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This paper reports a work of the produce of un-doped and transition metals doped nickel oxide (NiO) films and its 

some physical properties characterization. The un-doped, Cu, Co and Mn doped NiO films were produced by spray 

pyrolysis technique and investigated the dopant elements effects of on structural, morphological and optical 

properties. X-ray diffraction results revealed that the sprayed NiO films were polycrystalline structures in cubic 

phase and exhibit (111) preferential orientation. Moreover, the crystalline levels and peak positions were slightly 

changed by doping. The average grain size of the films was calculated using Scherer formula and Williamson and 

Hall plots. Also, the optical parameters such as band gap energy, Urbach energy, steepness parameter, refractive 

index and dielectric constants were calculated using absorption spectra and energy gap-refractive index relations 

(Moss Relation and Herve- Vandamme). The band gap values of NiO films were determined in range of 3.55-3.20 

eV. From the FESEM investigations, the surface morphology of the NiO films was found to depend on the doped 

element. The chancing of the physical properties and its correlation to doped transition metals were discussed by 

means of the results procured in the work. 
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1. Introduction 

In recent years, nickel oxide (NiO) films are extensively 

researched and developed because of high availability in 

various technological applications. NiO is very important p-

type and semitransparent semiconductor with stable and wide 

bad gap (3.6-4.0 eV) [1, 2]. NiO films has been widely 

potential application areas such as gas sensors, 

electrochromic devices, magnetic materials, catalysis, solar 

thermal absorber fuel cell electrodes due to its suitable and 

improvable optical, electrical and structural properties [3-11]. 

NiO films can be produced by various techniques, both 

chemical and physical such as sol-gel method, reactive 

sputtering, chemical deposition, thermal evaporation, 

chemical vapor deposition, electrochemically deposition, 

spray pyrolysis [12-21]. Among them, the spray pyrolysis 

technique has many advantages: (i) it includes high 

deposition rates, (ii) it is a low-cost and simple technique, (iii) 

it allows the possibility of obtaining films with a large area, 

(iv) it does not require to vacuum, (v) it is reproducible, (vi) 

it is non-planer geometries, (vii) control of stoichiometry. 

Doping is a fundamental technique to control the properties 

of semiconductors and to obtain new multifunctional 

technological materials. In order to provide some interesting 

properties, nickel oxide was doped by several elements such 

as lithium, aluminum, chrome, iron, cobalt, tungsten, 

manganese [22-24]. Now it is well known that the physical 

properties of NiO films can be controlled by doping with 

metallic ions due to physical and chemical properties of NiO 

films strongly depend on their size and shape. But doping 

NiO films prepared by spray pyrolysis technique with 

transition metals such as Mn, Fe, Co and Cu is very rare in 

literature.  
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For these reason, in this work, we have focused the effects of 

transition metals as doped on structural, optical and 

morphological properties of un-doped and Cu- Co-Mn doped 

NiO films by spray pyrolysis. 

 

2. Material and Methods 
 

Un-doped and doped NiO films were deposited on a glass 

substrate by spray pyrolysis technique. Before the start of the 

deposition process, the glass substrates were cleaned 

thoroughly using warm acetone and methanol. Finally, 

substrates were ultrasonically cleaned with deionized water. 

Table 1 shows the experimental parameters for NiO films 

synthesis in detail. The precursor spraying Nickel nitrate 

hexahydrate solutions was sprayed onto the glass substrates 

through a glass nozzle. When aerosol droplets come close to 

the substrates, highly adherent films were produced due to the 

pyrolytic process resulting in the formation of NiO films 

according to the following reaction: 

 

Ni(NO3)2.6H2O  NiO + 2NO2 + 1/2O2 + 6H2O            (1) 

 

The un-doped NiO film was obtained as brownish and 

transparent while the other doped films were found to be 

blackish hue. The thickness of un-doped and doped NiO films 

was measured by weighing method using digital weight 

balance (Ohaus-Pioneer). The thickness was calculated using 

formula; 

 

T=∆W/A              (2) 

 

where T is film thickness, W is the difference in weight of 

substrate before and after film deposition, A is the area of the 

film in cm2,  is the density of the film (= 6.67 gr/cm3). The 

thickness of the NiO films was estimated in the range of 483–

495 nm. change in doped NiO film is attributed to the 

existence of doped element. 

 

Table 1. Experimental parameters 

 

The structural, surface and optical properties of NiO films 

were examined using various characterization techniques.  

Characterizations of the all films were performed at room 

temperature. Table 2 shows list of parameters determined and 

equipment used for this purpose. To examine the structure of 

the films, a Bruker X-ray Diffractometer (D8 Advance XRD) 

with Cu Kα line (=1.5406 Å), was used. The optical 

measurements of films were evaluated using Shimadzu UV -

2550 UV- VIS spectrophotometer at wavelength range of 

=300-900 nm. The band gap energy values for these films 

were calculated by optic method. Also, Urbach energy, 

refractive index and dielectric constants were determined 

using UV spectrophotometer data. The surface morphological 

study was carried out using a field emission scanning electron 

microscopy (FESEM Zeiss Ultra Plus). 

 

Table 2. List of parameters determined and equipment used 

for this purpose. 

 

 

4. Results and discussion 
 
4.1.  Structural characterization 
 

Fig. 1 shows the XRD patterns of un-doped and doped NiO 

films. XRD patterns show that all films were grown onto the 

glass substrates present good crystallinity. All the patterns 

exhibit a face centered cubic crystal structure with diffraction 

peaks at (111), (200), (220), and (311).  The peaks were 

indexed by comparing our XRD data with the Bunsenite 

JCSPD card No: 47-1049 for NiO. All patterns exhibit a cubic 

structure without any additional impurity phase, indicating 

that the structure is not affected by Cu/Mn/Co substitution. 

For all dopant elements, no evidence of secondary phases or 

phases other than that of NiO is found which indicates that 

the Cu/Mn/Co dopant elements get substituted at the Ni site 

without affecting the cubic structure. From the patterns, the 

peak positions and half peak width of the (111) plane slightly 

change after doping, which implies that the structures have 

very small strain. The slight shift in the peak position which 

Synthesis films 
NiO and Cu/Co/Mn doped 

NiO  

Solution source 

Nickel nitrate hexahydrate 

[Ni(NO3)2.6H2O] 

Copper Nitrate [Cu(NO3)2] 

Cobalt nitrate [Co(NO3)2] 

Manganese nitrate 

[Mn(NO3)2] 

Deionized water 

Doped and Flow rate

  
3 % - 5 cc/dk 

Amount and Molarity  

of solution 
100 ml - 0.01 M 

Spraying time-

Substrate   temperature 
20 dk - 450±5C 

Distance between 

substrate and atomizer-

Carrier gas-Pressure 

25 cm-Nitrogen - 0.2 Bar 

Characterization 

Equipments 

Determined 

Parameters 

 

 

Bruker D8 Advance XRD 

diffractometer 

Structural analysis 

Crystal structure 

Lattice parameter 

Texture coefficients 

Lattice strain 

Crystallite size 

 

 

Shimadzu UV -2550 UV- VIS 

spectrophotometer 

Absorbance spectra 

Band gap energy 

Urbach energy 

Refractive index 

Dielectric constants 

Steepness parameter 

 

A field emission scanning 

electron microscopy (FESEM 

Zeiss Ultra Plus) 

 

Surface morphology 
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is associated with the replacement of Ni2+ ions (0.69 Å) by 

Co2+ (0.745 Å), Cu2+ (0.73 Å), and Mn2+ (0.83 Å) ions of the 

larger radius is believed to be the cause of this situation. As a 

result of doping, the half peak widths clearly change with 

doping and the best crystallization was showed in the Co 

doped NiO films. There are no peaks related to other phases 

in XRD patterns which are probably related to low doping 

concentration (3 % at). 

 

 

Figure 1. XRD patterns of un-doped and doped NiO films 

 

The interplanar spacing dhkl values of un-doped and doped 

NiO films are calculated by using Bragg relation [25]: 

 

2𝑑ℎ𝑘𝑙 sin  = 𝑛                         (3) 

 

where n is the order of diffraction (usually n=1) and  is the 

wavelength of X-ray radiation (1.5406 Å). The lattice 

parameters (a) of NiO cubic structure is calculated using the 

following relation [25]:   

 

𝑑 =
𝑎

√ℎ2+𝑘2+𝑙2
                          (4) 

 

Table 3 summarizes the positions of (111) peak, the 

calculated values of d(111), which shows deviations from the 

standard value of the lattice parameters a= 4.1770 Å taken 

from JCPDS card file data. This could be an indication of 

strain in the films and interpreted as the unit cell of the films 

undergoes contraction or expansion along a-axis. Table 3 

summarizes the positions of (111) peak, the calculated values 

of d(111), which shows deviations from the standard value of 

the lattice parameters a= 4.1770 Å taken from JCPDS card 

file data. This could be an indication of strain in the films and 

interpreted as the unit cell of the films undergoes contraction 

or expansion along a-axis. 

The average crystallite size of NiO was calculated from X-

ray line broadening for (111) plane using the Scherer and the 

Williamson–Hall equation. Firstly, Scherer equation was 

used [25]: 

 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                           (5) 

where β is the broadening of diffraction line measured at half 

of its maximum intensity (FWHM). Comparing the FWHM 

values corresponding to (111) plane, the broadening of the 

diffraction peak is observed for the films doped with Mn 

comparing to un-doped NiO film. The most probable 

explanation could be due to the increasing crystal defects. On 

the other hand, doping with Cu and Co has a positive effect 

on crystallinity. This can be attributed to the fact that at lower 

doping Co and Cu ions replace Ni ions substitutionally [26]. 

The average crystallite size of the samples was calculated to 

be in the range 11- 18 nm (Table 2). The texture coefficients 

(TC) have been calculated for well resolved (111), (220), and 

(200) crystallographic planes using the well-known equation 

below [27]: 

 

𝑇𝐶 =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

1

𝑁
∑ 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄𝑁

                                                            (6) 

 

where I(hkl) is the measured intensity, I0(hkl) is the standard 

intensity, and N is the number of diffraction peaks. For a 

preferential orientation, the TC(hkl) values should be greater 

than one [13]. For all the films, the texture coefficient values 

are greater than one for the (111) plane. Calculated TC(hkl) 

values for different planes are listed in Table 4. The increase 

and decrease in the value of TC(hkl)  are attributed to the 

reorientation effect of crystal in a given (hkl) direction due to 

the doping process (Fig. 2). 

 

Table 3. (111) peak positions, interplanar spacing d, FWHM 

values and lattice parameter 

 

Figure 2. Variation of texture coefficient of un-doped and 

doped NiO films 

 

The lattice strain and crystallite size are two independent 

factors that contribute to the total peak broadening. The total 

Films 2 (deg) d FWHM a111 

NiO 37.157 2.4177 0.664 4.1838 

Cu-NiO 37.281 2.4099 0.609 4.1741 

Co-NiO 37.259 2.4113 0.447 4.1765 

Mn-NiO 37.281 2.4099 0.813 4.1792 
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peak broadening is the sum of the contributions of crystallite 

size and strain present in the material. Secondly, the 

crystallite size and strain ε  in the films have been determined 

from the XRD measurements by using the Williamson–Hall 

equation; 

 

  
𝑐𝑜𝑠


=

1

𝐷
+ 

𝑠𝑖𝑛


                                                                   (7) 

 

where D is the average grain size, ε is the effective strain,  

is the FWHM, is the Bragg diffraction angle,  is the X-ray 

wavelength. [32]. The term (βcosθ) was plotted with respect 

to (4sinθ) for the preferred orientation (111), (200), and (220) 

peaks of NiO films as seen in Figure 3.  Accordingly, the 

slope and y-intersect of the fitted line represent strain and 

particle size, respectively. The estimated strain and crystallite 

size values of the deposited films are listed in Table 4 and 5. 

The calculated grain sizes in both methods were matching 

with each other. The result is consistent with that of the XRD 

patterns. 

 

 

Figure 3. The W-H analysis of NiO films 

 

 

Table 4. The D values, strain and TC of NiO films 

 

 

Table 5. The TC values of NiO films 

 

 

The relationship between grain size and diffraction angle for 

phase (111) is given in graph Fig. 4. As can be seen, the 

smallest grain size was obtained in cobalt doped nickel oxide 

film. This case can be supported XRD analysis (see Fig. 2). 

Co doped NiO films have the best crystalline level and the 

narrowest half peak width among doped NiO films. We think 

that crystallization increases due to the improvement of 

oxygen diffusion for Co doped NiO films. On the other hand, 

the increase in grain size decreased the grain boundaries and 

resulted in improvement of structural and optical properties. 

The similar results have been observed in other studies in the 

literature [40]. 

 

 

Figure 4. The variation of diffraction angle and crystallite 

size of undoped and doped NiO films for (111) phase 

 

 

 

 
 

Films 

D (nm) 

 % 
Scherer 

Williamson-

Hall 

NiO 12 11.1± 1.4 0.25 ± 0.1 

Cu-NiO 14 14± 1 0.130.04 

Mn-NiO 11 
7.8± 0.8 

 

0.30 ± 0.1 

 

Co-NiO 18 33.2± 6.2  0.280.05 

Films 
TC (hkl) 

(111) (200) (220) 

NiO 1.16 0.94 0.90 

Cu-NiO 1.15 0.94 0.90 

Mn-NiO 1.12 0.93 0.95 

Co-NiO 1.55 0.68 0.78 
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4.2.  Optical characterization 
 

The optical properties of NiO films were studied to 

investigate the effect of the doping on the optical 

transmittance, band gap, and Urbach energy. The absorbance 

spectra of the NiO films were taken in the wavelength range 

of 300-1100 nm at room temperature. Fig. 5 shows the optical 

absorbance spectra of NiO films doped with the Co, Cu, and 

Mn contents. It has been found that at the low wavelength 

region, the absorbance rises near the absorption edge at the 

UV region followed by a low absorbance with increasing the 

wavelengths. In this study, un-doped NiO film exhibited 

different absorbance edge structure comparing to doped NiO 

films, which were the best similar behavior Cu-doped films. 

Also, we can observe that absorbance edge of doped NiO 

films changed and become sharper with Co and Mn doping 

presenting the same absorbance edge. 

 

 

Figure 5. Absorbance spectra un-doped and doped NiO films 

 

The optical band gap Eg is determined using the Tauc relation 

[28];  

 

(αh)1/p= A(h-Eg)                         (8) 

 

where α is the absorption coefficient, Eg is the band gap 

corresponding to a particular transition occurring in the film, 

A is a constant,  is the transition frequency and p can take 

the values 1/2, 3/2, 2 or 3, when the transitions are direct 

allowed, direct forbidden, indirect allowed and indirect 

forbidden respectively. The NiO is considered as a material 

with direct band gap energy and hence p=1/2 is expected for 

direct allowed transition. The band gap has been calculated 

by extrapolating the linear region of the plots (αh)2 versus 

h on the energy axis (Figure 6).  The values of the band gap 

were found to be ranging from 3.55 eV to 3.20 eV. These 

values are showed in Table 5 and clearly decrease with 

Cu/Mn/Co doping. As kwon, the energy band gap of NiO 

occurs between the O 2p states of the valence band and Ni 3d 

states of the conduction band. According to the optical 

measurements, the decrease in the optical band gap of doped 

NiO films with Cu/Mn/Co doping is due to the structural 

changes of NiO films. Since the XRD data show no clearly 

structural changes, local structural changes nearby the 

Cu/Mn/Co dopant elements may play a key role for the 

observed band gap narrowing. For Cu doped NiO films, the 

decrease in energy band gap from 3.55 to 3.28 eV may be due 

to increase in the width of donor levels of copper atoms and 

attributed to the increased in the grain size [41-43]. Similarly, 

the band gap values of Mn doped NiO films decrease because 

Mn ions may make holes and vacancies in the doped NiO 

lattice resulting in the reduction of the energy gap [44]. 

Similar results for band gap shrinkage were found by 

Baraman et al. for Mn doped NiO [45]. If we look closely, Co 

doped NiO films have the lowest band gap value. The reason 

for this decrease may be Co2+ oxidation state due to cobalt 

exists in Co2+ oxidation state in the sites occupied by cations 

in the host lattice. Also, Co ions and oxygen vacancies can 

constitute additional energy levels in the NiO band gap near 

the valence band edge. Consequently, both the increased sp-

d exchange interactions between the band electrons and the 

localized d electrons of Co2+ cations and also the point defects 

deformation of band edges may be caused this decrease in Eg 

values. Similar results were found in the literature [46, 47]. 

 

Figure 6. Optical band gap energy of un-doped and doped 

NiO films 

 

As seen in Figure 7, the absorption coefficient dependence on 

photon energy in the spectral range of the near-band-edge 

empirically follows the exponential law (Urbach tail), which 

can be expressed as [29]: 

 

α(h)= α0 exp(h⁄Eu)                                                         (9) 
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where α0 is a constant, Eu is Urbach energy which 

corresponds to the width of the band tail and could be 

determined as the width of the localized states. Usually, Eu 

depends on temperature and structural disorder describes the 

width of the localized states in the band gap region [30]. Fig. 

7 shows the variation of lnα vs. photon energy for the films. 

 

 

Figure 7. The Urbach plots of the undoped and doped NiO 

films 

 

To obtain the width of Urbach tail, a linear fit was Herve -

Vandamme, and Moss relations [31, 32, 35]. Both established 

in the linear portions of the curves and the results were listed 

in Table 6. Eu values change inversely with optical band gap. 

Also, the Urbach energy values give knowledge about local 

defects which create localized states in the band gap region 

[33]. The steepness parameter, σ= kT/Eu; characterizing the 

broadening of the optical absorption edge due to electron-

phonon or exciton-phonon interactions [34] was also 

determined taking T =300 K and given in Table 5. The change 

in the band gap and Urbach energy of NiO films as a function 

of doping content is given in Fig. 8. The un-doped NiO films 

have higher band gap and Urbach energy values than Co, Cu, 

and Mn- doped NiO films. 

 

Table 6. Some optical parameters of un-doped and doped 

NiO films 

 

 

Figure 8. The change of the band gap and Urbach of the un-

doped and doped NiO films 

 

Refractive index (n) and the band gap energy (Eg) are the two 

important parameters that resolve the optical and electrical 

behavior of semiconductor thin films used for optoelectronic 

applications. Also, determination of the dielectric properties 

of films is especially important for diverse optoelectronic 

device applications. For this reason, we calculated the optical 

parameters such as refractive index, high-frequency and static 

dielectric constants for NiO films. There are many methods 

used to determine the optical parameters of thin films. We 

chose two different methods to determine refractive index and 

dielectric constants in our work. These methods are Herve –

Vandamme and Moss relation. The common feature of these 

methods is that we can calculate the refractive index based on 

the band gap. The formulas used in the calculations are as 

follows: 

 

Herve -Vandamme method  

n = √1 + (
A

Eg+B
)

2

                                                             (10)   

                

Moss relation is presented 

 

 𝑛4 =
𝑘

𝐸𝑔
                                                                              (11)       

 

 High-frequency dielectric constants  

 

0 = 18.52 − 3.08𝐸𝑔                                                         (12) 

 

Static dielectric constants      

 

 = 𝑛2                                                                             (13) 

 

where A and B are numerical constants with values of 13.6 

and 3.4 eV, k is a constant with a value of 108 eV respectively 

[31, 32, 35, 36]. The change in the refractive index and 

dielectric constants of un-doped and doped NiO films as a 

function of doping content is given in Fig. 9. The calculated 

optical parameters (n, and 0) of the un-doped and doped 

Films Eg (eV) Eu (meV) .10-2 

NiO 3.55 344 7.47 

Cu-NiO 3.28 317 8.11 

Co-NiO 3.20 314 8.18 

Mn-NiO 3.22 312 8.24 
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NiO films are listed in Table 7 and 8 for two models. It is 

clearly seen that the refractive index values increased upon 

doping with Co, Cu, and Mn elements with different rate of 

increase depending on the used models. 

 

Table 7. The refractive index (n) of un-doped and doped NiO 

films 

 

 

Table 8. The dielectric constants of un-doped and doped NiO 

films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The change of the refractive index and dielectric  

constants of un-doped and doped NiO films. 

 
4.3.  Surface morphology 
 

For the morphological investigation, a field emission 

scanning electron microscope (FESEM) was used. FESEM 

images were taken with In-Lens detector under 20 kV 

operating voltage. All films were coated with Au by means of 

an EMS sputter coater to dismiss the charging effect.  SEM 

images are shown in Fig. 10 (a-d). From the micrographs, it 

is seen that the films consist of nanocrystalline grains with 

different size and clusters depending on the doping content. 

Fig. 10 (a) and 10 (d) correspond to un-doped and Mn-doped 

NiO films, respectively. Both films are similar in the    

microstructure, i.e., high degree of agglomeration in 

nanoparticles could be observed.  Fig. 10 (b) corresponds to 

the Co-doped NiO film which exhibits the granular on the 

surface with different sizes were distributed throughout. The 

image in Fig. 10 (c) corresponds to Cu-doped NiO films 

 

Films 

Refractive Index (n) 

Moss Relation  
Herve-

Vandamme 

NiO 2.34 2.19 

Cu-NiO 2.39 2.26 

Co-NiO 2.41 2.29 

Mn-NiO 2.40 2.28 

 

Films 

Dielectric constants (and 0) 

 

Moss Relation 

 

Herve-

Vandamme 

 0  0 

NiO 5.51 7.58 4.82 7.58 

Cu-NiO 5.73 8.41 5.14 8.41 

Co-NiO 5.80 9.85 5.24 8.66 

Mn-NiO 5.79 9.60 5.22 8.60 
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where “cauliflower” aggre gates are observed, which also 

contribute to light scattering. 

 

Figure 10. FESEM images of (a) un-doped, (b) Mn-doped, 

(c) Co-doped, and (d) Cu-doped NiO films 

 

5. Conclusion 
 

In this work, various transition metals (Cu, Co and Mn) were 

determined as dopant elements for NiO films and spray 

pyrolysis technique was used to deposition un-doped and 

doped NiO films on glass substrate. We present the effect of 

different transition metals on the structural, morphology and 

optical properties of the NiO films. We show that various 

transition metals (Cu, Co and Mn) were effectively added into 

the NiO films crystal lattice without significant structural 

change. The analysis of XRD patterns revealed that all films 

have face-centered cubic phase. The average crystallite size, 

lattice parameter, micro-strain and texture coefficient value 

changes with doping, resulting in the structural variation. Un-

doped and doped NiO films showed (111) preferential growth 

plane orientation. The texture coefficient TC(111) was not 

change but the half peak width clearly change with doping. 

As a result of doping, the best crystallization was showed in 

the Co doped NiO films. The grain size was calculated two 

different methods (Scherer and Williamson-Hall) and the 

results of these methods were coherent with each other.  The 

optical measurements indicate that the band gap values 

decreased with doping and Co doped NiO films exhibited a 

minimum band gap of 3.20 eV. The refractive index and 

dielectric constant values of NiO films were calculated using 

Moss relation and Herve-Vandamme formula and these 

values increased with doping.  

The obtained results lead us to resolve that the crystalline 

structure, optical parameters and morphology of the NiO 

films can be easily tailored with doping transition metals 

using a cost-effective spray pyrolysis technique. 
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