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Abstract CaCu;Ti,O, (CCTO) thin films with a thick-
ness of 200 nm were deposited on ITO substrates by RF
magnetron sputtering using a pure CCTO target. After
the deposition, thin films were annealed at 400, 450, 500
and 550°C, respectively, for 1 h. The effects of annealing
temperature on the structural, surface morphology, opti-
cal properties and resistivity of (CCTO) thin films were
investigated. The X-ray diffractometer results show that the
thin films are polycrystalline in nature and are assigned to
body-centered cubic perovskite configuration with a space
group of Im-3. The intensity of the peaks and crystallinity
gradually increased with the increase in annealing tempera-
ture. Microstructural investigation through FESEM showed
that the grain size increased with increase in annealing
temperature from 32 to 85 nm. The root mean square and
roughness (Ra) were also enhanced with higher annealing
temperatures, from 3.8 to 6.2 nm and from 4.7 to 7.7 nm,
respectively, as confirmed by AFM. Increase in annealing
temperature also affected the optical transmittance val-
ues which decreased to almost 60% at the visible range
(550-850), as well as the optical energy band gap which
decreased from 3.86 to 3.39 eV. The relevance between
resistance behaviors and film microstructure is discussed.
Therefore, it can be concluded that the desirable crystallin-
ity, surface roughness, energy band gap and resistivity for
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200 nm thick CCTO thin films deposited by RF magnetron
sputtering can be achieved through the annealing process.

1 Introduction

Materials with high dielectric permittivity (e,) have
received considerable attention due to their extensive use
in technological applications. Today, among the many inor-
ganic materials, CCTO is considered versatile and is widely
used in many areas of application such as capacitors [1],
microwave devices and antennas [2], and humidity sensors
[3, 4] due to its high e, moderate dielectric loss (tand) [5],
high electrochemical and thermal stability [6], and wide
direct band gap [7]. A number of top-down and bottom-
up approaches such as RF magnetron sputtering, pulsed
laser deposition, metal organic chemical vapor deposition
(MOCVD), and sol—-gel deposition [8—12] have been used
to deposit CCTO thin films.

Among these methods, RF magnetron sputtering is
a cost-effective technique for the deposition of the film
over a large area, has better coating uniformity, and offers
more freedom in selection of deposition conditions; these
are properties that are of great interest for different appli-
cations. There are only a few reports on the fabrication
of CCTO thin films using RF magnetron sputtering pro-
cess for the investigation of its gas-sensing properties
and e. For example, Joanni et al. [7] reported the gas-
sensing properties of CCTO thin films deposited on Si/
SiO,/Ti/Pt substrates by RF magnetron sputtering; the
response time and sensitivity of the gas sensor (O,) was
reported to be 5 min and 2.6, respectively. On the other
hand, the €, of CCTO thin films deposited on Pt(111)/Ti/
Si0,/Si was reported to be ~5000 at 1 kHz by Prakash
et al. [13]. However, both of these CCTO thin films did
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not go through the annealing process. The annealing pro-
cess is expected to be a very effective method in chang-
ing and enhancing the structural and physical proper-
ties of the films prior to the fabrication of any devices
such as sensors, capacitors, antennas, non-linear optical
devices, microwave devices, and resistive switches. Since
the microstructure of the thin film consists of small crys-
tals/grains which act as one of the most effective fac-
tors, it will determine the overall mechanical, optical,
and electrical behavior of the film. For example, finer
crystals/grains (<100 nm) deliver a more sensitive elec-
trical response which is useful for sensor applications.
Heat treatment processes such as annealing provides an
efficient way to manipulate the properties of materials
by controlling the diffusion and cooling rates within the
microstructure.

In this paper, the effects of annealing temperature on
the structural and optical properties, surface morphol-
ogy, and resistivity of CCTO thin films were investigated
at various temperatures (400, 450, 500 and 550°C). The
200 nm thick CCTO thin films used in this work were
deposited on ITO substrate by RF magnetron sputtering
using a pure CCTO target.

Fig. 1 RF magnetron sputter-
ing system
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2 Experimental procedure

CCTO thin films with a thickness of 200 nm were depos-
ited on ITO substrates (3x3 cm? by RF magnetron
sputtering (HHV Auto 500). The film was deposited at
1.23%x 1072 mbar sputtering pressure, 10 sccm argon gas
flow rate, and 150 W of RF power. The base pressure in
the chamber was evacuated to 30X 10~ mbar using a turbo
molecular pump. A CCTO target (99.99% purity) with a
diameter of 76.2 mm and thickness of 5 mm (Semi-con-
ductor Wafer, Inc., Taiwan) was used. The ITO substrates
(1.1 mm thickness) were purchased from Magna Value
Sdn. Bhd. Malaysia. The arrangement of the sputtering pro-
cess is shown in Fig. 1. The ITO substrate was fixed on the
rotatable and heatable disk holders. During deposition, the
substrate was heated at 300 °C and rotated to improve film
uniformity. The target was pre-sputtered for 10 min to clean
the target surface. Before the deposition, the substrates
were ultrasonically cleaned in acetone and then ethanol for
30 min to remove surface impurities after which they were
dried with flowing oxygen. After deposition, the CCTO
films were subjected to the annealing process in a furnace
(KHT-1600X) with atmospheric environment of 400, 450,
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500, and 550°C for 1 h, respectively. The details for the
sputtering conditions are shown in Table 1.

The deposited CCTO films were examined by an X-ray
diffractometer (XRD, D8Advance, Bruker) with Cu Ko
radiation together with Highscore Plus software (PANAlyti-
cal). The morphology of the films was investigated using a
field emission scanning electron microscope (FESEM, Zeiss
Supra™ 35VP) while the surface morphology was analyzed
by atomic force microscope (AFM, Nano Navi, SPA 400).
Optical transmittance measurements were performed with
a UV-Vis spectrophotometer (Varian, Cary 50 conc) at the

Table 1 Experimental parameters of the deposition process using RF
magnetron sputtering system

Parameter Unit Value
Vacuum pressure mbar 2x1073
Operation pressure mbar 1.23x1072
Base pressure mbar 30x1073
Power watt 150
Deposition time min 120
Distance mm 120
Sputtering gas Ar

Gas temperature pa Room temperature
Gas flow rate sccm 10
Substrate temperature °C 300

Film thickness nm 200

wavelength range of 270-900 nm. The resistance behavior
of the CCTO thin films was measured using a Keithley elec-
trometer (Model 2611A).

3 Results and discussion

Figure 2 shows the XRD patterns of CCTO thin films as-
deposited and after-annealing at different temperatures (400,
450, 500, and 550°C, respectively). These XRD patterns can
be assigned to CaCu,;Ti O, body-centered cubic perovskite
related structures (ICDD data card no. 98-005-8088) with a
space group of Im-3. The films were less crystalline at lower
annealing temperatures due to defects, grain mobility caused
by reorientation towards their respective planes, and a lack
of sufficient kinetic energy. The CCTO thin films’ degree
of crystallinity was found to increase with increase in tem-
perature as shown by the increasing intensity of (112), (022),
(033) and (224) peaks with increasing annealing temperature.
The degree of crystallinity of the sample can also be deter-
mined from XRD deconvolution. The degree of crystallinity,
Xc, can be calculated using Eq. (1) [15].

A
Xe(%) = 5 x 100% (1)

+A

C a

Here, A, is the area under the peaks, representing the
total crystalline region, and A, is the area under the peaks,
representing the total amorphous region. The value of

Fig. 2 Typical XRD patterns
for as-deposited CCTO thin
films and for CCTO films
annealed at four different tem-
peratures
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crystallinity are 48.4, 50.3, 56.7, and 59.8% for CCTO thin
films annealed at 400, 450, 500, and 550 °C, respectively.

Figure 2 also shows the enhancement of peaks accord-
ing to temperature. This observation can be further con-
firmed through its crystallite size (D) calculation using
Debye—Scherrer’s formula (Eq. 2) [16]:

. KA
~ BCoso @)

where D is the crystallite size, K is the constant equals to
0.9, A is the wavelength of Cu Ka radiation (A=1.54060"A),
B is FWHM, and 0 is the Bragg’s angle.

D was calculated from the full width at half maximum
(FWHM) of CCTO’s sharpest peak (022) as a function
of temperature, as given in Table 2. The XRD analysis
shows that the D values corresponding to the (022) plane
increased with increasing annealing temperature; this illus-
trates enhancement in crystallinity [17].

Figure 3 shows FESEM micrographs of the CCTO thin
films. The thickness of the films is clearly shown as 200 nm
(Fig. 3a). Figure 3b—f shows the morphological changes
of the CCTO thin films before and after being annealed at
different temperatures (400, 450, 500 and 550°C). Mor-
phology is among the important factors responsible for the
physical and electrical properties of the film. The average
grain size of CCTO before annealing was about 32 nm
(Fig. 3a) and was gradually increased to 43 nm (annealed
at 400 °C); it finally became 85 nm at 550 °C. The annealed
CCTO films showed a smooth, compact, and densely
packed morphology. The growth of the grain size can be
attributed to the fact that the CCTO thin films experienced
change in grain boundary at the specific annealing tem-
peratures [18]. In addition, with the increase in annealing
temperature, these small grains coalesce together to form
larger grains (Fig. 3e). This process of coalescence also
causes major grain growth in surface roughness. With
further increment in annealing temperature, larger grains
start to develop due to aggregation and interconnection of
small grains (Fig. 3f). Therefore, it can be concluded that
CCTO thin films’ grain size increases with the increase in
annealing temperature, as corroborated by AFM measure-
ments. This indicates that the morphology and grain size
of the CCTO thin films can easily be modified through the
annealing process.

The chemical compositions of CCTO thin films annealed
at different temperatures were obtained quantitatively from
EDAX (Table 2). As shown in Table 2, the atomic percent-
age of substrates Si and Ca, Cu, Ti, and O remained almost
the same.

A further detailed analysis on the CCTO thin films’ sur-
face morphology can be done using the AFM technique.
Figure 4 shows AFM micrographs of the CCTO thin films
using tapping mode at ambient condition. It can be clearly

Table 2 Data evaluated from the XRD, FESEM, EDAX, AFM and UV-Vis measurements of CCTO thin films after annealing at different temperatures

Optical

Root mean

Roughness (Ra)

Atomic (%)

Average grain size
(nm) (FESEM)

Crystallite size
(022) (nm)

20(022) °)  EWHM (022) (°)

Annealing tem-
perature (°C)

band gap
V)

square (RMS)

Cu Ti

Ca

Si

3.86
3.80
3.70
3.64
3.39

4.76+0.12
4.98+0.10
6.03+0.10
6.09+0.11

3.80+£0.12
3.87+0.12
4.70+0.12
4.84+0.11

45.62

15.19
15.01

11.28
12.09

12.15

3.83
3.82
3.78
3.99
4.02

24.08

32
43

30+0.16

0.270
0.267

0.234

35.680
35.701
35.720
37.781
35.785

As-deposited

400
450

45.21

23.87

31+0.16
35+0.13

45.36

15.12
15.77
15.58

23.59
20.70

56
61

7.70£0.10

6.28+£0.12

47.15

12.39
12.20

36+0.15

0.230

500
550

47.17

21.03

85

39+0.16

0.219
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Fig. 3 FESEM micrographs for CCTO thin films annealed at a as-deposited, b 400 °C, ¢ 450°C, d 500°C, e 550°C, and f cross-section image

of CCTO thin film

seen that different annealing temperatures have obvious
effects on the surface roughness. The CCTO thin films
exhibited microstructures consisting of small and large
grains. The roughness (Ra) and root mean square (RMS) of
the roughness were determined by the AFM from the scan
area of 10x 10 um? with the help of Nano Navisoftware
for imaging; the values were found to have increased with
increasing annealing temperature. This can be explained in
terms of major grain growth which yields an increase in the
surface roughness [19].

To verify the importance of the annealing process on
the CCTO thin films, changes in optical property in rela-
tion to annealing temperature was observed, as shown in
Fig. 5. The measurements of optical properties of the films

@ Springer

annealed at 400, 450, 500, and 550°C were taken in the
range of 270-900 nm under ambient condition (Fig. 5a). It
was revealed that the transmittance was reduced to almost
60% at the visible range (550-850) with increasing anneal-
ing temperature. Therefore, the main cause for the decrease
in transmittance can be inferred to be due to the reflected
light and rough surfaces scattered, as surface roughness
(Fig. 4) increased due to higher annealing temperatures.
Another optical property that can be obtained from this
measurement is the energy band gap. The values were esti-
mated by employing the Tauc plot model (Eq. 3) [20]:

(ahv)* = C(hv — E,) 3)
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Fig. 4 AFM images of CCTO film annealed at different temperatures a as-deposited, b 400 °C, ¢ 450°C, d 500°C, and e 550°C

where o is the absorption coefficient, hv is the photon
energy, C is a constant (velocity of light), and E, is the
energy band gap.

The E, values of the films annealed at different tempera-
tures were determined by the extrapolation of the straight
section to the energy axis of the plot i.e. (ahv)® versus
photon energy (Fig. 6b). The E, values of the films show a
decrease in energy band gap with increased annealing tem-
perature. The shift of E, can be attributed to the effect of

increased grain size with increasing annealing temperatures
[21]. The Eg of 200 nm thick CCTO thin films decreased
with increasing annealing temperatures, from 400 to
550°C, reaching a minimum of 3.39 eV at 550°C. The Eg
values of the CCTO thin films were determined as 3.86,
3.8, 3.7, 3.64, and 3.39 for as-deposited, 400, 450, 500, and
550°C annealed samples, respectively.

To date, no investigations on the effects of anneal-
ing temperature on optical properties of CCTO thin

@ Springer
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Fig. 5 a Optical transmittance 120
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films have been reported. Turky et al. [22] synthesized s s
Ca,Cu,_,Ti,O0,, (x=1.0, 1.5 and 2.0) nanopowders using E, = h27r Z 4)
mr

the organic acid precursor method; the samples were
annealed at 1000°C for 2 h. They found that E, increased
from 3.12 to 3.26 eV, respectively, with increasing molar
ratio. Pandey et al. [1] observed that the Eg about 3.4 eV for
CCTO npellets prepared at 400°C was about 3.4 eV. Ning
et al. [23] coated a CCTO thin film on LaAlO; substrates at
820 °C by using pulse laser deposition (PLD) and found the
E, to be about 2.88 ev. The increase in grain size weakened
the quantum size effects thus leading to the decrease in E,
value [24]. Quantum size effects become important when
the grain size becomes smaller (D < 100 nm). In this case,
grains behave as quantum wells and the energy band gap
is associated with grain size [24]. The energy band gap’s
variation with rain size due to quantum confinement can be
expressed in quantitative form (Eq. 4) [25]:

@ Springer

where E, is energy band gap, r is the radius of the grain,
m the effective mass of the system and h is planck’s con-
stant. According to Eq. 2, the E, has an inverse relationship
with grain size. Therefore, it is believed that an increase
in annealing temperature causes a decrease in E,. In con-
clusion, the results of this study suggest that 200 nm thick
CCTO thin films can potentially be used for applications
in nonlinear optical devices. The data evaluated from the
XRD, FESEM, EDAX, AFM, and UV-Vis measurements
of CCTO thin films after annealing at different tempera-
tures are shown in Table 2.

The resistance behavior of CCTO thin films accord-
ing to annealing temperature is shown in Fig. 6. With the
increase in annealing temperature, the resistance of thin
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Fig. 6 Resistance of CCTO 35
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films increases. The highest resistance value for CCTO
thin film was obtained at 550°C annealing temperature.
The resistance of thin films depends on its crystalline state
[26]. At an annealing temperature of 550 °C, the XRD dif-
fraction peak intensity was strongest with good crystalline
quality due to increases in grain size [27]. Increases in the
annealing temperature attributed to increase in grain size.
Increases in grain size accompanied by a reduction in the
actual number of grains per volume led to a decrease in
grain boundary. Grain boundaries are 2D defects in the
crystal structure and tend to decrease the electrical of the
material. Grain boundaries with large amounts of defects
will block the carrier transition; this results in an increase
in resistivity.

4 Conclusion

CCTO thin films with a thickness of 200 nm were deposited
on ITO substrate by RF magnetron sputtering. The effects
of annealing temperature on structural and optical prop-
erties and surface morphology of CCTO thin films were
investigated. The results show that the crystallinity, grain
size, and surface roughness of as-deposited CCTO thin
films increased with annealing temperature. In addition, the
optical transmittance and E, values decreased with increase
in annealing temperature; this can be explained in terms of
the quantum-size effect. The CCTO thin films annealed at
550°C had high resistivity. Therefore, it can be concluded

Annealing temperature (°C)

that the desirable crystallinity, surface roughness, and E,
properties for the 200 nm CCTO thin films deposited by RF
magnetron sputtering can be achieved through the anneal-
ing process.
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