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Abstract
The influence of nickel (Ni) doping concentrations on structural, optical, electrical and diode properties of molybdenum tri-
oxide  (MoO3) thin films has been studied systematically. Ni-doped  MoO3 films and diodes were prepared for various doping 
concentrations of Ni such as 0, 3, 6 and 9 wt.% by jet nebulizer spray (JNS) pyrolysis technique. The structural properties 
of Ni-doped  MoO3 films were analyzed by X-ray diffraction (XRD) pattern and scanning electron microscopy (SEM). The 
prepared films were exhibited in the orthorhombic crystal structure and sub-microsized plate-like surface morphology. The 
energy-dispersive X-ray spectroscopy (EDX) analysis confirmed the presence of Ni, Mo and O elements in the prepared 
films. Ultraviolet–visible (UV–vis) analysis results showed that the absorbance decreases with the increasing of Ni doping 
concentration and the minimum band gap energy (Eg = 2.25) was obtained for 9 wt.% Ni-doped  MoO3 film. From current–
voltage (I–V) characterization, the conductivity is increased by increasing the Ni doping concentration in  MoO3 thin films. 
The diode measurements were performed in darkness and under light illumination of a halogen lamp. The methods of I–V, 
Cheung’s and Norde were used to calculate the diode parameters of ideality factor (n), barrier height (Φb) and sheet resist-
ance (Rs). Also, the light ON/OFF switching response of the fabricated n-NiMoO3/p-Si diodes was analyzed.

Keywords Ni doped  MoO3 films · I–V characterization · n-NiMoO3/p-si diode · JNS pyrolysis · Ideality factor

1 Introduction

In recent years, thin-film technology is a fast-growing field 
for numerous industrial applications such as solar cell, 
diodes, gas sensors, electro and photochromic and batteries 
[1–6] through the transition metal oxide (TMO) of  MoO3. 
There are a number of TMOs existing in recent researches 
in which the  MoO3 thin films exhibit an attractive structural, 
electrical and mechanical properties. The three common 
phases of orthorhombic (α), monoclinic (β) and hexagonal 
(h) are found in  MoO3, in which α phase is thermodynami-
cally stable one [7, 8].

The deposition methods are the most important area to 
grow a uniform and high-quality thin film. Nowadays a num-
ber of methods have been developed by many researchers. 
A few essential methods are spin coating, spray pyrolysis, 
thermal evaporation, and chemical vapor deposition [9–12]. 
Among them, we have used modified spray pyrolysis that 
was named as a jet nebulizer spray (JNS) pyrolysis [13–15], 
which is a low-cost and promising method to prepare a high-
quality and uniform thin films.
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In this manuscript, the Ni doped  MoO3 thin films and n-Ni 
doped  MoO3/p-Si junction diodes were prepared for differ-
ent doping concentrations of Ni (0, 3, 6 and 9 wt.%) at the 
substrate temperature of 500 °C by JNS pyrolysis technique. 
The prepared films were analyzed for the structural, optical 
and electrical properties. Significant diode parameters of 
ideality factor (n), barrier height (Φb) and sheet resistance 
(Rs) were calculated using different methods such as I–V, 
Cheung’s and Norde. In addition, the switching properties 
of the n-Ni doped  MoO3/p-Si junction diodes were studied 
under dark and light condition using halogen lamp.

2  Experimental procedure

2.1  Fabrication of Ni‑doped  MoO3 films and p–n 
junction diodes

Ammonium hepta molybdate (AHM) ((NH4)6Mo7O24∙4H2O) 
is the source material for  MoO3 and nickel (II) chloride 
 (NiCl2∙6H2O) is used as a dopant material; both were pur-
chased from Sigma-Aldrich and Merck. Both the materials 
of AHM (0.05 M) and  NiCl2∙6H2O (0, 3, 6 and 9 wt.%) were 
mixed in deionized water and stirred for an hour at ambient 
conditions. The well-cleaned glass substrates (2 × 2.5 cm 
size) were used to prepare the Ni-doped  MoO3 thin films 
using 3 ml of the prepared solution by JNS pyrolysis at an 
optimized substrate temperature of 500 °C in the air.

For fabricating a quality p–n diode, the processing of sili-
con wafer cleaning is the most important one for removing 
the impurities on the surface such as dust, grease, metallic 
impurities and organic residues. The cleaning process of Si 
wafer has been reported already [14]. The precursor solu-
tion, prepared by the mole concentration of AHM (0.05 M) 
and different weight percentage of  NiCl2.6H2O (0, 3, 6 and 
9 wt.%), 1.5 ml was sprayed on the Boron-doped p-Si wafer 
(1 × 1 cm size) at the substrate temperature of 500 °C. The Si 
wafers have a resistivity of 0–60 Ω-cm and thickness about 
279 ( ∓ 25) μm. Also, the orientation of the Si wafers is 
(100). After n-Ni doped  MoO3/p-Si diodes were fabricated, 
contacts were prepared on both surfaces of the diodes using 
the silver (Ag) paste for I–V measurements [15]. The con-
tacts were dried at ambient conditions for 5 h. We use Ag 
paste for contacts on both sides of the diode because of its 
good properties of adhesion, high conductivity and good 
solderability. The experimental setup of the JNS pyrolysis 
technique was described in previous reports [13, 14].

2.2  Characterization

The UV–visible spectrophotometer (Perkin Elmer Lambda 
35) in the wavelength range from 300 to 900 nm exam-
ined the optical properties. The X-ray diffractometer 

(XRD, XPERT-PRO) with CuKα1 radiation of wavelength 
1.5406 Å at a generator setting of 30 mA and 40 kV in the 
2θ range from 20 to 70° was used to study the structure 
of the Ni-doped  MoO3 films. The surface morphological 
changes of the coated films were observed by the scanning 
electron microscope (JEOL JEM 2100). The Energy Dis-
persive Analysis by X-ray Spectroscopy (EDX) (QUANTA 
FEG 250) confirms the presence of elements. For the DC 
electrical conductivity and diode parameters of the Ni-doped 
 MoO3 films, the measurement was taken using two probes 
by the Keithley Electrometer (6517-B).

3  Results and discussion

3.1  Optical properties

Thickness of the films plays a significant role in the film 
properties and electrical parameters. The thickness of the 
prepared films was measured by Stylus Profiler (Mitutoyo 
SJ 301). Thickness of the pure  MoO3 films is around 206 nm 
as mentioned also in our previous work [14]. The measured 
thickness of the doped films is 195, 216 and 220 nm for 3, 6 
and 9 wt.% of Ni, respectively. The absorbance spectra of the 
Ni-doped  MoO3 films for different doping concentrations of 
Ni (0, 3, 6 and 9 wt.%) deposited at an optimized substrate 
temperature of 500 ºC are shown in Fig. 1a. From Fig. 1a, we 
observe that the increasing of the doping concentration of Ni 
shows the decreasing nature of absorbance. Therefore, 9% of 
the Ni-doped  MoO3 film shows the minimum absorbance in 
the UV–visible region. The Ni doping concentration gives 
the changes in the density of the unsaturated bonds, which 
resulted from the deviations in the density of localized states 
[16]. This may be the reason for the decrease in absorb-
ance with Ni doping concentration. Also, the increased film 
thickness at higher doping concentration may have caused 
the reduction of absorbance. From the UV–visible spectra, 
the following relation (1) is used to calculate the band gap 
energy (Eg) of the Ni-doped  MoO3 films [15, 17, 18]:

The plot of (αhν)2 versus (hν) for the Ni-doped  MoO3 
films is attained from Fig. 1b. The direct allowed transi-
tion is confirmed by the straight line portion. The band gap 
energy values of 2.50, 2.68, 2.37 and 2.25 eV for different 
Ni doping concentrations of 0, 3, 6 and 9 wt. % of Ni-doped 
 MoO3 films are taken from the extrapolation of the verti-
cal straight line of the plot to the photon energy axis (i.e., 
x-axis). The minimum band gap energy is obtained for 9 
wt.% of Ni-doped  MoO3 films. By increasing the carrier 
density, the shifting of energy band with some of the  Mo6+ 
ions replaced by  Ni2+ ions resulted in a slight shift of the 

(1)�h�n = B(h� − Eg)
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Fermi level into the conduction band. The band gap mainly 
depends on the excitation of electrons to the Fermi level of 
conduction band from the valance band [19–21].

3.2  Structural study

Ni-doped  MoO3 thin films were prepared for different doping 
concentrations of Ni and their structural properties were stud-
ied using XRD pattern, which is shown in Fig. 2a. From the 
XRD pattern, the  NiMoO3 films are showing the polycrystal-
line nature with a preferred orientation of (0 4 0) plane and the 
diffraction angle (2θ) of 25.5°. Other diffraction peaks of 2θ 
in degree with the function of (h k l) planes relate to 23.2 (1 1 

0), 27.3 (0 2 1), 33.6 (1 1 1), 35.4 (0 4 1), 38.8 (1 3 1), 46.2 (0 
6 1), 49.1 (0 0 2), 52.7 (2 1 1), 55.1 (1 1 2), 58.8 (0 8 1), 64.5 
(0 6 2) and 67.4 (2 6 1). From Fig. 2a, the observed diffraction 
peaks confirm the orthorhombic structure of  MoO3 (JCPDS 
card no. 35-0609). The intensity of the preferred orientation 
of (0 4 0) is decreased by increasing of Ni doping concen-
tration. Figure 2b is drawn between the diffraction peaks of 
25.3° and 25.8° for identifying the shift of the peaks owing 
to increasing the Ni doping. However, by increasing the Ni 
doping concentration, we observe no other peaks for Ni in the 
prepared films using JNS technique. The result may be due to 
that the very minimum concentration of nickel may be present 
as a small cluster on  MoO3 lattice, so the Ni phase might be 

Fig. 1  a Absorbance spectra and b Band gap energy for (a) 0, (b) 3, (c) 6 and (d) 9 wt.% of Ni-doped  MoO3 thin films

Fig. 2  a XRD pattern of 
 NiMoO3 thin films for different 
doping concentrations of Ni. b 
The shift in diffraction angle of 
2θ (°) between 25.3 and 25.8
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difficult to identify using X-Ray diffraction instruments. And 
another reason may be that the Ni impurities possibly located 
in the grain boundaries or dispersed in the lattices of the  MoO3 
films [22–24].

The microstructural properties of pure and  NiMoO3 thin 
films for the preferred orientation of (0 4 0) plane are shown 
in Table 1. The crystallite size (D) [25, 26], dislocation density 
(δ), microstrain (ε) and stacking fault (SF) values are calcu-
lated by the following relations (2–5) [14, 15, 17]:

where ‘k’—shape factor (k = 0.94), ‘λ’—wavelength of the 
X-ray radiation, ‘θ’—diffraction angle and ‘β’—full width 
at half maximum.

(2)D =
k�

�cosθ
,

(3)� =
�cosθ

4
,

(4)� =
1

D2
,

(5)SF =

[

2�2

45(3tanθ)1∕2

]

�,

From Fig. 3a, as the Ni concentration increases from 0 to 
9 wt.%, the crystallite size (D) for the preferred orientation 
of (0 4 0) plane is decreased from 55.26 to 41.45 nm and 
microstrain increased from 0.62 to 0.83 ×  10–3  lines−2 m−4 
(Table 1), which may be owing to the ionic radius difference 
between Ni and Mo. From Table 1, the other properties of 
dislocation density (Fig. 3b) and stacking fault of pure and 
 NiMoO3 films are increased by increasing Ni doping con-
centration. Madhavi et al. [27] and Lethy et al. [28] also 
discussed that the crystallite size decreases with increasing 
the doping concentrations.

3.3  Surface morphology

Figure 4a–d shows the surface morphological images of the 
pure and Ni-doped  MoO3 films. From Fig. 4, the increasing 
of the doping concentration of Ni (0, 3, 6 and 9 wt.%) varies 
the morphology of the films. Figure 4a and b shows the sub-
microsized plate-like structures, which are randomly ori-
ented. From Fig. 4c, 6 wt.% of Ni doping has highly varied 
the morphology of  NiMoO3 film that is an agglomeration of 
plates with rod-like structures. Figure 4d depicts the mor-
phology of 9 wt.% of Ni doped  MoO3 thin film, which shows 
the agglomerated sub-microsized plate-like structure. It 
should be mentioned that the plate-like structure effectively 

Table 1  The microstructural properties of  NiMoO3 films

Ni doping concen-
tration (wt. %)

Diffraction 
angle 2θ (deg)

(040) Inter pla-
nar distance Å

FWHM
(Radians)

Crystallite 
size (D) nm

Micro strain (ε) ( × 
10 −3  lines−2 m−4)

Dislocation density 
( ×  1014 lines/m2)

Stacking 
fault ×  10–2

0 25.5845 3.4815 0.00257 55.26 0.6277 3.2747 0.1353
3 25.6333 3.4750 0.00260 55.20 0.6280 3.2751 0.1355
6 25.6029 3.4791 0.00268 55.06 0.6300 3.2800 0.1454
9 25.6289 3.4756 0.00343 41.45 0.8370 5.8207 0.1806

Fig. 3  a Crystallite size and microstrain for different doping concentrations from 0 to 9 wt.% of Ni-doped  MoO3 films. b The dislocation density 
of  NiMoO3 films
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enhances the electrical properties of the present films due to 
higher surface to volume ratio and charge accommodation 
ability. The results suggest that the Ni doping effectively 
changes the morphologies of the  MoO3 thin film in the pre-
sent method of JNS pyrolysis.

3.4  Elemental analysis

The stoichiometric ratio of the JNS-coated  NiMoO3 thin 
films is confirmed by the EDX spectra. The pure  MoO3 thin 
film was discussed in earlier reports [14, 15]. The EDX spec-
tra for Ni-doped  MoO3 thin films for different Ni doping 
concentrations of 3, 6 and 9 wt.% are shown in Fig. 5a–c. 
The EDX spectra reveal that the elements of Ni, Mo and O 
are present in the prepared samples by JNS pyrolysis. As the 
doping concentration of Ni increases, the atomic percentage 
of Ni increases and O decreases in the present study. Table 2 
shows that the atomic percentage of Ni and Mo increases 
and O decreases with increasing the doping concentration 
of Ni.

3.5  Electrical characterization

3.5.1  DC conductivity

The DC electrical conductivity measurement of the dif-
ferent doping concentrations of Ni doped  MoO3 films is 
taken under varying temperatures from 30 to 150 °C in an 
increase of 20 °C by Keithley electrometer 6517-B through 

two-probe setup. The values of current are measured for the 
constant potential from 10 to 100 V in an increase of 10 V. 
For different Ni doping concentrations of 0, 3, 6 and 9 wt.% 
of  NiMoO3 thin films, the current–voltage (I–V) charac-
terization has been taken and shown in Fig. 6a–d. Figure 6 
shows that for the corresponding voltages (i.e., x-axis), the 
current values (y-axis) are directly proportional in nature for 
each temperature condition (30–150 °C).

The following relation (6) is used to calculate the DC 
conductivity (σ) [14, 15]:

where ‘I’—current, ‘V’—applied voltage, ‘d’—inter-probe 
distance and ‘A’—cross-sectional area of the film.

The conductivity of Ni-doped  MoO3 is increased by 
increasing Ni doping concentration from 0 to 9 wt.% and 
also each doping concentration of Ni-doped  MoO3 films 
shows the increase in conductivity owing to increase in 
temperature of 30–150 °C (Fig. 7). This result confirmed 
that the Ni-doped  MoO3 films are showing the semicon-
ducting nature. In general, Semiconductors behave as an 
insulator at low temperatures and at higher temperatures, 
they act as conductors because the electrons around the 
atoms of semiconductor can break away from their cova-
lent bond and move freely about the lattice. From Fig. 7 
(inset), the average conductivity values are 9.144 ×  10–13, 
2.716 ×  10–12, 4.121 ×  10–12 and 5.026 ×  10–12 S/cm for 

(6)� =
(

I

V

)

×
(

d

A

)

,

Fig. 4  Surface morphological 
images for a 0, b 3, c 6 and d 
9 wt.% of Ni-doped  MoO3 thin 
films
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the corresponding Ni doping concentrations of 0, 3, 6 and 
9 wt.% on Ni-doped  MoO3 films. The result suggests that 
the conductivity of Ni-doped  MoO3 films is increased by 
increasing the doping concentration of Ni due to the oxy-
gen vacancies in the grown thin films [30] in the present 
study of JNS pyrolysis.

3.5.2  The diode parameters of n‑NiMoO3/p‑Si

The n-NiMoO3/p-Si diodes were fabricated for varying Ni 
doping concentrations of 0, 3, 6 and 9 wt.%) by JNS pyroly-
sis technique. The forward to the reverse bias current of the 
prepared diodes is taken for the corresponding voltage from 
− 4 to + 4 V in darkness and under a light illumination of halo-
gen lamp as shown in Fig. 8a–d. The measurement conditions 
of the fabricated n-NiMoO3/p-Si diodes are summarized in 
Table 3. According to Fig. 8a–d, the prepared diodes per-
form like a good conductor when a forward bias voltage is 
applied and like a good insulator when a reverse bias voltage 
is applied. So when the positive voltage is applied across the 
anode to the cathode, the diode does conduction of forward 
current instantly. This result implies that the nature of ideal 
diode behavior is observed for prepared diodes. Figure 9a–d 
illustrates the semi-log plot of current density (ln J) versus 
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Fig. 5  EDX spectra for a 3, b 6 and c 9 wt.% of Ni-doped  MoO3 thin films

Table 2  The atomic percentage of  NiMoO3 films

Ni doping concentrations 
(wt.%)

Atomic ratio (%)

Ni Mo O

0 – 28.48 71.52
3 0.83 29.04 70.13
6 1.13 29.62 69.25
9 1.50 30.84 67.66



Fabrication of ON/OFF switching response based on n-Ni-doped  MoO3/p-Si junction diodes…

1 3

Page 7 of 14   216 

voltage (V). The n-NiMoO3/p-Si diodes show good rectifi-
cation behavior. The current density of the n-NiMoO3/p-Si 
diodes is calculated by the thermionic emission theory (TE) 
as follows (7) [30, 31]:

where ‘J0’—reverse saturation current density, ‘q’—elec-
tron charge, ‘V’—applied voltage, ‘n’—ideality factor, ‘K’—
Boltzmann constant and ‘T’—absolute temperature.

The ideality factor of the diode is determined from the slope 
and the intercept of the semi-log forward bias of J–V plot for 
V ≥ 3kT/q using Eq. (7).

The Φb and n are calculated using the following relations 
(8, 9) [31] and the values are shown in Table 4:

(7)J = J0exp

(

qV

nKT
− 1

)

,

(8)n =
q

KT

dV

d(lnJ)
,

Fig. 6  I–V characterization for a 0, b 3, c 6 and d 9 wt.% of Ni-doped  MoO3 thin films under different measuring temperature

Fig. 7  The conductivity for a 0, b 3, c 6 and d 9 wt.% of Ni-doped 
 MoO3 thin films and average conductivity (Inset)
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where A*—Richardson constant.
In J–V method, the obtained n values of n-NiMoO3/p-Si 

diodes for different doping concentrations of Ni from 0 to 
9 wt.% have decreased from 7.19 to 5.03 in darkness and 
5.16 to 4.89 under light illumination of a halogen lamp. The 
minimum n values of 5.03 and 4.89 are observed in dark 
and under light illumination for 9 wt.% of Ni-doped  MoO3 
diode. The result agrees well with the reported work of pure 
p-NiO/n-Si p–n junction diode application [32].

The obtained n values mainly depend on the conversion 
efficiency of p-Si and the absorption of n-NiMoO3 thin film 
layer including its thickness [33]. In an ideal p–n diode, the 
n value is equal to one, but here we observed that the n 

(9)Φb =
KT

q
ln

(

A*T2

J0

)

,

values are higher than that of an ideal p–n diode. This non-
ideal behavior of n-NiMoO3/p-Si diodes may be owing to 
the interfacial thin native layer of  SiO2 presence in between 
the electrode and Si wafer or recombination of charge in the 
space charge region [31, 34] and inhomogeneities of barrier 
[35].

Under ON (light illumination) and OFF (dark) condi-
tions of halogen lamp, the current (I) values through the 
n-NiMoO3/p-Si diodes (Ni—0, 3, 6 and 9 wt.%) were meas-
ured for 90 s under light illumination and for 90 s in the 
darkness of total time dilation of 0 to 900 s. In each illumi-
nation and darkness of measurements during the time of 0 
to 900 s, the I values are denoted for every 30 s (Fig. 10a–d. 
From Fig. 10, the diodes under light illumination provide 
high current values than in the darkness. The results sug-
gest that the diodes under light illumination produce a num-
ber of charge carriers, which increase the flow of current. 
From ON and OFF conditions, the prepared n-NiMoO3/p-Si 
diodes have shown the photo-conducting behavior [15, 37]. 
To study the effect of Rs, n and Φb for the diodes, Cheung 
and Cheung have developed the functions [37] as follows 
(10–12):

(10)
dV

d(lnJ)
= JRs + n

(

kT

q

)

,

(11)H(J) = V −

(

nkT

q

)

ln
(

J

A*T2

)

,

Fig. 8  I–V of n-NiMoO3/p-Si 
diodes in darkness and under 
light illumination for different 
doping concentration of nickel 
of a 0, b 3, c 6 and d 9 wt.%

Table 3  Measurement conditions of the fabricated n-NiMoO3/p-Si 
diodes in under light

Parameters Values

Make OSRAM lighting 
private limited, 
India

Lamp Halogen
Power 1000 W
Wavelength 320 nm
Intensity 100 mW/cm2

Distance between the sample and lamp 20 cm
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and H(J) is re-written as

Figure 11a–d depicts plots of dV/d(ln J) versus J for dif-
ferent doping concentrations of Ni (0, 3, 6 and 9 wt.%) on 
n-NiMoO3/p-Si diodes in darkness and under illumination. 
Using the relation (10), a straight line is drawn on dV/d(ln 
J) versus J plot (Fig. 11), which gives the values of nkT/q 
and the Rs value is obtained from the axis of dV/d(ln J) 
and slope of the dV/d(ln J). From Fig. 12, another deter-
mination of Rs and nΦb is found from the slope and plots 
of H(J) versus J using the relation (12). Using Cheung and 

(12)H(J) = JRs + nb,

Cheung method, the values of n, Rs and Φb are calculated 
and listed in Table 4. From Table 4, the Cheung’s method 
reveals that the minimum n values are found to be 5.06 and 
4.79 in darkness and under light illumination for 9 wt.% 
Ni-doped  MoO3 diode.

Moreover, an alternative method was used to determine 
the values of Φb and Rs by Norde [38]. Figure 13a–d shows 
the plot of F(V) versus voltage of n-NiMoO3/p-Si diodes 
for the different doping concentrations of Ni under the 
illumination of light and in darkness.

This altered function of Norde method is determined as 
follows (13–15) [38]:

Fig. 9  ln J vs. voltage plot of 
n-NiMoO3/p-Si diodes in dark-
ness and under light illumina-
tion for different doping concen-
tration of nickel of a 0, b 3, c 6 
and d 9 wt.%

Table 4  Diode parameters of n, Φb and Rs from different methods of J–V, Cheung’s and Norde

Ni doping 
concentration 
(wt.%)

J–V method Cheung’s method Norde function

dV/d(ln J) vs J H(J) vs J

Φb (eV) n Rs (Ω) n Rs (Ω) Φb (eV) Φb (eV) Rs (KΩ)

Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light

0 0.75 0.59 7.19 5.16 27.71 3.349 7.01 5.17 316.83 26.189 0.92 0.92 0.95 0.92 0.243 5.598
3 0.80 0.81 5.79 5.48 17.50 5.739 5.94 5.37 348.25 156.50 0.93 0.94 0.94 0.95 0.674 6.591
6 0.82 0.83 5.78 5.47 25.35 7.780 5.93 5.36 255.23 95.400 0.92 0.98 0.92 0.91 0.696 10.60
9 0.83 0.84 5.03 4.89 30.84 13.59 5.06 4.79 246.33 84.960 0.82 0.90 0.88 0.87 0.966 15.80
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where ‘γ’—integer (dimensionless) > n, ‘J(V)’—obtained 
from the J–V curve.

The Φb of n-NiMoO3/p-Si diode is calculated by the 
following relation (14):

where ‘F(V0)’—the minimum value is taken from the plot 
of F(V) versus voltage plot (Fig. 13) and ‘V0’—correspond-
ing voltage.

Using Norde function, Rs is determined by the follow-
ing relation (15):

where ‘Jmin’—minimum value of current density for V0.

(13)F(V) =
V

�
−

kT

q

(

J(V)

A*T2

)

,

(14)Φb = F
(

V0

)

+
V0

�
−

kT

q
,

(15)Rs =
kT(� − n)

qJmin

,

The obtained values of Φb and Rs using the Norde func-
tion are given in Table 4: the Rs values are increasing and Φb 
values are decreasing with increasing the doping concentra-
tions of Ni on n-NiMoO3/p-Si diode both in the darkness and 
under the illumination of light as shown in Table 4. The values 
of Rs using Norde method are comparatively higher than the 
Cheung’s method and Φb values vary in the methods of J–V, 
Cheung’s method and Norde function. This results suggest 
that the variations in Φb values are owing to the extraction 
through different regions of the forward bias of the J–V curve 
[39]. Moreover, in the forward bias region of the J–V curve, 
Cheung’s method is developed especially for the non-linear 
region, but the Norde function is applied to the whole region 
[2, 40].

Fig. 10  I–V measurements of n-NiMoO3/p-Si diodes for different doping concentration of nickel of a 0, b 3, c 6 and d 9 wt.% under ON–OFF 
conditions of a halogen lamp
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4  Conclusion

The JNS pyrolysis technique was used to fabricate the 
 NiMoO3 thin films and n-NiMoO3/p-Si diodes at 500 °C 
for different doping concentrations of Ni from 0 to 9 wt.%. 
The structural study of XRD pattern shows that the pre-
pared  NiMoO3 films are exhibited an orthorhombic struc-
ture in polycrystalline nature. A decrease in crystallite size 
from 55.26 to 41.45 nm and an increase in microstrain from 
0.62 × 10–3 to 0.83 ×  10–3  lines−2 m−4 were observed with 
increasing Ni dopant. From the morphological reports of 
SEM, the increasing of Ni doping strongly disturbs the sur-
face morphology of the prepared samples. Elemental analy-
sis of EDX spectra confirms that the elements of Ni, Mo 
and O are presented in the JNS pyrolysis technique. Using 

UV–vis spectra, the optical properties of  NiMoO3 films were 
studied. The minimum absorbance and band gap of 2.25 eV 
were identified for 9 wt.% Ni-doped  MoO3 film. The elec-
trical measurement of I–V reveals that the 9 wt.% Ni-doped 
 MoO3 film provides a maximum conductivity of 5.026 × 
 10–12 S/cm. From the diode characterization, in darkness 
and under light illumination, 9 wt.% of n-NiMoO3/p-Si 
diode shows that the minimum n values of 5.03 and 4.89 
using J–V method and 5.06 and 4.79 using Cheung’s method 
are obtained. From all the above results, we infer that the 
9 wt.% of n-NiMoO3/p-Si diode is highly suitable for ON/
OFF switching device application. The above results show 
that the prepared devices may be suitable for photo-detector 
applications.

Fig. 11  dV/d(ln J) vs. J of n-NiMoO3/p-Si diodes in darkness and under light illumination for different doping concentration of nickel of a 0, b 
3, c 6 and d 9 wt.%
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Fig. 12  H(J) vs. J of n-NiMoO3/p-Si diodes in darkness and under light illumination for different doping concentration of nickel of a 0, b 3, c 6 
and d 9 wt.%
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