%u_;_-) 197

International Journal of Thin Films Science and Technology

Int. J. Thin. Fil. Sci. Tec. 10, No. 3, 197-204 (2021)

http://dx.doi.org/10.18576/ijtfst/100309

Influence of Doping Concentration on the Properties of Tin
Doped Zinc Oxide Thin Films Prepared by Spray Pyrolysis for
Photovoltaic Applications

K. Salim®, M. N. Amroun and W. Azzaoui
Laboratoire d’Elaboration et de Caractérisation des Matériaux, département d’électronique, Université Djilali Liabes,
BP89, Sidi Bel Abbés 22000. Algeria

Received: 21 May 2021, Revised: 22 Jun. 2021, Accepted: 24 Jul. 2021.
Published online: 1 Sep. 2021.

Abstract: This work reports on the preparation and characterization of zinc oxide (ZnO) thin films by spray pyrolysis on
glass substrates. The effect of Sn doping with 1% Sn (TZO-1.00), 1.5% Sn (TZO-1.50), 2% Sn (TZO-2.00) on the
structural, optical and electrical properties of the obtained films was studied. The obtained films are characterized by
different techniques such as X-ray diffraction (XRD), UV-visible and electrical Hall Effect measurements. The results of
the XRD characterization indicate that all the films have the polycrystalline hexagonal wurtzite structure with a preferred
orientation (002). Spectroscopic measurements in the UV-VIS-IR wavelength range were found to give good average
transmittance values of about 70%, with a high transmittance of 75% with 1.5% Sn doping. The optical gap value increases
in the range of 3.23 to 3.29 eV with increasing tin content. The electrical analysis shows that the conductivity improves

slightly with doping compared to the pure ZnO film.
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1 Introduction

Zinc oxide (ZnO) has become a widely followed TCO by
researchers in recent years due to its optical and electronic
properties [1]. ZnO is an n-type semiconductor with large
exciton energy of 60 meV [2] and a large direct band gap of
3.34 eV [3.4]. Pure ZnO thin films have low transmittance
and electrical conductivity compared to doped films, which
is due to their low carrier density. In order to improve its
physical properties, ZnO has to be doped with different
elements such as Sn, Al, F, Ge, Ti, Bi, Cu etc. [5].
Transparent conductive oxide thin films have been applied
in several fields like as, solar cells [4], UV photo-detectors
and piezoelectric transducers [3], gas detectors [5]. Several
methods such as; successive ionic layer adsorption [1],
chemical route [7], pulsed laser [8], and spray pyrolysis [2]
have been used for the deposited of zinc oxide films.

In this work, the effect of tin (Sn) doping on the optical and
electrical properties of ZnO thin films produced by the
spray pyrolysis technique was studied.

2 Experimental Details

ZnO films were prepared by the spray pyrolysis technique
at different doping concentrations. In the first step, the

sputtering solution was prepared using zinc nitrate (Zn
(NO3)2,6H20) (0.1 M) as a precursor in 50 ml of doubly
distilled water. After stirring at room temperature, an
amount of tin chloride (SnCl2.2H20) with different ratio
was added (1% Sn: TZ0O-1.00, 1.5% Sn: TZO-1.50, 2% Sn:
TZ0O-2.00). The solution mixture was stirred to give a clear
solution at the end. The substrate temperature was set at
350+10°C, and the solution was introduced into a spray
nozzle at a constant atomization pressure. The solution flow
rate was 2 ml/min. The distance between the nozzle and the
substrate was 30 cm. The values of the thickness are 291,
278, 295 and 283 nm for ZnO, TZ0O-1.00, and TZO-1.50
and TZ0-2.00 films, respectively.

Structural characterization was performed at room
temperature using a Bruker D2 Phaser X- ray
diffractometer with CuKa radiation (A = 1.5406 A). The
XPS measurements were carried out on a Kratos Axis Ultra
using Al Ko (1486.6 eV) radiation. High resolution spectra
were acquired at 20 eV pass energy with energy resolution
of 0.9 eV. Transmittance spectra were recorded between
200 and 2500 nm wavelength using a dual beam UV-vis-
NIR spectrophotometer type JASCO 570. The chemical
composition of the deposited films was studied by EDS
analysis using a Jeol scanning electron microscope, model
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JSM-5800, equipped with an energy dispersive X- ray
detector. Electrical parameters were measured using the
ECOPIA HMS-5000 Hall effect measurement system at
room temperature.

3 Results and Discussion

3.1Structural and morphological characterization

X-ray diffraction (XRD) spectra of undoped and Sn-doped
ZnO thin films with different concentrations illustrated in
Figure.l.a.The presence of several peaks indicating the
polycrystalline nature of the obtained films. All the peaks
observed in these spectra correspond to the wurtzite
structure of ZnO according to the comparison with JCPDS
map No. 36-1451 [6]. No peaks corresponding to other
phases such as tin, tin oxide or other tin compounds were
detected in these XRD spectra; this shows the good
incorporation of Sn atoms in the ZnO matrix and therefore
the success of the doping. The obtained TZO-1.5 and TZO-
2.00 thin films are composed of crystallites having
orientations along several crystallographic planes with a
preferred orientation along [002]. Furthermore, the obtained
TZO-1.00 and ZnO films are strongly oriented along [002]
of the c-axis perpendent to the substrate. This result
indicates that the incorporation of the Sn atom in the ZnO
matrix does not modify the preferential growth.

To determine the crystallite size (D) of the films, the
Scherer formula [7,8] (Eq.l1) is used, which uses the
measurement of the width at half maximum of the
diffraction peaks B (FWHM).

_ 0921

- Bcos6
With:
D: the size of the crystallites in A;
[ : the width at half height expressed in radians;

0: the angular position of the diffraction peak under
consideration.
The dislocation density (5) is estimated by the following
relationship [9]:
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The strain values (¢) of the ZnO film along the (002) planes
were calculated using the following formula [10]:

6=§
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Examination of the results reported in table 1 indicates that
the degree of preferential orientation decreases
progressively with increasing doping. Indeed, with the
doping, the width at half maximum (FWHM) of the (002)
peak increases with the increase of the Sn content.

a E TZO-2,00 b §  120-200
- o
g]°¢2
J d e 8 &g
1 1 f A T = ri A—r‘—:—- L
] TZO-1,50 & T120-1,50
£ =3
) gl 2 =
g = LA g % @ g =
-~ = = ~—-v-u—v——-/
= é TZO-1,00 £ § A TZ01,00
o
g 8 ) ¢ § @
— N | W = (2 T T
1 1 1 1 rl 1 1 1 1
) Zno & Zn0
= o
(=5
3 )z § ¢ § ¢
A A A A 4 Y 5 A
25 20 35 40 a5 50 55 60 65 70 335 340 245 35,0 355
26 (degrees) 26 (degrees)

Figure 1: (a) XRD spectra of ZnO and Sn-doped ZnO thin films with different concentrations. (b)Magnified spectra of the

peak related to the [002] plane.
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Table 1: Structural parameters of ZnO and Sn-doped ZnO thin films with different concentrations.

Samples 200 FWHM Crystal a G (e) deform | (d) dislocation
(002) 103 size A) A) ation density (10
©) (nm) (10%) Line/nm?)
ZnO 34.52 5.09 28.50 3.241 5.192 12.15 12.3
TZO-1.00 34.79 5.54 25.61 3.240 5.188 13.20 14.2
TZO-1.50 34.63 5.67 23.78 3.239 5.184 13.92 14.9
TZ0O-2.00 34.44 5.93 21.24 3.240 5.187 14.24 153

Moreover, we notice that the sizes of the crystallites
oriented along the [002] crystallographic plane decrease
with doping, these evolutions indicate that Sn doping
deteriorates the crystallinity of ZnO thin films, which has
already been reported on the work of M. Vasanthi et al.
[11]. On the other hand, the small shift of the (002) peak
(fig.1.b) in its angular position indicates some residual
stress inside the Sn-doped films. Jeong et al [12] observed a
similar shift to large values of 20 in the position of the
(002) peak with increasing Sn doping, which can be
attributed to residual stress in the ZnO thin films caused by
the difference in ionic size between Zn>* (0.74A) and Sn**
(0.69A). Similar behaviors have already been observed in
several works [12,14].

The Figure.2 illustrate the general (XPS) spectrum of the
ZnO doped 1% Sn thin film, the Zinc, Oxygen and Tin
peaks are presented. Illustrates the high resolution of
Zn2p, Ols and Sn3d in the figure 3(a,b,c) respectively, the
Zn2p spectrum (Fig.3.a) shows two peaks located at
1021.09 eV and 1044.19 eV with a splitting energy (A) of
23.12 eV and are attributed to Zn 2p3/2 and Zn 2pl/2
respectively for a chemical state of Zn*" in ZnO [15]. The
Ol spectrum (Fig.3.b) can be decomposed into two peaks,
the more intense one is located at 529.91 eV and assigned
to the Zn-O bond in the wurtzite structure ZnO, the peak at
531.19 eV could be associated with oxygen vacancies in the
deficient regions of the ZnO matrix [16] or with adsorbed
oxygenated impurities [17].

The figure 3.c shows the spectrum of Sn 3d. The binding
energy of the Sn 3d5/2 peak located at 486.19 eV indicates
the Sn*" chemical state which is in good agreement with the
results reported in the literature [18].

The Figure.4.a and 4.b shows the presence of peaks of the
chemical elements zinc, oxygen and tin. No other peaks
related to other chemical elements, were observed, which
confirms the (XPS) analysis. Furthermore, the presence of
silicon on all samples is attributed to the glass substrate.
Quantitative analysis of the chemical elements that make up
the TZO-1.00 and TZO-2.00 thin films, notably tin, gives a
percentage value of this element in line with the desired
doping levels (1% and 2%).

3.2. Optical characterization

The optical transmission spectra of ZnO, TZO-1.00, TZO-
1.50 and TZO-2.00 thin films are presented in Figure 5.
The optical transparency of the films is clearly increased
with Sn doping. Indeed, the transmittances increase from
65% of undoped ZnO film to 75% TZO-1.50 thin film with
an increase of about 10%. This improvement in optical
transparency can be explained by the reduction in the
surface roughness of the films with Sn incorporation [13].
The value of the optical band gap energy of all samples was
calculated; we used the Tauc relation [20]. This was done
by plotting (ahv)2 as a function of the photon energy hv
according to equation (4) :

(ahv)" = A(hv—Eg) @)
Where o is the absorption coefficient, 4v the photon
energy, A constant and Eg the optical band gap. We take
n=2 for direct band gap semiconductors.
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Figure 2: XPS analysis spectrum: (a) the Zn2p peak, (c) the Ols peak and (c) the Sn3d peak.
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Figure 5: Optical transmittance spectra of ZnO and Sn-
doped ZnO thin films with different concentrations.

The optical gap increased from 3.23 eV for undoped ZnO
films to 3.29 eV for 1.5% Sn doped ZnO films, this
increase in the band gap can be explained by the
contribution Burstein-Moss effect [21]. Moreover, the
doping creates degenerate energy levels that push the Fermi
level to move above the conduction band edge. This effect
induces an increase in the band gap [4, 21].

In order to estimate the disorder in the thin films, we used
the Urbach energy. The Urbach energy (Eu) of the samples
was calculated using following equation [19, 20]:

©)

o= a,exp( )
U

Where Ev is the Urbach energy, a is the absorption
coefficient and o is a constant.

Table 2: Urbach energy of ZnO and Sn-doped ZnO thin
films with different concentrations.

Samples Urbach energy (Eu)

(V)

ZnO 0.09

TZO-1.00 0.12

TZO-1.50 0.13

TZ0O-2.00 0.14

The Urbach energy values of pure and doped ZnO films are
presented in Table 2. The increase in Urbach energy
(disorder) with Sn incorporation is probably due to the

degradation of the structural quality of the layers [23],
which confirm the results obtained by XRD data.
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Figure 6: Variation of (a¢hv)2 as a function of hv of ZnO
and Sn-doped ZnO thin films with different concentrations.

The refractive index (n), extinction coefficient (k) and the
thickness (d) of the thin films were estimated with the spPS
(seed preprocessing Pattern search) technique [24].
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Figure 7:The refractive index (a), extinction coefficient (b)

The refractive index (n) and extinction coefficient (k)
decrease from 2.14 to 1.76 and 0.12 to 0.05 respectively
with Sn doping in the visible wavelength range, which may
be could attributed to the decrease in the roughness of the
films, a similar result observed by N. Chahmat et al [25].
These films with low values of n and k are recommended
for optoelectronic device applications such as solar cell
window layers [26].

3.3 Electrical properties

Hall Effect of the ZnO, TZO-1.00, TZO 1.50 and TZO-2.00
were studied at room temperature using the ECOPIA HMS-
5000 Hall effect measuring system. Table 3 summarized
the electrical parameters, i.e. conductivity, mobility and
carrier concentration for the samples.
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Figure 8: Evolution of the electrical conductivity of ZnO
and Sn-doped ZnO thin films with different concentrations.

The negative values of the carrier concentrations show that
the deposited films are n-type. It can be seen from this table
that the order of magnitude improves slightly for all values
of the conductivity of ZnO and Sn-doped ZnO thin films
with different concentrations with a slight increase in the
carrier concentration. This result means that the doping of
ZnO thin films with low tin content does not have a very
effective impact on their electrical properties (Fig.8).

This result is in line with what was reported by Chien-Yie
Tsay et al [23] in which the authors found a slight change in
resistivity at low Sn doping levels (1-2%), and a decrease in
the concentration of charge carriers due to grain boundary
traps at high Sn doping levels above 2%

Table 3: Electrical parameters of ZnO and Sn-doped ZnO thin films with different concentrations.

Mobility Carrier concentrations Conductivity
Samples
(cm?/Vs) (cm™) (Q .cm)!
ZnO 4.30.10° -5.9.10"16 4.10%
TZO-1.00 4.32.10° -9.7.10*16 5.10%
TZO-1.50 4.35.10 -1.3.10%1¢ 6.10
TZ0-2.00 4.43.10-01 -0.3.10"16 3.10%
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4. Conclusion

In this work, a study of the structural, optical and electrical
properties of undoped and Sn- doped ZnO thin films with
different concentrations was carried out. The aim of this
contribution is to see the effect of tin incorporation in the
ZnO lattice as transparent conducting oxides in solar cells.
The XRD analysis confirmed that the deposited films have
a hexagonal wurtzite structure with a preferred orientation
of (002) and that no impurity phase was observed. The
crystallite sizes are calculated using the scherrer formula,
which shows that the doped ZnO layers have the smallest
crystallite size. UV-visible analysis showed that all layers
have high transparency with an average transmission value
of about 70% before doping and rising to 75% after doping,
the highest band gap value was obtained for the doped layer
(TZO-1.5). Electrical measurements were also carried out
giving a maximum electrical conductivity of the order of
6.10% (Q.cm)-1 for the thin film (TZO-1.5). This suggests
that the deposited Sn doped ZnO thin films are a good
candidate for optoelectronic applications such as
photovoltaic solar cells.
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