lattice. As discussed above, the

Fig. 6 The dielectric properties of samples annealed under different
pressures: (a) the dielectric constants of thin film samples, (b) the dielectric
loss of thin film samples. (c) Pressure dependence of the dielectric loss of
CaCu3Ti4O12 thin film at several representative frequencies between 1 kHz
and 1 MHz.
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volume change during the annealing process is the highest for
sample HP95 compared to other samples. Thus, it is suggested
that more dislocations/domain boundaries or defects may occur
and accumulate in this sample, leading to the highest density of
space charges and the highest dielectric loss at the frequency
lower than 1 MHz. Along with the increasing frequency, the
effect from the slow relaxation polarization mechanism would
fade away. When the frequency reaches as high as 1 MHz, the
intrinsic dipole orientation polarization plays the key role, where
the data showing dielectric loss reduced in all high pressure
annealed samples compared to the normal pressure annealed
samples.

In a previous report,39 the fact that there is a half an order of
magnitude declining of the dielectric permittivity and an order
of magnitude rise in dielectric leakage for the polycrystalline
CCTO samples suggests that the grain boundary or domain
boundary distribution in the CCTO films becomes a major
character in governing the dielectric loss nature in the CCTO
thin films. In addition, Jiang et al. reported a detailed micro-
structural study by using transmission electron microscopy
(TEM) and the domain distributions on the CCTO films depos-
ited on LAO(001) by pulsed-laser deposition.40 A nano phase
separation of the TiO2 in the CCTO domain boundaries was
easily found, as seen in plan-view TEM characterizations of the
films, with very large dielectric permittivity of 104 and very low
dielectric loss of 0.05 at 1 MHz and 0.025 at 5 GHz. Although
the accurate mechanism for such a property from the current
available microstructural knowledge is not fully understood yet,
the results achieved in these approaches imply that the TiO2

phase separation can significantly enhance the dielectric properties
of CCTO. Since anatase TiO2 is a high resistance semiconductor
material, the phase separation of TiO2 at domain boundaries in the
CCTO thin film is believed to strongly influence the dielectric
properties of the films, especially lowering the dielectric loss.
Similar results have been reported for the as-grown TiO2-rich CCTO
ceramics prepared by a solid-state sintering.41 For our HP samples,
we believed that the titanium dioxide phase separations would also
accumulate at the grain boundaries of the CCTO grains and thus
contribute to the reduction of the dielectric loss.

On the other hand, as mentioned above, the notably
decreased dielectric loss for CCTO films annealed under high
oxygen pressure is highly likely to be related to the compensa-
tion of oxygen vacancies in the CCTO films. The oxygen
vacancies can be regarded as charge carriers, which are ran-
domly distributed in the materials. It is generally persuasive
that the oxygen vacancies in the high-pressure oxygen annealed
samples are fewer than those in the normal pressure annealed
samples. Recalling the cell volumes of the CCTO films shown in
Fig. 3, the smaller cell volumes for the higher pressure
annealed samples also implied fewer oxygen vacancies. As a
result, the dielectric loss will decrease notably with increasing
oxygen annealing pressure. Recently, G. Skandan42 and S. C.
Liao43 reported that high-pressure sintering could significantly
increase the densification of BaTiO3 ceramics and reduce the
growth rate as a result of the suppressed diffusivity. In another
excellent ferroelectric thin films study by T. Kijima et al. XRD

peak shifts were reported caused by high-pressure oxygen
annealing.23 It was also found that the ferroelectric and insulating
characteristics of the Bi2SiO5 (BSO)-added (Bi,La)4Ti3O12 (BLT) films
were significantly improved by annealing in high-pressure oxygen
up to 0.99 MPa,23 e.g. reduction in three orders of magnitude of the
leakage current density was observed. The contribution of these
improvements proved the decrease of grain boundary regions and
the decrease of oxygen defects within the grains for the case of high
pressure annealing. Thus, we believe that the high-pressure O2

annealing may not only induce titanium dioxide phase separation
in CCTO thin films but also improve the quality of the film by
reducing grain boundary regions and oxygen vacancies. Both
factors are likely to be responsible for the reduced dielectric loss
of high pressure annealed CCTO thin films compared to the
normal pressure annealed ones.

Conclusions

In summary, high dielectric constant CCTO epitaxial thin films
have been grown on (001) LaAlO3 substrates by the polymer
assisted deposition technique. We have clearly indicated that
the high oxygen pressure annealing results in a significant
improvement in the dielectric properties. The optimized room
temperature low dielectric loss tangent of 0.002 at 10–100 kHz
was achieved in the samples annealed with high pressure O2 of
5 atm, which is more than one order of magnitude lower than
that from the normal pressure annealed samples. The significant
improvement in the dielectric properties by the high pressure
oxygen annealing indicates that the as-grown CCTO thin films
can be promising for new device development.
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