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Abstract: This report presents the fabrication and characterization of x % Ni - InZnO (NIZO) Schottky diodes. The 
structural, optical and electrical properties of the fabricate Al/p-Si / x % Ni - InZnO /Au photodiodes were investigated. An 
average visible transmittance of about 75% - 85% has been obtained in the visible-light to near-infrared wavelength 
region. The optical bandgap was 3.17 ± 0.02 eV. Current-Voltage measurements were conducted to analyze the 
photodiode behavior under dark and light illumination. The reverse bias current increases together with increasing light 
illumination. The observed I-V results confirm the photoconductive and photovoltaic properties of the fabricated diode. 
There is an exponential relationship between the current and the voltage in the forward bias, confirming the rectification 
performance of the photodiode. The electrical properties of the fabricated photodiodes were evaluated using Cheung-
Cheung and Norde’s methods. The transient photocurrent, capacitance-voltage-frequency and conductance-voltage-
frequency plots indicate that the diode is very sensitive to light illumination. We also observe a strong correlation 
between capacitance and conductance on frequency, this was explained based on the presence of interface states. The 
obtained results suggest that the Ni-doped InZnO photodiodes can be useful in photovoltaic and optoelectronic 
applications. 
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1. INTRODUCTION  

Zinc oxide and its derivatives have been found in 
several applications such as optics, photonics and data 
storage [1]. It exhibits a wide bandgap of 3.37 eV and a 
large free exciton binding energy of 60 meV at normal 
room temperature, this property allows for efficient 
excitonic emission at room temperature [2]. Properties 
such as high transparency in the visible region, low-
cost deposition techniques [3], among others has made 
it an important material in several functional devices 
such as ultra-violet laser diodes, visible LED’s [4, 5], 
solar cells [6, 7], sensors [8, 9] and photo-catalyst [10, 
11]. ZnO is used as a transparent electrode in solar 
application due to its transparency to visible light and 
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high conductivity (through doping). Zinc oxide, like 
other transparent oxides and metal oxide 
semiconductors, is a promising material for next-
generation optoelectronic and spintronics applications. 
It is well-known that the structural, optical and electrical 
properties depend on morphology, doping elements, 
doping concentrations, fabrication technologies among 
others.  

Researchers have proposed a selection of elements 
as dopant to influence the electrical, optical properties 
and ferromagnetic properties of ZnO. Similar reports by 
[12-14] have shown that doping with Al and Ga or In 
can improve the electrical conductivity of ZnO. In 
another work by [15], solution synthesized Ni-doped: 
ZnO exhibited ferromagnetic behavior at Tc>350 K, this 
was attributed to the agglomeration of lattice defects 
during aggregation. of materials intensively studied for 
applications to suitable for spintronic applications. In 
the same work colloidal Ni-doped: ZnO nanocrystals 
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exhibited paramagnetic behavior. Research work by 
[16], deposited a layer of indium zinc oxide (IZO) on the 
n-type Si substrate for photodetectors applications, 
using pulsed laser deposition. The samples exhibited 
substantial photo-induced responses. Also, 
transmittance exceeded 80% between NIR to UV light. 
It must be noted that amorphous indium zinc oxide 
(IZO) films have attracted tremendous research 
attention in part due to their wide optical band gap (Eg 
> 3.3 eV), high carrier mobility (> 10 cm2 V-1s-1) and 
high carrier concentration (> 1020 cm-3) properties, 
these properties makes it a dependable candidate for 
optoelectronic applications. For example, Fang et al. 
[17] have used a pulsed laser deposition technique to 
fabricate amorphous InZnO films. They reported a high 
transparency of approximately 80 % in the visible 
wavelength range. The best device showed open-
circuit voltage (0.24 V), short circuit current density 
(28.4 mA/cm2) and fill factor (33.6 %). Low-temperature 
fabrication of InZnO films has been reported by Hosono 
[18], these exhibited high transparency and low 
resistivity. Other researchers have been focusing on 
investigating IZO for the semiconducting oxide layer for 
thin-film transistors, solar cells and transparent 
electrode applications [19-21]. 

To the best of our knowledge, x % Ni - InZnO 
system is not well published. Hence, this paper reports 
on the fabrication and characterization of Al/ p-Si / x % 
Ni - InZnO /Au thin film photodiode using a spin coating 
technique. A detailed investigation of the optical 
properties, structural properties, I-V characteristics, 
transient photocurrent, capacitance, and conductance 
dependence on voltage and frequency characteristics 
have been reported. Our results provide insight into the 
applicability of x % Ni - InZnO systems for optical, 
electronic and spintronic applications. 

2. EXPERIMENTAL DETAILS 

Samples were prepared using a facial solution 
method. NIZO solution with a molarity of 0.5 M was 
prepared using nickel nitrate, indium nitrate, and zinc 
acetate as precursors. These three precursors were 
dissolved in 2-methoxy ethanol and mono-
ethanolamine as solvent and stabilizer, respectively. 
Acetic acid was added to the mixture to create a 
homogenous solution of In:Zn (fixed at a molar ratio of 
3:2). Ni content was varied from 10 to 40 % in the 
interval of 10%. The mixture was stirred for 1h at 70 °C. 
The x % Ni- InZnO solution (NIZO) was spin-coated on 
p-type silicon having Au ohmic contact (contact area = 
3.14 × 10−2 cm2). The samples were dried in a vacuum 
oven at 200 οC for 20 min to obtain solid films. The 
schematic diagram of the fabricated photosensor is 
shown in Figure 1. The absorption properties of the 
samples were investigated using a diffuse reflectance 
UV–vis spectrometer. Electrical characteristics such as 
I-V, C-t, C-V, G-V of the diodes were performed using a 
computer-controlled FYTRONIX FY5000 electronic 
device characterization system. 

3. RESULTS AND DISCUSSION 

3.1. Optical Properties of NiInZnO (NIZO) Thin Films 

The optical properties and bandgap of the 
fabricated devices were evaluated. The reflectance, 
transmittance, and absorbance of the devices were 
studied in the wavelength range of 200 – 1200 nm. The 
absorbance, transmittance and reflectance plots are 
shown in Figure 2a, b and c, respectively. The average 
transmittances exceed 75 % to 80 % in the visible-light 
to the NIR wavelength region for all NIZO films, 
indicating that Ni content has negligible effects on the 
film transmittance. There is a larger absorption in the 

 
Figure 1: Configuration of NIZO photosensor. 



Optoelectrical Properties of NiInZnO (NIZO) Thin Films Journal of Solar Energy Research Updates, 2019, Vol. 6     89 

UV region, for all devices studied; the absorption edge 
is around 380 nm. Also, we observe for all samples 
high transparency in the visible regime (Figure 2b). The 
value of reflectance decreases in the visible-light 
region, however, there is a sharp increase at about 980 
nm and it saturates in the IR region (Figure 2c).  

The absorption coefficient (α) and the incident 
photon energy (hν) of the absorbance spectra are 
related by equation (1), the optical band gap was 
determined from the following equation [22]: 

  
!h" = C h" # Eg( )$

%
&
'

1
2            (1) 

Where  C  is a constant, h is the Planck's constant 
and !  the frequency of the incident photon and 

 
Eg  is 

the optical bandgap. The optical bandgap of the films 
was extracted from Tauc’s plot (Figure 2d) as 
explained in [23, 24], an extrapolated straight-line from 

the high energy region of the 
  
!h"( )2  vs.  h!  plots 

intercepts the energy axis, the intercept is used to 
estimate the bandgap. Figure 2d illustrates Tauc’s plot 
estimation of the optical bandgap values of 10 %, 20 
%, 30 %, and 40 % Ni (NIZO). The optical band gap 

 
Eg  

was extracted from the intercept as 3.17 ± 0.02 eV. 
This value agrees well with the literature reported by 
[25].  

3.2. Current-Voltage Characteristics of NiInZnO 
(NIZO) Thin Film 

The structural properties of the samples were 
studied using atomic force microscopy. The AFM 
analysis of the NIZO samples is shown in Figure 3. 
NIZO samples with 10, 20 and 30 % Ni doping showed 
a thick film with cracks at low magnification, whereas at 
high magnification we observe a homogenous film. On 
the contrary, the sample with 40 % Ni doping exhibited 
the formation of nanoparticles. The particle distribution 
of the NIZO particles was almost homogenous. To 
further understand the usefulness of this behavior to 
photodiode applications, I–V experiments were 
conducted to estimate the electrical parameters of the 
fabricated photodiodes. I–V experiments at room 
temperature were performed under dark and solar light 
illumination intensities. Figure 4a-d depicts the curves 
of the Al/p-Si/NiInZnO/Au photosensor for 10, 20, 30 
and 40 % Ni content, respectively. All the fabricated 
sensors exhibited typical rectification behavior, 
confirmed by the non-linear I-V characteristics plots. As 
seen in Figure 4, the reverse bias current at a particular 
applied voltage under increasing solar light illumination 
is greater than the dark current, while in the forward 
bias, the current remains constant with increasing solar 
light illumination. The observed light sensitivity 
behavior was explained based on photoexcitation of 

 
Figure 2: Optical absorbance spectra (a) Optical transmittance spectra (b) Optical reflectance spectra (c) Tauc’s plots (d) of 10 
%, 20 %, 30 %, and 40 % Ni dopant in InZnO. 
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Figure 3: AFM images of x % Ni-InZnO (NIZO) films at the magnifications shown. 
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Figure 4: I–V characteristics under dark and various illumination for (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in 
InZnO. 

 

Table 1: Photovoltaic Parameters of the Diodes 

Sample RR @ ± 3V Iphoto/Idark (- 3 V) Voc (V) Isc (A) 

10 % Ni 4.25×105 2.50×102 0.360 2.43×10-8 

20 % Ni 1.83×105 9.27×102 0.299 3.99×10-9 

30 % Ni 3.50×105 1.53×103 0.331 2.12×10-7 

40 % Ni 1.08×106 3.51×103 0.330 2.93×10-10 

 

charge carriers been transported from the valence 
band to the defect-perturbed host state [26, 27]. 
Similar, the observed linearity at high forward-bias 
voltages is attributed to series resistance and interface 
states [28-30], these will be discussed in subsequent 
sections. The rectification ratio (RR) given by IF/IR (IF, IR 
for forward, reverse current) was estimated from the I-V 
plots at ±3 V (Table 1). The diode photosensitivity was 
calculated as Iphoto/Idark at - 3 V (Table 1). Under 100 
mW/cm2 of solar light illumination, Table 1 shows the 
values for the open-circuit voltage (Voc) and short 
circuit current (Isc). As seen, the rectification ratio of the 
fabricated photodiodes was of the order 105, however, 
the 40 % Ni samples had one order higher value 
compared to the other samples. The high 
photosensitivity values support the rectification 
behavior of the samples. 

For the fabricated photodiode, it is expected that the 
dominant transport mechanism is controlled by the 
thermionic emission of the majority carriers. Cheung-
Cheung [31] and Norde’s methods [32] were used to fit 
the experimental data to thermionic emission models to 
estimate the electrical parameters for the samples as 
follows. The I-V characteristics of the fabricated device 
are controlled by [33]: 
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The ideality (n), temperature (T), Boltzmann 
constant (k), applied voltage across the diode (VD), and 
the electronic charge (q), is related to the reverse 
saturation current (Is) by [34, 35]; 
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Where A is the active device area, A** is the 
Richardson constant (32 A/cm2K2 for p-Si) and 

 !B
represents the Schottky barrier height.  

For   VD > 3kT / q ,   VD =V ! (IR)  and 
 
J = I

A
[31, 36, 

37], the equation 2 and 3 can be written as: 
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And it follows that: 
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Where ! , ! which represent the mean tunneling 
barrier height and interfacial oxide thickness due to the 
inherent oxide layer, respectively [38]. Cheung’s 
method was used to obtain the ideality factor (n), the 
barrier height ( !B ) and series resistance (Rs). The 
photodiode I-V relation with the series resistance is 
given by [31]: 

  

dV
d ln J( )

=
nkT

q
+ Rs AJ            (6) 

Figure 5 depicts the experimental   dV / d ln J  vs.  J  
plots. The experimental electrical parameters  !B , n, 
and Rs were determined from the intercepts and 
slopes. Thus, from Figure 5 (a-d) the values of n and 
Rs (dV/dlnJ) were obtained from the intercepts and 
slopes of the   dV / d ln J  vs.  J  plots for each fabricated 
photodiode. Using the n value calculated from Eq. (6), 
a plot of   H (J )  vs.  J  (Figure 5e-h) also yields a 
straight line. As shown in Eq. (7); 

  
H J( ) =V ! n kT

q
ln I

A" A**T 2

#

$
%

&

'
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The slope is further used to recalculate Rs (H(J)), 
which was used to check the consistency of this 
approach, whereas the intercept is used to determine 

 !B . Norde’s method has been used by several 
researchers to calculate and compare the barrier height 
( !B ) and series resistance (Rs) of diodes [32, 39]. In 
using this method, the Norde function F(V, I) (Eq. 8) is 
plotted against voltage (V) (Figure 5e-h) 
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The barrier height ( !B ) is calculated as follows: 

  
!B = F V0( ) +V0
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Where γ is a dimensionless integer greater than n 
(from Cheung – Cheung Method), and F(V0), V0 
corresponds to the minimum value of plots (shown on 
Figure 5e-h) [32, 40]. Table 2 summarizes the electrical 
parameters extracted using the two methods. 

The variation of the photocurrent with illumination 
intensity was studied using the following relation to 
analyze the photoconductive mechanism of the diodes; 

 
I ph =!Pm           (10) 

where 
 
I ph  is photocurrent, P is the illumination 

intensity,  m  is an exponent and !  is a constant. 
Figure 6, shows the graph of 

 
Log I ph( )  verses   Log(P)  

for the various photodiodes. An exponential value 
  0.5 ! m !1suggests that the photoconductive 
mechanism of the photodiode is controlled by the 
existence of continuous distribution of trap levels [41], 
while values above 1 can be attributed to mononuclear 
recombination photoconduction mechanism. The 
values of the exponent (m) was calculated from the 
gradient of 

 
Log I ph( )  vs.   Log(P) . The observed  m  

values were 1.21, 1.14, 1.23 and 1.10 for 10 %, 20 %, 
30 %, and 40 % Ni (NIZO), respectively. Since the 
value of m is higher than 1 in all the prepared samples, 
the photoconduction mechanism can be considered as 
mononuclear recombination photoconduction.  

3.3. Transient Photocurrent, Capacitance-Voltage 
and Conductance-Voltage Characteristics of x % 
Ni-InZnO (NIZO) Thin Film 

The transient photocurrent-time measurement was 
used to further analyze the photoconduction 
mechanism of the fabricated photodiodes. Figure 7 
shows a typical ON/OFF light switching the behavior of 
our device as a function illumination intensity. The 
device was exposed to the light radiation for 10 s under 
a fixed bias voltage and corresponding current flow in 
the circuit was measured.  

As seen in Figure 7a-d, the ON cycle produces an 
instant increase in the photocurrent, while the OFF 
cycle restores the current back to its initial value. This 
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Figure 5: Plots of dV/dlnJ (left) and H(J) (right) as a function of current density J calculated from forward bias I-V characteristics 
(NIZO). 

Table 2: Electrical Diode Parameters  

Cheung – Cheung Method 

  dV / d ln J  H(J) 
Nord’s Method 

Samples 

n Rs (Ω) 
 !B

(eV) Rs (Ω) 
 !B

(eV) Rs (Ω) 

10 % Ni 5.27 84.85 0.70 94.32 0.85 1206.47 

20 % Ni 5.39 106.05 0.76 108.27 0.86 3271.96 

30 % Ni 5.46 101.73 0.79 104.60 0.82 2058.20 

40 % Ni 5.62 108.55 0.75 128.87 0.90 3994.80  
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Figure 6: Plot of log (IPH) vs. log(P) for the photodiodes (at 
bias voltage of −3 V). 

observed cyclic behavior is synonymous with the 
increase in free charge carriers contributing to 
photogenerated electrons. On the OFF cycle, charge 
carriers are trapped in deep levels, hence the observed 
decrease in the photocurrent [37, 42-44].  

The junction properties of the fabricated diodes 
were investigated using capacitance and conductance 
dependence on voltage and frequency. Figures 8 and 9 
depict the plots of C–V–f and G–V–f, respectively. As 
seen in Figure 8, the capacitance remains constant 
with frequency at the positive voltage regime, while in 

the negative regime it decreases with increasing 
frequency. The C–V–f plots show a peak in the 
negative voltage regime (Figure 8). The observed 
peaks decrease in magnitude with increasing 
frequency, the presence of interface states is 
responsible for this phenomenon [45-47]. We observe 
that the interface charges have negligible effects on the 
capacitive behavior of the photodiode at higher 
frequencies. Similarly, from Figure 9, the conductance 
remains constant with frequency at the positive voltage 
regime, however, in the negative regime, it increases 
while frequency increases. This observed behavior of 
conductance can also be attributed to the presence of 
the interface states series resistance [48]. The series 
resistance (Rs) of the fabricated photodiodes was 
investigated using the Nicollian and Goetzberger 
method [30], where; 

  

Rs =
Gm

Gm
2 + !Cm( )2

         (11) 

where Cm is the measured capacitance and Gm is the 
measured conductance. Figure 10 shows the variations 
of Rs with applied bias voltage at various frequencies. 
The series resistance decreases with increasing 
frequency. This observed behavior can be explained on 
the basis of localized interface states and frequency-
dependent charges such as fixed oxide charge, 

 
Figure 7: Transient photocurrent measurements of the photodiodes as a function of illumination (a) 10 % (b) 20 % (c) 30 % and 
(d) 40 % Ni dopant in InZnO. 



Optoelectrical Properties of NiInZnO (NIZO) Thin Films Journal of Solar Energy Research Updates, 2019, Vol. 6     95 

 
Figure 8: C-V plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 

 

 
Figure 9: G-V plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 
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Figure 10: Rs-V plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 

interface charge, mobile oxide charge and oxide-
trapped charge [49]. Also, the observed peak intensity 
decreases with increasing frequency. This observed 
behavior was attributed to changes in interface states, 
where at high frequencies, the charges in the interface 
states cannot follow the AC signal. 

In order to analyze the effects of series resistance 
and the true-space charge capacitance and 
conductance, C–V–f and G–V–f plots was corrected 
using Rs as follows [50, 51]: 
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The effects of frequency on the Cadj –V 
(compensated capacitance) and Gadj–V (compensated 

conductance) plots are depicted in Figures 11 and 12, 
respectively. The presence of the interface states is 
responsible for the behavior of the Cadj –V, and Gadj–V 
graphs. To further analyze this behavior, the density of 
the interface states was studied. The density of 
interface states (Dit) can be determined from the 
capacitance and conductance voltage experiments 
using the method proposed by Hill-Coleman [52], 
where  

  

Dit =
2

qA

Gm !( )max

Gm !( )max
Cox( )

2
+ 1"Cm Cox( )2#

$%
&
'(

      (15) 

where 
  

Gm !( )max  
is the maximum measured 

conductance and  Cox  is the capacitance of the 
interfacial layer. The Dit values of the diode were 
estimated from Eq. 15 and the graphs of Dit with 
frequency are depicted in Figure 13. Clearly, from 
Figure 13, we observe a relation between the density of 
interface states and frequency where the Dit value 
decreases with increasing frequency. This behavior of 
Dit is due to a decrease in numbers of interface charge 
carries following the frequency of the applied electric 
field. 
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Figure 11: Cadj-V plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 

 

 
Figure 12: Gadj-V plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 
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Figure 13: Dit plots of the photodiode at various frequencies (a) 10 % (b) 20 % (c) 30 % and (d) 40 % Ni dopant in InZnO. 

4. CONCLUSION  

In summary, we have successfully prepared Al/ p-Si 
/ x % Ni - InZnO /Au photodiodes using a spin coating 
method. The effect of the Ni concentration on the 
structural, optical and electrical characteristics of thin 
films was investigated. Optical transmittance 
measurements show> 80 % in the wavelength from 
400 to 1000 nm. Using Tauc’s plot, the obtained optical 
band gap value ranged between 3.17 ± 0.02 eV. The 
observed behavior shows excellent rectifying 
properties. The electrical parameters of the 
photodiodes as a function of doping and dark/light 
illumination were estimated using modified Cheung-
Cheung and Norde’s method.  

The transient photocurrent as a function of time 
increased to a fixed value on exposure to light and 
decreased to its original value when the light was 
turned off. The frequency-dependent capacitance and 
conductance were explained on the bases of the 
presence of interface states. From the aforementioned 
results, we can conclude that the NIZO fabricated 
diode can be used in optoelectronic applications.  
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