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Abstract

In this work, SnO, and (Sn0O,).,(Zn0), composite thin films with different ZnO
atomic ratios (x=0, 5, 10, 15 and 20%) were prepared by pulsed laser deposition
technique on clean glass substrates at room temperature without any treatment. The
deposited thin films were characterized by x-ray diffraction atomic force microscope
and UV-visible spectrophotometer to study the effect of the ZnO atomic ratio on
their structural, morphological and optical properties. It was found that the
crystallinety and the crystalline size vary according to ZnO atomic ratio. The surface
appeared as longitudinal structures which was convert to spherical shapes with
increasing ZnO atomic ratio. The optical transmission and energy gap increased with
increasing ZnO atomic ratio.
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Introduction
Tin oxide (SnO,) is an n-type semiconductor which has a direct band gap of 3.5-3.6 eV [1]. SnO,
thin film is one of the important transparent conducting oxides applied in various manufacturing fields
[2] such as transparent electrodes in flat-panel displays, light-emitting diodes and solar cell
applications [3]. Also, SnO, is employed in a wide range of gas sensing methods [4]. SnO, thin films

are prepared by different techniques such as radio frequency sputtering technique [6], chemical
solution deposition [7], sol- gel immersion method [8] and pulsed laser deposition [9].
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Tin oxide is doped with many elements, such as SnO,: Sb [10] and Fe-doped SnO, [7], in order to
control its structural, optical and electrical properties or to obtain nanostructures useful in many
applications [11]. Also, SnO, was developed with many materials as a composite, including
graphene:Sn0O, [12] and Zn0O:SnO, composite thin film annealed at 873 K [13]. In this work,
Zn0:Sn0, was deposited by a pulsed laser deposition technique at different atomic ratios without any
treatment to study the effect of ZnO atomic ratio on thin film properties.

Experimental Part

Tin oxide powder (SnO,) of 99.9 % purity and zinc oxide powder (ZnO) of 99.9 %purity, obtained
from FERAK company, were mixed as (SnO,);x(ZnO)y, where x= 0, 5, 10, 15 and 20% atom ratio.
The (SnO,)..«(Zn0), powders with different x atomic ratios were pressed as targets with 1cm diameter
under 3 ton press. (Sn0,)1.4(Zn0O), thin films were prepared by pulsed laser deposition technique
(PLD) under 10 mbar vacuum at room temperature. Q-switched pulsed laser (DIAMOND-288, A =
1064 nm) was used. The laser power supply tuned at 900 mJ peak power. The laser beam was focused
onto the target throw the glass chamber. The laser beam was incident with 45° onto the target. The
substrate was placed parallel to the target surface at 2 cm separation distance. The prepared samples
were examined by x-ray diffraction (XRD), atomic force microscope (AFM) and UV-visible
absorbance spectroscopy to find the basic properties for the prepared thin films without any treatment.
Results and discussion

Figure-1 shows the x-ray diffraction patterns of the pure SnO, thin film and of that mixed with ZnO
at different atomic ratios. X-ray diffraction curves showed that all samples had a polycrystalline
structure, with many peaks appearing at 26.52°, 33.81°, 37.92°, 51.73°, 54.75°, 61.84°, 64.69°, 66.00°,
71.25° and 78.72° for the pure sample, corresponding to (110), (101), (200), (211), (220), (310), (112),
(301), (202) and (321) planes for the tetragonal SnO,, that matches the values in the standard card
number 96-500-0225. There are slight differences in the diffraction angles with varying zinc oxide
ratios due to stresses within the lattice [14]. The crystallization was enhanced with increasing ZnO
ratio to 10%, where the additive acted as a catalyst for crystalline growth [15]. The higher rate of ZnO
atomic ratio reduced the crystallization rate. New peaks appeared at 31.73° and 36.21° which were
attributed to the crystalline planes (100) and (101) for ZnO at 15% and 20% and matched with the
standard card No. 96-901-1663. The full width of the peaks changed in response to the changes in the
strain applied on lattice, due to the particle size change as shown by Sherrer’s equation [16].
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Figure 1-X-ray diffraction curves of pure SnO, and that mixed with different ZnO atomic ratio.
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Table-1 shows the values of Bragg’s diffraction angles (20), the full width of half maximum
(FWHM), inter-planer distance (dn), the crystallite size (C.S), and the corresponding Miller indices of
the standard cards (hkl).

Table 1-Comparison between calculated and standard dy, 20, the C.S and phase for (SnO;);(Zn0O)y
thin films at different x atomic ratios.

Av.

Sample | 20 (Deg.) F(\lgveHg';/' Exd‘;"k('A) St‘;*j(k}&) (ﬁrﬁ) (ﬁ;ﬁ) Phase hkl Card No.
26,5248 | 0.3309 3.3577 3.3496 | 247 Tet.SnO, | (110) | 96-500-0225
33.8061 | 0.2837 2.6493 26431 | 293 Tet.SnO, | (101) | 96-500-0225
379196 | 0.2837 2.3708 2.3685 | 296 Tet.SnO, | (200) | 96-500-0225
51.7258 | 0.3310 1.7659 17639 | 26.7 Tet.SnO, | (211) | 96-500-0225

Pure 54.7518 | 0.2836 1.6752 16748 | 315 | , | TetSnO, [ (220) | 96-500-0225

SnO, | 61.8440 | 0.3782 1.4990 1.4980 | 245 ' Tet.SnO, | (310) | 96-500-0225
64.6809 | 0.3310 1.4400 14382 | 284 Tet.SnO, | (112) | 96-500-0225
66.0047 | 0.3783 1.4142 14147 | 250 Tet.SnO, | (301) | 96-500-0225
71.2530 | 0.4256 1.3224 13216 | 230 Tet.SnO, | (202) | 96-500-0225
78.7234 | 0.4255 1.2146 12145 | 241 Tet.SnO, | (321) | 96-500-0225
26,5248 | 0.3309 3.3577 3.3496 | 247 Tet.SnO, | (110) | 96-500-0225
33.8534 | 0.2837 2.6457 26431 | 293 Tet.SnO, | (101) | 96-500-0225
37.9196 | 0.2191 2.3708 2.3685 | 383 Tet.SnO, | (200) | 96-500-0225

With 51.7258 0.3310 1.7659 1.7639 26.7 Tet.SnO, | (211) | 96-500-0225

252/(03 546572 | 02202 | 16779 | 16748 | 390 | . | TetSnO, | (220) [ 96-500-0225

atomic |_617967 | 0.2363 1.5000 1.4980 | 39.2 ' Tet.SnO, | (310) | 96-500-0225

ratio 64.7281 | 0.2837 1.4390 14382 | 332 Tet.SnO, | (112) | 96-500-0225
659102 | 0.3310 1.4160 14147 | 286 Tet.SnO, | (301) | 96-500-0225
71.3002 | 0.3310 1.3216 13216 | 295 Tet.SnO, | (202) | 96-500-0225
786288 | 0.6620 1.2158 12145 | 155 Tet.SnO, | (321) | 96-500-0225
265721 | 0.2364 | 3.3519 3.3496 | 345 Tet.SnO, | (110) | 96-500-0225
338534 | 0.2364 | 2.6457 26431 | 351 Tet.SnO, | (101) | 96-500-0225
37.9196 | 0.2837 2.3708 2.3685 | 296 Tet.SnO, | (200) | 96-500-0225

With 51.6785 | 0.2364 1.7674 1.7639 | 37.3 Tet.SnO, | (211) | 96-500-0225

é%’ 54.7045 | 0.2363 1.6765 16748 | 379 | ,,, | TetSnO, | (220) | 96-500-0225

atomic 617967 | 0.2309 1.5000 1.4980 | 40.1 ' Tet.SnO, | (310) | 96-500-0225

ratio 64.6336 | 0.3256 1.4409 14382 | 289 Tet.SnO, | (112) | 96-500-0225
65.9574 | 0.2836 1.4151 14147 | 334 Tet.SnO, | (301) | 96-500-0225
71.3002 | 0.4256 1.3216 13216 | 230 Tet.SnO, | (202) | 96-500-0225
786761 | 0.4255 1.2152 12145 | 241 Tet.SnO, | (321) | 96-500-0225
266194 | 0.2837 3.3460 3.3496 | 2838 Tet.SnO, | (110) | 96-500-0225

With | 337589 | 0.2364 | 2.6529 26431 | 351 Tet.SnO, | (101) | 96-500-0225

;"g 361702 | 0283 | 24814 | 24754 | 295 | . | Hex.znO | (101) [ 96-901-1663

atomic |_37:8723 | 0.2837 2.3737 2.3685 | 296 ' Tet.SnO, | (200) | 96-500-0225

ratio 51.7258 | 0.3310 1.7659 1.7639 | 26.7 Tet.SnO, | (211) | 96-500-0225
54.7045 | 0.5200 1.6765 16748 | 17.2 Tet.SnO, | (220) | 96-500-0225
265248 | 0.2364 | 3.3577 3.3496 | 345 Tet.SnO, | (110) | 96-500-0225

With 31.7258 | 0.4255 2.8181 28137 | 194 Hex. ZnO | (100) | 96-901-1663

20% 33.8061 | 0.3310 2.6493 26431 | 251 Tet.SnO, | (101) | 96-500-0225

Zno 36.2175 | 0.2836 2.4783 24754 | 295 | 274 | Hex.znO | (101) | 96-901-1663

atomic | 37.8723 | 0.3310 2.3737 2.3685 | 25.4 Tet.SnO, | (200) | 96-500-0225

ratio 51.7258 0.3310 1.7659 1.7639 26.7 Tet.SnO, | (211) | 96-500-0225
54.7518 | 0.2836 1.6752 16748 | 315 Tet.SnO, | (220) | 96-500-0225

Figure-2 shows the change in the average crystallite size (C.S) (calculated from the average of
calculated values in Table-1) with the change in ZnO ratio. When ZnO ratio increased from 0 to 10%,
the average C.S was increased from 26.7 to 32.4 nm, while it was decreased with more increasing the
ZnO percentage to 27.4 nm at 20% due to the variation of the nanostructure form.
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Figure 2-Average crystallite size versus ZnO atomic ratio for (SnO,);4(Zn0O), thin films.

Figure-3 shows the variation of lattice constants (a and c) for the tetragonal SnO, with changing the
ZnO mix ratio. The lattice constant (a) was reduced to a minimum value of 4.732 A with increasing
ZnO atomic ratio to 15% in the prepared thin films, and then increased by increasing ZnO content up
to 20%. On the other hand, it was observed that the lattice constant (c) has an apposite behavior. The
results were consistent with the improvement of the grain size and shape of the nanostructures shown
by the AFM. The extension of (c) unit cell and the reduction along (a) orientation were due to Zn ion
insertion into the SnO, lattice. These result agree with those of a previous sttudy [17].
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Figure 3-Variation of lattice constants (a and c) for tetragonal SnO, with ZnO ratio in (SnO2),,
(Zn0O)x thin films.

AFM analysis was used to study the surface morphology of (SnO,);« (ZnO)x thin films at different
atomic ratios as shown in Figure- 4, which in turn affected their characteristics. The figure illustrates
that the SnO, has longitudinal structures with a diameter of 110 nm and a length of 700 nm (measured
by ImageJ software). The surface structures have nonhomogeneous distribution. The increase in ZnO
atomic ratio to 10% led to an increase of the average grain size from 80.51 to 94.81 nm, while more
increasing the ZnO ratio led to a decrease in the average grain size to 65.86 nm at 20% (as shown in
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Table-2), converting it into a spherical shape with a homogeneous distribution. It also shows that the
average roughness and the root mean square roughness were increased at 5% ZnO and started to
decrease at higher ZnO atomic ratios due to variations of nanostructure features [18].
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Figure 4-3D AFM images for (Sn0)..,(Zn0), thin films and the granular size distribution at different
Zn0O/SnO, atomic ratios.

Table 2-Average grain size, average roughness and root mean square values of (Sn0O,);.,(ZnO), at
different ZnO/SnO, atomic ratios.

Sample Averag(en ?T:';lin size Averag?mrTc]))ughness Root mean square (nm)
Pure SnO, 80.51 0.353 0.405
With 5% ZnO 93.73 141 1.64
With 10% ZnO 94.81 0.777 0.904
With 15% ZnO 88.57 0.553 0.645
With 20% zZnO 65.86 0.355 0.414

Figure-5 shows the transmittance spectra for (SnO,);4(ZnO) thin films, through which the effects
of the ZnO/SnO, atomic ratios on their optical properties were studied. It can be observed that the
optical transmittance is high at long wavelengths (greater than 600 nm) while having low values at
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short wavelengths (less than 400 nm). It is also observed that the transmittance increases by increasing
the ratio of ZnO due to the change in the crystallization rate or because of the change in the value of
the energy gap [19].
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Figure 5-Transmittance spectrum for (SnO).,(ZnO), thin films at different ZnO atomic ratios.
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The direct optical energy gap of the samples was calculated using the Tauc formula [20], where the
optical energy gap was calculated from the graphing relationship between (ahv)? on the y-axis as a
function of the photon energy (hv). Determining the energy gap from the tangent intersect point of the
linear region with the x-axis is shown in Figure- 6 for different ZnO/SnO, atomic ratios.
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Figure 6-(chv)” versus (hv) for (Sn0),..(Zn0), thin films at different ZnO/SnO, atomic ratios.
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Figure-7 shows the changes in the values of the direct optical energy gap with the changes in the
Zn0/Sn0O, atomic ratios. The figure shows that increasing the ZnO/SnO, atomic ratios has increased
its values. There are several factors that affect the value of the optical energy gap, such as the
difference in distance between the atoms due to lattice strain [21]. The difference in the values of the
energy gap from the standard values is due to preparation conditions and the degree of crystallization
of the prepared samples. The samples were prepared at room temperature without any treatment and,
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hence, the samples had low crystallinity as illustrates in XRD results. The low values of the band gap
may be due to the existence of tail states within the band gap [22].
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Figure 7-Variations of the optical energy gap for (SnO);4(ZnO)y thin films with ZnO/SnO, atomic
ratios.

Conclusions

The results of the examination of the (SnO),.,(ZnO), thin films prepared on glass substrates at room
temperature using PLD technique, without any treatment, illustrate polycrystalline structures for the
prepared samples. The sample with 10% ZnO atomic ratio has the maximum crystallite size.
AFM images illustrated longitudinal structures with a diameter of 110 nm and a length of 700 nm for
pure samples. The increase in ZnO ratio to 5% led to an increase in the average grain size, which was
decreased with higher ZnO atomic ratios. The particles were converted into spherical shapes with a
homogeneous size distribution.
The UV-visible absorption measurement for (Sn0),.,(Zn0)y thin films demonstrated that increasing
ZnO ratio leads to increased transparency and energy gap but with values less than the standard value
for bulk samples.
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