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Influence of tin doping and annealing on structural and optical properties
of nickel oxide thin films prepared via spray pyrolysis

G. D. Salman ?, K. I. Hassoon >*, M. A. Hassan °

¢ Institute of Technology, Middle Technical University, Baghdad, Iraq

b Department of Laser Science and Technology, College of Applied

Sciences, University of Technology, Baghdad, Iraq

¢ Department of Medical and Industrial Materials Science, College of Applied
Sciences, University of Technology, Baghdad, Iraq

Nickel oxide (NiO) is a p-type semiconductor with applications in optoelectronics, such as
solar cells and photo detectors. This study explores the effects of Sn doping and annealing
on NiO thin films, prepared using a cost-effective spray pyrolysis method. Doping
concentrations of 3%, 6%, and 9% Sn were tested, and annealing at 500°C improved
structural properties. XRD confirmed crystallinity, and the bandgap increased with doping,
enhancing electronic properties. Urbach energy values indicated improved optoelectronic
potential, contributing insights for optimizing NiO-based devices, particularly in solar cell
applications. The findings emphasize NiO's viability for advanced optoelectronic
technologies.
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1. Introduction

Nickel oxide compounds possess a wide range of unique properties, making them suitable
for diverse applications. These include gas sensors [1], solar cells [2,3], electron blocking layers [4,
5], current spreading layers [6]. Additionally, NiO plays a role in p-n junctions [7, 8], catalysts [9],
fuel cells [10], and battery electrodes [11]. Its electrochromic behavior allows for change color under
applied electric charge, and its high theoretical capacity makes it valuable for supercapacitors and
lithium-ion batteries [12,13].

Many doped metal oxide semiconductors, such as indium tin oxide (ITO), fluorine-doped
tin oxide (FTO), and Al-doped zinc oxides, are crucial transparent conductive oxides (TCO) used in
perovskite solar cells, dye-sensitized solar cells, optical detectors, and other optoelectronic devices.
Notably, all these materials are n-type semiconductors [14-16]. However, some applications require
a p-type semiconductor with high transmittance in the visible region. Nickel oxide is one of the few
that fits this description. Compared to n-type materials, fewer studies have focused on p-type
transparent metal oxide films [17]. Most p-type materials lack the required combination of high
electrical conductivity and transparency for commercial or industrial use. Therefore, developing
high-performance p-type semiconductors is essential [18, 19]. NiO offers additional advantages like
a wide band gap (3.5 - 4 eV), cost-effectiveness, and excellent durability [20, 21]. Doping typically
causes deviations from stoichiometry and increases defects but enhances some optical properties. In
this study, we used low-cost spray pyrolysis to prepare highly crystalline undoped and Sn-doped
NiO thin films and examined the effect of doping on transmittance, absorption coefficient, energy
bandgap and Urbach energy.

CSP was selected for its lower cost compared to vacuum-based deposition techniques like
RF magnetron sputtering and thermal evaporation (TE), which require expensive vacuum facilities.
Furthermore, previous studies [22,24] have demonstrated that the CSP technique can be optimized
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to produce smooth and homogeneous thin films through specific experimental strategies, which will
be discussed in detail in the following section.

2. Experimental part

Distilled water and ethanol were used to clean the quartz substrates. Pure nickel chloride
salt (NiClz .6H-0, 99.5% purity) was dissolved in distilled water to prepare a 0.1 M concentration.
The doping process was implemented by adding a solution of tin chloride (purity 98% from Sigma-
Aldrich) with the same concentration of nickel chloride at different ratios (3%, 6%, 9%).

The nickel oxide thin films were deposited on the quartz substrate using the tilt spray
pyrolysis setup. The temperature of the heater surface was set to 400°C. As mentioned above, the
spray angle was a 45°. This angle required a 30 cm distance between the nozzle and the substrate.
Unlike a vertical spray setup (zero-angle), the 45° tilt angle allows finer droplets to form and deposit
more evenly on the substrate, improving film quality (Figure 1). The quantitative enhancement in
crystallinity is provided in Table 1.

Fig. 1. Using tilt angle deposition, finer droplets are expected to be deposited on the substrate.

The time for one spray was 3 seconds, and the stopping time between each two sprays was
30 seconds. The films must not be removed from the heater until they cool down to room
temperature. The chemical interaction leading to the formation of NiO proceeds as follows:

When NiCl,-6H>O is dissolved in distilled water, it dissociates into nickel(Il) ions and
chloride ions:

NiCl, - 6H,0 — Ni2* + 2Cl~ + 6H,0
Then, Nickel(IT) ions react with water and a base to form nickel hydroxide (Ni(OH),) :
Ni?* 4+ 20H™ - Ni(OH), {

Upon heating (annealing at 400 °C ), nickel hydroxide undergoes thermal decomposition,
releasing water vapor and forming nickel oxide ( NiO ):

A
Ni(OH), - NiO + H,0 1

Our chemical spraying pyrolysis setup (Figure 2) is enhanced to obtain homogeneous and
smooth thin films via the following tactics: 1. Using an inclined spraying angle (45°) between the
spraying nozzle and the sample surface 2. Utilizing exceptionally fine nozzles taken from an
atomizer 3. Setting an electronic regulator to control the spraying time and 4. Manually rotating
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every three sprays to obtain better uniformity. This CPS setup enhances film crystallinity and
smoothness, producing surfaces comparable or superior to conventional CSP, RFMS, TE, and e-
Beam deposition methods, as verified through XRD analysis.

After the deposition process, the films were annealed at a temperature of 500°C for 2 hours
without vacuum to enhance the structural properties.
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Fig. 2. Spray pyrolysis system schematic diagram.

To confirm the sublimation of Sn atoms from Sn-doped NiO thin films during the annealing
process, empty glass slides were placed beside the films inside a Pyrex dish. After annealing, the
empty slides were covered with SnO, film due to the sublimation of Sn and the interaction of Sn
with oxygen as shown in Figure 3.

An EDX test is performed on the glass substrate covered with SnO, to verify the sublimation
process of tin oxide. Samples were labeled as NSO, NS3, NS6, and NS9 for NiO films doped with
0%, 3%, 6%, and 9% Sn, respectively. For sublimated SnO: deposits, labels S3, S6, and S9 were
used, corresponding to NiO films doped with 3%, 6%, and 9% Sn.

Using X-ray diffraction (XRD, Shimadzu 6000), the structural characteristics of both
undoped and doped NiO films were determined for 20 in the range of 10°-90° and wavelength
2=0.15406 nm (Cu-Ka). The morphology of the films was examined with a field emission scanning
electron microscope (TESCAN MIRA3). The thickness is measured from a cross-section image of
the field emission scanning electron microscope (FESEM). The optical parameters for both undoped
and doped NiO films were calculated from UV-VIS measurements in the wavelength range 200—
1200 nm using a Metertech SP8001 spectrophotometer.

Furnace
Pyrex petri dish

N\ / A\
A
Sn doped NiO Substrates SnO: thin
thin film film

Fig. 3. Schematic diagram of the Sn sublimation method.
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3. Results and discussion

3.1. Structural properties (XRD)

Structural properties have a significant impact on the behavior of NiO thin film on
optoelectronic devices. Figure 4 shows the patterns of XRD for undoped, and tin-doped nickel
oxide films prepared by CSP method. The undoped NiO and Sn doped (3%) films (Figure 4a and
4b) show high crystallanity which is rather uncommon for the as-deposited NiO films prepared by
CPS [26-28 ]. In general, the films show a preferred diffraction angle at 26 = 37.2° corresponding
to plane (111).

Compared with previous data, high crystallanity is an unexpected feature for NiO thin films
prepared by spray pyrolysis method. However, both the height and the FWHM of (111) peak, which
are two important parameters of crystallinity are better than those prepared earlier by CSP [29-31],
or even by sputtering [32-36] or e-Beam evaporation [36]. We think that this is due to the effective
preparation tactics mentioned in the experimental part.

There are also two small peaks at diffraction angles 43.2°, 79.4° corresponding to planes
(200) and (222) respectively. According to JCPDS Card n0.04-0835 (cf. Table 1) , the crystalline
structure for our prepared NiO thin films is Face-centered cubic (FCC). These results agree well
with earlier works [1,23].

The figure also reveals that the intensity corresponding to plane (111) decreases in height
when the amount of Sn dopant increases. This is due to the defects generated because of the doping
and the sublimation processes of Sn atoms. Moreover, the small peak corresponding to plane (222)
begins to fade when the Sn dopant increases until it fully disappears at a rate of 9% Sn.

600 300

111
3 50 - (111) (a) ,E 2350 4 (111) (b)
= 400 = 2001
= 2 150 -
a 300 E
= 100 {222) 50
[. 1 1 1 1

10 30 S0 T0 o0

26 (deg))
250
= 200 - (111) (c) | =
0 I
z 150 - =
g 2
100 -
£ 200) (222) | £
50 =
'} L] L] L] 1
10 30 50 70 00
20 (deg.) 20 (deg.)

Fig. 4. XRD analysis for (a) undoped NiO (NS0) (b) 3%Sn:NiO (NS3)
(¢) 6%Sn:NiO (NS6) (d) 9%Sn:NiO (NS9) films.

In Sn-doped NiO thin films prepared by spray pyrolysis, the primary types of defects that
can form include: (a) Substitutional Defects - Since Sn atoms replace Ni atoms in the NiO lattice,
substitutional doping is the dominant defect type. This can lead to lattice distortion due to the size
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difference between Sn and Ni ions [37]. (b) Vacancies - The doping process and subsequent
annealing can create nickel vacancies (Vy;), which influence electrical conductivity and optical
properties. These vacancies can enhance p-type conductivity by increasing hole concentration [38].
(c) Interstitial Defects - While less common, some Sn atoms may occupy interstitial sites, leading to
local strain in the crystal structure [39]. (d) Oxygen Deficiencies - Depending on the deposition
conditions, oxygen vacancies ( V; ) may form, affecting optical absorption and electrical
behavior.[39].

Considering the first peak at 26=37.3°, the table reveals that the undoped NiO thin films
have the highest value of crystal size, thinest FWHM for (111) plane and lowest value of defects
density.

The average crystallite size (D) was calculated using Scherer's formula (Eq.(1) [36].

KA
b= B cos® (1)

where K is a constant that typically equals to (0.9), A is the incident radiation wavelength (0.15406
nm for (CuKa), B is the full width half maximum of the peak (in radians). The defects density was
calculated according to Eq. (2) [40 -42].

§=— )

The results of XRD for undoped and doped NiO thin films are summarized in Table (1).
Considering the first peak at 20=37.3°, the table reveals that the undoped NiO thin films have the
highest value of crystal size, thinest FWHM for (111) plane and lowest value of defects density.

Table 1. The crystal parameters of NiO undoped and doped films.

Samples | Description | 20(deg) | hkl | pB=FWHM | D(cm) | 6=1/D?(cm?) JCPDS
name (deg) x10-6 x 101! Card
NSO NiO undoped 37.3 111 0.436 1.93 2.70 No. 04-

79.5 222 0.673 1.54 423 0835
NS3 3%Sn :NiO 37.2 111 0.540 1.55 4.14 26(Miller
43.1 200 0.353 242 1.70 indices):
79.6 222 0.320 3.24 0.96 37.7(111)
NS6 6%Sn :NiO 37.11 111 1.226 0.68 21.35 43.1 (200)
43.03 200 1.360 0.63 25.30 62.9 (220)
79.02 222 1.060 0.97 10.57 75.4(311)
NS9 9%Sn :NiO 37.17 111 1.160 0.72 19.11 79.4(222)
43.19 200 1.360 0.63 2527 Space
Group:
Fm-3m
Lattice
Parameter:
0.417 nm

3.2. Morphological study and EDS analysis

Figure 5 displays a cross-section image of field emission scanning electron microscope
(FESEM). The image was used to calculate the average thickness of the NiO film on glass substrate.
The white arrow indicates that the average thickness of NiO thin film deposited on glass substrate
is about 690 nm.



1158

Fig. 5. The cross-sectional SEM image of NiO thin film deposited on glass substrate.

Figure 6 shows FESEM images for undoped and Sn-doped NiO thin films. No remarkable
changes can be observed, and it seems that the doping process did not affect the grain shapes in the
NiO films. The scanned areas show grains of irregular shapes with varied sizes. This result is
consistent with reference [43].

However, as the dopants increase, the irregularity increases too, and at high doping
concentrations of samples NS6 and NS9, void and crack-like features appear on the films because
of the sublimation Sn atoms. This result is compatible with the X-ray and the coming absorption
coefficient results.

Energy-dispersive X-ray spectroscopy test (EDX) is conducted to identify the elemental
components of the prepared NiO films before and after doping. Figure 7 shows that the essential
elemental components of the prepared NiO thin films are Ni and O elements for the undoped NiO
films and Ni, O and Sn elements for tin doped NiO films. The Si component comes from the glass
substrate (SiO»).

Table 2 shows that the weight ratio for NS9 is (1.6) which is lower than those for NS3 and
NS6. This unexpected result may be due to the sublimation of Sn during the annealing process at
temperature 500 °C for 2h. Moreover, EDX is employed to confirm the deposition of SnO; on glass
after sublimation during the annealing process.

As shown earlier in Figure 3, during the annealing process, bare glass substrates were put
beside the Sn doped NiO samples. After annealing, all the bare glass substrates were covered by
layers of SnO,. Figure 8 shows EDX for S3, S6, and S9 samples and confirms that the essential
components of these layers are Sn and O. These results suggest the following sinario: During the
anealing process at rather high temperature (500 °C), the Sn atoms sublimate from Sn doped films
into the air, next Sn atoms combine with O, in the air inside the furnace and form SnO, gas
molecules.

Finally, the SnO, gas molecules are deposited onto the glass substrate to form SnO, layer.
This sinario is supported by the fact that pure Sn element evaporates very rapidly at temperatures
higher than its melting point (231.93 °C). The above results are consistent with a previous work [45].
The deposition of SnO, layers because of sublimation effect can be considered a promising novel
method to prepare low cost SnO; thin films.
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Fig. 6. SEM images of (a) NiO, (b) NiO: 3% Sn, (c) NiO: 6% Sn and (d) NiO:9% Sn films.
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Fig. 8. The EDX spectrum of undoped and doped NiO thin films (a) NSO, (b) NS3, (c) NS6, (d) NS9.



Fig. 9. The EDX spectrum of SnQO: films deposited by sublimation method (a) S3 (b) S6 (c) S9.

Intensity (a.u.)

3
=
=
=
@
=
@
a2
=

Intensity (a.u.)

Energy (keV)

Table 2. The EDX spectrum of all deposited films.

Samples NSO NS3 NS6 NS9 S3 S6 S9
elements | Weight | Weight | Weight | Weight | Weight | Weight | Weight
% % % % % % %
Ni 14.7 18.6 26.4 40.4 - - -
Sn 0 0.7 4.7 1.6 1.8 1.8 2
Si 55 52 473 39.2 44.4 45.4 45.1
(¢} 30.3 28.5 21.6 18.6 53.8 52.8 53
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3.3. Optical properties

Figure 9 shows the transmission as a function of wavelength for undoped and Sn doped NiO
prepared by spray pyrolysis. The figure shows that the transmission in general decreases with
increasing Sn doping ratio. The slight increase in the transmission in sample NS9 compared with
NS6 and NS6 may be due to sublimation of higher amount of Sn from this sample and this may
create vacancies that allow a greater number of photons to transmit through the film.
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Fig. 9. Transmission spectrum of undoped and Sn doped NiO thin films prepared by CSP technique.

The absorption coefficient («) is calculated as a function of the wavelength in the range
(200-1200) for all prepared films using the following formula derived from Beer-Lambert law [44]:

1 1
a =Eln7 (3)

where d and T represent the film’s thickness and transmission, respectively. Figure 10 shows the
absorption coefficient's behavior relative to the doping ratio for selected wavelengths. The most
significant effect occurs at 300 nm, as the corresponding photon energy at this point is larger than
the thin film's energy gap, indicating band-to-band absorption. The absorption coefficient values
align with Ref. [45].
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Fig. 10. Absorption coefficient as a function of doping ratio for NiO thin films prepared by CSP technique.
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Fig. 11. Tauc plot (ahv)? Vs hv of all deposited thin films.
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Fig. 12. Ln(a) vs hv for doped and undoped NiO thin films.

Figure 11 illustrates the relationship between photon energy (hv) and (ahv)? for allowed
direct electronic transitions. The values of the bandgap energy for Sn-doped NiO thin films are 3.42
eV, 3.49 eV, 3.46 eV, 3.44 eV for 0, 3, 6, and 9 % respectively. The crystallization was greatly
reduced due to the defects generated by the sublimation of dopants. A decrease in the energy gap
should be accompanied by an increase in the Urbach energy because of the formation of tails.
However, it appears that the energy gap increases suddenly with 3% Sn-doping (NS3), and then it
begins to decrease gradually with the doping 6% and 9%, (NS6 and NS9), also all energy gap values
after doping are higher than the undoped sample (NSO). This may be to reduction in crystallinity
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due to lattice distortions, or a new crystal phase has been created at the expense of vanishing of
another phase. Moreover, it could be noted that no sharp absorption edges were observed, and this
can be attributed to a high density of localized states in the energy bandgap of deposited thin films
[46].

The Urbach energy was calculated for doped and undoped NiO films using Eq.(4) below
[46,47].

¢ = agexp (’];—”) @)

u

where a is proportionality constant, hv is the photon energy and E,, is the Urbach energy.

Figure 12 validates a linear relationship between (Lna) and photon energy (4v). The Urbach
energy is determined from the reciprocal of the slope in these graphs. This linearity confirms that
Urbach energy is influenced by the localized states created within the bandgap due to the doping
process.

Table 3. Comparison between energy bandgaps and Urbach energy for Sn doped NiO thin films
prepared by CSP technique.

Sample Dfrll);}sll(t)l(;)n Conditions Eg (V) E, (V)
This work NSO CSP 0%Sn:NiO 3.42 0.833
This work NS3 CSP 3%Sn:NiO 3.49 0.658
This work NS6 CSP 6%Sn:NiO 3.46 0.667
This work NS9 CSP 9%Sn:NiO 3.44 0.728

[47] CSP undoped NiO 3.57 0.431-1.368
[48] CSP undoped NiO 3.51-3.54 -
[49] RF sputtering RT, 400C° 3.2-3.8 0.177 —0.438

Table 3 compares the energy bandgaps and Urbach energy for undoped and Sn-doped NiO
films. The data in the table shows that, generally, the energy bandgap increases after doping, while
the Urbach energies decrease. The unexpected lower value of Eg for 9% Sn:NiO may be due to the
sublimation of higher amount of Sn atom. The values of Eg in this study are lower than those
reported in References [47,48] for NiO thin films prepared by chemical spray pyrolysis. However,
they are comparable to those found in Reference [49] for NiO prepared by sputtering.

4. Conclusion

As confirmed by x-ray diffraction test, highly crystalline NiO thin films can be successfully
fabricated using low-cost spray pyrolysis, achieving structural quality comparable to films produced
by RF sputtering. Sn doping significantly modifies the structural properties, leading to reduced
optical transparency and an enhanced absorption coefficient-both advantageous for optoelectronic
applications. FESEM analysis reveals a clear influence of Sn doping concentrations on surface
morphology, with increasing irregularities observed at higher doping levels. Furthermore, the
sublimation of Sn atoms from Sn -doped NiO films demonstrates potential as a novel, cost-effective
approach for synthesizing SnO, thin films.
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