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Antimony-doped tin oxide (ATO) Sb—SnO, has been prepared by thermal evaporation technique on indium tin oxide (ITO) glass substrate.
The prepared ATO thin film was characterized by X-ray diffraction technique (XRD), scanning electron microscope (SEM), energy-
dispersive X-ray spectroscopy (EDAX), UV-vis’s spectrometer, Fourier transform infrared spectroscopy (FTIR) and photoluminescence
studies (PLS) at room temperature, 250 and 500 °C. Furthermore, the as-fabricated ATO/indium tin oxide device was subjected to electrical

treatment, such as annealing and etching, electrochemical photocurrent results showed that the maximum photoelectrochemical performance

without etching at 500 °C of the PEC cell.

INTRODUCTION

Tin oxide (SnO,) is a semiconductor with a band gap of
3.6 eV. The oxygen vacancies, formed by the transfer of an
oxygen atom of a normal site in the tin gaseous state, are used
to obtain an n-type semiconductor. In fact, the free electrons
will bind to Sn* tin atoms, converting them to Sn** and acting
as electron donors. Many gases’ adsorption is normally reversi-
ble at temperatures between 400 and 500 °C. For this, SnO,
material is usually used in the field of monitoring air pollution
and toxic gas detection [1].

The most widely observed transparent conductors are
doped/undoped stoichiometric/sub-stoichiometric oxides of

measurements, was determined at room temperature and 500 °C without etching, chemical etching and photoetching processes. Post- |
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tin, indium, cadmium and zinc, as well as their alloys. As a
result, the doping process, in which an appropriate dopant is
applied to SnO, to maximize carrier concentration, is preferred.
It was found that indium [2] and fluorine are more effective
than other dopants in improving the n-type conductivity of
SnO; thin films. Indium, on the other hand, is expensive and
its price has risen steadily over time, restricting its use in
industrial applications [3].

Transparent electrodes, gas meters, static electric charge
shields and soft-touch screen controls have all been used for
antimony-doped tin dioxide (ATO) thin films [3]. Many
properties of tin dioxide semiconductor are considered to be
improved and modulated by antimony, allowing it to be used
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in a number of applications. The Sb-doped SnO, films are
used in transparent conducting electrodes (TCO), soft touch
screen sensors and static electric charge shielders [4]. More
adsorption areas are created when antimony is added to a struc-
ture’s surface, resulting in a significant increase in the actual
surface region [5].

Inrechargeable Li batteries and optical electronic devices,
doping SnO, with Sb, Mo and F is common. Antimony is the
perfect dopant for SnO, because after it is doped with Sb, SnO,
has preferable conductivity and clarity in visible light wave-
lengths. As antimony is doped into SnO,, oxygen vacancies
form at the grain boundary layer, lowering the potential barrier
and increasing charge carrier mobility [6]. The solvothermal
route was used to make Sb-doped SnO, nanoparticles at various
temperatures, beginning with SnCl,-5H,O and SbCls. At 160
°C, the samples had the lowest resistivity. In the particle size
range of 8-15 nm, the powder was monodispersed. The
conductivity and optical non-linearity of Sb-doped SnO, films
on SiO, substrate were investigated by Wang et al. [7].

The UV photoluminescence (PL) emitted by SnO,—Sb thin
films at various temperatures was studied by Wang et al. [8].
RF magnetron sputtering techniques were used to make ATO
thin films on glass substrates. With an increase in oxygen partial
pressure and a drop in environmental temperature, the intensity
of the photoluminescence peak rises dramatically. The donor
acceptor band transition from Sb doping is responsible for the
observed room-temperature UV emission. The photoelectro-
chemical (PEC) studies on spray-deposited n-Sb,S; thin film/
polyiodide/C PEC solar cells were recorded by Rajpure et al.
[9]. The Sb,S; thin films are n-type conductivity, as determined
by spectral response, photo response and photovoltaic rise and
decay. The cell’s fill factor and efficiency were both estimated
at 59.5% and 0.30%, respectively. It was concluded that the
annealing and etching enhanced the PEC cell’s efficiency.

The synthesis and electrical properties of ATO powders
with barite matrix were reported by Hu et al. [10]. The Sb-
SnOy/barite (SSB) composite conductive powders were made
by depositing ATO nanoparticles on barite. The influence of
oxygen accumulation also on characteristics of sputtered
SnO,-Sb thin films at low temperature have been examined
by Lee [11]. It was investigated if multi-walled carbon nano-
tubes (MWCNTs) distributed in surfactants can be used as
adjacent conductive elements in an ATO matrix. Low MWCNT
concentrations are essential to minimize the resistivity of
conducting ATO films by a factor of 16 while ensuring 90%
transparency in the visible region [12].

Coleman et al. [13] used a sequential preparation approach
to investigate the electrochromic properties of nanoparticulate-
doped metal oxides, as well as their optical and material prop-
erties. On ATO and nickel-doped tin oxide electrodes, Wong
et al. [14] recorded the electrolytic ozone production. Ozone
was created with high efficiency in perchloric acid as an anode
coated with ATO, according to a recent report. The best Ni:Sb:Sn
ratio was found to be 1:8:500, which resulted in an ozone pro-
duction current efficiency of over 30% at room temperature.

In this article, we concentrate on Sb doped SnO; thin films
prepared on the ITO glass substrates using a thermal evapora-

tion technique which is quick, convenient and low-cost. The
Structure, optical and electrochemical properties of the samples
were determined and a simple method for performing FTIR
measurements on thin oxide films was proposed. The effect
of antimony inclusion on the photoelectrochemical current
generation has received special attention.

EXPERIMENTAL

Sb-doped SnO, powder preparation: Antimony-doped
tin oxide (ATO) was used as a phenol oxidation catalyst, cond-
uctive transparent optical thin film, electrochromic materials
for printed screens, hazardous waste control and heat shields,
among other things. To increase the catalytic properties of ATO
nanoparticles synthesized by co-precipitation, the particle size
must be decreased. Co-precipitation is a cost-efficient prepara-
tion method that forms homogeneous solutions that contain
metallic sources. The SnCl,-2H,O (25 g) and SbCl; (0.5 g)
were dissolved in 500 mL of deionized water and stirred the
mixture using a magnetic stirrer for 45 min at 60 °C. Then, 20
mL of acetylacetone and 80 mL of methanol were added to
the above solution dropwise for 45 min and stirred the solution
for 0.5 h. Finally, ammonia solution was added to the solution
dropwise. After a precipitate had formed, the solution was kept
in a cool water bath for 24 h, then washed with deionized
water several times to remove Cl” ions and kept at 80 °C for 4 h
[15].

Thin film deposition

Thermal evaporation technique: The temperature of the
substrate during deposition plays an important role in deter-
mining film structure. The evaporation method is preferred
over the sputtering method due to the greater control of the
experimental conditions [16].

The molybdenum boat was fixed in between the copper
electrode plates and a pellet form of Sb-doped SnO, with a
thickness of 300 nm was inserted in it. The distance between
the indium tin oxide (ITO) substrate and the electrode was 6.5
cm. Air circulation was arranged using a diffusion pump to
prevent overheating the chamber. The temperature of the sample
was gradually raised by gradually increasing the electrode
voltage (10-120 V). The time allowed for deposition was up
to 20 min. The vacuum chamber’s working pressure was between
1105 and 5105 mbar [17].

After the ATO thin film preparation the crystalline struc-
ture, lattice parameter and crystallite size were characterized
by X-ray diffraction (XRD) was carried out on a Siemens
D-5000 instrument, equipped with LiF (100) monochromator
and CuKo radiation and crystallite size measurements were
carried, considering the Scherrer’s equation. The ATO thin film
morphological surface was studied by scanning electron micro-
scopy (SEM). The presence of functional groups elements were
studied Shimadzu FTIR spectrometer in 1200-400 cm™ region.
A UV-Vis was used to measure optical transmittance in the
wavelength range 200-2400 nm with respect to the normal of
the sample. The photoluminescence intensity was measured
by photoluminescence studies. The electrochemical measure-
ments (electrochemical impedances spectroscopy and electro-
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chemical photocurrent) were performed using an Autolab
PGSTAT302 N Galvanostat-Potentiostat equipped with a
Frequency Analyzer Module.

RESULTS AND DISCUSSION

XRD pattern analysis: The XRD patterns of the co-
precipitated ATO powders calcined at different temperatures
such as room temperature, 250 and 500 °C for 4 h in atmos-
pheric condition are displayed in Fig. 1. The observed d values
are in good agreement with the standard d values (JCPDS Card
No. 88-0287) and confirmed the polycrystalline tetragonal
structure of the ATO nanopowder [18]. The samples were
oriented strongly along the (110) plane. Other reflections were
observed along the (101), (200), (211), (220), (002), (310),
(112), (310) and (321) planes. As the calcination temperature
goes up, grain growth accelerated. The increase in crystallinity
as calcination temperature rises is due to an adequate increase
in thermal energy supply for grain crystallization, re-crystalli-
zation and expansion. It is found that as the annealing tempera-
ture rises, crystallinity rises as well (Table-1).

Crystallite size was calculated using Scherrer’s formula:

D= 0.9%A 0
BxcosO
where D is the crystallite size, 3 is the broadening of the
diffraction line measured at half the maximum intensity and A
is the X-ray wavelength (1.5406 A).
The XRD patterns show that the intensity of the diffraction
peaks increased and the full-width half maximum decreased

with the rise in calcination temperature. This result is owed to
the difference in the arrangement tropism of the cells in the
ultrafine powder, especially the odorless arrangement of atoms
in the crystal surfaces and grain interfaces. A considerable
amount of oxygen vacancy occurs in the ultrafine powder along
with tiny strains during the preparation of the powders in the
case of crystal lattice defect.

Therefore, the strain € in the samples was determined using
the following equation [19]:

! +Msin 0 2
o s @)
where 1 and ¢ are the effective particle size and effective strain,
respectively. The effective particle size was estimated by
plotting Bcos 6/A versus sin 8/A. The calculated values of the
lattice parameters, cell volume, effective particle size and
effective strain were tabulated.

SEM and EDAX analysis: The SEM analysis is used to
analyse the surface morphological structure of ATO thin film
by thermal evaporation process. Fig. 2a-c show the SEM images
of the prepared ATO nano powders at room temperature and
calcined 500 °C for 4 h in air atmospheric condition.

The calcined powder has a high degree of agglomeration
and the grain size distribution of its nanorod-like features
ranges from nano size to a few microns in axial length. Fig. 2¢
exhibited the axial length and sectional diameters slightly
improved after annealing at 500 °C. This observation supports
the XRD results [20]. The EDX analysis shows the chemical
composition of Sb-SnO, sample. The concentration of Sb in

0
Bcosx

s 800
2 g e 1 26.60°
= N 700
8 ] -
|, l g o ATO-SPO °C 600 | g
P ‘ 1 %
| : 500 8
- 1 o ! ATO-250 °C 5 ) ©
3 | . 3 400 =
Tn/ ! H E %) 4 g
g i 5 3 3004 2
3 : o &
3 i 2000
L 100 1
o 0-
1 i L :. ol i L i i ' i L " -100 Y T 4 T d T J T 7 T ! T d T
10 20 30 40 50 60 70 80 90 23 24 25 26 27 28 29 30
26 (°) 26 (°)
Fig. 1. XRD pattern showing the preferential peak position (110) shift vs. different temperatures of the ATO thin film by thermal evaporation
process
TABLE-1
STRUCTURAL PARAMETERS CALCULATED USING X-RAY PATTERN RESULTS
Calcination Lattice parameters (A) Cell volume (A) Effective particle Crystallite Effective strain
temperature (°C) a c v size (nm) size (A) (x 107
Room temp. 4.73 3.19 71.60 25.3 37.5 1.0
250 4.72 3.20 71.70 10.3 14.3 1.4
500 4.74 3.18 71.40 9.6 13.0 9
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the SnO, crystal is 23.45% as described at 500 °C as shown in
Table-2. The peak broadening pattern in the corresponding
EDAX spectrum (Fig. 3) clearly shows that the minimal nano-
crystals are present in the samples. The surface morphology
of the grains is uniform due to their thinness, resulting in a
crystallographic composition of Sb-SnO, with microstructure
of closed-packed crystallites with nano rod structure changes
an excellent stoichiometric surface distribution. As the annea-
ling time is increased, the microstructure of closed packed
crystallites with nano structure changes.

TABLE-2
EDAX OF THE ATO CALCINED AT 500 °C
Element Net counts Weight (%) Atom (%)
Sn 7230 23.45 70.13
(0] 101483 60.56 24.41
Sb 15678 15.99 5.46
Total 100.00 100.00
Sn
40004
3000+
20001
1000 @ S sp
sb SP sn m
0 T T T T T ===

0 1 2 3 4 5 6 7 8 9 10
keV

Fig. 3. EDAX scheme of the ATO at room temperature

FTIR studies: Fig. 4 displays the FTIR spectra of ATO
nanopowders prepared by co-precipitation at room temperature,
250 °C and 500 °C for 4 h in an air atmosphere. The antisym-
metric Sn—O—-Sn stretching mode of the surface-bridging oxide
produced by condensation of adjacent surface hydroxyl groups
is correlated with the sharp absorbance peak at 592 cm™ in
the fingerprint area. The calcinated powders of Sb-doped SnO,
have a strong absorption band between 3600 and 3300 cm™, a
weak sharp absorption band between 1630 and 1640 cm™ and
a very weak absorption band between 2424 and 2434 cm™.
The hydroxyl groups of physisorbed water molecules bound

1001
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0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm”')
Fig. 4. FTIR spectra of the ATO thin films by thermal evaporation process

to the OH- groups of SnO, surfaces by weak hydrogen bonds
are characterized by an absorption peak at 3600-3300 cm™
[21]. The deformation vibration of H-O—H bonds in the physio-
sorbed water is consistent with the slow adsorption at 1630 cm™.
The stretching vibration of the interaction hydroxyl groups,
which form hydrogen bonds, is responsible for the weak adsor-
ption band at 2424 cm™ [22].

Optical measurements: The optical measurements can
accurately identify the peak location of semiconductor nano-
structures’ absorption bands, precise determination of their
band gap energies (E,) is difficult. Using the Kubelka—Munk
(K-M) equation, the diffuse reflectance spectra of such powdered
nanostructures can be used to remove their E, unambiguously.

Kubelka & Munk [23] suggested the principle that allowed
diffuse reflectance spectra to be used. Originally, they sugg-
ested a model based on the following differential equations to
explain the action of light passing within a light-scattering
specimen.

~d; =(S+K)idx +S,dx
d; =~(S+K) jdx +S;dx

where i and j are the intensities of light passing through the
sample to its unlit and lit surfaces, respectively; dx is the
differential section along the light path; and S and K are the
so-called K-M scattering and absorption coefficients, respe-
ctively. Even if they tend to reflect portions of light dispersed
and absorbed per unit vertical range, these last two quantities
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have no clear physical significance on their own [24]. When
the particle size is equal to or smaller than the wavelength of
the incident light, this model states that diffuse reflection can
no longer distinguish the contributions of reflection, refraction
and diffraction (i.e. scattering occurs).

Kubelka-Munk equation at any wavelength becomes:

k_(-R,)

s 2R, R ®)

where R, is the diffuse reflectance, k is the absorption coeffi-
cient, and s is the scattering coefficient.

The ATO powders’ optical band gaps ranged from 3.84 to
4.40 eV. With the rise in annealing temperature, the optical band
differences migrated toward higher frequency or lower energies.
As aresult, it is concluded that as particle size increases, the
optical band gap energy decreases against the bulk value of
tin oxide (3.60 eV) [25]. Fig. 5 exhibits the prominent peaks
with low-intensity tails on the higher side. The emission peaks

are located at 362, 426 and 486 nm. Nanostructured materials
have more crystalline defects, such as stacking faults and point
defects, than their bulk counterparts. These intrinsic defects
often cause PL emission at room temperature. In this case, the
main UV emission peak at about 362 nm originated from the
recombination of free excitons through an exciton-exciton
process [26].

The second prominent peak at 426 nm and another visible
peak at 527 nm for ATO may be related to crystal defects,
which formed during the growth of crystallites in calcination
processes [10,27]. The emission peak at 486 nm corresponds
to green luminescence and can be attributed to singly charged
oxygen vacancies in the material [26,28]. The UV emission
peak that originated at 362 nm indicates the suitable optical
property of ATO as a transparent conducting oxide (TCO)
material [29,30].

PEC parameters of Sb-doped SnQO, thin film photo-
cathodes: The I-V analysis of the best PEC cells using electro-
deposited and brush-plated Sb-doped SnO, thinfilm, without

36 etching was carried out. A computer simulated program was
30_' developed to extract the PEC parameters and compare the
1 experimentally observed data [31]. The PEC parameters of
249 the Sb-doped SnO; thin film are presented in Table-3. Fig. 6
18 shows the short circuit current (J) and open circuit voltage
12 (Vo) were calculated from Autolab PGSTAT302 N Galvanostat-
6] Potentiostat equipped with a frequency analyzer module.
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Fig. 5. PL spectrum of the ATO nanopowder with various temperature. Fill factor (FF) = —*— 4)
The deconvolution profile was sketched for the four main peaks Voc xJ sc
TABLE-3
PEC PARAMETERS OBTAINED FROM Sb DOPED SnO, FILMS
Condition of the thin film I, (mA) V.. (V) FF n (%) R, (Q) R, (Q)
Room temp. (without etching) 1.63 0.26 0.37 0.16 64 318
250 °C (without etching) 1.75 0.23 0.52 0.21 72 587
500 °C (without etching) 2.25 0.28 0.49 0.39 30 555
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where Py, is the maximum power (Vi X ).
Efficiency was calculated was calculated from eqn. 5:
_J.xV_xFF
P

in

)

where P, = 1000 W/m?.

From the experimental data, the J,. and V.. were 1.63,
1.75 and 2.25 mA and 0.26, 0.23 and 0.28 V, respectively of
the Sb-doped SnOs thin film at room temperature, 250 °C and
500 °C. The photocurrent efficiency increases with temperature
at 500 °C. This can be explained by the fact that controlled by
different surface phenomena such as desorption and adsorption
of O, due to the optimized temperature. The low efficiency of
the cell may be due to the presence of surface states and grain
boundaries that act as recombination centers for the photo-
generated carriers [32]. The higher resistivity of the samples
may also be attributed for the low efficiency.

Conclusion

An effective antimony-doped tin oxide (ATO) thin films
successfully were prepared by thermal evaporation technique
on ITO glass substrate. XRD analysis indicated that all films
have polycrystalline tetragonal structure. The plot shows that
the calcination temperature and particle size increased whereas
effective strain decreased. SEM images also supported the
XRD results and revealed the nanorod like features. The FTIR
spectrum confirmed the formation of ATO. The optical band
gap energy was calculated using Kubelka—Munk relation and
the calculated values lie between 3.84 and 4.4 eV. The band
gap energy shifted toward the bulk E, value of SnO, (3.6 eV)
when the calcination temperature increases. The UV emission
at 362 nm in the photoluminescence spectrum, which indicates
the suitability of SnO, for transparent conducting electrodes
(TCOs).
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