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TIN OXIDE-TITANIA BASED ELECTRONIC SYSTEM:
SYNTHESIS, STRUCTURAL, MICROSTRUCTURAL
AND DIELECTRIC PROPERTIES

Sn0,-TiO,, a composite ceramic electronic element was produced by employing a cost-effective and reliable method
known as the solid-state synthesis process. The phase, microstructure, chemical composition, and electrical characteristics
across a wide frequency range of 1 kHz-1 MHz were evaluated in detail to comprehend this electronic candidate as a capaci-
tive component. The XRD study revealed a polycrystalline tetragonal structure with a crystallite size of 57.9 nm. The SEM
micrograph revealed uniformly distributed grains and the calculated average grain size is 0.199 pm. A hydrophilic porous
nature was also ascertained from the SEM micrograph. A high dielectric constant (2623) with low dielectric loss (7.5) resulted
at the 1 kHz frequency and 400°C. The enhanced capacitive nature was determined by impedance spectroscopy under an
extensive frequency and temperature range. The mechanism and nature of conduction at various temperatures were ascer-
tained from the conductivity analysis. The electric modulus characteristics substantiate the non-Debye relaxation of this
composite. Based on the comprehensive results, the synthesized component can have prospective applications as a capacitive

component for humidity sensors and other electronic devices.
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INTRODUCTION

Oxide ceramics have indeed been a subject of sig-
nificant interest and research across the fields of mate-
rial science and electronic applications for several years
because of their excellent mechanical and corrosion
resistance, with good physicochemical stability and di-
electric properties in optical, electronics, environmental,
and biomedical sectors [1-7]. Moreover, ceramic oxides
can withstand the toughest industrial environments with
maintained stability. The combination of a porous mi-
crostructure as well as surface reactivity with moisture
in oxide ceramics makes them a highly promising and
effective choice for humidity sensor applications
[8, 9]. The qualities of ceramic oxides are shaped by
various factors, encompassing the quality of the raw
material, the chemical composition, processing meth-
ods, temperature, sintering conditions, and particle
characteristics. Tin oxide (SnO,) and titania (TiO,) are
two popularly reported ceramics with a vast range of
applications in different fields of science.

SnO, possesses distinctive molecular and electrical
properties a simple structure with necessary functional-
ities, long-term stability, strong adsorption capability,
an active surface area, and it is inexpensive. These
beneficial characteristics of SnO, are exploited in
humidity sensor applications [10-15]. Moreover, the
high optical permeability and high bandgap (about

3.6 eV) of SnO, at room temperature make it a favor-
able component for applications in the optical field
[16]. However, low response, poor linearity, and long
recovery time are the inherent drawbacks generated due
to oxygen vacancies in intrinsic SnO, [17, 18]. Hence,
to increase the efficiency and performance of intrinsic
SnO,-based components, mixed oxide or doping tech-
niques are often implemented [19]. In order to mitigate
the drawbacks of pure SnO,, it is often doped with
TiO,. Its high availability, low toxicity, high chemical
and thermal stability, strong oxidizing capacity, and
economically efficiency are some remarkable aspects
of TiO, [11, 20]. TiO, is available in three crystalline
forms; rutile, brookite, and anatase [21]. The easy and
simple fabrication process of TiO, makes it a com-
monly used sensing element in research applications.
The excellent electrical, optical, physical, and chemi-
cal properties of TiO, are utilized in humidity sensor
design [9, 22].

TiO, is a popular choice for designing high-
performance humidity sensors because of its porous
microstructure, hydrophilic characteristics, large surface
area, suitable pore size distribution, and pore volume,
which delivers a more active path of surface for the ad-
sorption of water molecules, and therefore exhibits high
sensitivity towards humidity [23, 24].
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This paper demonstrates a reliable and simple solid-
state reaction method for preparing a SnO,-TiO, com-
posite. The SnO,-TiO, composite of an electronic mate-
rial system [(Sn,Ti;4x)O;] with a stoichiometric compo-
sition of x=0.2 was chosen to synthesize the
(Sng,Tigg)O, ceramic component. The material was
produced with a 20:80 molecular wt.% of SnO, and
TiO,, respectively. The wt.% of TiO, is more than SnO,
to enhance the hydrophilicity characteristics of the de-
veloped product, which can be exploited in humidity
sensors. The XRD study revealed the structure, whereas
SEM was carried out for microstructural analysis.
The electrical analysis, which included dielectric,
impedance, conductivity, and modulus study, was con-
ducted by means of an LCR analyzer. With its large
surface area, the prepared composite can facilitate the
occurrence of additional surface oxygen vacancies,
which helps the adsorption of more moisture to elevate
the humidity-sensing action.

EXPERIMENTAL PART

The synthesis of the ceramic composite (Sng,Tiys)O
was performed by means of a simple and economical
solid-state ceramic method [25, 26]. This method in-
volves several intermediate annealing as well as milling
steps to achieve a homogeneous mixture product.
The raw oxide powders (SnO, & TiO,, purity more than
99.9%, Loba Chemicals Pvt. Ltd., India) were precisely
weighed utilizing a Mettler digital balance with an exact
stoichiometric ratio (20:80 molecular weight). In the
first step, the two weighed oxide powders were dry
milled thoroughly for 4-5 h and subsequently grinding
was performed in a wet medium for 5 h (an addition of
75 mL of 70 vol.% absolute methanol) to obtain a ho-
mogeneous mixed powder. Thereafter, the prepared
powder was calcined for four hours at 950°C. Then the
produced powder was again ground thoroughly to pre-
pare fine nano-particles for X-ray diffraction study
(XRD, Rigaku H12 Ultima-IV, 1 = 1.5406 A, step size
= 0.02, scan rate 2°/min, and range = 20° to 80°).
The XRD data helps to evaluate the phase and crystal-
linity of the synthesized sample. Then polyvinyl alcohol
(PVA, binder) was added to the calcined powder thor-
oughly for pellet preparation. Under a pressure of
4 MPa, circular pellets of approximately 10 mm x
2 mm were prepared using a hydraulic press. Once the
pellets were ready, the sintering process was carried out
at 980°C for a duration of 4 h. In the next step, both
surfaces of the pellets were polished with sandpaper to
create a parallel plane. To record various electrical
components (capacitance, loss, phase, and impedance),
the deposition of a silver paste (electrode) was made on
both sides of the pellet. Different electrical investiga-
tions were performed utilizing an LCR analyzer
(ZM-2376, NF Corporation) at extensive temperature
(35-450°C) and frequency (1 kHz-1 MHz) ranges.
The flowchart of the synthesis procedure is presented in
Figure 1.
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Fig. 1. Process steps for synthesis of (Sng,Tis)O,

RESULTS AND DISCUSSION

Structural investigation

XRD analysis (at room temperature) was performed
to identify the crystallinity of the prepared composite
(Sng,Tipg)O,. X'Pert HighScore Plus was used to index
the principal sharp XRD peaks, and the tetragonal crys-
tal structure of the composite was reported. The reflec-
tion peaks of (110), (011), (020), (121), (220), (002),
(130), (112), (031), (022), and (231) indicate the cas-
siterite phase of SnO, (Reference code: 98-001-7011).
Similarly, the reflection peaks of (110), (011), (020),
(111), (121), (220), (002), and (031) show the anatase
phase of TiO, (Reference Code: 98-000-5224). The col-
lected lattice parameters of the cassiterite phase are
a=4.7360 A, b =4.7360 A, ¢ = 3.1850 A, and v =
=71.44 A°, Likewise, in the anatase phase, the
observed lattice parameters are a = 3.7840 A,
b = 37840 A, ¢ = 95150 A, and v = 136.24 A’.
The average crystallite size C, dislocation density g,
and lattice strain y were determined to be 57.9 nm,
2.98 (10" m™?), and 1.518x10"° by using Equation (1)
(Debye-Scherrer’s formula) [27], Equation (2) [28] and
Equation (3) [20], respectively:

KA

€= P cosd M
1

K= 2
__B

£= 4tan @ ©)

where, K, /, and f are the Scherer factor (i.e. 0.9), X-ray
wavelength, and full width at half maximum, respec-
tively.
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Fig. 2. XRD pattern of (Sno,Tios)O,

Microstructural study

The microstructural analysis of the prepared com-
posite was conducted using the SEM micrograph
(Fig. 3a). The distribution of grains with non-uniform
sizes was observed by SEM (model: Evo 18). The SEM
micrograph of this material suggests the presence of
a highly porous microstructure that could be suitable for
water molecules to adsorb onto the sample surface.
The grain distribution histogram of the prepared com-
ponent is presented in Figure 3b. By using Image J
software, the evaluated average grain size was found to
be 0.199 um. Compositional analysis was conducted by
means of EDAX, the spectrum of which is presented in
Figure 3c. The presence of all the elemental compo-
nents (Sn, Ti, and O) without any impurity was con-
firmed from the EDAX spectrum. The practical and
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calculated weight percentages of all the elements pre-
sent in the composite are given in Table 1 for better
comparative analysis.

TABLE 1. Elemental composition of (Sny,Tiy5)O,

Element | Calculated wt.% Practical wt.% % of error
Sn 25.248 24.76 1.932
Ti 40.723 39.59 2.782
(0] 34.028 30.58 10.132
Dielectric property

The dielectric characteristics provide information
about the electrical polarization, transport mechanism,
structural change, effects of relaxation, and defects in
the material. The relative permittivity (¢,) and tangent
loss (tand) are two important fundamental factors of any
dielectric material. &, can be explained as the ability of
a material to store energy, whereas tand characterizes
the energy dissipation inside the dielectric because of
the process of conduction and relaxation phenomena.
Dielectrics are explored in different electronic applica-
tions depending on the values of ¢, and tan ¢ at areas of
various frequencies. ¢, is a function of the capacitance
and dimensions of a material as per the equation:

e
" dg,

“4)

where C, 1, 4, and ¢, are the material’s capacitance, pel-
let thickness, cross-sectional area, and free space
permittivity, respectively.
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Fig. 3. SEM (a), grain distribution histogram (b) and EDAX (c) of (Sny,Tiy5)O,
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The temperature vs. g, graph at different frequencies
is presented in Figure 4. The dielectric constant plot
evinces a significant increase in ¢, with temperature.
It attains a peak at nearly 290°C (it may be indicated as
the antiferroelectric-paraelectric phase transition) and
the appearance of a peak at nearly 290°C demonstrates
the thermally activated relaxation process in the studied
composite [29, 30]. This sample exhibits an elevation of
&, with temperature due to space charge accumulation in
the vicinity of the grain boundary. The relative permit-
tivity also increases with temperature owing to the
dominance of interfacial polarization on dipolar polari-
zation. Similarly, Figure 5 presents the tand variation
with temperature for different conditions of frequency.
The tano peak for a certain temperature suggests the
effect of space charge polarization. This effect may
have arisen because of the two phases of grain-grain
boundaries with various electrical conductivities
[31, 32]. From the 1 kHz to 1 MHz rise in frequency,
the loss value declines in the synthesized composite.
The low loss value at higher temperatures for all the
frequencies demonstrates the greater crystallinity nature
of the material.
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Fig. 4. Relative permittivity variation with temperature in (Sny,Tips)O»
for different frequencies
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Fig. 5. Dielectric loss variation with temperature in (Sng,Tios)O, for
different frequencies

Figures 6 and 7 present the frequency response plots
of ¢, and tand respectively at different conditions of
temperature. As the frequency increases, ¢, at all the
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temperatures exhibits a downward tendency and ap-
proaches a constant value when the frequency exceeds
100 kHz. Also, ¢, increases with the temperature at the
lower area of frequency, presenting the grain-boundary
effect. It was observed that at 400°C the synthesized
dielectric component achieved the highest ¢, of 597 for
a frequency of 1 kHz. This high ¢, at low frequency and
high temperature results mainly from the space charge
at the grain boundaries [33]. Near the lower frequency
zone, the ¢, plot becomes dispersed, which corresponds
to Maxwell Wagner-type polarization [34]. The dielec-
tric constant starts to reduce with an increase in
frequency because of the weakening of space charge
polarization.

Similarly, as the frequency increases, the loss in
tangent (tand) decreases owing to the alignment of di-
poles in the direction of the electric field. Nevertheless,
as the frequency continues to rise, the dipoles become
frozen, and the primary source of loss shifts to ionic
vibrations in the higher frequency range. In contrast, at
lower frequencies a higher tand is measured, which is
associated with thermally energized carriers and uni-
dentified material defects. For instance, at the elevated
temperature of 400°C and the frequency of 1 kHz, an
observed loss in tangent of 3.5 is recorded, which could
potentially contribute to the improvement of the quality
factor in applications involving fast electronic sensors.
[35].
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Fig. 6. Dielectric constant vs frequency of (Sng,Tips)O, at selected
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3.0x10° [——30°C
100°C
—v—200°C
300°C
|—=—400°C

2.5x10%

()
=]
2
(=]
Ic

1.5x10%

1.0x10°-

Dielectric loss

5.0x10°4 \
0.01 : ’

10° 10’ 10? 10°
Frequency (kHz)

Fig. 7. Tangent loss vs selected

temperatures

frequency of (Sng,Tips)O, at



Tin oxide-titania based electronic system: Synthesis, structural, microstructural and dielectric properties

187

Impedance study

The different electrical properties with transport
characteristics of the synthesized composite were
evaluated by an impedance spectrometer. When the sin-
tered pellet is subjected to an ac signal, phase shifting
inside the material develops temporarily between the
dipoles and driving field, resulting in polarization.
The complex impedance z relating to real Z' along

with the imaginary Z" section can be expressed by the
WRT

equation; 7'=7 - jZ", where o (i,,)z and e are
used to derive Z' and Z" respectively.

Figure 8 shows the frequency-dependent Z' plot at
temperatures of 30-400°C. It was ascertained that the
value of grain resistance Z' is high for both low fre-
quency and temperature. As the frequency increases,
the Z' curve tends to decrease and merge for frequencies
greater than 100 kHz. This suggests the existence of
space charge polarization specifically because of
elevated temperatures and improvement of the semi-
conductor characteristics [36]. Also, the frequency rele-
vance relaxation mechanism was ascertained from the
resistive plot and the cause behind this occurrence is
due to the oxygen vacancies [37, 38].
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Fig. 8. Z' as a function of frequency across various temperatures
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Figure 9 manifests the impedance loss spectrum
(Z" vs frequency) and with growing frequency, a mono-
tonically reducing curve of Z" at various temperatures is
obtained. In the Z" spectrum, a peak appears at 400°C
in the lower frequency zone and is called a relaxation

peak, which occurs due to grain boundaries. The pres-
ence of relaxation phenomenon is evinced with in-
creased temperature in this studied dielectric. The exact
frequency at which the Z" peak occurred is identified as
the electrical relaxation frequency and from that par-
ticular peak height the bulk resistance of the material
can be calculated.

Conductivity study

When a dielectric material comes across an applied
external field, conduction occurs because of the hop-
ping of ionic charges between the nearby donors and
acceptors. The ac conductance o, is calculated using
the mathematical formula:

o, =2nfs.g,tand , ®)

where all the symbols carry their usual meanings.
Figure 10 depicts the o, vs 1000/T graph for the syn-
thesized component (Sng,Tipg)O, for various frequen-
cies. Initially, o, falls between 35°C and 115°C, indi-
cating that this component has a PTCR (positive
temperature coefficient of resistance) feature. Between
115° and 245°C the conductivity rises, which can be
called the NTCR effect (negative temperature coefti-
cient of resistance), and thereafter decreases. The sec-
tion on DC conductivity can be illustrated by the
relation (Arrhenius equation) [39]:

-F
o, =0,€X i, 6
dc 0 p|:KBT} (6)

where gy, K3, and T stand for the pre-exponential factor,
Boltzmann constant, and temperature in Kelvin, respec-
tively. The activation energies (E,) at all the selected
frequencies are evaluated by linear fitting in the g, vs
1000/T graph and all the £, data are noted in Table 2.
It was observed that £, reduces with frequency, which
explains the thermal-activation relaxation mechanism in
this composite ceramic material. When the frequency
rises, the acceleration of charge carriers also increases,
and hence they can freely jump to the nearest sites
with less activation energy. The distinct values of the
slopes in the conductivity graph in separate temperature
ranges signify the multiple conduction processes in the
material.
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TABLE 2. Evaluated activation energy values in (Sng;Tigg)O,
for selected frequencies

Frequency E, [eV]
1 kHz 0.7922
10 kHz 0.7307
50 kHz 0.6874

100 kHz 0.6741
1 MHz 0.6602

Complex modulus study

Additional information associated with relaxation
phenomena, electrical conductivity, polarization, and
the electrode effect in ionic conductors and ceramic
materials can be investigated by modulus analysis [40].
The following mathematical statements are used to
compute the real component M' and imaginary compo-
nent M" of the electric modulus:

2

M'=A4 M M"= 4 ﬂ

1+ (wRC)’ 1+ (wRC)
and 4= & R

C
where w and C, are the angular frequency and
geometric capacitance, respectively. The variation in M’
for a wide frequency range is presented in Figure 11.
A very low value of M" was seen in the lower frequency
section. As the frequency grows, M’ also increases con-
tinuously and exhibits a sigmoidal shape near the higher
frequency side, indicating short-range carrier mobility
[41]. A low value of M’ at the lowest frequency of
1 kHz at each temperature denotes a high ¢, at that
frequency.
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Fig. 11. M"as a function of frequency in (Sng,Tiys)O,

The frequency-dependent M" graph at selected tem-
peratures is exhibited in Figure 12. In the M" spectrum,
initially the A" value increases with frequency, reaches
a peak, and then dwindles. Except for 100°C, the peaks
are shown at all temperatures as a consequence of fluc-
tuations in the experimental data. The observation of
peaks shifting towards higher frequencies with in-
creased temperature is a common phenomenon in the

Composites Theory and Practice 23: 4 (2023) All rights reserved

field of dielectric spectroscopy, and it suggests a ther-
mally activated relaxation mechanism inside the dielec-
tric material. The area where the A", peak occurs is
referred to as the shifting of long to short-range carriers
with enhanced frequency. This indicates the subsistence
of the temperature-reliant hopping mechanism of the
developed component. The broadened asymmetrical
peaks of the studied composite exhibit non-Debye re-
laxation with improved relaxation time [42, 43].
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Fig. 12. M" as a function of frequency in (Sny,Tiy5)O,

CONCLUSIONS

In this study, a solid-state method was used to create
the ceramic composite (Sng;Tipg)O,. X'Pert HighScore
Plus was used to perform structural analysis of the XRD
data, and the results indicate that this component has
a tetragonal crystal structure and an average crystallite
size of 57.9 nm. The microstructural study performe-
dusing SEM and EDAX reveals an average grain size of
0.199 m as well as the theoretical and actual abun-
dances of all the constituent components. The Maxwell-
Wagner kind of dielectric dispersion was confirmed
from the dielectric analysis. This sensor design element
is motivated by the measurable low tangent loss.
The conductivity study confirmed that the ceramic
exhibits both PTCR and NTCR properties. This semi-
conducting nature of the material is supported by its
impedance characteristics. The modulus analysis
proved that non-Debye relaxation occurred. Broadening
of the modulus peak is evidence for the existence of
several relaxations. Because of this, the synthetic com-
posite electronic material can be investigated further as
a possible component in electronic sensors operating at
high temperatures.
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