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Abstract- In this experimental work, pure nickel oxide and Al-doped NiO thin films have successfully 

been elaborated onto glass substrates by solar spray pyrolysis technique. The substrates were heated at 

around 450°C using a solar heater (furnace). The structural, optical and electrical properties of the 

elaborated Al-doped films have been studied at different atomic percentage ratios (0, 0.5, 1, 1.5 and 2 

at. %). The results of Al-doped NiO films XRD patterns were, the formation of (NiO) phase under a 

cubic crystalline structure (polycrystalline) with a strong favored orientation along (111) plane were 

noticed at all sprayed films. When Al doping ratio reaches 1 at.%, an growth in crystallite size over 

31.9 nm was obtained denoting the nano-structure of the product, which confirmed by SEM images. In 

addition, aluminum oxide Al2O3 was clearly observed at 1.5 at.% Al ratio. Otherwise, all thin films 

have a good optical transmission in the visible region of about 65%, the optical band gap energy 

decreased from 3.69 to 3.64 eV with increasing Al doping ratio. It is shown that the layer deposited 

with 0.5 at.% has less disorder with few defects. The investigation on electrical properties of 

elaborated thin films confirmed that the conductivity of NiO films was improved, after doping them 

with Al which affirms their p-type character of semiconductor. However, an addition of an excessive 

quantity of Al content causes the formation of Al2O3 which leads to a decrease in the conductivity. It is 

worth mentioning that the Al content of 0.5 at.% is the optimum ratio in terms of electrical 

conductivity and formation defect. Al-doped NiO can be used in various optoelectronic devices due to 

its good transparency and high electrical conductivity. 
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1. INTRODUCTION

 

      The recent research report that, the 

semiconductors as metallic oxides are essential 

compounds for the development of gas sensors, 

lithium ion micro-batteries, cathode materials for 

alkaline batteries, optoelectronics and ultrahigh 

frequencies components [1‒2]. Among these, 

Nickel oxide (NiO) is a transparent p-type 

semiconducting material (TCO) has a direct large  

gap, and wide range of applications, such as gas 

sensors, UV photo-detector, dye-sensitized solar 

cells, electro-chromic coatings and counter 

electrodes layers of solid oxide fuel cells (SOFC) 

[3-4]. It has potential applications for solar cells 

is owing to its p-type character, gas sensors is 

due to its wide band gap (3.6-4.0eV), defrosting 

windows, transparent diodes and transistors 

because their transparency, it can be also used for 
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touch screens and UV photo-detectors because of  

their good responsively [5‒6]. 

     Nanostructure NiO thin films can be 

elaborated by several techniques such as 

sputtering, electron beam evaporation, molecular 

beam epitaxy, chemical vapor deposition, electro-

deposition, spray pyrolysis and sol‒gel process 

[7‒8]. Among these processes, we will 

concentrate more particularly in this search on 

the spray pyrolysis, due to its various benefits 

such as inexpensive apparatus, wide 

homogeneous area, and easy control of the 

deposited films structure [9-10].  

     The aim of this search is to obtain Al-doped 

NiO thin films for optoelectronic applications, 

with a different heating way through using a solar 

heater (furnace) to economize the electrical 

energy and protect user from chemicals by 

working outside laboratories. The solar furnace 

(parabolic dish) consisted of a mirror layer inside 

(ITO glass) with parabolic reflector and a 

substrate holder at its focal point. It uses solar 

energy to heat a glass substrate fixed on the 

holder by reflecting the incident rays on it. The 

thin films can be deposited by spray pyrolysis 

(pneumatic) technique onto 450°C heated glass 

substrates with various doping ratios of 0.5, 1, 

1.5 and 2 at. %. Investigation and 

characterization of structural and optical 

properties, of prepared thin films, were  

 

Figure 1. (a) Complete assembly of the experimental 

setup (Designed by SolidWorks) 

 

performed using X-ray diffraction, scanning 

electron microscope (SEM) and UV-visible 

spectroscopy. While for electrical properties, 

four-point probe were processed on all samples to 

correlate them to Al doping ratio. 

2. EXPERIMENTS 

     Nickel (II) nitrate hexahydrate (Ni 

(NO3)2.6H2O) was used to prepare NiO solution 

(0.1 M), and AlCl3.H2O for Al2O3 solution. The 

solutions are mixed in volume equal volume of 

water. The Al contents are 0, 0.5, 1, 1.5 and 2 

at.%, the mixture solution was stirred for 3 h at 

RT and heated at 50°C to yield a clear solution, 

in this setup drops of HCl can be added as a 

stabilizer with heating. After that, various Al 

doping ratios of NiO thin films were sprayed on 

450°C preheated glass substrates by solar spray 

pneumatic method using solar furnace (see 

Figure 1a and 1b) for 5 minutes of deposition 

time. The obtained Al-doped NiO thin films have 

been characterized to identify the crystal 

structure, optical transmission and electrical 

conductivity by X-ray diffraction with an X-ray 

diffractometer (Bruker-AXS type 8D, with λ = 

0.15406 nm and 2θ: 20–80°), Phenom ProX 

scanning electron microscope (SEM) an UV-

visible spectrophotometer (Lambda 35 with 

wavelength range of 300–900 nm) and four-point 

method was performed by Keithley Model 2400-

LV SourceMeter instrument, respectively. 

(b) A picture of the used solar furnace 
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3. RESULTS AND DISCUSSION 

Structural Properties of Al-doped NiO  

Thin Films 

     The effects of Al doping on crystal structure 

and favored orientations were studied by 

characterizing all sprayed Al-doped NiO thin 

films using the XRD technique. Figure 2 shows 

the XRD patterns of obtained thin films deposited 

with several Al doping ratios of 0, 0.5, 1, 1.5 and 

2 at.%. As a first result, All films showed three 

diffraction peaks at 2θ = 37, 43 and 79° related to 

(111), (200) and (222) planes of NiO phase, 

denoting that NiO:Al thin films are 

polycrystalline (cubic structure), which is in a 

good accord with JCPDS data (card number 47-

1049) [11]. The produced crystalline structures 

have strong peaks, corresponded to (111) crystal 

plane of the NiO face centered cubic (fcc) 

structure. It can be seen that the intensities of the 

(111) diffraction peaks of sprayed Al-doped NiO 

thin films compared to pure NiO film have good 

crystallinities, which affirmed the improvement 

of crystalline quality and reducing of crystal 

structure defects. The inset graph in Figure 2 

shows the variations of diffraction angle and 

FWHM of the (111) diffraction. The smaller 

diffraction angle of the position peak was 

obtained for 1.5 at.%, indicating the increase in 

the interplanar spacing d111 (see Table1). 

However, the maximum value of the FWHM of 

the (111) peak measured for pure NiO film. The 

second result, it was observed at 2θ = 29.3° in the 

diffraction peak corresponding to appearance of a 

second phase getting clear at 0.15 at.%  related to 

Al2O3 due to the abundance of O-2 outdoors, 

unlike inside laboratories. 

 
Figure 2:  X-Ray diffraction spectra of NiO:Al 

thin films elaborated at 450°C with various Al 

doping ratio (at.%). The inset graph shows 

diffraction angle and FWHM variations of the 

(111) peak. 

In order to get further structural information, 

several structural parameters of Al-doped NiO 

thin films elaborated with various Al doping ratio 

were calculated, such as interplanar spacing dhkl, 

lattice constant a, grain size G, lattice strain ε, 

and dislocation density δ.  

In the cubic structure case, the lattice constant a 

was calculated using the following formula (1) 

[12]: 
1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2+𝑙2

𝑎2                      (1) 

                                          
Where hkl are Miller indices, and dhkl is the 

interplanar spacing calculated by Bragg’s law 

[13]: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆                    (2) 
                                                             

Where θ is the Bragg diffraction angle of peak in 

degree, n is the order of diffraction taken equal 

unity (first order), and λ is the wavelength of the 

incident radiation (λ = 1.5406 Å).  

The crystallite size G of the films was calculated 

for (111) plane using Scherrer’s formula [14-15]: 





cos

9.0
G                            (3)                                                                             

Where λ is the X-ray wavelength and β is the full 

width at half maximum (FWHM) corresponding 

to Bragg's diffraction angle θ. 

The dislocation density δ, which is defined as the 

dislocation lines per unit volume of crystal, was 

calculated using the following formula [16]: 

δ =
1

 𝐺2                               (4)                                                                             

 

Table 1 sums up the structural parameters 

variations of elaborated Al-doped NiO thin films 

with various Al doping ratios. Crystallite size G 

and lattice strain ε variations along the (111) 

plane as a function of Al doping ratio are plotted 

in Figure 3. 

It can be seen, the crystallite size increased to 

reach its maximum value of 31.9 nm at 1 at.% of 

Al, which maybe owing to the improvement of 

the crystalline quality. Whereas Al ratio exceeded 

1 at.%, its size slightly decreased and fixed at 

29.2 nm. At 1 at.%, the strain had a low value 

due to decreasing of lattice parameter [17]. 

     The prepared film with Al content of 1 at.% 

presents the high value of crystallite size (31.9 

nm) revealing the nanostructure of film. The 

increase in the crystallite size denotes a reducing 

in lattice defects, which in turn reduces 

dislocation density and strain (densely packed 

structure) [17] as shown in Table 1. 

Al2O3 
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Table 1: Structural parameters deduced from the (111) peak of Al-doped NiO thin films with various 

Al doping ratios 

Al doping 

ratio 

(at. %) 

Diffraction 

angle 2  

(°) 

FWHM 

  (°) 

interplanar 

spacing dhkl 

(Å) 

Crystallite 

size G  

(nm) 

Lattice 

parameter 

a (nm) 

Lattice 

strain   ε 

(%) 

Dislocation 

density σ 
(lines/m2) 

0 37.322 0.590 2.409 14.4 0.417 0.762 4.823 
0.5 37.404 0.295 2.404 29.2 0.416 0.380 1.173 
1 37.646 0.271 2.389 31.9 0.414 0.347 0.983 

1.5 37.179 0.295 2.418 29.2 0.419 0.383 1.173 
2 37.415 0.295 2.404 29.2 0.416 0.380 1.173 

 

 
Figure 3: Crystallite size and lattice strain 

variations of NiO:Al thin films as a function of 

Al doping ratio. 

Figures 4(a)–4(d) represent the SEM images of 

surface morphologies of the samples with 

different Al atomic percentage ratios (0.5, 1, 

1.5 and 2 at. %). As can be seen, with 

increasing Al atomic percentage ratio to 1.5 

at.%, the substrate becomes well covered with 

presence of nanoagglomerations along the 

surface of the substrate as seen in Figure 3(c). 

Beyond 1.5 at.%  as Al atomic percentage, the 

substrate becomes completely covered with 

NiO and films exhibing that 

nanoagglomerations continue its formation to 

becoming microagglomerations; figure 4(d).

    
 (a)                                                                         (b) 

     
(c)                                                                       (d) 

Figure 4: SEM Images of Al-doped NiO thin films prepared at 450°C with different Al atomic 

percentage ratios, (a) samples prepared with 0.5, (b) with 1.0, (c) with 1.5, and (d) with 2 at %. 
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Optical Properties of Al-doped NiO  

Thin Films 

 

To determine optical properties of the 

deposited Al-doped NiO thin films versus Al 

doping ratios, transmittance spectra were 

measured. The obtained results are shown in 

Figure 5. 

We observe from this figure that, transmission 

decreases with increasing Al doping ratio in 

NiO thin films. 

 

      For all Al-doped NiO films elaborated with 

different Al doping ratios, spectra appear two 

ranges: the first one at wavelengths greater 

than 400 nm appearing practically an average 

transmission between 53 and 76% and 

revealing a decrease with increasing Al doping 

ratio and, based on calculated film thickness 

(d), transparence was depending on thickness 

of samples revealing Beer-Lambert's law as 

shown in Table 2. The second range is at 

wavelengths lower than 400 nm for which 

transparence decreases speedily for all films 

exhibiting the beginning of fundamental 

absorption owing to the transition between the 

conduction and the valence bands [18]. 

 

     The calculation of the optical band gap can 

be playing an essential role to characterize the 

thin film, which based on optical transmission. 

It was estimated (calculated) from the classical 

method by using of the curve at A = 0 [19], 

which represented to the drawn of (Aℎʋ)2 as a 

function of hʋ (see Figure 6) using the 

following formulas [2-5]: 

 

 
Figure 5: Spectral transmittance curves of 

NiO:Al thin films with various Al doping 

ratios. 

 

A =  α d = − ln T                   (5)                                                                             

(Ahʋ)2 = C (hʋ − Eg)              (6)                                                                      

Where A is the absorbance, d is the film 

thickness; T is the transmission spectra; α is 

the absorption coefficient values; C is a 

constant, hʋ is the photon energy and Eg the 

band gap energy of thin films.  

On the other hand, the disorder in the thin 

films was characterized by Urbach energy (Eu) 

which has been calculated by the following 

equation [20]: 

A = A0exp
(

hʋ

Eu
)
                  (7)                                                                            

 
Where A0 is a constant and hʋ  is the photon 

energy.  

Figure 7 shows LnA variation versus photon 

energy hʋ for films. Eu values were calculated 

from reciprocal slopes of the straight lines, as 

shown in the Figure 7. 

 
Figure 6: (Ahυ)2 variation versus hυ of each 

NiO:Al thin film to estimate band gap energy 

Eg. 

 
Figure 7:  LnA variation versus hυ of each 

NiO:Al thin film to estimate Eu. 
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Figure 8:  Optical band gap Eg vs. Urbach 

energy Eu of NiO:Al films as a function of Al 

doping ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 shows the inverse trends of optical 

band gaps and Urbach energies calculated for 

doped thin films, the variables are listed in 

Table 2. As can be seen from this table, the 

energy band gap is between 3.64–3.70eV 

which is in good accord with the Eg values of 

bulk NiO (3.6-4 eV) [21] and results carried 

out in literature [22]. The decrease in the 

optical band gap with increasing Al doping 

ratio in NiO may be attributed to the free 

carriers' effect as well as to impurity effects on 

the band gap [23]. 

 

 

The highly decrease of the Urbach energy by 

30% from for Al-doped NiO films compared to 

pure NiO film, can be explained by increasing 

of crystallite size to 29.2 - 31.9 nm and 

decreasing of the strain. 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Values of thickness d, average transmittance, band gap energy Eg, Urbach energy Eu and 

electrical conductivity σ of Al-doped NiO thin films prepared at 450°C with various Al doping ratios. 

 
Al doping 

ratio (at.%) 

Thickness d 

(nm) 

Average 

transmittance (%) 

Gap energy 

Eg (eV) 

Urbach 

energy Eu 

(eV) 

Electrical 

conductivity σ 

(Ohm.cm)-1 

0 154.550 71.205 3.693 0.390 0.032 

0.5 163.847 64.683 3.681 0.247 0.641 

1 191.296 57.529 3.670 0.267 0.228 

1.5 202.103 54.550 3.654 0.279 0.234 

2 252.289 46.416 3.645 0.292 0.098 
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Electrical Properties of Al-doped NiO  

Thin Films 
 

      The four-point probes method was used to 

calculate the electrical conductivity   of Al-

doped NiO films; the measurement was based 

on the sheet resistance shR . It is obtained by 

the following expression [24]: 

 

𝜎 =
𝟏

𝑅𝑠ℎ𝑑
= (

𝜋

ln(2)

𝑉

𝐼
)

−1

            (8) 

 

Where I  is the applied current = 0.5.10-6A 

and V  is the measured voltage and d  is the 

film thickness.  Figure 9 shows the electrical 

conductivity and Urbach energy of Al-doped 

NiO films plotted as function of different Al 

doping ratio. As can see from this plot, the 

electrical conductivity increased up to 

maximum value 0.641 (Ω.cm)-1 obtained with 

Al ratio of 0.5 at.%, then decreased by 

increasing Al ratio to reach 0.098 (Ω.cm)-1 at 2 

at.%. As a result of the compositional changes, 

especially in terms of the formation and 

occupation of nickel vacancies (defect), these 

lead to p-type conductivity.  

As the ionic radii of Al+3 and Ni+3 ions are very 

close, by introducing Al+3 ions as the dopant in 

the NiO film, it may easily replace the Ni+3 

ions or occupy interstitial sites of NiO matrix 

[23-25]. However, an addition of an excessive 

Al quantity may cause the formation of Al2O3 

and related groups as carrier traps contrary to 

electron donors, resulting in a decrease in the 

conductivity and other associated phenomena, 

that what happened when Al doping ratio 

exceed 0.5 at.% . 

Figure 8 supports this analysis, the variations 

of electrical conductivity and Urbach energy 

are revealing an inverse behavior which means 

that doping of NiO by Al leads to decrease the 

formation defects of NiO matrix which appears 

through the decreasing of Urbach energy and 

increasing of electrical conductivity in doped 

films.    

It is worth noting that the electrical 

conductivity (𝜎) of the elaborated Al-NiO 

films, have p-type character, and the highest 

electrical conductivity achieved was 

0.641(Ω.cm)-1 at 0.5 at.%, with lowest Eu, 

0.247 eV.  

 

 

 

 

  

Figure 9: Electrical conductivity σ vs. Urbach 

energy Eu of NiO:Al films with different Al 

doping ratio. 

 

4. CONCLUSION 

      In the end, Al-doped NiO thin films have 

successfully been elaborated onto glass 

substrates by solar spray pneumatic method, at 

around 450°C with a different heating way by 

using a solar furnace. The effect Al doping 

ratio (0, 0.5, 1, 1.5 and 2 at.%) on structural, 

optical and electrical properties was 

investigated. The followings conclusions 

summarize the above research work:  

      (1)  XRD patterns of Al-doped NiO thin 

films indicate that the obtaining thin films are 

poly-crystalline with a face centered cubic 

structure (fcc) and a strong (111) favored 

orientation for all sprayed films. The structure 

was improved for doped thin films, the 

crystallite size increased up to maximum value 

of  31.9  nm for sprayed film with 1 at.% Al 

which revealing the nano-structure of the 

product. SEM images reveal that with 

increasing Al atomic percentage ratio, the 

substrates become better covered and confirm 

the formation of homogeneous nanostructured 

films. However, aluminum oxide Al2O3 was 

observed when Al content exceeded 0.5 at.%. 

      (2)  All Al-doped NiO thin films have good 

transmission in visible region of about 65%. 

When the Al doping ratio increased from 0 to 2 
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at.%, a band gap shrinkage of up to 0.048 eV 

was observed. It is also shown that the doped 

films by Al have low values of Urbach energy, 

the minimum value reached was, 0.247 eV at 

0.5 at.% Al which is the film has less disorder 

and few defects. 

 

      (3) The electrical conductivity of the 

elaborated Al-doped NiO thin films increased 

greatly from 0.03 (Ω.cm)–1 for undoped NiO 

film to 0.1 – 0.64 (Ω.cm)–1 for Al-doped NiO 

films due to composition changes after 

aluminum ions incorporation in NiO matrix. 

However, an addition of an excessive Al 

quantity (exceed 0.5 at.%) causes the 

formation of Al2O3 which resulting a decrease 

in the conductivity. It can be noted that the 

conductivity of films have p-type 

(semiconductor) character. 

 

      The good transmittance, widened band gap 

(3.64–3.70eV) and high electrical conductivity 

(0.64 (Ω.cm)–1) obtained for Al-doped NiO 

films make them promising candidate for 

electronic and optoelectronic applications such 

as photo-detectors (diodes, transistors...) and 

solar cells. 
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