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Abstract

In this research, two-step sol—gel synthesis method has been used to prepare coupled semiconductor metal oxide nanocom-
posites of SnO,/ZnO. The structure and crystalline phase of the sample was identified using the X-ray powder diffraction
analysis. The XRD pattern of SnO,/ZnO nanocomposite exhibited all the diffraction peaks for both SnO, (tetragonal phase)
and ZnO (hexagonal wurtzite phase). Surface morphological features of the prepared samples were analyzed using Scan-
ning electronic microscopic analysis. Particle shape and size of the developed nanocomposite samples were analyzed using
Transmission electronic microscopic analysis. Prepared nanoparticles have average particle size of 28 nm. EDX spectrum
was used to obtain the elemental composition of the prepared sample. The peaks observed from EDX spectrum is analogous
to all three elements (Sn, Zn and O) confirming the formation of SnO,/ZnO nanoparticles. Raman spectroscopic analysis
was carried out to observe the peak shift of the individual composite materials. The optical properties of the samples were
examined using UV-Vis reflectance and photoluminescence spectroscopic analysis. The value of band gap of SnO,/ZnO
Nanocomposite was found to be 3.15 eV. The dielectric constant, dielectric loss and AC conductivity at different temperatures
and frequencies were determined to obtain the typical dielectric behavior of the synthesized nanocomposite.

1 Introduction

The development of nanostructured metal oxide semicon-
ductors has gained intense interest among the research com-
munity due to their versatile applications in different func-
tional devices [1-3]. The unique physio-chemical properties
including the high surface-to-volume ratios, optical and elec-
tronical properties enable the nano-structured metal oxides
like TiO,, ZnO, and SnO, to be considered extensively as
high quality candidates for ultrasensitive and extremely min-
iaturized chemical sensors [4]. Semiconductor metal oxides
are also used as photo-catalysts for effective elimination of
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hazardous organic molecules from industrial waste efflu-
ents. However, its” large scale application is limited owing
to its’ rapid rate of recombination of the photo excited
electron—hole pairs which is the crucial factor for efficient
photo-degradation of organic molecules. Thus much effort
has been given to upgrade its’ synthesizing methods to lower
the recombination tendency of electron-hole pairs which
subsequently can enhance the photo-catalytic efficiency
of the overall process. Tin oxide or stannic oxide (SnO,)
is considered as a promising semiconducting material for
synthesizing hybrid nanocomposites as it can be potentially
applied for development of next generation devices. SnO,
can exhibit crystalline structure with rutile structure. It is
an n-type semiconductor having a wide direct band gap
energy of (3.6 eV) [5]. It can exhibit excellent optical prop-
erties with transparency and semi conductivity which can
make it suitable for variety of practical applications includ-
ing heat mirrors, cosmetic, drug-delivery carriers photo-
catalysts, dye sensitized molecular sensors, glass melting
electrodes, lithium ion batteries, conducting coatings, gas
sensing materials and anti-reflecting coating in solar cells,
etc [6-8]. Potential application of another semiconducting
II-VI metal oxide such as ZnO is studied extensively. The
wurtzite structure of zinc oxide (ZnO) is hexagonal and is
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frequently used as pigment, photo-catalysts, optical modula-
tor wave guides, luminescence devices, dye sensitized solar
cells, and light-emitting diodes etc [9, 10].

The band gap (E,) values of ZnO and SnO, are 3.4 and
3.6 eV respectively. Thus these two metal oxides can be clas-
sified as the wide direct band gap semiconductor group [11,
12]. The wide band gap enables them to have good chemical
and thermal stability under usual operating conditions. The
width of the band gap of these nano-metal oxides can be var-
ied to reduce the recombination of electron—hole pairs. Con-
sequently, the photocatalytic activity of the solar cell can be
improved [13]. Thus various investigations have been carried
out to develop many combination techniques to obtain nano-
composites of ZnO and SnO, including co-precipitation,
ball milling, partial solid state reduction and microemul-
sion [14—17]. Nevertheless, all these synthesis routes have
unique advantage and disadvantage to obtain the final nano-
material form. Incorporation of ZnO with SnO, can produce
hybrid composites with eminent features of the individual
constituent oxides with tunable characteristics based on user
requirements. The ongoing research on this coupled oxide
semiconductors is significant in tailoring the characteristics
of next-generation sensors. There are different techniques,
such as chemical vapor deposition (CVD) [18], physical
vapor deposition (PVD), hydrothermal method [19], sol—gel
method [20] etc., to synthesize the semiconductor hetero-
structure materials exhibiting core—shell structure. However,
the sol—gel route is considered as the easiest technique to
scale up, feasible and less expensive. Sol—gel techniques
have distinct advantage of preparing homogeneous compos-
ite aerogels with excellent compositional control and lower
crystallization temperature. To date, very little research has
been conducted to apply the sol-gel method to obtain ZnO/
SnO, composites [21-24]. Previously Zn(CH;COO),-2H,0,
oxalic acid and SnCl,-2H,0 were used as starting materi-
als and treated under 6 GPa pressure at to produce ZnO/
SnO, composites [21]. Sol-gel and electro-spinning tech-
niques were used consecutively to synthesize one-dimen-
sional ZnO-SnO,nano-fibers [22]. Zinc acetate and SnCl,
were dissolved in CH;0H [24] or CH;COCH,COCH; and
CH,0C,H,OH [25] and dip coating sol-gel technique was
carried out to prepare ZnO/SnO,thin films. Lately, another
research group has reported the antibacterial performance
of thin films produced from Zn (CH;COO),-2H,0, and
SnCl,-2H,0 dissolved in ethylene glycol and ethanol solu-
tions, respectively [26].The nanostructured SnO, and ZnO
have shown high antibacterial properties. Thus, this nano-
composite can be used in chemical and biological sensors
as well as in medical devices, dental composite materials,
and textile materials to resist the bacterial growth up to a
satisfactory level.

Based on synthesis routes and preparation condition, the
structure and properties of the ZnO/SnO, nanocomposites

can be varied up to a greater scale to meet the consumer
requirement and end usage of the final products. To the
best of our knowledge, until now no research has been done
to synthesize ZnO/SnO, nanocomposites using two step
sol-gel process and thereby characterize the sample to ana-
lyze its’ physiochemical as well as optoelectronic proper-
ties. Herein, a novel, two step, simple sol-gel method has
been developed to synthesize the ZnO/SnO, nanocomposites
whereby the process parameters were optimized to obtain
insight about its’ detailed characteristics. The prepared nano
composite has been characterized by various physio-chem-
ical and optoelectronic characterization techniques and are
presented in subsequent sections.

2 Synthesis of SnO,/Zn0O nano-composite

The solvents and chemical reagents used here are analytical
grade and they have been purchased and utilized without
any further purification step. The two step sol-gel method
was used here for the SnO,/ZnO nanocomposite synthesis.

In brief, sol—gel synthesis, required amount of zinc sul-
phate heptahydrate (ZnSO,-7H,0) (28.75 gm) was added
with distilled water to make the solution 1 M. At the same
time, 0.015 M stannous chloride (SnCl,) was prepared using
distilled water (Solution A). 0.2 M aqueous solution of
sodium hydroxide (NaOH) was prepared in another beaker
(Solution B). Then, Tri-sodium citrate (Na;C,H5O-) (10 mg)
was used as a capping agent and added to the above pre-
pared solution ‘B’. Finally, solution ‘B’ was added drop wise
solution ‘A’ with vigorous stirring. The obtained solution
color was changed from milky white to colourless. Overall
the solution was stirred for 3 h. After the stirring had been
stopped, then the solution was kept for another 30 min. At
the bottom of the beaker, a white colored precipitate was
formed. Hence, the precipitate thus obtained was washed
with ethanol and distilled water for several times and dried.
Finally, the samples were prepared, first by drying the pre-
cipitate in Hot air oven at about 70°C for 5 h.

2.1 Characterizations

The XRD pattern of the SnO,/ZnO Nanocomposite was
recorded by using a powder X-ray diffractometer Schimadzu
model: XRD 6000 using CuKa (A=0.154 nm) radiation,
with a diffraction angle between 20° and 80°. Scanning Elec-
tron Microscopy (SEM) studies were carried out on JEOL,
JSM-67001. The samples needed a coating of gold for SEM
analysis for the avoidance of charging effect. High resolu-
tion transmission electron microscope (HRTEM) image was
taken using a JEOL 3010 with a UHR pole piece operates at
an accelerating voltage 300 kV. Raman spectrum was col-
lected using a Bruker RFS 27: stand-alone model Raman
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spectrometer. Absorption spectrum was analyzed through
the ELICO SL-159 UV-Vis conventional spectrophotometer
in the range of 200-900 nm. The photoluminescence (PL)
spectrum of the SnO,/ZnO-nanocomposite was recorded
using the Perkin—Elmer lambda 900 spectrophotometer
with a Xe lamp as the excitation light source. The dielectric
properties of the SnO,/ZnO—-nano-composite were analyzed

4 Sno,
+ Zn0

® (002)

Intensity (a.u)

20 30 40 50 60 70 80
20 (deg)

Fig. 1 XRD pattern of SnO,/ZnO Nanocomposite

Fig.2 TEM Images a ZnO, b
Sn0,, ¢ Sn0,/Zn0O, d SAED
pattern, e HR-TEM SnO,/ZnO
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using an HIOKI 3532-50 LCR HITESTER over the fre-
quency range 50 Hz-5 MHz.

3 Results and discussion

Fig. 1 illustrates the X-ray diffraction pattern of synthesized
Sn0O,/ZnO nanocomposite. The tetragonal structure of
SnO, was confirmed by the presence of characteristic peaks
around (110),(101),(200),(211),(112)and (301)
planes. The hexagonal wurtzite structure of ZnO was evident
from the diffraction peaks of the (1 00), (002),(101), (1
02),(110),(103),and (1 12) planes. The XRD pattern
of Sn0O,/Zn0O nanocomposite exhibited all the diffraction
peaks for both SnO, (tetragonal phase) and ZnO (hexagonal
wurtzite phase). The phenomenon was further supported by
SAED pattern analysis.

The particle size and morphology of the SnO,/ZnO
nanocomposite were observed using transmission electron
microscopy (TEM) analysis and illustrated by Fig. 2 a—c.
Prepared SnO,/ZnO nanocomposite has average particle
size of 28 nm. The SAED pattern obtained for SnO,/ZnO
nanocomposite is shown by Fig. 2d. The tetragonal structure
of SnO, with (1 1 0), (1 0 1) and (2 0 0) planes, and the
hexagonal wurtzite structure of ZnO with the (1 0 0) plane
were confirmed by the diffraction rings of the SAED pattern.
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The results were in agreement with the XRD analysis. This
further confirms that ZnO shell formed here was polycrystal-
line and SnO, core nanoparticles have been formed.

The contrast shell and core of the particle in HR-TEM
images suggest the core shell structure as shown in Fig. 2e.
This is mainly due to the contribution of the different atomic
numbers of SnO, and ZnO. It is evident from Fig. 2e that
core/shell nanoparticles were confirmed during sol-gel syn-
thesis process.

The surface texture with the elemental analysis of the
SnO,/ZnONanocomposite was carried out using scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy, respectively. Respective images of SEM and
EDX patterns are illustrated by Fig. 3 a—d. The SEM images
clearly reflected that highly porous nanograins were formed
during the synthesis process. The SEM study reveals the
formation of ZnO/SnO, nanocomposites via a cost effec-
tive Sol-gel method. These nanograins would increase the
number of active sites to initiate adsorption of more oxy-
gen species on the ZnO surface. This would subsequently
facilitate to immobilize the gaseous molecules inside the
pore channels. The peaks observed from EDX spectrum is
analogous to all three elements (Sn, Zn and O) confirming
the formation of SnO,/ZnO nanoparticles.

The Raman spectrum obtained for SnO,/ZnO Nano-
composites further confirms the XRD results and is dem-
onstrated by Fig. 4. The peaks detected around 472 and

Fig.3 SEM images a ZnO, b
SnO,, ¢ SnO,/Zn0O and d EDX
spectrum of SnO,/ZnO Nano-
composite
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Fig.4 Raman spectrum of SnO,/ZnO Nanocomposite

636 cm™ ! are assigned to E, mode and A, vibrational mode
respectively. This further confirms the presence of the tetrag-
onal structure of the prepared nanocomposite samples [27].
The Raman spectrum of ZnO nanoparticles shows the peaks
equivalent to the modes at 332 cm™! which is ascribed for
E, (high)-E, (low) modes. Another peak at 434 cm™! for
ZnO nanoparticles is assigned to E, (high) mode. Presence

Energy (KeV)
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of these peaks is representing the wurtzite crystal structure
of ZnO [28]. All these characteristics peaks of SnO, and
ZnO nanoparticles were shown by the Raman spectrum of
the SnO,/ZnO nanocomposites demonstrating no peak shift
in the E, and A, vibrational modes. The Raman spectrum
of prepared nanocomposites exhibited no peaks with respect
to the SnO,—ZnO alloy.

The UV-Vis absorption spectrum for the prepared nano-
composites is presented by Fig. 5a. The maximum absorp-
tion in the spectrum is at 364 nm. ZnO presented the highest
absorbance values in the UV region whilst SnO, revealed a
low intensity absorbance due probably to its poor crystal-
linity. The absorbance of the mixed samples progressively
decreased with increasing the content of SnO,. The absorb-
ance of the ZnO/SnO, nanocomposite has decreased. Higher
absorbance provides a higher number of the absorbed pho-
tons and higher photocurrent. Therefore, the UV absorption
spectrum has an abrupt absorption edge which is character-
istic of a material with direct band gap energy.

The results revealed that, the magnitude of absorbance
of the prepared composite was inversely proportional with
the amount of SnO,. Band gap (E,) value was evaluated
here by extrapolation of the linear part of the plots of (ahv)?
versus the energy of the exciting light and shown by Fig. 5b.
The value of band gap of SnO,/ZnO Nanocomposite was
3.15 eV. The band gap value obtained for the nanocompos-
ite was relatively lower than the pure constituent oxides for
the Zn/Sn molar ratio under investigation here. However the
band gap energy calculated here was very close to that of
pure ZnO which is evident due to addition of relatively lower
amount of SnO,.

The photoluminescence (PL) spectrum of prepared
Sn0O,/ZnO Nanocomposite is shown by Fig. 6. A narrow

(a)

Absorbance (a.u)

I 1 1 1
500 600 700 800

Wavelength (nm)

1
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900

PL Intensity (a.u)

T T T T
450 500

Wavelength (nm)

Fig.6 Photoluminescence spectrum of SnO,/ZnO Nanocomposite

ultraviolet peak at 380 nm was used to characterize the PL
spectrum of ZnO nanoparticles. The results clearly demon-
strated that coupling with SnO, had lowered the PL inten-
sity of the prepared nanocomposite. Basically the radiative
recombination of photogenerated electron—hole pair causes
the Photoluminescence of the substrate. The photogen-
erated electrons migrate from the conduction band of ZnO
to that of SnO,, which would reduce the recombination of
photoinduced electrons on the ZnO surface resulting the
weakening the PL signal.
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Sn02/ZnO nanocomposite
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Fig.5 a UV-Vis absorption spectrum of SnO,/ZnO Nanocomposite, b plots of (ahv)? versus hv of Sn0,/ZnO Nanocomposite
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The dielectric constant was calculated by using the rela-
tion (1)

Cd
&= (1)

£oA

where d and A being the thickness and the area of the speci-
men separately. The frequency has been varied from 5 Hz to
50 MHz to estimate the frequency dependence of the com-
posites at specific temperature. Thus the frequency disper-
sion dielectric constant variation obtained for the composie
at three different temperatures is plotted in Fig. 7. The results
showed that, the dielectric consistent of the prepared sam-
ple decreased with increasing frequency and after certain
limit, it reached to a constant value. Overall the phenomenon
was frequency dependent and the dielectric constant was
relatively more at low frequency level i.e. the magnitude
of dielectric constant is inversely related to the frequency
level [29].

The high dielectric constant may be characterized to high
ion jump orientation effect and increased space charge effect
exhibited by the nanoparticles. Most atoms in the nanocrys-
talline materials are present at the grain boundaries that
become active electrically because of charge catching. At
low frequency values, dipole moment can effortlessly follow
the changes in electric field. The contribution towards the
increment in dielectric constant occurs because of the space
charge and rotation polarization, which takes place mostly at
the interfaces. Thus, the dielectric constant of nanostructures
materials should be higher when compared to other conven-
tional materials. The reason for increased dielectric constant
of nanocrystalline materials at high temperature of higher
space charge polarization owing to the structure of their

120

100

80

60

40

Dielectric constant

20

Log f (Hz)

Fig. 7 Frequency dispersion dielectric constant variation of different
temperature zone

grain limit interfaces. Similarly, at high temperature, sharp
increase of the dielectric constant rules the dielectric loss at
lower frequencies and temperatures. As the temperature goes
higher, space charge and ion jump polarization decreases,
thus leading to a dielectric constant reduction [30].

Figure 8 shows the dielectric loss as a function of fre-
quency level at various temperatures under investigation.
The magnitude of dielectric loss values reduced with
increased frequency, following the identical trend like that
of the dielectric constant. The dielectric loss was higher with
increasing temperatures. The dielectric loss is also high at
low frequency level and with elevated frequency; it dropped
significantly [31]. With increasing temperature, the dielec-
tric loss was increased. This further revealed the thermally
activated characteristics of the dielectric relaxation of the
composite system [32, 33].

Figure 9 illustrated that, the AC conductivity reaches to
higher values with the increase in frequency level for all the
temperature ranges studied here. This phenomenon is con-
sistent and supported by other literature also [34]. The pos-
sible explanation behind this is the short range translational
movement of charge carriers between the confined positions
[35]. Since hopping of the electrons is accelerated at higher
frequency level, the AC conductivity of the composite also
increases [36]. With the elevated temperature, the grain
size of the sample increases resulting the reduction in grain
boundaries. For small polaron hopping, the AC conductivity
is increasing with higher frequency.

The electrical conductivity exhibits minute increase in
the nanomaterial at low frequency region for as the fre-
quency increases and it remains the same at all tempera-
tures. Conversely, at high frequency value, particularly in
KHz, there occurs a rapid increase in the conductivity value

1.8

- —&— 30°C
15 —A&— 60°C
~ T —&— 90°C

Dielectric Loss

Log f (Hz)

Fig.8 Frequency dispersion dielectric loss variation within a certain
temperatures zone
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Fig. 9 AC conductivity plotted with different temperatures for SnO,/
ZnO nanocomposite
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Fig. 10 J-V measurement of SnO,/ZnO Nanoparticles

and it becomes enormous at high temperature which can be
attributed to little polaron jumping [37]. At low frequency
region, it is found that the frequency independent behav-
ior that characterizes the DC conductivity and dispersion at
higher frequency region exhibits the behavior of frequency
dependence. It is consistent as the temperature increases
resulting in a huge carrier hopping, which causes the con-
ductivity to go higher.

The distinctive current density—voltage (J-V) curve of
Sn0,/Zn0O nanocomposite is illustrated by Fig. 10. The cur-
rent density—voltage characteristics (J-V curve) are studied
under standard solar light illumination. From the analysis
of the J-V curves, critical parameters of the cell’s operation
are obtained. Open-circuit photovoltage (V,.), short-circuit
photo current density (J,.), fill factor (FF), calculated using

@ Springer

Eq. (2), and the overall energy conversion efficiency (),
estimated by Eq. (3), are obtained.

Vinax,

EF — max* max
VOCJSC (2)
’1 = VOCJSCEF/IS (3)

where V.. and J .. are voltage and current densities for
maximum power output, respectively. Whereas, I is the
intensity of the incident light (mW/cm?). ZnO-SnO, nano-
composite was coated on to ITO substrate. The coated
substrates were heated at 470°C for 20 min. The current
density—voltage (J-V) measurement was performed using
light intensity of 10 mW cm™! calibrated using Radiom-
eter. The solar cell devices were fabricated with a weight
ratio of 1:1 (SnO,/Zn0O) with an active layer concentration
of 40 mg ml~! for Sn0,/ZnO nanocomposite. The SnO,/
ZnO nanocomposite gives an efficiency of 3.12% with a J¢
value of 11.4 mA cm™2, V¢ of 0.71 V and FF of 52%. The
enhanced values of photocurrent density of the SnO,/ZnO
nanocomposite showed higher optical absorption capabil-
ity and better separation of photogenerated electrons and
holes [38]. The maximum open circuit photovoltage (V,.)
in SnO, was quite low (0.39 V) compared to pure ZnO
(0.67 V) [39]. The trend for the magnitude of V_, can be
explained in terms of the position of the conduction band
(CB) of the ZnO and SnO,, respectively [40]. In particular,
V,. was 0.60 V, J_ was 10.28 mA/cm? and FF was 57%. The
power conversion efficiency (PCE) was 3.53%, i.e. about
three times larger than for pure SnO, and three and a half
time than pure ZnO as reported earlier in literature [39].
These results can be tentatively interpreted by observing
the optimal position of ZnO conduction band, with respect
to lowest energy unoccupied molecular orbital (LUMO)
which in turn guarantees for V,, enhancement, compared
to pure SnO,. The photocurrent was increased reflecting
better transportation of electron, which is attributed to the
tightly connected SnO, network. Polydispersion in sizes has
been demonstrated to be extremely beneficial in ZnO-based
DSSCs as it increases light capture and charge photogenera-
tion. Similarly, a compact network is critical for electron
transport, otherwise photogenerated charges tend to recom-
bine when they are transporting towards the electrodes. The
electrons collected are transported from ZnO to conduc-
tive substrate effectively via SnO, bridges thus suppressing
the recombination. Furthermore, the high values of optical
transparency of SnO, allow more sunlight passage to the dye
molecules and enhance the light harvesting in the DSSCs.
Also the findings demonstrated that, maximum part of the
solar light remained unexploited in the ZnO-based DSSCs
conversion. This enhances the photoconductivity leading to
higher PCE. Additional studies are ongoing to evaluate the
importance of SnO, incorporation using different ratios and
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to determine the enhancement in the photovoltaic efficiency
and performance of SnO,/ZnO-nanocomposite.

4 Conclusions

In this work, a simple two step sol-gel synthesis technique
has been developed to synthesize SnO,/ZnO nanocompos-
ite. The X-ray diffraction study ascertained the formation
of synthesized SnO,/ZnO nanocomposite. Raman spectrum
confirmed strong peak existence due to SnO,/ZnO nanocom-
posite. The SEM analysis confirmed the spherical shaped
particles. The optical band gap value was about 3.15 eV
and optical properties were studied. The detailed electri-
cal analysis with frequency and temperature changes of the
dielectric constant, the dielectric loss and AC conductivity
of the prepared sample was investigated. The variation in
dielectric constant and dielectric loss with respect to tem-
perature and frequency dispersion has been analyzed for
the prepared nano-composite material. These parameters
showed decreasing trend with decreasing frequency level.
Opposite trend was observed for these two parameters with
increasing temperature. At higher temperature, the magni-
tude of frequency dependent AC conductivity indicated that
the sample became thermally activated. The values of AC
conductivity were increased with increasing temperature.
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