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ABSTRACT
Aluminum–Zinc co-doped SnO2 thin films were successfully synthesised onto glass substrates by
spray-pyrolysis processing. The structural, morphological, optical and electrical properties of co-
doped thin films as deposited at 400˚C, 500˚C, and 600˚C and were studied using various techni-
ques. The XRD results show the films possessed polycrystalline SnO2 with tetragonal rutile structure.
The average crystallite size found to be 39 (pure) and 31 nm (co-doped). AFM images showed the
annealing temperature effects surface morphology of the films. The transmittance of thin films is up
to 80 to 85% in the visible region. The bandgap of the films has been calculated for different
annealing temperature and they lie within the range of 3.87 – 4.21 eV. Electrical properties of co-
doped thin films were studied through Hall measurement. Furthermore, the prepared co-doped thin
films will be useful in optoelectronics and gas sensing applications.

ARTICLE HISTORY
Received 17 April 2019
Accepted 1 June 2019

KEYWORDS
Spray pyrolysis; XRD; SEM
with EDAX; AFM; Optical and
electrical properties

Introduction

Tin oxide thin films have been attracting interest in its appli-
cations on liquid gas sensors solar cells and liquid crystals
displays, etc., may methods such as CVD [1], Spray Pyrolysis
[2], Sputtering [3], molecular beam epitaxy [4] and spin coat-
ing [5] has been used to produce thin films. The spray pyr-
olysis process has some advantage over the other techniques
due to excellent compositional control homogeneity at the
molecular level due to the mixing of liquids precursors and
lower crystallisation temperature. At the same time, the spray
pyrolysis of methods offers the possibility of preparing a small
well as large area coating of its Aluminium–Zinc co-doped
SnO2 (AZSO) thin films at low cost for technological applica-
tions [5–7]. Co-doping with solute atoms is an effective
method to improve various properties of TCO, films [8]
Gopinadhan et al. [9] have reported the co-doped SnO2 films
deposited by spray pyrolysis and have high conductivity and
good optical transmittance in the visible regions. SnO2 thin
films are very useful in wastewater treatment, optoelectronics,
gas sensing and biological applications [10–25]. But, few
researchers on sol-gel pyrolysis derived Co-doped SnO2 films
were reported. In this work, co-doped SnO2 thin films were
coated into glass substrate using spray pyrolysis. Structural,
morphological optical and electrical properties are charac-
terised. In this paper, the deposition and the characterisation
of doped SnO2 thin films. Hence, the effect on the annealing
temperature of structural, morphological and optical proper-
ties of Al-Zn-SnO2 thin films has been discussed.

2. Experimental details

Pure and Al, Zn doped SnO2 thin films were deposited glass
substrate by the spray pyrolysis technique. As a starting
material and dopant source SnCl4. 5H2O, AlCl3.5H2O, and
ZnCl2. 6H2O were used as a precursor and doping precursor

was dissolved in ethanol and stirred 4 h at 50°C. The
starting stoichiometry concentration of the pure and co-
doped solution was 4% in the solution. Firstly pure and Al-
Zn doped SnO2 layers were sprayed on glass substrates at
400°C. The substrate mounted on a hot plate that hot plate
connected to dimmastrate and high sensitive digital ther-
mometer for maintaining hot plate at 400°C. The spray rate
and substrate to nozzle distance were maintained at 10 mL/
min and 25 cm, respectively. Then, prepared samples were
annealed at 500°C and 600°C by muffle furnace.

2.1 Characterisation

The crystalline structure was carried out by a Rigaku X-ray
diffractometer model DmAX 2200 with a copper anti-
cathode (CuKα,λ = 1.5Å) with an angle range (2θ) of
20–70°. The surface morphology of the films and the cross
section films thickness were studied by field emission scan-
ning electron microscope (FESEM). AFM images were
obtained by using a multimode scanning probe microscope
with nanoscopic instruments and confirmation of doping
material by EDAX. The optical parameters were measured
using a Shima DZU-UV-3101PC bandgap (Eg) was evalu-
ated from a plot of (ahν)2 versus hѵ photon energy.

3. Results and discussion

3.1 Structural properties

The X-ray diffractogram of the pure SnO2 thin film prepared
at the substrate temperature of Ts = 400°C and annealed at 500°

C and 600°C are shown in Figure 1–3. The XRD pattern shows
the preferred orientation at 2θ = 37.94° with the plane (2 0 0)
confirmed the presence of SnO2 with the tetragonal crystal
structure as well as the observed other characteristics peaks
with the planes corresponding to (1 1 0), (2 1 1) are well-

CONTACT K. Pakiyaraj kpakiyaraj@gmail.com Department of Physics, Arulmigu Palaniandavar College of Arts & Culture, Palani 624 601, India

MATERIALS RESEARCH INNOVATIONS
https://doi.org/10.1080/14328917.2019.1628498

© 2019 Informa UK Limited, trading as Taylor & Francis Group



matched with standard JCPDS File No.46–1088. The appear-
ance of characteristic peaks at different positions revealed that
the thin films are in polycrystalline nature. It can be noticed

that the intensity of the peak corresponding to (2 0 0) is
increased upon the increase of temperature which implies
the crystallisation of the films. Furthermore, there are no any
other additional peaks which are irrelevant to SnO2. This
result is indicating the purity of the prepared thin films. The
Crystallite size of the prepared thin films was estimated using
the following Scherer’s Formula [26,27].

D ¼ kλ=βcosθ (1)

where D is the crystallite size, K is a constant and its value is
0.9, λ is a wavelength of X-Ray beam used for diffraction, β is
the full width at half maxima and θ is the Diffraction angle.
The crystallite size of the prepared thin films was estimated to
be 48, 8, 16 nm for 400°C, 500°C, and 600°C respectively.
Hence, the prepared thin films are justified to be nanocrystal-
line and also the mean crystallite size decreased with respect to
annealing temperature. This annealing temperature affects the
crystallinity of the thin films.

3.2 FESEM with EDAX analysis

Figure 4 shows FESEM images of pure SnO2 thin films pre-
pared at the substrate temperature TS = 400°C and annealed at
500°C, 600°C, respectively. It can be clearly seen from the
FESEM images that the thin films have been formed with
dense, crack-free and smooth nature. It is observed from
FESEM images that the spherical-shaped particles changed
to square shape upon the increase of temperature on the sur-
face morphology. This is possible due to the change in kinetics

Figure 1. XRD pattern of pure SnO2 thin films prepared at 400°C, annealed at
500°C and 600°C.

Figure 2. XRD pattern of the Al -Zn co-doped SnO2 (4%, 5%, 6%, 7%, 8%, 9%
and 10%) thin films .annealed at 500°C.

Figure 3. XRD pattern of the Al – Zn Co-doped SnO2 (4%, 5%, 6%, 7%, 8%,
9% and 10%) thin films.annealed at 600°C.

Figure 4. FESEM micrograph of pure SnO2 thin film prepared at 400°C
annealed at 500°C 600°C.

2 K. PAKIYARAJ ET AL.



during heat treatment. Furthermore, the morphology was
ascertained by FESEM analysis. FESEM images showed the
clear, crack-free, dense and smooth morphology of the pre-
pared thin films with the presence of nanoparticles. FESEM
images are apparently showed the increase of particle size
upon the increase of temperature. This is due to the grain
growth as a consequence agglomeration of particles can take
place. Hence, the resultant particle size was found to be higher
for the films subjected to 600°C. The impact of Al and Zn Co-
doping on the surface morphology of SnO2 is examined by
FESEM analysis. Figures 5&6 show FESEM images of the
prepared thin films show the smooth, dense, crack-free sur-
face. The homogeneous deposition of thin films with fine and
granular nanoparticles can be viewed through FESEM images.
It is apparently seen that particle size is decreasing upon the
increase of doping but at the same time from the 9% doping
onwards the particle size tends to increase again. Also, increas-
ing the annealing temperature causes the increase of particle
size which is due to the grain growth thereby agglomeration
took place and resulted in the increase of particle size. The
approximate particle size was measured from the FESEM
images and it lies in the range between 20 and 30 nm. The
EDAX Spectra of the prepared SnO2 thin films showed an
appropriate peak belongs to the elements Sn and O only. This
is confirmed the purity of films free from any other contami-
nants (Table 1–3). The peak at around 2KeV emerged from

the substrate EDAX spectra (Figure7-9) substantiated of Al,
Zn, Sn and O elements in the prepared thin films. The other
peaks are appeared due to the substrate.

Figure 5. FESEM micrographs of the Al – Zn codoped SnO2 thin films (a to
g (a = 4%, = 5%,c = 6%,d = 7%,e = 8%,f = 9%, g = 10%)) annealed at 500°C. Figure 6. FESEM micrographs of the Al – Zn codoped SnO2 thin films (a to g

(a = 4%, = 5%,c = 6%,d = 7%,e = 8%,f = 9%, g = 10%)) annealed at 600°C.

Table 1. Elemental composition of Al-Zn Co-doped SnO2 (Wt.10%) at 400°C.

Elements Weight Percentage (%) Atomic Percentage (%)

Sn 98.00 95.44
Al 0.41 1.75
Zn 1.59 2.81

Table 2. Elemental composition of Al-Zn Co-doped SnO2 (Wt.10%) at 500°C.

Weight Percentage (%) Atomic Percentage (%)

Sn 95.87 89.07
Al 2.12 7.58
Zn 2.01 3.35

Table 3. Elemental composition of Al-Zn Co-doped SnO2 (Wt.10%) at 600°C.

Elements Weight Percentage (%) Atomic Percentage (%)

Sn 97.00 95.44
Al 1.41 2.95
Zn 1.59 2.61
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3.3 AFM analysis

AFM images of AZSO thin films prepared at the substrate
temperature of 400°C and annealed at 500°C and 600°C are
shown in Figure10. The as-prepared thin film at Ts = 400°C
shows the growth of crystallites from the inner towards the
top of the surface and it seems like nanotips. This may be
due to the evaporation of by-products during the spraying
and resulted in the formation of the tip like topography. But
after the annealing at 500°C, the length of the tips seems to
decrease. Finally, increasing annealing temperature led to

the agglomeration. The root-mean-square roughness (RMS)
values of the film determined using the relation [28]. The
average crystallite size was estimated from the 2D image
view and it is about 25 nm.

3.4 Optical properties

The fundamental absorption corresponding to the optical
transition of the electrons from the valence band to the
conduction band can be used to determine the nature and

Figure 7. EDAX spectrum of the Al-Zn Co-doped SnO2 thin film (Wt.10%) prepared at 400°C.

Figure 8. EDAX spectrum of the Al – Zn Co-doped SnO2 thin film (Wt.10%) annealed at 500°C.

Figure 9. EDAX spectrum of the Al – Zn Co-doped SnO2 thin film (Wt.10%) annealed temperature at 600°C.
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values of the bandgap (Eg) of the films. Depending on the
characteristic property of the material, different theoretical
equations have been used to calculate the absorption coeffi-
cient (α) value as a function of photon energy (hν). In this

case, the films are polycrystalline, the (αhν) curves corre-
spond to crystalline material with direct-allowed transitions
(direct bandgap) can be used to calculate the bandgap by
classical relation as given below [28].

Figure 10. 2 and 3 dimensional atomic force micrographs for Al-Zn co-doped SnO2 thin films prepared at 400°C, annealed at 500°C and 600°C (10 Wt.%).

Figure 11. Optical transmittance spectra of Al-Zn-SnO2 (4%,5%,6%,7%,8%,9% and 10%) thin films deposited on glass substrates prepared at 400°C.

Figure 12. Optical transmittance spectra of Al-Zn -SnO2 (4%,5%,6%,7%,8%,9% and 10%) thin films annealed at 500°C.
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αhυ ¼ A hυ� Eg
� �n

(2)

where Eg is the optical band gap. A is a constant and the
exponent ‘n’ depends on the transition [29]. The UV-Vis
transmittance spectra of SnO2 thin films deposited on
a glass substrate at the prepared substrate temperature of
400°C and annealed temperature of 500°C, 600°C are
shown in Figure 11–13. The transmittance spectra revealed
that the films are highly transparent in the visible region
with the transparency of 85%, 95% and 70% for 400°C,
500°C and 600°C annealed SnO2 thin films, respectively.
An increase of annealing temperature to 500°C led to the
enhancement of transparency, but further increasing the
annealing temperature (600°C) decreased the transparency
of films, which may be caused by the increase of the
density due to higher temperature effects. The absorption
edge is shifted from lower wavelength region to higher
wavelength region (i.e. red shifted) is an indication of
a decrease of the band gap of the SnO2 thin films upon
increasing annealing temperature. Considering direct band
transition in SnO2 thin film, a plot between (αhυ)2 versus
photon energy (hυ) has been drawn and which is shown in
Figure 14. Extrapolation of the linear region of these plots
to (αhυ)2 gives corresponding direct energy bandgap. The

band gap values of 4.02 eV, 3.88 eV, and 3.84 eV have been
obtained for the SnO2 thin films prepared at 400°C and
annealed at 500°C and 600°C, respectively. The obtained

Figure 13. Optical transmittance spectra of Al-Zn-SnO2 (4%,5%,6%,7%,8%,9% and 10%) thin films annealed at 600°C.

Figure 14. Bandgap of pure SnO2 thin films at 400°C, 500°C and 600°C.

Figure 15. Bandgap of Al-Zn- SnO2 (4%,5%,6%,7%,8%,9% and 10%) thin films
annealed at 500◦C.
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bandgap values are in good consistent with the literature
[30,31].

The UV-Vis transmittance spectra of Al and Zn co-doped
SnO2 thin films prepared temperatures at Ts = 400◦C and
annealed temperature at 500◦C and 600◦C are shown in
Figures. All the films have transparency of around 80%. It
can be seen that in all the thin films the appearance of UV
radiation with Al and Zn doped SnO2. Figures (14–16) show
the Tauc’s plot of (αhυ)2 vs photon energy hυ(eV). From these
Tauc’s plot bandgap energy of the thin films was to be (2.35 to
3.55eV), (2.5 to 3.55eV) and (1.5 to 3.35eV) for 400◦C, 500◦C,
and 600◦C respectively. Increasing the annealing temperature
leads to a decrease in bandgap energy values.

3.5 Electrical properties

Figure 17 shows the Plot for carrier concentration, Hall
mobility, the resistivity of AZSO thin films grown on glass
substrate annealed at 500°C. It is found that hall mobility
strongly depends on the carrier density. Hall mobility
increased with increasing the carrier density which is inter-
esting behaviour. The interesting relation between hall

mobility and the carrier density in the AZSO films has
been reported in other oxides.

It is important to investigate the temperature dependents of
the conductivity hall mobility, resistivity and its carrier density
to reveal the transport mechanism. AZSO films showed rela-
tivity highly hall mobility. Hall mobility and carrier density
randomly increasing and decreasing depending upon the tem-
perature. Whatever the measurement temperature we have
clearly noticedmobility and the carrier concentration depends
on the annealing temperature. As a result, prepared thin films
are inappropriate for two materials because of their low con-
ductivity. However, it was found that the conductivity and free
carrier density can be controlled in a wide range by changing
the Al, Zn concentration and temperature [32–41]. At higher
concentration of Wt.10% the hall mobility of AZSO thin films
increasing the annealed temperature of 500°C. So this condi-
tion to make the film is suitable for gas sensing applications.

4. Conclusion

Al and Zn doped SnO2 nanocrystalline thin films have been
successfully prepared on the glass substrate by spray pyrolysis

Figure 16. Bandgap of Al-Zn-SnO2 (4%,5%,6%,7%,8%,9% and 10%) thin annealed at 600◦C.

Figure 17. Plot for carrier concentration, Hall mobility, Resistivity Vs Al-Zn Co-doped SnO2 thin film annealed at 500°C.
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method. It was found that the nanocrystalline SnO2 grains
possess structure features of the tetragonal rutile structure.
The crystallite size was calculated using Scherrer’s formula
and it was in the range of 30 to 35 nm. The thickness of the
thin films was measured and it was about 1.75 μm to 1.05 μm
400°C to 600°C, respectively. FESEM images demonstrated
the fine and granular nanoparticles in the size range of 20 to
30 nm. EDAX spectra confirmed the presence of Al, Zn, Sn
and O elements. The prepared thin films have shown higher
transparency (80% to 85%) in the visible region. Hall mobility
was observed to be monotonically increased with the increase
of Al and Zn content in SnO2 thin films. However, it was
found that the conductivity and free carrier density can be
controlled in a wide range by changing the Al and Zn con-
centration. Therefore, it is clear that Al-Zn codoped SnO2

thin film is a promising candidate for optoelectronics and gas
sensors applications.
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Statement of Novelty

● Aluminium–Zinc Co-doped SnO2 nanocrystalline thin films were
prepared by spray pyrolysis method.

● Al-Zn-Co doped SnO2 thin films were deposited by different
annealing temperatures (400°C, 500°C and 600°C).

● Structural, optical and electrical properties of AZSO thin films as
deposited (400°C, 500°C and 600°C) were characterised using var-
ious techniques.
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