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ABSTRACT Antimony doped SnO2 (ATO) films were prepared on glass substrates by spin coating method at
rotational speeds from 2000 to 3500 rpm. The impact of rotational speed on physical properties of Sb-doped
SnO2 films were reported. XRD profiles of Sb-doped SnO2 films exhibits tetragonal rutile phase structure. The
surface morphology shows homogeneous growth of the films with spherical structure, and an agglomeration
of grains was observed at higher rotational speeds. Sb-doped SnO2 films prepared at 3500 rpm show an
optimum transmittance of 82 % at visible region. The optical bandgap energy of Sb-doped SnO2 films were
increased from 3.23 to 3.46 eV due to Burstein–Moss (B-M) effect. The electrical resistivity of Sb-doped SnO2

films were increased from 2.80 · 10−4 to 3.86 · 10−4 Ω·cm with an increase of rotational speed from 2000 to
3500 rpm.
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1. Introduction

Tin oxide (SnO2) is related to semiconductor of n-type with ∼3.6 eV band gap, high electrical conductivity, and
optical transparency [1,2]. The potential applications of SnO2 include transparent electrodes, gas sensors, photodetectors,
solar cells, etc., [3–6]. The physical properties of SnO2 was influenced by crystallinity, defects which include oxygen
vacancies, surface faults, and interstitials. The properties of SnO2 can be varied with different conditions of synthesis
methods, controlling the crystallite size, preferred crystalline growth, dopants, surface morphology, shape, and size dis-
tribution. The selection of the proper dopant in the host lattice will modify the parent system microstructure, affecting the
structural, optical, and electrical properties [7–10]. Various dopants such as Cu [11], Mg [12], Sb [13] have been used
to tune the properties of SnO2. Among these dopants, n-type doping of Sb3+ leads to enhancement in the conductivity,
preferably substitutional cations in the Sn4+ site, which releases electrons leads to an increase of electron density in the
conduction band (CB) [14]. Sb3+ state can occupy interstitial sites of SnO2 lattice because Sb3+ (0.74 Å) had a larger
ionic radius compared to Sn4+ (0.69 Å) causing a larger number of dislocations [15].

Among the several preparation methods RF/DC magnetron sputtering [16], spray pyrolysis [17,18], sol-gel [19], and
SILAR [20] for doped SnO2. The versatile sol-gel spin coating method offers many notable benefits, such as deposit-
ing at lower temperatures, precise stoichiometry control, cost-effectiveness, deposit across the wide areas, and uniform
film growth. The present work aims to study the rotational speed effect on comprehensive analysis of microstructural,
morphological, optical and electrical properties of Sb-doped SnO2 films.
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2. Experimental details

Sb-doped SnO2 (ATO) films was synthesized using the chemicals SnCl2·2H2O, SbCl3, and 2-methoxy ethanol as a
precursor, dopant, and solvent. First, 0.2 M of SnCl2·2H2O and 0.05 M of SbCl3 were mixed in 50 ml distilled water
individually, and then solutions were mixed at 350 rpm for two hours at 80 ◦C. The precursor solution with a volume
and molar ratio of [Sb]/[Sn] is 5:95 and 5 %, respectively. The monoethanolamine is used as a stabilizer and added at
5 ml/minute drop rate until a clear homogeneous solution with a pH of 9.2 is resulted. The final solution was aged for
48 hours to form a sol-gel.The final gel solutions was spin coated by using a spin coater (spinNXG-P1A, Apex Instruments
Co. Pvt. Ltd, India) on glass substrates of size 2.5× 2.5 cm2 with varying rotational speeds from 2000 to 3500 rpm. The
spin-coated samples was subsequently annealed under air atmosphere at 250 ◦C for 10 min. Film thickness uniformity was
evaluated by spectroscopic ellipsometry (J.A. Woollam, SE-Alpha, wavelength: 380 – 900 nm, 70◦ incidence; B-spline
model, spot ∼0.5 mm). A 9-point radial map (center, 4 mid-radius, 4 near edge) showed values ranging from 140 ± 1.8
to 235 ± 2.1 nm. X-ray diffraction patterns of ATO films were recorded using Cu Kα radiation (λ = 1.5406 Å) at 2θ =
10 – 80◦ with a step size of 0.02◦ and a scan speed of 2 ◦/min. The surface morphology of ATO films were examined
by SEM (Ultra 55, Karl Ziess) and topographic images by AFM (Model-Bruker Dimension Icon). XPS (Axis Ultra-165)
is employed for elemental analysis of ATO films. The wavelength range from 200 to 2500 nm was used to measure the
optical transmittance using double beam UV-VIS-NIR spectrometer (Model-Hitachi U-2900). The electrical properties of
the ATO films were examined by four probe method with Keithley 2450 source meter.

3. Results and discussion

3.1. Film thickness variation with rotational speed

It is noticed that the film thickness decreased from 235 to 140 nm with the rise in rotational speed from 2000 to
3500 rpm as shown in Fig. 1. The centrifugal force on the solution increases with rotational speed increases and casts
away the surplus solution to form a uniform film. The thickness of the films is inversely proportional to the rotational
speed. Generally, the solutions with low viscosity will make more liquid to radial outflow and driven out from the substrate
due to centrifugal force leading to thinner film.

FIG. 1. Plot of film thickness with rotational speed

3.2. Structural properties

The XRD patterns of ATO films prepared at 2000, 2500, 3000, and 3500 rpm is illustrated in Fig. 2. All the peaks
were matched to tetragonal cassiterite structure of SnO2 according to the reported data in the JCPDS file no. 41-1445. No
additional peaks was noticed in the spectra. The dominant spectra peaks correspond to planes (1 1 0) and (1 0 1) of Sb-
doped SnO2. It is observed from Fig. 2 that the intensities of diffraction peaks decrease with the rise in the rotational speed
because the peak intensity is proportional to the film thickness [21]. Using the Debye–Scherrer relation [22], crystallite
size reduced from 34 to 25 nm with the rise in spinning speed from 2000 to 3500 rpm. The decrease in crystallite size with
increasing rotational speed can be attributed to the lattice stress arising from the ionic radius difference between Sn4+

(0.69 Å) and Sb3+ (0.74 Å) [23]. Sb3+ had a greater ionic radius when compared to Sn4+ it can be able to occupy at
interstitial sites of the SnO2 lattice which results in more dislocations. Sn4+ to Sb3+ replacement at lattice sites has the
potential to enlarge the lattice due to the greater ionic radius. The lattice constants (a and c) and unit cell volume increase
linearly with rotational speed in Sb-doped SnO2 due to substitution of Sn4+ by larger Sb3+ ions. Similar results were
observed in the previous literature ATO thin films [24, 25].

The dislocation density δ = [1/D2], internal stress σ = E · ⟨ε⟩ (SnO2 – Young’s Modulus, E ∼ 200 GPa), and
energy density strain Ed = [0.5 · E⟨ε⟩2] of ATO films were estimated [26] and reported in Table 1. The dislocation
density of ATO thin films increased from 0.86 · 1015 to 1.60 · 1015 nm−2 with the rise of rotational speed from 2000 to
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FIG. 2. XRD patterns of ATO films

3500 rpm due to grain boundary enhancement and reduced crystallite size. Other researchers also observe a similar trend
in the coloration of ATO films [27, 28].

TABLE 1. Microstructural parameters of ATO films

Microstructural parameters 2000 rpm 2500 rpm 3000 rpm 3500 rpm

FWHM, β (◦) 2.39 2.61 2.83 3.26

d-value (nm) 0.3356 0.3375 0.3413 0.342

Lattice constant, a (nm) 0.4746 0.4773 0.4826 0.4837

Lattice constant, c (nm) 0.3216 0.3232 0.3226 0.3281

Volume, V = a2c (Å)3 72.46 73.65 75.14 76.77

Crystallite size, D (nm) 34 31 28 25

Microstrain, ε (line−2m−4) 1.014 1.108 1.202 1.385

Dislocation density, δ · 1015 (nm−2) 0.86 1.04 1.28 1.60

Stress, σ (GPa) 2.03 2.21 2.4 2.77

Strain energy density, Ed · 106 (J·m−3) 10.29 12.28 14.45 19.19

Cassiterite SnO2 had a tetragonal rutile structure belongs to P42/mnm (136) space groupand D14
4h symmetry. The

atomic positions u, c/a, apical and equatorial (d1 and d2) distances of Sn–O in the unit cell of ATO films were calculated
from the following equations

d1 =
√
2 ua, (1)

d2 =

√
2

(
1

2
− u

)2

· a2 +
( c

2

)2

, (2)

where u represents the O2− ions position at ±(0.5 + u, 0.5 − u, 0.5) and ±(u, u, 0) [29, 30]. If c/a = 2u, the Sn4+

cation had bond with O2− anion in tetragonal configuration [31]. The basal angle (θ) was determined from the relation
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cos θ =
[
a2(1− 4u+ 8u2)− 1

]
/
[
c2 + 4a2(0.5− u)2 + 4a2u2

]
[32]. The variation in the d1, d2 values indicates more

distorted octahedron symmetry, and the basal angle (θ) decreases with Sb3+/Sn4+ ions substitution. The obtained values
of d1, d2, and θ for Sb-doped SnO2 films at various rotational speeds were reported in Table 2.

TABLE 2. Apical and equatorial (d1 and d2) distances, internal parameter (u), and basal angle (θ) for
ATO films

Rotational
speed (rpm)

Interna
parameter, u

Apical
distance, d1 (Å)

Equatorial
distance, d2(Å)

Basal
angle (θ)

2000 0.3389 2.274 1.938 24.09

2500 0.3386 2.285 1.950 23.96

3000 0.3342 2.281 1.970 23.79

3500 0.3392 2.320 1.975 23.63

3.3. Compositional analysis

XPS was used to analyse the presence of chemical elements in the ATO films. The XPS full survey spectrum in
the range of electron binding energies from 0 to 1350 eV for ATO film prepared at the rotational speed of 3000 rpm is
illustrated in Fig. 3(a) The peaks corresponding to Sn (4d), C (1s), Sn (3d), O (1s), Sn (3p), Sn (3s), and Sb (3d) exhibit in
the XPS spectrum. The C element might be from hydrocarbons during the synthesis process. The two peaks observed at
487.1 and 495.5 eV binding energies were related to Sn 3d5/2 and Sn 3d3/2 orbitals as illustrated in Fig. 3(b). The distance
between two peaks is ∼8.4 eV, which is assigned to the Sn lattice ion in SnO2, similar to the previous reports [33,34]. The
XPS peaks at 531.4 and 542.1 eV is assigned to the trivalent states Sb 3d5/2 and Sb 3d3/2 as illustrated in Fig. 3(c) [35–37].
The XPS spectrum of O 1s is shown in Fig. 3(d). The XPS peak at 531 eV towards higher binding energy side of O 1s
spectra is assigned to adsorbed oxygen species [38, 39].

FIG. 3. XPS:(a) wide spectra, (b) Sn 3d, (c) Sb 3d , (d) O1s spectra of ATO film

3.4. Surface morphological studies

SEM images of ATO films prepared by varying rotational speeds from 2000 to 3500 is shown in Fig. 4. The surface
morphology shows a dense homogeneous surface with small grains of aggregated form. The film morphology at 3000 and
3500 rpm shows an even surface of small spherical grains. The SEM images reveals that these grains are packed closely,
and smaller particles consists of large surface free energy which tends to agglomerate to form enlarged grains.
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FIG. 4. SEM images of ATO films prepared at (a) 2000, (b) 2500, (c) 3000, and (d) 3500 rpm

AFM micrographs (5× 5 µm2) displaying the surface topography of ATO films were shown in Fig. 5. The thin film
samples exhibit without crack surfaces and agglomerated grains. At the higher rotational speeds many valleys and hills
appeared indicating well-segregated grains. The surface roughness parameters such as Ra, Rq , Rku, and Rsk were listed
in Table 3. However, the surface skewness of ATO films is positive which indicates the presence of numerous bumps. The
films prepared at higher rotational speeds had rough surfaces lacking grain growth. The surface roughness varied with
increasing rotational speed due to grain size reduction, and strain arising during the grain growth. The reduced grain size
degrades the crystallinity of films which confirmed with XRD analysis.

TABLE 3. AFM roughness parameters of ATO films

Rotational
speed (rpm)

RMS roughness,
Rq (nm)

Average
roughness, Ra(nm)

Kurtosis,
Rku

Skewness,
Rsk

2000 14 11 0.63 2.33

2500 12 9 0.34 3.54

3000 11 8 0.49 2.98

3500 10 7 1.22 2.41

3.5. Optical properties

The optical transmittance spectra of ATO films prepared at different rotational speeds is shown in Fig. 6(a). The op-
tical transmittance increases with increased rotational speed due to reduced film thickness from 235 to 140 nm. A smaller
number of photons are being absorbed due to the decrease in thickness of the films, enhancing the film transparency. The
increase in optical transmittance is due to the reduction in light scattering. The bandgap energy (Eg) of ATO films is
determined from the Tauc’s relation [40]:

(αhν)2 = A(hν − Eg)
1/2, (3)

where α is the absorption coefficient, hν is the photon energy and constant A depends on the transition nature. The
linear portion of Tauc’s plot (αhν)2 against hν shown in Fig. 6(b) exhibits bandgap of ATO films. It was noticed that
Eg increased from 3.23 to 3.46 eV with the rise in spinning speed because of Burstein–Moss (B-M) hypothesis. The
optical absorption shifts towards the higher energy which is proportional to free-electron density. The fact that the light
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FIG. 5. AFM (2D and 3D) images of ATO films prepared at (a) 2000, (b) 2500, (c) 3000, and (d) 3500 rpm
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absorption shifting towards the lower wavelengths with increasing rotational speed makes the films advantageous for its
optical applications in the UV region. Similar behavior is reported by Abhijit A. Yadav et al. [41] for antimony-doped
SnO2 thin films. The optical band gap variation can be explained by B-M effect as a function of carrier concentration is
given as [42]:

∆EBM
g =

h2

8m∗
e

(
3

π

)2/3

n2/3, (4)

where h, m∗
e , and n represents the Planck constant, effective electron mass, and carrier concentration. The carrier con-

centration of ATO films were decreased from 4.44 · 1020 to 3.64 · 1020 cm−3. The decrease in carrier concentration is due
to enhanced grain boundary density and comparable with AFM results [43].

The edge potentials of the conduction and valence band (ECB and EV B) of ATO thin films is determined from the
relations [44]

EV B = χ− Ee + 0.5Eg, (5)

ECB = EV B − Eg, (6)

where χ (for SnO2 ∼6.24 eV) represents electronegativity. Ee (∼4.5 eV) is the free electrons energy. The EV B values
for ATO films prepared at 2000, 2500, 3000, and 3500 rpm are obtained as 3.355, 3.39, 3.44, and 3.47 eV, whereas the
ECB values are 0.125, 0.09, 0.04, and 0.01, respectively.

FIG. 6. (a) Optical transmittance spectra and (b) Tauc’s plot of ATO films

3.6. Electrical properties

The rotational speed effect on carrier concentration (n), electrical resistivity (ρ) and mobility (µ) of ATO films is
summarized in Fig. 7. The electrical resistivity of ATO films was increased from 2.80 · 10−4 to 3.86 · 10−4 Ω·cm with
an increase of rotational speed from 2000 to 3500 rpm due to reduced carrier concentration. The increase in the electrical
resistivity values with an increase of rotational speed or decrease in film thickness was previously reported by Shihui Yu
et al. [45]. The mobility of ATO films decreased from 50.3 to 44.5 cm2V−1s−1 with an increase in rotational speed due
to the domination by the surface scattering-limited mechanism.

4. Conclusions

Sb-doped SnO2 thin films were successfully synthesized using the sol-gel spin coating method at different rotational
speed ranges from 2000 to 3500 rpm. XRD patterns of ATO films exhibits tetragonal rutile phase with a preferred
orientation along (1 0 1). The crystallite size decreased from 34 to 25 nm with an increase of rotational speed. The surface
morphology of ATO films exhibits dense grains in agglomeration form. The optical transmittance of ATO films increases
with an increase of rotational speed due to the decrease in the film thickness. The enhancement in the optical band gap
energy from 3.23 to 3.46 eV with the rotational speed is due to the reduction in the density of defect states. The electrical
resistivity of the ATO films increases from 2.80 ·10−4 to 3.86 ·10−4 Ω·cm with increasing rotational speed would degrade
the carrier mobility of the films. The decrease in mobility of ATO films with rotational speed may be due to grain size
reduction and enhancement in the grain boundary scattering. The ATO films prepared at higher rotational speed can make
them suitable to be used as a transparent electrodes for the optoelectronic devices.
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FIG. 7. Dependence of carrier concentration (n), electrical resistivity (ρ), and mobility (µ) of ATO films
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