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In this experimental work, pure ZnO and tin-doped ZnO (ZnO:Sn) thin films were successfully deposit-
ed onto glass substrates using the solar spray pyrolysis technique. The substrates were heated to approxi-
mately 400 °C using a solar furnace. The structural, optical, and electrical properties of the prepared Sn-
doped ZnO films were investigated at different tin doping concentrations (0, 1, 3, 5, and 7 at. %). X-ray dif-
fraction (XRD) analysis revealed that all the films exhibit a polycrystalline hexagonal wurtzite structure
with a preferred orientation along the (002) plane. UV-Vis spectroscopic measurements showed that all
films possess good optical transparency, with a high transmittance of about 90 % for the film doped with
3 at. % Sn. The optical band gap was found to increase from 3.23 to 3.34 eV with increasing tin content.
Electrical measurements indicated that films with tin concentrations below 3 at. % exhibit good electrical
conductivity on the order of 2 x 10-4 (Q-cm)-1. Owing to their high transparency and good electrical con-
ductivity, Sn-doped ZnO thin films are promising candidates for various optoelectronic applications, par-

ticularly in dye-sensitized photovoltaic solar cells.
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1. INTRODUCTION

Zinc oxide (ZnO) has attracted significant attention
in recent years as a transparent conducting oxide
(TCO) due to its excellent electronic and optical proper-
ties [1]. ZnO is an n-type semiconductor belonging to
the II-VI group [2], with a large exciton binding energy
of 60 meV [3] and a wide direct band gap of 3.34 eV
[4, 5]. Pure ZnO thin films, however, exhibit relatively
low optical transmittance and electrical conductivity
due to their low carrier density. To enhance these phys-
ical properties, ZnO is commonly doped with various
elements such as Sn, Al, F, Ge, Ti, Bi, and Cu [6]. TCO
thin films have been widely applied in a variety of de-
vices, including solar cells [5], UV photodetectors and
piezoelectric transducers [4], as well as gas sensors [6].
Several deposition techniques have been employed to
prepare ZnO thin films, including successive ionic layer
adsorption [1], chemical methods [7], pulsed laser dep-
osition [8], and spray pyrolysis [2].

The aim of this study is to investigate the effect of tin
incorporation on ZnO thin films as transparent conduct-
ing oxides for solar cell applications. ZnO films were pre-
pared using the spray pyrolysis technique combined with
solar heating, employing a solar furnace — a safe and eco-
nomical method. The solar furnace, based on a parabolic
dish, consists of a mirror layer (ITO glass) with a parabol-
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ic reflector and a substrate holder positioned at its focal
point. Solar energy is concentrated by the reflector to heat
a glass substrate fixed on the holder. Thin films were de-
posited by spray pyrolysis onto glass substrates main-
tained at 400 + 15 °C, with tin doping concentrations of 0,
1, 3,5, and 7 at.%.

In this work, the effect of tin (Sn) doping on the
properties of ZnO thin films prepared by the solar
spray pyrolysis technique was investigated. The struc-
tural, optical, and electrical properties of all films were
examined to establish correlations with the doping con-
centration.

2. EXPERIMENTS

The sputtering solution was prepared using zinc
chloride (ZnClgz) (0.1 M) as a precursor in 100 ml of bi-
distilled water. After stirring at 60 °C, an amount of Tin
(II) chloride dehydrate (SnClz. 2H20) with different ratio
was dissolved into the solution (0, 1, 3, 5 and 7 at. %).
The solution mixture was stirred for 1 hour at RT and
heated to yield a clear solution, in these setup drops of
HCl can be added as a stabilizer with heating. After
that, the different prepared Sn-ratio solutions were
sprayed on 450 + 15 °C preheated glass substrates by
solar spray pneumatic method using solar furnace (see
Figure 1a and 1b) for 10 minutes of deposition time and
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1 ml/min solution flow rate.

The prepared Sn-doped ZnO thin films were charac-
terized at room temperature using an X-ray diffrac-
tometer (Bruker AXS, type 8D) with CuKa radiation
(1=0.15406 nm) over a 26 range of 20-70°. Optical
transmittance spectra were recorded in the wavelength
range of 300-900 nm using a UV-visible spectropho-
tometer (Lambda 35). Electrical properties were meas-
ured using the four-point probe method with a Keithley
2400-LV Source Meter.

3. RESULTS AND DISCUSSION

The effects of Sn doping on the crystal structure
and preferred orientations of ZnO thin films were in-
vestigated using X-ray diffraction (XRD). Figure 2 pre-
sents the XRD patterns of the prepared Sn-doped ZnO
films deposited onto glass substrates with various Sn
doping concentrations. The diffraction peaks are well
indexed to the hexagonal wurtzite structure of ZnO, in
agreement with JCPDS Card No. 36-1451 [9]. The
three main diffraction peaks were observed at approx-
imately 260 = 31°, 34°, and 36°, corresponding to the
(100), (002), and (101) crystallographic planes, respec-
tively.

recipieut
A substrate

reflector —

Fig. 1 - Complete assembly of the experimental setup (De-
signed by Solid Works)

The second result, no extra peaks corresponding to
other phases such as tin oxide or other tin compounds
were detected, this shows the good incorporation of Sn
atoms in the ZnO matrix and therefore the success of
the doping. Furthermore, the obtained ZnO:Sn thin
films exhibit highest intensity for (002) plane which
shows that they are preferentially oriented along c-axis.

In order to get further structural informations, sev-
eral structural parameters of Sn-doped ZnO thin films
were calculated, such as the interplanar spacing dhxi,
crystallite size D, lattice strain ¢, and dislocation densi-
ty 6. The interplanar spacing dnw is calculated by
Bragg’s law [10]:

2dhk,sint9=ni (1)

where 6 is the Bragg diffraction angle of peak in degree,
n is the order of diffraction taken equal unity (first or-
der), and A is the wavelength of the incident radiation
(A=1.5406 A).
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Fig. 2 - X-Ray diffraction spectra of ZnO:Sn thin films elabo-
rated at 400 °C.

The crystallite size D of the films was calculated for
(002) plane using Scherrer’s formula [7-8]:

kA
Pcosb

@

Dy

where 1 is the X-ray wavelength and £ is the full width
at half maximum (FWHM) corresponding to Bragg's
diffraction angle 6. The dislocation density &, which is
defined as the dislocation lines per unit volume of crys-
tal, was calculated using the following formula [11]:

1
Opk1 =—— 3)
Dy

Table 1 summarizes the variations of the structural
parameters of the prepared Sn-doped ZnO thin films
with different tin doping concentrations. Examination of
the results indicates that the degree of preferential ori-
entation decreases with increasing doping level. Fur-
thermore, the crystallite sizes along the [002] crystallo-
graphic plane were observed to decrease with increasing
Sn content, suggesting that Sn doping reduces the crys-
tallinity of ZnO thin films, as previously reported in sev-
eral studies [12]. In addition, a slight shift of the (002)
diffraction peak toward lower angles compared to pure
7ZnO is observed upon SnClz incorporation. This shift
indicates an increase in the interplanar spacing, which
is consistent with the substitution of larger Sn** ions for
Zn2* ions. It is known that Sn ions can exist in different
oxidation states, such as Sn2* and Sn**, with ionic radii
of 0.62 A and 0.69 A, respectively [13].

To investigate the optical properties of the deposited
Sn-doped ZnO thin films as a function of Sn doping con-
centration, the optical transmittance spectra of the films
were measured and are presented in Figure 3. The re-
sults show that the optical transparency of the films
increases with Sn doping. The average transmittance
rises from 73 % for the undoped ZnO film to 90 % for the
film doped with 3 at. % Sn, corresponding to an increase
of approximately 17%. This enhancement in transparen-
¢y can be attributed to a reduction in surface roughness
induced by Sn incorporation [14]. Consequently, ZnO
films doped with 3 at. % Sn are well suited for applica-
tions as transparent conductive layers in various optoe-
lectronic devices, including photovoltaic cells.
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Table 1 — Structural parameters deduced from the (002) peak of Sn-doped ZnO thin films with various Sn doping ratios

Sn doping|Diffraction [FWHM g (°) |Interplanar Crystallite Lattice strain Dislocation density
ratio (at. %) |angle 260 (°) spacing dnki (A) size D (nm) e (%) o x 1015 (lines/m?2)

0 34.473 0.197 2.602 42.265 0.277 0.517

1 34.360 0.300 2.608 27.717 0.423 1.231

3 34.320 0.295 2.613 28.165 0.417 1.189

5 34.180 0.787 2.623 10.558 1.117 8.734

For higher Sn concentrations (greater than 3 at. %), the
transmittance decreases, likely due to increased photon
scattering caused by crystal defects generated during
doping [15].

The value of the optical band gap energy of all sam-
ples was calculated; we used the Tauc relation [16]. This
was done by plotting (chv)? as a function of the photon
energy hv according to equations (4 and 5) [17]:

A=ot =—LnT 4)

(chv)" = B(hv - Ey) (5)
where A is the absorbance, d is the film thickness, T is
the transmittance spectra of thin films « is the absorp-
tion coefficient values, B is a constant, hv is the photon
energy and Eg is the band gap energy. We take n = 2 for
direct band gap semiconductors.
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Fig. 3 — Spectral transmittance curves of ZnO:Sn thin films
with various Sn ratios
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Fig. 4 - (ahv)? variation versus hv of each ZnO:Sn thin film
with different Sn ratios

As shown in Figure 4, the optical band gap increas-
es from 3.23 eV for the undoped ZnO films to 3.34 eV

for ZnO films doped with 7 at. % Sn. This widening of
the band gap can be attributed to the Burstein-Moss
effect [18]. Additionally, doping introduces degenerate
energy levels, which raise the Fermi level above the
conduction band edge, further contributing to the band
gap increase [5, 18]. To assess the degree of disorder in
the thin films, the Urbach energy (E.) was calculated
using the following equation [16, 17]:

a=«a exp(huj
=aq -~
EM

where: ao is a constant and E is the Urbach Energy, by
plotting Lnea in terms of Av, we can ascertain the value
of E; as the reciprocal of the linear tangent that inter-
sects the photon energy at x =0 as shown in Figure 4.
Figure 5 shows Lna variation versus photon energy hv
for films. E. values were calculated from reciprocal
slopes of the straight lines.
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Fig. 5 - Lna variation versus hv of each ZnO:Sn thin film
with different Sn ratios
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Fig. 6 — Variation of optical energy and urbach energy of
ZnO:Sn films with different Sn doping ratios
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Figure 6 shows the variation of the optical band gap
and Urbach energy as a function of Sn doping. The in-
crease in Urbach energy, which reflects the degree of
disorder, with Sn incorporation is likely due to the de-
terioration of the structural quality of the films [19].
These results are consistent with the observations from
the XRD analysis.

The four-point probes method was adopted to deter-
mine the electrical conductivity o of Sn-doped ZnO films;
the measurement was based on the sheet resistance Rsn.
It’s obtained by the following expression [20]:

TV
g =— 7
2 1 @
g:i: 1 (8)
1% tRsh

where p is the electrical resistivity, ¢ is the film thick-
ness, I is the applied current (0.5 x 10-% A ) and Vis the
measurement voltage.
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Figure 7 — Electrical conductivity o vs. film thickness of
7Zn0:Sn films with different Sn doping ratios

Figure 7 shows the electrical conductivity and film
thickness of Sn-doped ZnO films plotted as function of
different Sn doping ratio. As can see from this plot,
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1.26 x 10-4 (Q-cm)~! for sprayed with 5 at. % of tin,
while the minimum obtained thickness was 86 nm for 3
at. % of Sn.

Despite the decreasing of electrical conductivity, it
remains good values of the order of 2 x 10-¢ (Q-cm) -1
especially for doped ZnO films with 1 and 3 at. % of Sn,
which makes them suitable for photovoltaic applications
[5]. It is worth noting that the electrical conductivity (o)
of the elaborated Sn-ZnO films haven-type character.

4. CONCLUSION

In this work, Sn-doped ZnO thin films were success-
fully deposited onto glass substrates using the solar
spray pyrolysis method at approximately 400 °C, em-
ploying a solar furnace as the heat source. The effect of
tin incorporation (0—7 at. %) into the ZnO lattice was
investigated through the analysis of the structural, op-
tical, and electrical properties of the prepared films.
X-ray diffraction (XRD) patterns revealed that the Sn-
doped ZnO thin films possess a hexagonal wurtzite
structure with a preferred orientation along the (002)
plane. The calculated crystallite sizes indicated that the
doped films exhibit smaller crystallite sizes compared
with the undoped film. UV-visible spectroscopy showed
that all films have high optical transparency, with an
average transmittance of about 73 % for the undoped
film, increasing to approximately 86 % after doping. The
highest optical band gap value (3.34 eV) was obtained
for the film doped with 7 at. % Sn. Electrical measure-
ments revealed a high electrical conductivity on the
order of 2-10-4 (R-cm) -1 for the films doped with 1 and
3 at. % Sn. Based on these results, the prepared Sn-
doped ZnO thin films can be considered promising can-
didates for optoelectronic applications, particularly in
photovoltaic solar cells.
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¥V poGoTi TOHKI IUTIBKM YHCTOTO OKCHJIY IIMHKY Ta JieroBaHoro osioBoM ZnO(ZnO:Sn) Oysiu otpumani Ha
CKJISHUX INIKJIATKaX METOIOM Imiposidy. CTpYKTYpHI, OIITUYHI Ta €JIEKTPUYHI BJIACTHBOCTI IU1iBoK ZnO, je-
TOBAHUX OJIOBOM, JTOCJIIIFKYBAJIMCS IIPU PI3HUX CITIBBLIHOIIEHHAX JeryBauus osoBom (0, 1, 3, 51 7 ar. %).
Pesynbratn XRD mokasyiors, 1o BCi IUTIBKKA MAIOTh MOJIIKPUCTAJIIIHI BJIACTHBOCTI. T€KCATOHAIBHA BIOPITAT-
HA CTPYKTypa 31 CIPUATIMBOK opieHTalriero B3moBk mromuan (002). Cmexrpockomivni BuMipoBanaa YD-
BUUMOCTI HOKA3YI0Th, 1110 BCl IUTIBKY MAIOTh FapHEe ONTHYHE IIPOIYCKAHHS 3 BUCOKUM KOe(II[leHTOM IIPOILy-
cxauHsa 0u3bKo 90 % IJIs JIeroBaHoOI IUBKY 3 3 aT. % Sn. Besnuria OITHYHOI ITIJIMHKA 3pOCTAae B M1aITa30H1
Bix 3,23 10 3,34 eB 31 361/IBbIIEHHAM BMICTY 0JI0Ba. Y CTAHOBJIEHO, IO JIETOBAHI IIIAPX 3 BMICTOM 0JIOBA MEH-
mre 3 aT. % MAaTh XOPOIIly eJIEKTPOIIPOBITHICTE mopsanry 2 x 10-4 (Om-cm) - 1. 3aBAsAKM BUCOKIN IIPO30pOCTi
Ta ejexTpompoBiguocTi ZnO, jeroBaHoro Sn, #Oro MOKHA BHUKOPHUCTOBYBATH B PI3HMX ONTOEJIEKTPOHHUX
IPUCTPOAX, TAKUX SIK CEHCUOLITI30BaH] 6apBHUKOM (DOTOEJIEKTPUYHI COHIYHI €JIeMEeHTH.

Kmiouosi ciosa: Oxenp mmaky, Tonki maisku, Koedimient jgerysanus omoBom, Corauumii mipostis; CoHad-

HU 00irpiBadv.
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