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The nature of strain tuned dielectric properties in CaCu;Ti;O1, (CCTO) films were systematically studied with chemical

strain (various doping rates) and physical strain (different oxygen pressure treatments). Microstructural characterizations
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revealed that the lattice parameters of the highly epitaxial CCTO thin films are strongly dependent upon both Zr doping

rates and annealing oxygen pressures. Dielectric property measurements indicate that the dielectric loss can be tuned bv

optimizing the doping rate and annealing oxygen pressure. These findings indicate that the dielectric properties of CCTO

can be manipulated by the in-plane strain achieved from either chemical or physical treatment.

Introduction

With the rapid development of modern microelectronic
technology and the demands of energy systems, integrated
electronic circuits require dielectric materials with high
dielectric constants and low dielectric loss to enhance device
functionalities and reduce device dimensions.” 2 CaCu;Tis04,
(CCTO), a perovskite-related material with its unusual high
dielectric constant, has attracted great attention in the last
decades due to its high dielectric constant in a broad
temperature range and a wide frequency region.s's However,
the relatively high dielectric loss of CCTO has significantly
restrained its practical applications in device development.s’7
Various techniques have been applied to enhance its dielectric
properties. Among them, the doping technique has been
considered as a practical method to tune the dielectric
behavior of ccTO.2™ Although the doping of Mn, Nb or Fe in
CCTO has showed an obvious reduction in the dielectric loss of
CCTO ceramics, the dielectric permittivity was dramatically
decreased by about three orders of magnitude.g’ 21t has been
reported that ZrO, in CCTO ceramics can not only lower the
dielectric loss but also maintain its high dielectric permittivity
over a wide range of temperature and frequency.8 It was
considered to be related to the presence of ZrO, at the grain
boundaries, which can reduce the grain boundary conductivity
so as to decrease the dielectric loss of CCTO ceramics.® ™
However, this research was focused on bulk ceramics with
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small doping ratios.

To understand the nature of doping effects on the physica!
properties of CCTO for practical device development, it is
critical to systematically study the dielectric properties of the
doped CCTO with single crystallinity. Unfortunately, there is nc
single crystal CCTO with various doping available. Therefore,
epitaxial CCTO films with various doping ratios become ¢
practical technique to tackle these fundamental issues. On the
other hand, the interfacial strain in the epitaxial thin films,
crucial to the performance of thin-film devices, ™ may couple
with the chemical strain induced from doping ratio to tune the
dielectric properties. Our previous study revealed that »
proper high oxygen pressure annealing can significantly reducc
the dielectric loss of CCTO film since a high oxygen pressure
annealing can decrease the oxygen vacancy density in the
CCTO films.™® Therefore, it is practical to combine both
chemically Zr doped treatments and physically high oxygen
pressure annealing to optimize the dielectric properties of the
epitaxial CCTO thin films and to further establish the
relationship of dielectric properties, microstructures,
chemicals of CCTO films.

Recently, we have investigated the evolvements of the
microstructures and the dielectric properties in CCTO epitaxia
films with chemical treatments by various doping rates of Zr
and physical annealing under various oxygen pressures (from
0.1 to 0.55 MPa). It is surprisingly found that by optimizing t*- -
epitaxial quality, the lattice parameters and the physica.
properties of the CCTO films can be significantly affected by
the chemical and physical treatments or specifically, t. ~
dielectric permittivity is determined by the in-plane stain
which can be tuned by either physical or chemical
modifications.

and
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Experimetal details

A polymer-assisted deposition (PAD) technique17 was adopted
to fabricate Zr-doped CCTO films on LaAlO5(001) substrates
with various doping ratios. The metal polymeric liquid
precursors were prepared by Ca(NO3),, Cu(NOs3),, Ti(cat);(NH,),
and polyethylenimine, as seen in the previous report.16 The
concentrations of metal ions in the solutions were measured
by inductively coupled plasma-atomic emission spectrometer
(ICP-AES). Thus, the solutions with molar ratio of Ca:Cu:Ti
=1:3:4 were mixed together to yield the final precursor
solution for CCTO. Then, Zr** solution was mixed with the
CaCusTi, precursor solution to achieve the deposition solution
with various molar ratios of Zr*'/Ca®", i.e, 5 mol%, 10 mol% and
15 mol%. The as-prepared solutions were spin-coated on the
LaAlO; (001) substrates to form the precursor films. The
precursor films were gradually heated from room temperature
to 510 °C to burn out the polymer. The films were then heated
from 510 to 900 °C slowly in pure oxygen atmosphere under a
normal oxygen pressure (0.1 MPa) or a high oxygen pressure
(0.55 MPa) using a high pressure tube furnace (MTI OTF 1200
x), and kept at 900 °C for 10 hours under the same oxygen
pressure condition before being naturally cooled down to
room temperature. The thicknesses of CCTO films are about
150 nm, which were determined by scanning electron
microscopy. X-ray diffraction (XRD) was employed to
characterize the lattice structures and phases of the as-
prepared CCTO films. The interdigital capacitance measuring
technique was applied to determine the dielectric properties
of the as-grown Zr-doped CCTO films."® * Au/Ni electrodes
with cross-finger-shape were prepared on the surface of the
CCTO thin films by dc-sputtering technique. The interdigital
pattern has a total of 100 fingers with a finger length of 400
um, a finger width of 20 um, and a finger gap of 20 um.
Capacitance and loss tangent of the films were measured by
an Agilent 4294A Precision Impedance Analyzer.

Results and discussion

Similar to our previous results, the CCTO films can be
epitaxially grown on LAO (001) substrates.® Figure 1 shows
the normal (y = 0°) and tilted (x = 45°) 6-26 XRD scanning
patterns for the CCTO doped films with different Zr
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Figure 1. Normal (x = 0°) and tilted (y = 45°) XRD 6-28 scannin,
patterns of CCTO films doped with different proportions of Zr and
annealed under different oxygen pressure: 0.1 MPa (a,c) and 0.55
MPa (b,d), respectively.
proportions (chemically treated) under different oxyger
pressure treatments (physically treated). The chemically
treated films under normal pressure treatment (0.1 MPa,
reveals that the (004) peak of CCTO shifts to lower angles witk
the increase of the Zr proportion, as seen in Fig. 1(a).
Surprisingly, both the chemically and physically treated films
under high oxygen pressure (0.55 MPa) show that the (004)
peaks of CCTO films shift to higher angles when the doping
rates are higher than 10 mol%, as shown in Fig. 1(b). In
addition, the tilted (x = 45°) 6-20 XRD scanning patterns
indicate that the (202) peak of chemically treated CCTO films
shifts to a higher angle for the 5 mol% Zr-doped sample and
then shifts back to a lower angle with the increase of the 7
proportion, while the (202) peak of both chemically ana
physically treated CCTO films shifts to a lower angle with the
increase of the Zr proportion except for the 15 mol% Zr-doped
film treated under high oxygen pressure, as shown in Fig. 1(c)
and (d). The in-plane (a- and b-axis) and out-of-plane (along ¢
axis) lattice parameters of CCTO films can be derived from the
normal and tilted 6-26 XRD scanning spectra, as seen in Fig 2
The out-of-plane lattice parameters of the chemically treated
CCTO films, under normal pressure, linearly increase with the
increase of the Zr proportion. This is reasonable since the ionic
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Figure 2. The out-of-plane (a) and in-plane (b) lattice parameters of doped-CCTO films versus the proportions of Zr for samples

annealed under normal oxygen pressure (0.1 MPa) and high oxygen pressure (0.55 MPa). (c) The calculated unit cell volumes of doped-

CCTO films with the proportions of Zr.
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Table 1. The calculated out-of-plane and in-plane strains of doped-
CCTO films annealed under normal oxygen pressure (0.1 MPa) and
high oxygen pressure (0.55 MPa).

Zr doping  Out-of-plane (%) In-plane (%)

percentage Normal High Normal High
(mol%) pressure pressure pressure pressure
0 -0.11 0.31 0.22 -0.46

5 -0.03 0.44 -0.48 0.50

10 0.09 0.35 0.10 1.00

15 0.20 0.45 0.75 -0.89

radius of zr* (0.72 A) is larger than that of Ti*" (0.53 A).
Therefore, the more substitution of Ti* by Zr“, the larger the
lattice  parameters of the Zr-doped CCTO films.
However, the out-of-plane lattice parameter for both the
chemically and physically treated CCTO films under high
oxygen pressure shows a zig-zag changing trend. The
mechanisms resulting in these phenomena are not fully
understood yet. Since the out-of-plane lattice does not bare
the regulation from the substrate, the evolution is most likely
resulted from the passion ratio and the in-plane strains, as well
as the chemical stress from doping. To clearly demonstrate the
change of the strains in the doped-CCTO films, the out-of-
plane and in-plane strains of the as-prepared films were
calculated based on the lattice parameters of bulk CCTO (7.393
A) and listed in table 1.

As shown in Fig. 2(b), the in-plane lattice parameters of
the chemically treated films also basically increase with the
increase of the Zr proportions. It should be pointed out that
the in-plane lattice parameters are reduced from 7.41 A for
un-doped CCTO film to 7.36 A for 5 mol% Zr-doped film for the
normal pressure annealed samples. The in-plane lattice
parameters for the physically treated films (the high pressure
annealed samples) gradually increase with the doping
proportions from 7.40 A to 7.46 A nm for the 10 mol% Zr-
doped film before its sudden drop to 7.33 A for the 15% Zr-
doped films. This may result from the residual in-plane tensile
strain effects due to the different thermal expansive
coefficients for LAO and CCTO systems. Since the lattice
parameter of the LAO substrate (3.79 A) is larger than half of
the lattice parameter of the bulk CCTO (~ 3.7 A), the in-plane
tensile strain would be induced in the CCTO films during the
epitaxial growth. On the other hand, since the thermal
expansion coefficient for LAO [~10x10°°/°C] is slightly larger
than CCTO [4.4x10'6/°C],7’ % the interface compressive strain
will accumulate during the cooling process from 900 °C to
room temperature. The residual interface strains are therefore
dependent upon the competition of the lattice and thermal
misfits between the LAO substrate and the CCTO film systems.
For the CCTO films doped with a small amount of Zr, i.e. 5
mol%, the doping induced chemical strain may help release
the strain induced by lattice misfit at the crystallization
temperature. In this case, the compressive strain induced by
thermal misfit during the cooling process would gradually
dominate the final in-plane strain in the film with more Zr

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. The dielectric properties for different proportions of Zr
doped-CCTO films annealed under normal oxygen pressure (0.1
MPa): (a) the dielectric constants of thin film samples, (b) the
dielectric loss of thin film samples.

dopants. In other words, the in-plane lattice parameters
decrease with the increase of the doping rates from 0 to 5 mol" *
for the normal pressure annealed samples. Then, with further
increases of the doping rates, since there will be more the
substitution of Ti** by zr™, leading to larger lattice paramete
the chemical tensile strain will start to dominate the latti~-
structure and make the in-plane lattice parameter of the film
increase. For both chemically and physically treated CCTO
films (high pressure annealed doped-samples), as shown ir
Table 1, the tensile interfacial strain and chemical strain
gradually dominate the in-plane lattice parameter when the 2
doping rate increases from 1 to 10 mol%. But when the tensile
strain is beyond the capability of the CCTO lattice (doped with
15% Zr), the in-plane lattice parameter drops to its smallest
value. Also, the volume of one unit cell can be calculated from
the as-achieved lattice parameters, as shown in Fig. 2(c). The
trend of the unit cell volume with the proportion of Zr is
similar to that of the in-plane lattice parameters.

The dielectric properties of the as-prepared CCTO thin
films were characterized from 5 kHz to 1 MHz. Fig. 3 is the
dielectric properties of the Zr doped CCTO films anneale”
under the normal pressure (chemically treated). It is founa
that small amount of Zr doping (5 mol%) can significantly
decrease the dielectric loss of the film by an order of
magnitude compared to non-doped film although it only
slightly decreases its dielectric constant. While the doping
amount is increased to 10 mol%, the dielectric constant of the
film reaches to about 600, or about 1/3 higher than that frorr
the non-doped sample, and the dielectric loss is still smaller
than that from the non-doped sample when the frequency is
higher than 30 kHz. However, the further increase of the Zr
doping amount to 15 mol% results in the dramatic increase oi
the dielectric loss, about three orders of magnitude highet
than that from the non-doped films. By carefully evaluating
the lattice parameters shown in Fig. 2, it is obvious that t..c
huge increase of the dielectric loss is highly related to the in-
plane lattice parameters. In other words, the smaller the in-
plane lattice parameters, the less the dielectric loss. It shoui.
be also noted that a large fluctuation of dielectric constant
with the frequency was observed for samples with high dopir
rates (10% and 15%), which may be related to t e
inhomogeneity of the films induced by the large amount of Zr
doping.
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Figure 4. The dielectric properties for different proportions of Zr doped-
CCTO films annealed under high oxygen pressure (0.55 MPa): (a) the
dielectric constants of thin film samples, (b) the dielectric loss of thin
film samples.

Figure 4 shows the dielectric behavior for the as-grown
films, both chemically and physically treated under high
oxygen pressures. Although the Zr doping does not
significantly change the dielectric constants of the samples, it
can stabilize the dielectric spectra in the measured frequency
ranges, which may possibly be attributed to the improved
homogeneity of the doped-samples by the high pressure
treatment. Especially, as seen in Fig. 4(b), the dielectric loss
reaches its smallest value in the 15 mol% Zr doped film. More
exactly, the 15 mol % Zr-doped CCTO shows the lowest
dielectric loss values with the most steady dielectric constant
spectra in the as-measured frequency range. Clearly, the
lowest dielectric loss is also achieved in the Zr-doped film with
the smallest in-plane lattice. This physically treated result is in
good agreement with the conclusions from the chemically
treated results under the normal pressure treatments.
However, it should be noted that as shown in the insets of Fig.
4, the 5 mol% Zr doped film (with the best dielectric property
from the chemical treatment) treated in high oxygen pressure
reveals the highest dielectric loss values and most unstable
dielectric constant spectra. Although the detailed mechanisms
for how the Zr doping ratio and high oxygen pressure
annealing change the in-plane lattice parameters are not fully
understood yet, our results imply that the smaller the in-plane
lattice, the lower the dielectric loss. This finding may provide a
practical technique for material manipulation in enhancing the
dielectric properties of CCTO for modern device development.

Conclusions

In summary, by tuning the unit cell lattice parameters of CCTO
epitaxial films with chemical and physical treatment methods,
it was found that the dielectric properties of CCTO films are
highly dependent upon the in-plane strain. The interface
compressive strain induced by thermal misfit between the LAO
substrate and CCTO films can be accumulated during the
cooling process, which dominates the in-plane strain in the
film when the small amount of doping helps release the lattice
misfit strain. However, the chemically tuned CCTO films with
various doping rates of Zr can increase the lattice parameters
of CCTO at a proper range of doping rate because of the
substitution of Ti*" by zr*". On the other hand, the in-plane
lattice parameters of both chemically and physically treated
CCTO films increase with the doping rate until the doping rate

4| J. Name., 2012, 00, 1-3

reaches 15 mol % in high oxygen annealing pressures,
suggesting that the tensile interfacial strain and chemic-
strain dominate the in-plane strain in samples with high
oxygen pressure annealing. The results of the dielectric
properties further show that the dielectric loss of CCTO filr <
can be significantly reduced with the interface mechanica:
compressive strains achieved by either chemical or physical
treatments, which may provide a new technique to manipulate
the dielectric properties of the CCTO thin films for energy
harvesting and storage device development.
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