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Abstract
Novel synthetic approach for preparation of single phase porous SnO, thin films with controllable
grain size and porosity has been developed. The entire process require neither organic solvents nor
addition of any complexing agent. The thin films were deposited using the spin coating technique
from an aqueous solution prepared by dissolving tin(ll) oxalate in hydrogen peroxide. X-ray
diffraction analysis showed that the deposited films are single-phase and their crystallite size
increases as the annealing temperature is increased from 300 to 800 °C. It was also found that the
films exhibit a preferred (110) orientation of the crystallites. Scanning electron microscopy and
atomic force microscopy were employed for the estimation of thickness and surface morphological
features of the films. Thickness of the films after 10 deposition cycles was about 160 nm.
Roughness of the films increased with the annealing temperature increasing. It has been found from
the UV-Vis spectrometry measurements that the films are highly transparent in visible spectral
range. The optical band gap was determined to be in the range from 3.86 to 4.00 eV depending on

the annealing temperature.
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1. Introduction

Tin dioxide (stannic oxide) is one of the most important wide band gap semiconducting materials
that has been extensively investigated over the past decades. SnO, has a tetragonal rutile structure
with two tin and four oxygen atoms per unit cell. The ideally stoichiometric SnO, is an insulator,
however, the real SnO, structure contains oxygen vacancies, which make this material an oxygen-
deficient n-type semiconductor. Tin(IV) oxide attracts scientific interest since it combines important
physical properties such as a high optical transparency in the visible spectrum, a low electrical
resistance, good chemical and thermal stability [1]. During the last decade, transparent conducting
SnO; has found great technological applications as electrode material for solar cells [2], resistive
gas sensors [3, 4], photocatalysis [5] and self-cleaning coatings [6]. Furthermore, SnO, films have
already been utilized as stable high-rate anodes for lithium-ion batteries [7, 8] and protective
oxygen barrier layer on aluminum doped zinc oxide films [9].

Low-dimensional systems such as thin films, two-dimensional heterostructures and surface layers
attract a considerable attention because of their chemical, physical, and functional properties
different from those of the conventional bulk materials. Consequently, a large number of studies are
devoted to nanostructured thin films due to their wide range of applications. The influence of
crystallite size and porosity on the material properties is especially remarkable for polycrystalline
thin films [10]. The efficiency of optoelectronic devices could be considerably improved using
porous transparent film electrodes instead of dense ones because of much higher surface area of the
formers [11]. Considering the gas sensor applications, the sensing mechanism of SnO; is
categorized as a surface-control type, in which the grain sizes, surface states and oxygen adsorption
quantities have important roles. High surface area is one of the key factors which promote gas
diffusion and enhance material transportation processes, thus shortening the response time and
improving sensitivity of the sensors [12].

Both pure and doped SnO; thin films have recently been synthesized using various techniques such

as spray pyrolysis [13], atomic layer deposition [14], RF sputtering [15], thermal evaporation [16],



pulsed laser deposition [17] and chemical vapor deposition [18]. Due to simplicity and low cost, the
chemical solution deposition technique can be the best alternative for the synthesis of sub-
micrometer thin SnO, films. Moreover, this technique allows to prepare large area coatings.
Alcohol-based solutions prepared by dissolving either Sn(ll) chloride or Sn(IV) chloride in ethanol
[19, 20] or methanol [21] are most frequently used for synthesis of sol-gel derived SnO; films.
However, elimination of corrosive to metals chlorides together with organic additives from the film
occurs at elevated temperatures. The preparation of SnO; thin films via aqueous sol-gel directly
using SnC,0, as a starting material and triethanolamine/citric acid as a stabilizing agents has been
reported [22-24]. The decomposition of Sn(ll) oxalate by hydrogen peroxide and further complex
formation with citric acid was successfully applied for deposition of SnO, films [25] and more
complex ternary oxides [26]. However, according to the thermogravimetric analysis of the utilized
precursors, in both aforementioned methods the complete decomposition of organic-inorganic
framework occurs at 500-550 °C. Presence of chelating agents and organic solvents may lead to the
contamination with elemental carbon if annealing temperature is insufficient for their removal from
the final product. As a result, residues of organic species or inorganic carbon may influence
physical properties of the films such as transparency. As-deposited films that contain no organic
stabilizers do not require high temperature decomposition procedure. Thus, either amorphous or
nanostructured SnO, films can be obtained using organic-free Sn(IV) peroxo precursor. Moreover,
low process temperatures appear to be very promising for deposition on flexible or temperature
sensitive substrates.

In the present work, we report on synthesis, characterization and some physical properties of the
SnO; thin films with sub-micrometer thickness on SiO,/Si and fused silica substrates. The entire
process require neither organic solvents nor addition of any complexing agent. The oxidative
decomposition of Sn(lI1) oxalate allows to avoid a presence of counter-ions in the precursor solution.

The proposed method is simple, fast and cost-effective. It is capable of producing crack-free,



polycrystalline, single phase and porous thin films with controllable grain size and porosity at
comparatively low temperatures.

2. Experimental

2.1. Deposition of thin films

A precursor solution was synthesized by the following procedure. An appropriate amount of tin(l1)
oxalate (SnC,04, Sigma-Aldrich, 98%) was dissolved in 30% (w/w) hydrogen peroxide under
continuous stirring and heating. Afterwards, prepared solution was filtered through 0.2 pum
membrane filter and diluted to a certain volume with deionized water. The concentration of Sn ions
in the final solution was 0.25 M.

Multilayered SnO, films were prepared on the SiO,/Si and fused silica substrates by spin coating
technique using a SCS P6700 spin coater. Prior to the deposition, the substrates were cleaned with a
mixture of concentrated sulfuric acid and hydrogen peroxide followed by washing with deionized
water. Several drops of the precursor solution were placed onto the substrates and spin coated for
30 s @ 3000 rpm (acceleration was 1000 rpm/s). A sample with as-deposited wet film was put on a
hot plate and kept for about 5 min at 300 °C. The complete deposition-drying cycle was repeated a
certain number of times prior to a final annealing in a furnace at different temperatures for 2 h
(1 °C/min).

Small amounts of the solution used for the film deposition were dried and the obtained powders
were then annealed together with the films.

2.2. Characterization

The thermal decomposition of the precursor solution was analyzed by the thermogravimetric and
differential scanning calorimetry (TG-DSC) using a Perkin Elmer STA 6000 Simultaneous Thermal
Analyzer. Dried samples of about 5-10 mg were heated from 25 to 900 °C at a heating rate of
5 °C/min in a dry flowing air (20 mL/min). The crystal structure and crystallite size of the obtained
samples were characterized by methods of X-ray diffraction (XRD) using a PANalytical X’Pert
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Powder diffractometer (Ni-filtered Cu Ka radiation, PIXcel™ detector). The deposited films were



measured in a grazing incidence X-ray diffraction (GIXRD) mode using a Multi-Purpose Sample
Stage. The XRD patterns were collected with a grazing angle of 2° in the range from 20 to 80
degrees with a step of 0.02° and a counting time of about 7 s per step. The XRD measurements of
the powder samples were performed using a Spinner Sample Stage (Bragg-Brentano geometry, the
2Theta angular range of 20-80°, step 0.02°, 0.5 s per step, a sample rotation of 4 s™). The obtained
diffraction data were refined by the Rietveld method using the FULLPROF suite in the profile
matching mode [27].

The average crystallite size (z) was calculated by Scherrer equation:
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where 4 is the X-ray wavelength, B is the full width at half maximum (FWHM) of a diffraction peak
and 6 is the Bragg angle. The morphology of the films was characterized using a Hitachi SU-70
field-emission scanning electron microscope (FE-SEM). For the surface characterization of
deposited films, an atomic force microscope (AFM) BioScope Catalyst from Bruker was used. The
tapping mode was employed and sharpened silicon nitride (DNP-S type) AFM probes were applied.
Transmittance spectra were recorded in a wavelength range from 190 to 1100 nm using an Analytik
Jena Specord 200 plus UV-vis spectrometer.

3. Results and discussion

3.1. Synthesis of precursor solution

Chemical reactions between hydrogen peroxide, oxalic acid and metal oxalates were previously
described in literature [28-30]. Under heating conditions in the presence of hydrogen peroxide,
tin(Il) oxalate decomposes with evolution of the appropriate amounts of CO, and H,O. At the same
time, Sn?* ions are oxidized to Sn** with a formation of stannic acid. Thereby, such an approach
allows to eliminate presence of organic chelating agents and counter-ions such as CI-, which are
usually present when tin chloride is used as a starting material. The only elements present in
precursor solution are Sn, O and H.

3.2. Thermal analysis



The thermal decomposition behavior of dried SnO, precursor solution was investigated by
simultaneous TG-DSC measurements in order to display decomposition steps (see Fig. 1). It is
evident that thermal degradation occurs in two main steps. The first step with a mass loss of about
3% is observed in the temperature range from 30 to 150 °C and ascribed to the removal of adsorbed
water. The second gradual mass loss peaked at ~250 °C is attributed to dihydroxylation process of
terminal —OH groups. At the temperatures above 600 °C, the residual mass is nearly constant and
further changes are non-significant. The overall weight loss was found to be about 10%.

3.3. XRD analysis

Fig. 2 represents the GIXRD patterns of the SnO, coatings processed on SiO,/Si substrates at
different annealing temperatures. It can be seen that crystalline phase forms already after annealing
at 300 °C. All the diffraction peaks matched well with the tetragonal SnO, structure (space group
P4,/mnm [31]); no diffraction reflections arising from by-products such as SnO or Sn3;O,4 have been
observed. The diffraction peaks were very broad although with the regular shape indicating that the
broadening is mainly caused by nanocrystalline nature of the films. An increase of the annealing
temperature from 300 to 800 °C resulted in sharpening of the diffraction peaks suggesting a growth
of the crystallites. It was found from a comparison of the FWHM values of the diffraction peaks
observed in the XRD patterns of the films and the powders prepared from the same SnO, precursor
solutions and then annealed at the same temperatures that the values for the films are regularly
higher than the respective ones for the powders. Such a difference may imply that the deposited
films are stressed because of the film-substrate misfits.

Indeed, the lattice parameters calculated from the Rietveld analysis were found to be essentially
different for the films and the powders annealed at equal conditions. Fig. 3 shows results of the
Rietveld refinements for powders and film both annealed at 800 °C. Fig. 4 demonstrates the lattice
parameters a and c of the tetragonal SnO, phase as a function of the annealing temperature. One can
see that the a-parameter of the SnO, powders slightly increases as the annealing temperature is

increased while the c-parameters is constant within the experimental error. The lattice parameter



values of the powders are very close to those reported by McCarthy and Welton (a: 4.7382 A,
c: 3.1871 A) for the synthetic cassiterite [31] (ICDD 00-041-1445). It is also seen from Fig. 4 that
both a- and c-parameters of the films annealed at temperatures above 400 °C are regularly larger
than those of the respective powders. Moreover, the lattice parameters of the films demonstrate a
rather strong dependence on annealing temperature: the a-parameter increases and the c-parameter
decreases as the annealing temperature is increased. At the same time, the corresponding values of
the lattice parameters of the SnO; films formed either on SiO,/Si substrates or on fused silica
substrates turned out to be equal within the experimental error. The XRD patterns of the films are
different from those of the powders not only in terms of the angle positions of the respective
reflections but also in respect of their relative intensities. The integral intensities of the strongest
reflections (110), (101) and (211) of a polycrystalline SnO; [31] (ICDD 00-041-1445) relate to each
other as 100:75:57. A similar ratio of the intensities was observed in the XRD patterns of the SnO,
powders studied in this work. In the patterns of the SnO, films deposited either on SiO,/Si
substrates or on fused silica substrates and annealed at 800 °C, the respective intensities was found
to be about 100:36:40. This suggests that the crystallites of the deposited films have a preferred
(110) orientation.

The average crystallite size of the SnO; films annealed at different temperatures was calculated
from the Scherrer equation (Eq. 1) using the angle position and FWHM of the (110) reflection. As
expected, the size of crystallites increased gradually with increasing annealing temperature. The
average crystallite size was calculated to be 2.6, 3.9, 5.4, 6.2, 8.9 and 11.1 nm for the annealing
temperatures from 300 to 800 °C (step of 100 °C), respectively.

3.4. SEM analysis

Plane views of the SnO, films formed on SiO,/Si substrate after annealing at 300-800 °C are shown
in Fig. 5. It was observed that for each annealing temperature, the synthesized films exhibit uniform
surface without any significant defects and cracks. Surface of the films consisted of spherical

particles fused to each other. Porous and nanosized nature of the films is evident for every
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annealing temperature. Although the grain size gradually increases with an increase of annealing
temperature the films remain porous. Such porous surface morphology would be an advantage for
applications of the films as gas sensors or in optoelectronic devices, due to the large surface area
[32]. Thickness of the films was evaluated from the cross-sectional SEM images to be about 160
nm for the 10-layered films.
3.5. AFM analysis
The 3D AFM images of thel0-layered SnO, films deposited on SiO,/Si substrates after annealing at
300 and 800 °C are represented in Fig. 6. The images demonstrate considerable changes in a surface
morphology caused by annealing. The surface roughness was estimated from calculations of RMS
for the area of 1 pm% It was found that roughness of the deposited films increases with the
annealing temperature. The calculated RMS values + standard deviation were 0.57+0.04, 0.99+0.04,
1.8+0.1, 2.4+0.1, 3.1+0.1 and 4.0+0.1 for the films annealed in the temperature range from 300 to
800 °C (step of 100 °C), respectively.
3.6. Optical properties
Transmittance spectra of 10-layered SnO; films deposited on fused silica substrates recorded in the
spectral range of 200-1100 nm are shown in Fig. 7. It is evident that the films are highly transparent
in a visible spectral range irrespective of the annealing temperature. The minimal transmittance of
85% and the maximal one of 94% were observed. A strong light absorption in the UV region is
attributed to optical band gap energy of SnO, thin films. The band gap energy is related to the
absorption due to the electron transitions from the valence to the conduction band. According to the
data of transmittance spectra, the optical band gap (Eg) of the synthesized SnO, films can be
calculated using the following equation:

hva = C(hv — E))" 2
Here Av is the photon energy, o is the absorption coefficient, and C is constant. The value of the
exponent n denotes the nature of the sample transition. Since SnO, is known to be a direct transition

semiconductor, n = % was chosen for calculations. A Tauc plot, i.c., a graph of (ahv)? vs. photon
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energy used for the determination of the direct allowed band gap is represented in inset of Fig. 7.
The band gap values were calculated using a linear fit for the straight interval in the region of the
largest exponential growth; the intercept with the energy axis corresponded to the optical band gap
value. The calculated band gap values were 4.00, 3.92, 3.91, 3.90, 3.88 and 3.86 eV for the SnO2
films annealed at temperatures from 300 to 800 °C (step of 100 °C), respectively. The obtained
values show a blue shift from the gap energy of bulk SnO, (3.6 eV). This can be explained by
quantum confinement effect, which is expected in semiconducting nanostructures. In
semiconductors band gap energies have been found to be particle size dependent. The band gap
increases with decreasing of particle size, and the absorption edge is shifted to a higher energy
concomitantly [33]. It is seen that the band gap of synthesized SnO; films gradually shifts toward
the value for the bulk SnO, with increasing of annealing temperature. The elevated temperature
leads to better crystallinity, reduces grain boundary area and defect concentration. Such behavior
associated with quantum confinement effect in SnO, nanostructures was previously reported by
other researchers [34, 35].

4. Conclusions

Organic-free, simple, fast and cost-effective procedure for the deposition of SnO, thin films have
been suggested. Highly transparent, porous, nanostructured, continuous films were formed on
SiO,/Si and fused silica substrates. The thickness of the multilayered films after 10 deposition
cycles was about 160 nm. Roughness of the films was found to be gradually increasing from
0.57£0.04 to 4.0£0.1 as the annealing temperature is increased from 300 to 800 °C. Regardless the
annealing temperature, the deposited films were highly transparent in a visible spectral range with
the minimal transmittance of 85%. The optical band gap was found to be grain-size dependent and
slightly decreasing with the increasing annealing temperature. The calculated band gap values were
in the range from 4.00 to 3.86 eV for the films annealed at temperatures from 300 to 800 °C,

respectively.
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Figure captions

Fig. 1. TG-DSC curves of the dried SnO, precursor solution.

Fig. 2. GIXRD patterns of the 10-layered SnO, films annealed at different temperatures. The 2theta
range of 53-57° with a strong diffraction peak from the substrate is excluded for convenience.

Fig. 3. Rietveld refinement of the XRD data on the SnO, samples annealed at 800 °C: powders (a)
and film (b). The open cycles and solid line (red) represent the experimental and calculated
intensities, respectively; the line below (blue) is the difference between them. Tick marks (green)
indicate the positions of Bragg peaks in the P4,/mnm space group.

Fig. 4. Dependence of the lattice parameters on the annealing temperature.

Fig. 5. SEM images of the SnO; films annealed at 300 (a), 400 (b), 500 (c), 600 (d), 700 (e) and
800 °C (f).

Fig. 6. 3D AFM images of the SnO; films annealed at 300 (a) and 800 °C (b).

Fig. 7. Transmittance spectra of the 10-layered SnO, films annealed at different temperatures.

Inset: Tauc plot for the determination of the direct allowed band gap.
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Highlights

Highly transparent porous SnO, films were fabricated at 300-800 °C temperature
The entire deposition process requires neither organic solvents nor complexing agent
The films exhibit a preferred (110) orientation of the crystallites

Roughness of the films increased with increasing of annealing temperature

Optical band gap was found to be slightly dependent on the annealing temperature
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