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Abstract. Zinc oxide (ZnO) and tin-doped zinc oxide (ZTO) conducting films were prepared by a sol–gel spin-coating
method on the glass substrate. Effects of Sn-doping on structural, morphological and optical properties of ZnO were
carried out by X-ray diffraction (XRD) pattern, field emission scanning electron microscopy (FESEM) and UV–Vis
spectrophotometer, respectively. ZTO thin films exhibit the wrinkle-type morphology. The transmittance spectra of ZTO
thin films were recorded in the wavelength range of 350–800 nm. The optical band gap was found to vary from 3.29 to
3.36 eV with increase in the concentration of Sn. The electrical properties of ZTO thin films were investigated by a twoprobe electrometer and the dark current and UV–photo current were observed with respect to 5 V applied bias voltage.
The obtained results of ZTO transparent conducting layer were very attentive for optoelectronic devices.
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Introduction

Transparent conducting oxide (TCO) thin films are being
used intensively in various electronic devices like organic
solar cell (OSC) [1], light-emitting diode (LED) [2], laser
diode [3], photodiode [4], gas sensors [5], piezoelectric
devices [6], Schottky diode [7], acoustic waveguides [8],
dye-sensitized solar cell [9,10], etc. due to their attentive
electrical and optical properties. TCO films have high
optical transmittance (C80%), low resistivity and large
optical band gap energy (C3.5 eV) [11]. In the transparent
oxide materials, indium-doped tin oxide (ITO) films are
mostly used in optoelectronic devices. Indium, the main
element of ITO thin films is a rare earth material and not
easily available as per requirement. The researcher focussed
on the development of other efficient transparent oxide to
replace the ITO. In which, zinc oxide (ZnO) is most
promising n-type semiconductor with wide band gap of
*3.37 eV and having large excitation energy of 60 meV.
ZnO has wurtzite hexagonal structure with lattice parameters (a = 3.2495 Å and c = 5.2069 Å), such that each Zn
atom is tetrahedrally linked to four O atoms, and the layers
occupied by Zn atoms alternate with layers occupied by O
atoms [12,13]. To enhance the electrical and optical properties of ZnO thin films, ZnO has been doped by various
dopants, such as indium [14], fluorine [15], aluminium
[16–19], gallium [20], cobalt [21], titanium [22], manganese [23], neodymium [24] and tin [25–28]. Among these
dopants, Sn is an elective element with sufficient electron

shell structure. Sn can be easily embedded into the lattice of
ZnO and generate more free electrons in the conduction
band of ZnO [29]. Sn-doped thin films show more transparency and good electrical conductivity and may be an
alternate to ITO for the transparent conducting-based
applications.
Multiple experimental techniques have been used to
prepare ZnO-based thin films, such as RF sputtering
[30,31], spray pyrolysis [32–34], pulsed laser deposition
[35], chemical vapour deposition [36], molecular beam
epitaxy (MBE) [37] and sol–gel method [38]. However, the
sol–gel spin-coating method is easy, low-cost, non-vacuum
and an effective technique to fabricate uniform and highly
transparent oxide films.
In the present work, pure ZnO and Sn-doped ZnO (ZTO)
thin films were synthesized on the glass substrate by sol–gel
spin-coating process. The structural, optical and electrical
properties of thin films were investigated for their optoelectronic applications.

2.
2.1

Experimental
Synthesis and fabrication

The precursors used in the experiment are zinc acetate
dehydrate (Zn(CH3COO)22H2O), (99.5%, Sigma Aldrich)
and tin(IV) chloride (SnCl45H2O), (99.5%, Alfa Aesar).
2-methoxy ethanol (C3H8O2) (99.5%, Sigma Aldrich) and
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ethanolamine (C2H7NO) were used as solvent and stabilizer, respectively. The solution of ZnO and ZTO were
prepared by dissolving zinc acetate dehydrate and tin(IV)
chloride in 2-methoxy ethanol with a total metal concentration of 0.5 mol l-1, 2–3 drops of ethanolamine were
added to the solution to increase the rate of reaction and
maintain the stability of solutions. The solutions were stirred at room temperature for 4 h. Thereafter, all solutions
were aged at room temperature for 24 h to yield clear and
homogeneous solutions. The concentration of Sn (0, 2, 4, 6
and 8 at.%) was varied in ZnO and coded as ZT0, ZT2,
ZT4, ZT6 and ZT8, respectively. Thin films were prepared
with spin-coating speed of 2500 rpm for 30 s at room
temperature. Each time after the deposition process, the
films were dried at 180°C for 10 min to evaporate the solvent. After repeating the coating procedure 10 times, the
films were annealed at 450°C for 2 h in air ambient using a
furnace. The complete procedure to synthesize ZTO thin
films is shown in figure 1.

2.2

Characterization techniques

X-ray diffraction (XRD) (X’pert Pro Diffractometer) was
used to determine the structural properties of thin film
samples. The surface morphology of thin film samples was
observed by using field emission scanning electron

Figure 1.

microscopy (FESEM) (ZEISS Supra 55 model). To observe
the optical properties of thin films, transmittance spectra
were collected by the UV–Vis–NIR photo-spectrometer
(Shimadzu UV 3600). The thickness of the thin films was
obtained by a surface profilometer (Dektek, Bruker). Electrical properties were carried out by two probe electrometer
(Keithley SCS 4200). An ultraviolet lamp of power density
of 100 mW cm-2 and wavelength of 326 nm was used as a
power source to determine the UV photoresponse of thin
film samples.

3.

Results and discussion

3.1

Structural properties

Structural studies of thin films were analysed by the XRD
using monochromatic CuKa radiation (k = 1.54 Å) in the
range of Bragg’s angle from 25 to 60°. The XRD patterns of
thin films are shown in figure 2. The obtained results were
compared with JCPDS card no. 36-1451 which revealed
that the thin films have hexagonal wurtzite structure. Pure
ZnO films have the polycrystalline structure with planes
(100), (002) and (101). It shows higher intensity of the
plane (002) at diffraction angle of 34.55°. Similarly, samples ZT2 and ZT4 show the same structures, but with less
intensity peak at diffraction angles of 34.40 and 34.41°,

Flow chart to synthesize ZTO thin films.
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Figure 2.

Table 1.
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XRD patterns of the pure ZnO and Sn-doped ZnO thin films.

The structural parameters of ZTO thin films corresponding to 002 plane.

Sample

2h (°)

FWHM b (°)

b ( rad.)

Strain e (910-3)

Lattice parameter (c) (Å)

Crystallite size (nm)

ZT
ZT
ZT
ZT
ZT

34.55
34.40
34.41
34.61
34.62

0.234
0.399
0.352
0.238
0.237

0.0040840
0.0069638
0.0061435
0.0041538
0.0041364

0.974
1.663
1.467
0.991
0.987

5.18
5.20
5.20
5.17
5.18

35
20
23
34
36

0
2
4
6
8

respectively, corresponding to plane (002). ZT6 sample
shows only single peak of plane (002), no additional
diffraction peak of ZnO was detected, which indicates that
the films are highly preferred to orient along the c-axis with
the higher concentration of Sn [39]. ZnO exhibits c-axis
orientation due to surface energy and minimal internal
stress by high atomic density. The intensity of the peak of
plane (002) decreased with increase in the doping of Sn in
the ZnO. The higher concentration of Sn dopant deteriorates
the crystallinity of films. Thin film at the maximum concentration of Sn in ZnO (ZT8) was shown minimum
intensity peak corresponding to (002) plane with the same
crystal structure. This effect may be due to the formation of
stress with the difference in ion size of Zn and Sn [19]. The
crystal size of thin film samples was calculated by using
Debye Scherrer’s formula
D¼

0:94k
;
b cos h

ð1Þ

where h is the diffraction angle of a peak, b the broadening
of the full width at half maximum (FWHM) plane of (002)
and k the X-ray wavelength (1.54 Å).
The strain (e) on each thin film was derived by the
equation
e¼

b cos h
:
4

ð2Þ

The lattice parameter c was calculated by using the
formula
 l2
1
4
2
2
¼
h
þ
hk
þ
k
þ 2;
d2 3a2
c

ð3Þ

where h, k and l are miller indices and d the interplanar
spacing for the plane (hkl), respectively. The crystallite
size (D), strain on the films (e) and the value of lattice parameter (c) of all the samples are given in
table 1.
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Figure 3. (a–h) FESEM images of ZT0, ZT2, ZT4, ZT6 and ZT8 thin film samples, respectively. (i) EDAX of
sample ZT2.

The obtained results show that thin film sample ZT2
has better crystallinity and smaller crystal size as compared to the other samples, which may be due to the
induced maximum stress on the surface of the ZT2 thin
film sample.

3.2

Surface morphology

Surface morphology of thin film samples were carried out
by FE-SEM at the 10K9 and 50K9 magnifications shown
in figure 3a–h. The wrinkle-type structures were observed in
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Figure 4a represents the transmittance spectra of thin
films. The optical transmittance spectra shows that the
sample ZT0 exhibits average transmittance of 85% in the
visible region (k [ 400 nm). On increasing the dopant
concentration, the transmittance of the films was slightly
increased and the average transmittance of the Sn-doped
films was [90%. The Sn-doped films were found highly
transparent in the visible region (k [ 400 nm). According
to the band theory, the optical band gap energy (Eg) of
all the films was calculated by using the standard Tauc’s
relation
1=2
ahm ¼ A hmEg
;
ð4Þ
where A is energy independent constant, hm the excitation
energy, Eg the optical band gap and a the absorption coefficient [40]. The optical band gap (Eg) can be determined by
extrapolating the straight-line portion of (ahm)2 vs. hm plots
to the energy axis. The linear portion of (ahm)2 vs. hm is
presented in figure 4b, the value of optical band gap (Eg) of
films increases with the higher doping of Sn. The optical
band gap of ZTO films increases due to the cause of Burstein Moss shift, the doping generates more degenerate
energy levels with band filling, therefore the Fermi level
moves toward the conduction band [41–43].

3.4

Figure 4. (a) Transmittance spectra of ZnO and Sn-doped ZnO
thin films. (b) Plot of (ahm)1/2 vs. hm for ZnO and Sn-doped ZnO
thin films.

all the samples of thin film. The average grain size of ZT0,
ZT2, ZT6 and ZT8 samples were obtained by Gaussian
fitting as *38.16, 24.51, 34.87, 43.12 nm, respectively.
Due to the higher concentration of Sn, the Sn particle collapses with Zn atoms and make a large size of the grain.
However, the higher concentration of Sn increased the
irregularity and suppressed the crystalline effect of ZnO.
ZTO film surfaces presented a large number of irregular and
particle-like grains.
EDAX spectrum of ZT2 thin film is presented in
figure 3i. The EDAX spectrum represents the existence of
tin, zinc and oxygen, which concludes that no other impurities are present in the thin films’ formation.

3.3

Optical properties

Optical properties of thin films were observed by UV-3600
photo-spectrometer in the wavelength range of 320–800 nm.

Electrical properties

3.4a Resistivity (q): I–V characteristics of the pure ZnO
and tin-doped ZnO (ZTO) thin films were evaluated in dark
and UV illumination at room temperature, respectively.
While Ag electrode was used with the 5 V bias voltage
under dark and UV illumination (365 nm) under power
density of 100 mW cm-2 as shown in figure 5a and b.
Sample ZT2 exhibits maximum current in both dark and
UV illumination. The highest current increases for the
sample ZT2 with the exposure of UV light, which is shown
in figure 5c. The resistivity of films was calculated by using
the relation
q ¼ RS  t;

ð5Þ

where q is the resistivity, RS the sheet resistance and t the
thickness of film [44]. The thickness (t) of thin films were
found to be approximately same. It was observed that the
concentration of Sn affects the resistivity of ZTO films.
Figure 5d represents the variation in resistivity of thin film
samples with the concentration of Sn. The measured sheet
resistance and resistivity of ZTO thin films are mentioned in
table 2. The low resistivity of sample ZT2 can be attributed
to the improvement of crystallinity with small grain
size and enhancement of the carrier concentration due to
Sn4? ions substituted with Zn?2 ions, which is also confirmed by the XRD analysis.
3.4b UV photoresponsivity: UV photoresponse was
measured by using an experimental setup as shown in
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increases sharply and tend to saturate, and then, decay
exponentially to the initial value after switching off the UV
light, which is shown in figure 5f.
The amplitude of photoresponse curves obtained under
the switching of UV light are almost constant, suggesting
good performance and stability. In the presence of high
energy photon (365 nm) of UV light, band–band excitation occurs and more electrons and holes (pairs generate
in conduction and valance bands, respectively), and
hence, the current increases rapidly. In the absence of
light, when the UV light is turned off, electrons and holes
(e-–h?) recombine and carrier concentration on the film
surface decreases, which results in decay of photocurrent.
The maximum photoresponsivity was observed at
1.05 A W-1 of thin film sample ZT2 under the constant
illumination power density of 100 mW cm-2. ZT2 thin

I–V characteristics of pure ZnO and Sn-doped ZnO
thin films: (a) in dark and (b) under UV illumination. (c) Variation
in the current of sample ZT2 under UV illumination. (d) The
resistivity and the thickness of ZTO thin film samples with Sndoping concentration. (e) Experimental setup for UV response
measurement. (f) UV–photo response of sample ZT2 under power
density of 100 mW cm2.

b Figure 5.

figure 5e. The photoresponsivity of all the thin films can be
calculated by the relation:
ð6Þ

Responsivity ¼ IPh =Pinc ;

where Iph is the photo current and Pinc the incidence optical
power [45]. To determine the UV photoresponse of all the
samples, UV light was turned on and off periodically for an
interval of 50 s. In the presence of UV light, the current
Table 2.
Sample
ZT
ZT
ZT
ZT
ZT

165

The sheet resistance, resistivity, band gap and figure of merit of ZTO thin films.
Sheet resistance (X)

0
2
4
6
8

1.2
1.4
2.8
1.0
6.4

Figure 6.

9
9
9
9
9

104
102
102
103
103

Resistivity (X-cm)
2.50
3.09
5.54
2.06
1.20

9
9
9
9
9

10-1
10-3
10-3
10-2
10-1

Graph of figure of merit vs. Sn-doping concentration.

Band gap (eV)
3.29
3.30
3.31
3.33
3.36

Figure of merit (X-1)
7.18
6.41
3.33
8.50
1.40

9
9
9
9
9

10-3
10-1
10-1
10-2
10-2
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film sample exhibits fast response and recovery time than
other samples.
3.4c Figure of Merit: For the practical, ZTO thin film as
a transparent conductive electrode in optoelectronic
applications, the high transmittance and low film
resistance are necessary. To determine the quality of the
ZTO films, the figure of merit (FOM) of transparent
conductive film is calculated by the relation
FOM ¼ TA =RS ;

ð7Þ

where TA is the average transmittance and RS the sheet
resistance of the film [46]. Average optical transmittance in
the wavelength range of 400–800 nm was taken into consideration. Figure 6 represents the variation in FOM with
the Sn concentration. The highest value of FOM was
obtained as 6.41 9 10-1 X-1 for the ZT2 thin film due to
its lowest sheet resistance.

4.

Conclusion

Sn (0, 2, 4, 6, 8 at.%)-doped ZnO thin films were successfully
deposited on the soda lime glass substrate by sol–gel spincoating technique. XRD confirmed the wurtzite structure of
ZnO with preferential orientation along c-axis (002) to the
higher concentration of Sn. All the thin films showed wrinkletype morphology. The average transmittance of the Sn-doped
films was increased from 85 to 95% in the visible region with
higher concentration of Sn. The optical band gap of thin films
varied from 3.29 to 3.36 eV with the increase in doping concentration of Sn. Sample ZT2 showed the lowest resistivity of
3.09 9 10-3 X-cm at the 5 V bias voltage and higher UV
response of 1.05 A W-1 under the illumination power density
of 100 mW cm-2. The maximum value of FOM attained
6.41 9 10-1 X-1 for sample ZT2. The structural, optical and
electrical properties of thin film sample ZT2 make it a best
alternate of ITO with more attentive and favourable results for
the further use in optoelectronic applications.
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