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Abstract A composite of zinc stannate (ZnSnO3) nano-
cubes and poly(methyl methacrylate) (PMMA) has been
prepared and deposited on a flexible substrate polyethylene
terephthalate (PET) through electrospray deposition (ESD).
This fabrication technique has been found very effective
for deposition of this composite as thin film. ZnSnOj5 is an
inorganic biocompatible and piezoelectric material while
PMMA is a transparent and durable organic polymer ma-
terial. ZnSnO; naocubes have been synthesized via an
aqueous solution method and ZnSnO3;/PMMA composite
has been deposited as thin film on PET through ESD. The
average layer thickness of the as deposited ZnSnO3;/PMMA
composite film on PET was found to be 149 nm. Mor-
phological and structural characterization of ZnSnO; .
nanocubes through FESEM and XRD showed its size
uniformity and crystalline nature. The size of the
ZnSnO; nanocubes was estimated by FESEM analysis
which was around 50-70 nm. The chemical composition
has been investigated with the help of FTIR and Raman
spectroscopy. The optical characterization of as deposited
ZnSnO3/PMMA composite film through UV/Vis spec-
troscopy showed an average transmittance of around 92 %
and electrical characterization exhibited resistivity of ap-
proximately 50 x 10° Q cm. This dielectric nature of
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ZnSnO;/PMMA composite film indicates that this com-
posite material can be employed as dielectric layer in
printed electronics.

1 Introduction

In the field of research and development more attention is
being paid towards the bio-compatible materials and their
applications in daily life. In this regard, the lead free ma-
terials are getting more consideration and zinc stannate is
one of them. Zinc stannate is a lead free piezoelectric and
ferroelectric material which belongs to non-centrosym-
metric (NCS) oxides, having perovskite structure. Zinc
stannate nanostructures have the potential to be used in
numerous device applications such as nanogenerators [1-
3], sensors [4-7], transistors [8, 9], solar cells [10, 11] etc.
Zinc stannate exists in two crystalline forms, trigonal il-
menite (ZnSnOs3) [12] and cubic spinel (Zn,SnOy) [13]. In
this research work, ZnSnOj; has been studied involving its
synthesis and its composite with PMMA. ZnSnO3 nanos-
tructures can be synthesized by different methods, includ-
ing low temperature ion exchange [12], co-precipitation
[14], thermal evaporation [15] and low-temperature solu-
tion-phase [16], and hydro-thermal methods [4]. We have
synthesized ZnSnOj3; nanocubes via an aqueous solution
method followed by vaccum filtration and calcination.
Atactic poly(methyl methacrylate) (PMMA) has a dis-
tinct place among other polymers because it has high re-
sistance to UV light, greatest surface hardness of all
thermoplastics and can be fabricated by all thermoforming
methods. Chemically, it is the synthetic polymer of methyl
methacrylate and often generically called acrylic glass.
PMMA is one of the prominent polymers used in electronic
devices such as dielectric in organic thin film transistors
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(OTFTs) [17], advanced electronics and optoelectronics
[18], and as an optical lens in cameras and optical fibers
[19].

Inorganic—organic composite materials are promising
systems for a variety of applications due to their extraor-
dinary properties, which arise from the synergism between
the properties of the components. There are several routes
to these materials, but probably the most prominent one is
the incorporation of inorganic nanostructures in organic
polymers. These materials have gained much interest due
to the remarkable change in properties such as mechanical
[20], thermal [21], electrical [22], and magnetic [23]
compared to pure organic polymers. The novelty of our
research work is that we have made a composite of
ZnSnO53/PMMA and fabricated its thin film through a non-
vaccuum based inkjet printing technology i.e. ESD which
is reliable, cost-effective and robust technique for fabri-
cation of thin films at atmospheric conditions [24-32]. We
first synthesized ZnSnO3 nanocubes with an average size of
50-70 nm via an aqueous solution method which is cost
effective and feasible method, firs it involves the synthesis
of zinc hydroxystannate (ZnSn(OH)g) as an intermediate
product which after calcination converts to ZnSnO;. We
investigated the compositional, morphological and struc-
tural properties of as synthesized ZnSn(OH)e and ZnSnOj3
nanocubes by field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), fourier transform in-
frared spectroscopy (FTIR) and Raman spectroscopy re-
spectively. The structural, morphological, optical and
electrical properties of ZnSnO3;/PMMA thin film were in-
vestigated by FTIR, FE-SEM, UV/Vis/NIR spectropho-
tometer and semiconductor device analyzer respectively.

2 Experimental section
2.1 Materials and methods

For the synthesis of ZnSnO3 nanocubes, the precursor zinc
sulfate heptahydrate (ZnSO4-7H,0) (F. wt 287.56) and
sodium stannate trihydrate (Na,SnO3-3H,0) (F. wt 266.71)
were purchased from Duksan Pure Chemicals, South Korea
and Junsei Chemical Co., Ltd. Japan respectively. For the
synthesis of poly(methyl methacrylate) (PMMA) (mol wt
of repeat unit 100.12) solution, PMMA powder and solvent
(toluene or C;Hg) were purchased from Sigma Aldrich,
South Korea.

2.2 Preparation of ZnSnO3;/PMMA ink
First the PMMA solution was prepared by dissolving

0.10 g of PMMA in 10 ml of toluene and kept on bath
sonicator for 5 min and then kept for stirring at 40 °C for

24 h. And for the synthesis of crystalline ZnSnO3; nano-
cubes via aqueous solution method, 100 mol of ZnSO,.
7H,0 were added in 100 ml of deionized (DI) water and
stirred at room temperature until the complete dissolution
of ZnSO,4-7H,0. Then 100 mmol of Na,Sn05-3H,O were
added into the preliminary solution and was kept on
magnetic stirrer at 80 °C for 5 h. A white suspension of an
intermediate product ZnSn(OH)gs was formed which pre-
cipitates were collected from the solution by vacuum fil-
tration and were washed with DI water several times to
remove residual products and were then dried in air at
100 °C for 1 h. Afterwards, the as synthesized ZnSn(OH)g
powder was calcinated at 600 °C for 3 h. Finally, we got
the ZnSnO3 nanocubes by the following possible reaction:

Zn** +20H" — Zn(OH), (1)

Zn(OH), + SnO?~ +3H,0 — ZnSn(OH), + 20H~
(2)

ZnSn(OH), — ZnSnO; + 3H,0 (3)

The as synthesized ZnSO; nanocubes were then dis-
persed in PMMA solution. For the better dispersion of
ZnSnO5 nanocubes into PMMA solution, it was sonicated
for 30 min and a non-ionic surfactant, i.e. 0.01 % Triton
X-100 (Sigma Aldrich) was also added for the same pur-
pose and kept on stirrer at room temperature for overnight
to check the stability of the synthesized ink. To improve
the quality of the film and to meet the conductivity re-
quirements for electrospray deposition, the co-solvent ap-
proach was adopted [28, 33] and dimethyl sulfoxide
(DMSO) was added to ZnSnOz/PMMA ink in a ratio of
1:5.

2.3 Fabrication of ZnSnO3;/PMMA composite film

ZnSnO5;/PMMA thin film was deposited on a transparent
substrate PET by using ESD. The PET substrates were
cleaned by chemical etching followed by UV cleaning and
oxygen plasma treatment before deposition of the film.
First, the PET was immersed in a solution of sodium hy-
droxide (NaOH) (20 pbw) and distilled water (80 pbw) for
10 min at 80 °C followed by rinsing with hot water and
drying in hot air. Then it was further rinsed with acetone
and distilled water for 10 min each followed by UV/Ozone
cleaning for 10 min and oxygen plasma cleaning for 1 min.
The ZnSnO3/PMMA ink was filled in a glass syringe which
was then fixed into a syringe pump by which flow rate of
the ink was controlled. The syringe was connected to the
metallic nozzle of diameter 110 pm through the Teflon
tube. A high voltage source was applied between the
metallic nozzle (anode) and the moving ground (cathode)
upon which the substrate was placed. A high speed camera
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was set to view the phenomena of electrospray. After set-
ting all the instruments, the flow rate of 200 pl/h was given
to the ink and voltage was applied between the nozzle and
moving ground. As the ink came into the nozzle, voltage
was increased and the stable cone jet was achieved between
3.9 and 4.6 kV. The distance between the nozzle and the
substrate (stand-off distance) was set at 20 mm. The as
deposited ZnSnOz/PMMA composite film on PET was
sintered at 120 °C in a furnace for 3 h. The thickness of the
ZnSnO;/PMMA composite film was measured at different
points and thus the average thickness of the film was found
to be approximately 149 nm.

2.4 Characterization techniques

The surface morphology and microstructure of ZnSnOj
nanocubes and ZnSnOs;/PMMA thin film were investigated
by field emission scanning electron microscopy (FE-SEM)
(JEOL JSM-7600F, Japan). The phase and crystalline ori-
entation of ZnSn(OH)¢ and ZnSnO; nanocubes were de-
termined by the X-ray diffraction (XRD), Rigaku D/MAX
2200H diffractrometer with Cu Ko radiation
(A = 1.5406 A, 40 kV, 250 mA, 8° min_l) using a fixed
glancing incidence angle (2°). The FTIR spectra were
recorded on Nicolet 6700 FT-IR spectrophotometer by
using the pellets of sample mixed with KBr (0.5:100).
Raman spectra were recorded on LabRAM HR Raman
spectrometer with a solid state laser at room temperature.
The thickness of the film was measured by a non-de-
structive thin film thickness measurement system Gaertner
L116D ellipsometer. The optical properties of the ZnSnO3/
PMMA thin film were measured by using an ultraviolet—
visible-near infrared (UV-Vis-NIR) spectrophotometer
(Shimadzu UV 3150PC) at various wavelengths. Finally,
the electrical properties of the ZnSnO3/PMMA thin film

Fig. 1 Schematic diagram of
the electrospray deposition
(ESD) system used for the
deposition of ZnSnO;/PMMA

composite film on PET
Syringe Pump

High Resolution Camera

Controller PC
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were measured by taking the current—voltage (I-V) graph
through semiconductor device analyzer (agilent BI5S00A).

3 Results and discussion
3.1 Spray formation by ESD

The ZnSnO3/PMMA ink was sprayed on PET by ESD as
shown in the schematic diagram in Fig. 1. A uniform spray
is necessary for the uniform film on the substrate that can
be achieved only by a stable cone jet or Taylor Cone [34].
Three different modes of ESD, i.e. unstable, stable and
multi jets were obtained and an operating envelope was
explored between different flow rates and voltages which is
shown in Fig. 2. In order to determine the spray conditions
on a fixed stand-off distance of 20 mm, the spray was
observed by varying the flow rates from 50 to 300 pl/h and
we performed this experiment with a flow rate of 200 pl/h.

3.2 Morphological and structural characterization

As described earlier in the experimental section, the mor-
phology of the as synthesized ZnSnO; nanocubes was in-
vestigated by FE-SEM as shown in Fig. 3. It reveals clearly
the cubic shape of ZnSnO; nanostructures having an av-
erage size of approximately 50-70 nm and also showing
the large-scale, uniform cubic crystallites yielded with this
approach. An intermediate product zinc hydroxystannate
(ZnSn(OH)e) is formed before the yield of ZnSnOj .
nanocubes. They were obtained by carrying out the che-
mical reaction between ZnSO,-7H,O and Na,SnO5-3H,0
at 80 °C for 5 h which on further calcination at 600 °C for
3 h converted to the desired product, i.e. ZnSnO3 nano-
cubes. Figure 4a shows the XRD patterns of the
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Stable Jet
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Fig. 2 Operating envelope illustration of stable cone-jet mode
betweem minimum and maximum applied potential depending upon
the flow rate

Fig. 3 FE-SEM image of as grown ZnSnO; nanocubes via an
aqueous solution method

ZnSn(OH)e material obtained at 80 °C. All the diffraction
peaks are in good agreement with the values reported
previously [35]. The crystalline structure of ZnSnO;
nanocubes is confirmed by XRD as shown in Fig. 4b, all of
the indicating diffraction peaks can be indexed to the
JCPDS card no. 28-1486. The XRD spectrum also indicates
that ZnSnOj3 nanocubes have pure crystalline structure and
there are no impure phases in it. So overall it shows a large
surface area, high crystallinity, smaller particle size and
uniform morphology. FE-SEM image of ZnSnO3;/PMMA
composite film in Fig. 5. indicates that the film surface is
mainly covered by the PMMA and ZnSnOj nanocubes are
buried under thin layer.

To investigate the composition of ZnSn(OH)e and
ZnSnO; Raman and FTIR spectra were obtained and ob-
tained values of both spectra resemble well with the values
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Fig. 4 a XRD patterns of ZnSn(OH)s synthesized via an aqueous
solution method at 80 °C. b XRD patterns of ZnSnO; nanocubes
obtained after the calcination at 600 °C

reported in literature [5, 36]. Figure 6 represents the Ra-
man spectra of both materials ZnSn(OH)g and ZnSnOj5 in
which four Raman modes can be seen at 299, 372, 436 and
608 cm™ ! for ZnSn(OH), arising from the breathing vi-
brations of the long M—OH bonds and M—OH-M (bridging
OH group) bending modes. After heating the ZnSn(OH)g at
600 °C for 3 h the above mentioned four Raman modes
were slightly shifted to two new Raman modes at 538 and
671 cm™". The broad peak at 671 cm™" corresponds to the
distinctive Raman shift of ZnSnO; and is imputed to
stretching vibrations of short M—O bonds in the MOg oc-
tahedron that protrude into the structure spaces. The peak
at 538 cm™' is assorted with internal vibrations of the
oxygen tetrahedron. Raman scattering of ZnSnO3;/PMMA
composite film (shown in Fig. 7) exhibits only one Raman
active mode at 279 cm ™! from ZnSnOs while other Raman
modes noticed in the spectra are from PMMA [37, 38].
The FTIR spectra of both ZnSn(OH)g¢ and ZnSnO; are
shown in Fig. 8. The bands at ~3213 cm™' is ascribed to
the bending and stretching vibration modes of hydroxyl
(—OH) group in the structure of ZnSn(OH)s. The bands at
779, 848, 1176, and ~2309 cm™! may be attributed to
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Fig. 5 FE-SEM image of ZnSnO3/PMMA composite film deposited
on PET by electrospray deposition method

671
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Raman shift (cm™')

Fig. 6 Raman specta of ZnSn(OH)¢ and ZnSnO; nanocubes showing
shifting of four Raman modes to two new Raman modes after
calcination at 600 °C for 3 h

vibration of M-O or M-OH-M groups for ZnSn(OH)e
while the bands at 533, 572, and 1113 cm™! are assigned to
vibrations of M—O or M—O-M groups for ZnSnOj;. It was
observed from the spectral data that, after calcination the
peaks of the (-OH) group almost disappeared while the
peaks attributed to the M—O bond became prominent which
testified the conversion of ZnSn(OH)g into ZnSnOs. The
FTIR spectra of ZnSnO;—PMMA composite film is shown
in Fig. 9. in which both ZnSnO3; and PMMA peaks are
present, but most of the peaks belong to PMMA and agree
well with the values of the FTIR spectra of PMMA re-
ported in the literature [17, 39]. The peaks at 538 and
617 cm™" are attributed to the vibrations of M—O or M—O—
M groups for ZnSnOs. The peaks at 696 and 750 cm ™' are
assigned to out of plane OH bending. The band at

@ Springer
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Fig. 7 Raman spectra of ZnSnO;/PMMA composite film showing

only one Raman active mode at 279 cm ™" from ZnSnOj; while others
belong to PMMA
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Fig. 8 FTIR spectra of ZnSn(OH)s and ZnSnO5 nanocubes exhibit-
ing the conversion of ZnSn(OH)g to ZnSnO;

987 cm ™! is the characteristic absorption of PMMA, to-
gether with the band at 1067 cm™'. The peak observed at
1151 em ™' is assigned to C-O stretching, whereas the peak
observed at 1452 cm™! is assigned to O—~CHj; bending and
at 1733 cm™ ' is attributed to C=O stretching which shows
the presence of the acrylate carboxyl group. The two peaks
at 2850 and 2924 cm ™' are assigned to C—H stretching
vibrations. The other two peaks at 3446 and 1541 cm™" can
be attributed to the —OH group stretching and bending vi-

brations of physisorbed moisture [40].
3.3 Optical characterization

Transmittance and absorbance of as deposited ZnSnO3/
PMMA composite film on PET was carried out by using
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Fig. 9 FTIR spectra of ZnSnO3z/PMMA composite film on PET
showing two peaks 538 and 617 cm™' from ZnSnOj; and others are
from PMMA
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Fig. 10 Transmittance and absorbance spectrums of ZnSnO3;/PMMA
deposited film on PET by ESD

UV-Vis—NIR spectrophotometer as shown in Fig. 10. It
shows the high transmittance and low absorbance of the
deposited film of ZnSnO3;/PMMA on PET. It shows an
average transmittance of 92 %, which indicates that it can
be very useful in transparent electronics.

3.4 Electrical characterization

Electrical properties of ZnSnO3;/PMMA composite film
were measured by semiconductor device analyzer by
placing the probes of device on silver contacts deposited on
the ZnSnO3z/PMMA composite film so that they may not
damage the film. The I-V plot for an approximately
149 nm thick ZnSnO3/PMMA composite film is shown in
Fig. 11. The I-V plot shows very low currents and high

80 —

60 —

ZnSnO,/PMMA film
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-80 -

-100 —

-120

0¥
5 4 3 2 4 0 1 2 3 4 5
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Fig. 11 [-V characterstic curve exhibiting the dielectric behavior of
ZnSnO3/PMMA composite film on PET with non-linear behavior and
low magnitude of current

resistance at applied potentials from —5 to 5 V. The re-
sistivity was measured from the slopes of the I-V plot and
using the sheet resistivity formula for thin films:

p= % G) (4)

where ‘¢’ is the thickness of the film (149 nm), while ‘V’ is
voltage and ‘I’ is the current from the /-V plot. The cal-
culated resistivity was found out to be ~50 x 10° Q cm.
As a passive component this material can be used as di-
electric layer for a wide range of electronic devices.

4 Conclusion

In this work, we first synthesized the ZnSnO; naocubes
with an average size of 50-70 nm via an aqueous solution
method on suitable conditions. The surface morphology,
crystal structure and composition of intermediate product
ZnSn(OH)e and final product ZnSnO5; nanocubes were in-
vestigated by carrying out the FE-SEM, XRD, Raman and
FTIR characterizations and difference between the two
phases was illustrated with the help of obtained data. And
then ZnSnO; nannocubes were dispersed in the PMMA
solution to make the ZnSnOz;/PMMA ink. This ink was
then sprayed on a flexible substrate PET by electrospray
deposition (ESD) method. The thickness of the film was
measured and found to be approximately 149 nm. The
FE-SEM, XRD, UV/Vis/NIR, FTIR, Raman spectroscopy
and I-V tests were conducted of the as deposited ZnSnO5/
PMMA composite film. The transmittance of the film was
approximately 92 % and calculated resistivity of the thin
film with thickness of 149 nm was 50 x 10° Q cm.
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