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ABSTRACT: Sn-doped zinc oxide (ZnO:Sn) thin films were deposited onto the ultrasonically
cleaned pre-heated glass substrates by employing a simplified spray pyrolysis technique using a spray
gun at a constant temperature 250°C. The films were deposited on the substrate for various solution
volumes by taking 0.05M of Zinc acetate as precursor concentration along with 0.0001M & 0.0003M
Stannic chloride. The thickness of the films was calculated by the gravimetric weight difference method.
The effects of Sn concentration on the structural and optical properties of films were investigated.
The deposited films of Sn-doped ZnO showed that the films are c-axis oriented with hexagonal
wurtzite structure and preserve their (002) preferential orientation. The grain sizes decreased
depending on the increasing Sn concentration. From the optical spectra, all the film exhibits a better
transparency of about 80% to 90% in the visible region along with a sharp absorption edge observed
which is suitable for optoelectronic applications. The optical band gap slightly increases with increasing
Sn doping concentration. The electrical properties of the films show that the resistivity of the film
decreases with the increase of Sn concentration with ZnO. The results suggest the potential
application of Sn-doped ZnO thin film as a transparent conducting oxide layer for different
optoelectronic and photovoltaic devices.
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INTRODUCTION

Zinc oxide (ZnO) thin films have wide applications
such as light emitting diodes (LED’s), laser systems, solar
cells, and transparent electrodes, etc., due to their excellent
structural and optical properties [1]. These films can be
prepared by different techniques, such as Chemical Vapor
Deposition (CVD), Pulsed Laser Deposition (PLD) magnetron
sputtering, reactive evaporation, spray pyrolysis, etc., [2-4].
Among the methods, the spray pyrolysis technique has several
advantages such as simplicity, safety, and low cost of the
apparatus and raw materials.

ZnO is a direct large band gap semiconductor and
generally, with wurtzite crystal structure [5]. However, the
size, the grain orientation, and the quality of the surface
depend on the conditions in which the material was
prepared and the different treatments that can be made.
The surface states of semiconductor materials generate
superficial electronic properties which are often affected
by their interactions with foreign elements [6].

There are many extensive studies on the crystalline
structure and optical transmittance of doped ZnO thin films
prepared by spray pyrolysis methods [1,7]. The structural
characteristics, electrical and optical properties of the ZnO
films have been widely investigated [8], while the doping effect
of very low Sn concentration on ZnO thin films and its
properties is still under investigation. There are however few
studies on optical constants and absorption coefficient of doped
ZnO thin films. In the present study, the effect of a very low Sn
doping concentration with ZnQ in the ratio range of (ZnO:Sn::
0.05:0.0001M and 0.05: 0.0003M) have investigated the
structural and optical properties, and morphology studies of tin-
doped zinc oxide thin films deposited by spray pyrolysis
technique. Those properties are critically evaluated based on
the requirement to be used in organic solar cells.

EXPERIMENTAL SECTION

Sn-doped zinc oxide (ZnO:Sn) thin films were
deposited onto the ultrasonically cleaned pre-heated glass
substrates by employing a simplified spray pyrolysis
technique using a spray gun at a constant temperature
250°C. The deposition parameters employed in this study
are tabulated in Table 1. The films were deposited on the
substrate for various solution volumes by taking 0.05M
of Zinc acetate as precursor concentration along with
0.0001M & 0.0003M Stannic chloride. Several sets
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Table 1: Process parameters for the deposition of the films.

/ Spray parameters Optimum value/ ltem \

Substrate Glass

Nozzle - Substrate distance 30 cm

Host Material Zinc acetate

Dopant Material Stannic chloride

Solution concentration - ZnO 0.05M : 0.0001M & 0.05M :
: Sn 0.0003M

Solvent Distilled Water

Solution flow rate 5ml / min

Carrier gas Compressed air
Gas pressure 2 kg/em?
Substrate temperature 250 + 10°C
Angle of spraying 30 - 45°

of films were fabricated using the same deposition parameters
in order to confirm the reproducibility of the films and then
characterized. The thickness of the films was calculated
by the gravimetric weight difference method. X-Ray Diffraction
(XRD) patterns were obtained using X-ray diffractometer
(PANalytical PW 340/60 X’pert PRO) which was operated
with Cu Ka (A = 1.5406 A) radiation. Electrical studies were
carried out using a four-point probe and Hall effect apparatus
(ECOPIA HMS-3000) with Vander Paw configuration and
the transmission spectra of the films were recorded by Perkin
Elmer (Lambda 35 model) UV-Vis-NIR double beam
spectrophotometer. Photoluminescence spectra were recorded
using a Spectro Fluorometer (Jobin Yvon-FLUROLOG-FL3-11)
with Xenon Lamp (450W) as the excitation source with
a wavelength of 325nm at room temperature. AFM images
were obtained using an atomic force microscope (Veeco-di CPII).

RESULTS AND DISCUSSION
Structural studies - XRD

Fig.2a and Fig.2b show the XRD pattern of Sn-doped
ZnO thin films. The profiles of the XRD structure reveal
that the growth of the film is along the c-axis oriented with
a hexagonal wurtzite structure. Irrespective of the doping
of the Sn concentration all the doped and undoped films
have preferential orientation in the same plane (002),
indicating that there is no alteration in the preferential growth
even in the incorporation of the tin in the Zn sites. In associated
with the ZnO (002) plane structure other peaks (101)
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Fig.2a: X-ray diffraction pattern of Sn doped ZnO (0.0001M)
thin film deposited on glass substrate at 250°C.
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Fig.2b: X-ray diffraction pattern of Sn doped ZnO (0.0003M)
thin film deposited on glass substrate at 250°C.

were present. The degree of the preferential growth is
gradually declined when the doping concentration varies
even though orientation remain as (002) plane.

The texture coefficient (TC) of the doped and undoped
ZnO thin film corresponding to the preferential oriented
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1/ N|:Z|(hkl) / Io(hkl):|
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Where lpozy and looz are the measured and the
standard relative intensity (JCPDS: 36-1451) values
of the (002) plane, Iy and lopiy are the measured relative
intensity and standard relative intensity of the hkl plane
respectively and N is the number of the diffraction peaks.
The TC values of the (002) plane and the variation of the
TC as a function of Sn doping concentration in the solution
volume of 50ml are shown in Fig.3. From the Fig.3, it is
seen that the TC values of (002) plane are slightly
decreases with increase of doping concentration,
suggesting a monotonically degradation in the crystalline
quality of the film due to Sn doping.

The grain size (D) can be estimated using the
Scherrer’s relation (2). The grain size (D) can be estimated
using the Scherrer’s relation. [9,10].

_ 0942
" BCos6

2)

Whre A is the wavelength of X-ray i.e. 1.5405A, p and
© are th full-width half maximm and angle ofBraggs
diffraction of the 002 diffraction peak respectively, and
the crystalline size was estimated for the volume of 30ml
and 50ml of the solution are about in nm range are shown
in Table 2 and Table 3 for 0.0001M and 0.0003M and their
corresponding lattice parameters (a and c) are given in
Table 4. For 10ml sprayed solution the film shows the
amorphous pattern. The microstrain (&) and the dislocation
density (o) of films were estimated using Egs. (3) and (4)
[10,11].

. BC;)te 3)
1
5= 0

The XRD pattern of the doped ZnO thin film shows
that the (002) peak gets widen along with the gradual
decrement of the intensity. A very slight shift right in the
20 value and the decrement in the ¢ parameters value with
the increase of the doping concentration may attribute to
the substitutions of Sn** ions into Zn?* sites. This is arrived
because the Sn** ionic radius (0.069 nm) is less than Zn?*
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Table 2: Various parameters of Sn-doped ZnO (0.0001: 0.05) film with different volumes.

4 Film The volume of the precursor solution | plane FWHM Interplanar distance (d) Ggm ns1i)ze Dislocati;) ]rl Density °\
101 0.3 2.48034E-10 5.5102E-08 3.2935E+14
Zn0:Sn om 002 1 2.6349E-10 1.6431E-08 3.7039E+15
OSO%SZI.M 101 0.4 2.4724E-10 4.134E-08 5.8511E+14
\_ som 002 0.2 2.6066E-10 8.2239E-08 1.4785E+14 )

Table 3: Various parameters of Sn doped ZnO (0.0003M : 0.05) film with different volume.

Film Volume of the precursor solution Plane FWHM Interplanar distance (d) Grain size D|s|ocat|9n Density
D(nm) 0P
10 ml 002 0.2 2.6177E-10 8.2206E-08 1.4797E+14
Zn0O:Sn
0.05: 30 ml 002 1 2.6199E-10 1.6439E-08 3.6999E+15
0.0003M
50 ml 002 0.3 2.6052E-10 5.4829E-08 3.3264E+14 )
Table 4: Parameters a & ¢ of Sn doped ZnO film of different concentration with different volume.
f 002 Plane \
Temp. Film Volume of the precursor solution Parameters
Strain - €
A C
10ml - - -
Zn0O:Sn
0.05: 30ml 3.0015 5.1982 0.004629
0.0001 M
50 ml 3.0137 5.2194 0.000914
250°C
10 ml 3.0270 5.2424 0.0009192
Zn0O:Sn
0.05: 30ml 3.0280 5.2442 0.0046005
0.0003 M
50 ml 3.0116 5.2158 0.001371
- J
2 1 Here it is observed that the grain size of the film
184 ., 0.0003M of Sn-doped ZnO at 30 ml volume of solution is
16 1 01,157 less than that of the undoped ZnO film of similar thickness.
1.4 A .. . . . .
1 0.0003,1.32 This is due to the lesser ionic radius of Sn** (radius =
S ) 0.069nm) which substitutes Zn*? (radius = 0.074nm),
E os thereby decreasing the grain size. However, grain size does
0.6 soml not vary systematically with Sn dopant concentration,
0.4 1 which is attributed to the lattice disorder produced in the
021 films at higher dopant concentrations due to the variation
0 T T T 1 . .. . .
0 0.0001 0.0002 0.0003 0.0004 in their ionic radii [12].

Sn doping concentrations
Fig.3: Variation in the TC of 002 plane of ZnO:Sn films.
ionic radius (0.074nm) and hence the substitution of Sn**

into Zn?* sites could cause the slight decrement in the
interplanar distance(d).
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Optical studies

The optical transmission and absorption spectra of
doped zinc oxide films prepared at a substrate temperature
of 250° + 10°C for different Sn doping concentrations
(Zn0O:Sn :: 0.05:0.0001M & 0.05: 0.0003M) are present
in Fig.4(a), 4(b) and Fig.7(a), 7(b). The Evaluations
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Fig. 4: (a) Transmission spectra of Sn-doped ZnO (0.05:0.0001M) thin films. (b) Absorption spectra of Sn-doped ZnO
(0.05 : 0.0001M) thin films.

are made in the wavelength scanning mode under the
following parametric conditions:

Incidence - Normal

Temperature - Room temperature

Reference — glass slide (substrate)

Transmission and absorbance spectra of Sn doped ZnO
thin films show very low absorbance and high
transmittance with increasing doping concentration in the
visible region. Transmittance of the film also increases
with increase of the volume of the solution at low
concentration rather than that of higher concentration.
From the spectra, we absorbed that all the film exhibits
a better transparency of about 80% to 90% in the visible
region along with a sharp absorption edge which is suitable
for optoelectronic (solar cell) applications [13]. The
optical constants such as refractive index(n) and extinction
coefficient(k) were determined from the transmittance
spectrum. It is one of the parameters important for optical
materials and applications. The variations of refractive
index (n) and extinction coefficient (k) with wavelength in
the region of 300 nm — 700 nm are shown in Fig. 5(a), 5(b)
and Fig. 8(a), 8(b). It shows that the refractive index
values in the visible region are varies from 1.5 to 2.0
for undoped and Sn doped ZnO for various volume with
different concentrations. This variation in the refractive
index is a result of Sn content. Here the extinction
coefficient value decreases up to certain values of
wavelength and then increased.

The absorption coefficients alpha of ZnO thin films
was determined from the measurements of transmittance
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[14]. If the thickness (t) of the film is known the absorption
coefficient (o) can be determined from Eq. (5).

In(1/T)
o=
t

)

The energy gap was determined by using the
absorption coefficient values. Fig. 6 and Fig. 9 shows the
plot of (ahv)? versus hv, where o is the optical absorption
coefficients and hv is the incident photon energy [14, 15].
By assuming a direct transmission between valence band
and conduction band the energy gap was estimated using
the egn. 6.

)1/2

ahv = K(hv — Eg (6)

The energy gap ' Eg ' is determined and are given
in the Table 5. It is found that the Eg value is found
to be increased with respect to the increase of the Sn
doping concentrations.

The optical band gap, estimated by extrapolation of the
linear region of the graph to the photon energy axis is
found to be increasing from 3.2eV to 3.32eV with dopant
concentrations 0.0001 & 0.0003M. The changes in the
band gap can be attributed due to the Burstein-Moss band
gap widening and band gap narrowing due to electron-
electron and electron-impurity scattering. Tailoring the
optical bandgap, Eg, of ZnO nanostructured thin films is
of great interest to meet increasing demands for diverse
practical applications, such as optoelectronics, spintronics,
and photonics. Processing parameters, dopant selection,
and various combinations of the two have significant
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Fig. 5: (a) Extinction coefficients of Sn-doped ZnO (0.05 :
0.0001M) thin films. (b) Refractive index of Sn-doped ZnO
(0.05 : 0.0001M) thin films.
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Fig. 6: Band gap of Sn-doped ZnO (0.05: 0.0001M) thin films.
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Fig. 7: (@) Transmission spectra of Sn-doped ZnO (0.05 :
0.0003M) thin films. (b) Absorption spectra of Sn-doped ZnO
(0.05 : 0.0003M) thin films.

effects on the crystal structure and microstructure of
fabricated films, and thus optical performance [16].

Photoluminescence

Fig.10 shows the photoluminescence spectra of Sn-doped
and undoped ZnO films at room temperature All the films
such as undoped ZnO and Sn-doped ( 0.0001 & 0.0003M)
with two different concentrations shows two distinct
emission peaks

1. Sharp UV emission band near 360nm.

2. Green emission spectra in the visible region near
525nm.

It is known that UV band corresponds to the band edge
transitions of ZnO and the green emission band relates to
defects density [17]. The obtained less intense green
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Table 5: Band gap values for undoped and Sn doped ZnO film.
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-

Band Gap (eV)

Volume
ZnO Zn0: Sn-0.0001 Zn0: Sn-0.0003
10 3.28 3.28 3.32
30 3.25 3.28 3.3
\_ 50 3.2 3.2 3.24 J
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Fig. 4: (a) Extinction coefficients of Sn-doped ZnO (0.05: 0.0003M) thin films. (b) Refractive index of Sn-doped ZnO
(0.05 : 0.0003M) thin films.
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Fig. 9: Band gap of Sn-doped ZnO (0.05: 0.0003M) thin film.

emission for all the samples indicates the lesser defect
concentrations of these films. The shift in the peak towards
lower wavelength (blue shift) with increasing intensity of
Sn doping concentrations (0.0001M) shows the
enhancement of radiative recombination due to the
substitution of Sn ions into Zn ions as discussed earlier.
This shift in PL spectra corroborates well with the shift of

absorption edge absorbed in the transmittance spectra.
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Fig.10: Room temperature photoluminescence spectra of Sn
doped ZnO thin film

Scanning Electron Microscope

SEM images of undoped and Sn doped ZnO thin films
on pre heated glass substrates are shown in Fig. 11 and
Fig. 12. These images show that the morphology of
the films is dependent of the concentration of the Sn dopant.
It can be seen that the undoped ZnO film surface exhibits
a rough and porous structure. The porous structure
is seems to be changed by Sn doping concentrations.
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Fig. 11: SEM images of Sn-doped ZnO films (0.0001M).

This is expected as the introduction of the stresses due to
the difference in ionic radii between Sn and Zn ions causes
a reduction in the porous.

Atomic Force Microscopy

Fig.13 and Fig.14 show both 2D and 3D images
obtained using an AFM (Atomic Force Microscope) for
Sn-doped ZnO films of doping concentrations (0.0001M
and 0.0003M) for 50 ml volume of precursor solutions
deposited on the glass substrate. The sampling areas used
were [Spm x Spum]. The average roughness values were
4.6nm and 3.45nm.

456

Russiarani S. et al.

Vol. 42, No. 2, 2023

4 _ N

L

SEM HW 15KV WO: 8.84 mm I I VEGAS TESCAN

SEM MAG: 150 kx  Datefmidy): 1029721 20 pm
View field: 67.0 pm Det: SE

PMU, Thangovur.

Samesw | woammm | | vecas rescan
SEMMAG: 352Kx  Date{midyk 102921 105m
View fiekd: 36.2 ym Det: SE

PR, Thangavur,

\ SEM M 15 WV worsreme Lo 1 Jwecas rescan /
SIM MAGE 4.00 kx  Dategmidys: 10021 30

Views fledd: 3 1.8 yam Owt: 55 PRLL Y e

Fig.12: SEM images of Sn-doped ZnO films (0.0003M).

Table 6 shows the roughness and peak height of the
undoped and Sn-doped ZnO thin film. From that, it is
observed that the average roughness of the ZnO film is
decreased when it is doped with Sn. The roughness of the film
is slightly decreased when the concentration increased. ZnO
thin film maximum profile peak height is decreased when it
is doped with different Sn concentrations and the peak height
is decreased with increasing doping concentration. It is worth
mentioning that improved quality of the ZnO films such as
smoothness, compactness is confirmed by Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM)
than previous reports [8, 18].
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Table 6: Roughness and peak height on the surface of the ZnO : Sn thin film.

( Sn Doped ZnO (nm) \
Standard Roughness Undoped ZnO(nm)
0.0001M 0.0003M
Average Roughness 14.90 4.60 3.45
Maximum profile peak height 54.36 41.77 9.85
Average maximum profile peak height 27.64 10.52 4.59
Total roughness 88.67 52.93 15.85
k Average total roughness 54.84 16.29 8.21 j

50.09 rm

-13.93 rm

Opm 25 um um

\ (@

Fig.13: AFM images for Sn doped ZnO (0.0001M) films (a) 2D images, (b) 3D images.

0 pm 25 um 3 pm

\ @

J

Fig. 14: AFM images for Sn-doped ZnO (0.0003M) films (a) 2D images, (b) 3D images.

Electrical Properties

The Electrical sheet resistance (Rq) of the undoped and
Sn doped ZnO thin film for the volume of 50ml precursor
solution are shown in Fig.15 and the corresponding
resistivity (p) of the films is tabulated in Table 7. From
Fig.15, it is seen that sheet resistance decreases with the
increase of Sn doping concentrations. The decrement of
sheet resistance is caused by the substitution of Sn** ions
into the Zn?* sites, each of the ion substitutions results

Research Article

in creation of 2 free electrons. The substitution of tin ion
acts as a donor to the system, reducing sheet resistance.
Organic Solar Cells (OSCs) have gained huge attention
due to their unique qualities such as lightweight,
transparency, flexibility and low-cost [19, 20] Machine
learning is a powerful tool, which is based on rapidly
growing artificial intelligence technology, is a high-
throughput method to accelerate the speed of material
design and process optimization. This recognition
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Table 7: Electrical parameters of Sn doped ZnO thin film.

Sheet Resistance \

4 Sn doping Resistivity
Concentrations (p) x 104Q Cm) Ren X 103(€Q/ Cm)
oM 440 231.58
0.0001 M 286 150.52
0.0003 M 124 65.26
o %

250 1

e 710 - Sn
200 A

100 A

Sheet Resistance

50 -

o
4

-5E-05 2.3E-18 5E-05 0.0001 0.00015 0.0002 0.00025 0.0003

Sn doping concentration

Fig.15: Variation of Rsh as a function of Sn doping
concentrations.

motivates the present perspective, which focuses on
utilizing the experimental data set for machine language
to efficiently aid organic solar cell research. Machine
learning has a wide scope in organic solar cell research.
This is especially useful for complicated problems in
material science, such as designing molecules for organic
solar cells, which can depend on a vast array of factors and
unknown molecular structures. It would take humans years
to sift through the data to find the underlying patterns—and
even longer to test all of the possible candidate
combinations of donor polymers and acceptor molecules
that make up an organic solar cell. Thus, progress in
improving the efficiency of solar cells like ZnO thin films
to be competitive in the renewable energy space has been
slow [21-23].

CONCLUSIONS

Sn-doped ZnO thin films were deposited by using
an ultrasonic spray technique with a non-agueous
solution. The effects of Sn concentration on the structural
and optical properties of films were investigated. The
deposited films of Sn-doped ZnO showed that the films
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are c-axis oriented with hexagonal wurtzite structure
and preserve their (002) preferential orientation. The
grain sizes decreased depending on the increasing Sn
concentration. From the optical spectra we absorbed
that all the film exhibits a better transparence of about
80% to 90% in the visible region along with sharp
absorption edge which is suitable for optoelectronic
applications. The optical band gap slightly increases
with increasing Sn doping concentration. The electrical
properties of the films show that the resistivity of the
film decreases with the increase of Sn concentration
with ZnO. The results showed that Sn doping in ZnO
thin films markedly decreased the average grain size,
the optical transmission and the resistivity, improved
the roughness and gave a finer microstructure than that
of undoped ZnO thin films.
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