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Abstract:

In this study, the structure of zinc oxide doped with nickel at different concentrations of 0%, 1%, 3%, 5%, and
10% was examined. Zinc oxide was synthesized using the sol-gel method. Prepared sols coated on silicon wafer
by spin coating method to be used as a photodiode in an electrical circuit for evaluation. XRD, UV-Vis, FT-IR,
and SEM analyses were utilized to compare the structures of the solutions, powders and thin layers. The zinc
oxide structure, with the addition of nickel, reduced in size from 28 nm to 21 nm. The substituted nickel created
defects, which led to peak broadening of XRD and a blue shift in UV-Vis spectrum. The photovoltaic properties
are studied to understand the behavior of the structures and the current-voltage diagrams of the samples were
plotted. The calculations indicate that the zinc oxide sample doped with 3% nickel, prepared using this method,
exhibits the best performance as an optical photodiode in the UV range. It shows a better response in I-C curve
and ideality factor. Also, the structure of this percentage has the best performance.
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1. Introduction

Transition metals (TMs) are defined by their partially filled d
subshells and play a crucial role in bridging the gap between
the s-block and p-block elements on the periodic table. This
unique positioning endows them with a range of distinctive
chemical and physical properties, such as variable oxidation
states and the ability to form complex coordination com-
pounds. However, a contentious issue arises concerning the
classification of elements located at the boundary between
the main group and transition metals, particularly those in
Group 12: zinc (Zn), cadmium (Cd), and mercury (Hg).
These elements are characterized by having fully filled d
sub-shells in their ground states.

Despite having fully filled d subshells, Zn, Cd, and Hg
can still form cations with incomplete d sub-shells, which
complicates their classification within the transition metals.
The behavior of these elements deviates from that of tradi-

tional transition metals, which typically exhibit a range of
oxidation states and significant d-electron involvement in
bonding and reactions. For instance, zinc (Zn) is known for
its unique properties, including its relatively low reactivity
compared to other transition metals and its role in various
biochemical processes. The debate surrounding the place-
ment and classification of these elements underscores the
complexity of their electronic structures and the need for a
nuanced understanding of their chemical behavior. Zinc is a
white metal that ranks among the most abundant elements in
the Earth’s crust. It readily forms zinc oxide (ZnO), a II-VI
metal-oxide semiconductor. ZnO is notable for its non-toxic
nature and possesses a direct bandgap of approximately 3.4
eV, coupled with a large exciton binding energy of 60 meV.
These properties have garnered significant interest in vari-
ous applications, including gas sensors and ultraviolet (UV)
detectors [1-4].

Zinc oxide (ZnO) is notable for its wide bandgap and strong
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excitonic effects, which enhance its performance in opto-
electronic applications. These properties make ZnO effec-
tive in light-emitting devices, piezoelectric sensors, and
photocatalysis. Its direct bandgap allows for efficient light
emission and absorption, while its high exciton binding
energy further boosts its utility in various applications [1-
4]. Furthermore, the properties of zinc oxide (ZnO) can
be significantly tailored through doping with various transi-
tion metals such as nickel (Ni), cobalt (Co), and iron (Fe).
Doping introduces a third element into the ZnO lattice, mod-
ifying its electronic structure and consequently affecting its
physical properties. For example, doping can influence the
bandgap, electrical conductivity, optical characteristics, and
even impart magnetic properties to the material [2-6].
Among these transition metals, nickel (Ni) is particularly
advantageous as a dopant for ZnO. Nickel’s unique charac-
teristics make it superior to other transition metals such as
cobalt and iron for several reasons. First, nickel is known
for its ability to induce substantial changes in the electronic
and optical properties of ZnO, including enhancements in
photoluminescence and magnetic behavior. Nickel doping
can effectively tune the bandgap of ZnO, which is crucial
for optimizing its performance in various optoelectronic
applications. Moreover, nickel’s relatively small ionic ra-
dius allows for effective integration into the ZnO lattice,
leading to stable and well-defined doping effects. Cobalt
can introduce magnetic properties but may lead to increased
lattice distortions and less optimal optical performance com-
pared to nickel. Iron, on the other hand, tends to affect the
electronic properties in a less controlled manner, potentially
leading to increased defect states and reduced material qual-
ity. Overall, Ni-doped ZnO presents a compelling choice
for advanced technological applications due to its ability to
enhance both optical and magnetic properties while main-
taining structural stability. This makes nickel-doped ZnO a
highly significant material in the field of material science
and advanced optoelectronics [3, 5, 7].

There are several established methods for synthesizing
doped zinc oxide (Zn0O), including chemical vapor deposi-
tion (CVD), atomic beam sputtering, solvothermal methods,
and the sol-gel technique [8—11]. Each of these methods
offers distinct advantages and limitations depending on the
desired properties of the final material and the specific appli-
cation. Chemical vapor deposition (CVD) is a widely used
method that involves depositing a thin film of ZnO from
vapor phase precursors onto a substrate. While CVD can
produce high-quality films with excellent control over thick-
ness and composition, it generally requires high tempera-
tures and expensive equipment, making it less cost-effective
for large-scale production. Atomic beam sputtering is an-
other technique where ZnO is deposited onto a substrate
using sputtered atoms from a target material. This method
can achieve high purity and uniformity in the deposited
layers, but it also involves complex apparatus and can be
limited by the size of the substrate. Solvothermal methods
involve the reaction of zinc precursors in a solvent under
high temperature and pressure. This technique allows for
the synthesis of ZnO nanoparticles with controlled size and
morphology. However, the requirement for high-pressure
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and temperature conditions can increase operational com-
plexity and cost. The sol-gel method, on the other hand,
has garnered significant attention due to its simplicity, cost-
effectiveness, and ability to produce high-quality ZnO with
controlled properties [12—15].

Although Ni-doped ZnO has been widely studied for struc-
tural and optical purposes, there is a lack of systematic
studies correlating different Ni-doping levels with the de-
vice performance of ZnO/Si photodiodes, especially for
low-temperature and low-cost sol—gel derived films. Pre-
vious reports have focused mainly on powder properties
or thin-film characterization, but do not evaluate how Ni
concentration influences the band structure, optical absorp-
tion, defect states, and ultimately the I-V characteristics of
a real ZnO/Si junction. Therefore, the optimal Ni-doping
percentage for photodiode applications remains unclear. In
this work, we fill this gap by synthesizing 1-5% Ni-doped
ZnO via a sol—gel route, characterizing the material at solu-
tion, powder, and thin-film stages, and fabricating a ZnO/Si
photodiode to directly determine the doping level that yields
the best device performance [16—18].

In this study (as shown in Scheme 1), the sol-gel method
was used to synthesize nickel-doped zinc oxide (NZO) with
nickel concentrations ranging from 0% to 10%. The effects
of different doping levels on the structural, optical, and elec-
trical properties of NZO nanoparticles were investigated
using this approach. By varying the nickel concentration, a
range of desirable properties was achieved, such as a larger
bandgap and enhanced UV sensing capabilities, demonstrat-
ing the effectiveness of the sol-gel method for tuning ZnO
properties for advanced applications. Lithography was em-
ployed for layer deposition, and a silicon substrate was used
as the cathode, with a silver circuit designed to evaluate the
current-voltage characteristics of the circuit.

2. Experimental perosedure

2.1 Materials
The materials used in this process are listed in Table 1.

2.2 Method

1 molar Ni-doped ZnO sols were prepared using high-purity
zinc acetate dihydrate and nickel (II) nitrate hexahydrate
in precise proportions. First, 20 mL of ethanol was stirred
at 50 °C for 2 minutes. Triethylamine served as the sol-
vent and stabilizer. The molar ratio of trimethylamine to
zinc acetate dehydrate was adjusted to 2:5. After adding
trimethylamine, the solution was stirred for 5 minutes. In
the sol-gel process, zinc acetate dihydrate was dissolved in
a mixture of ethanol and triethylamine at room temperature.
This solution was stirred for 30 minutes to produce a clear,
homogeneous, and transparent sol, which represented the
ZnO.

For doping, nickel (II) nitrate hexahydrate was added to
the sol in molar ratios of 1%, 3%, 5%, and 10% nickel,
followed by stirring for an additional 15 minutes. The result
was a greenish, clear, and homogeneous solution.

Nano powders and thin layers were then prepared from this
sol. The nano powders were obtained by allowing the sol
to stand for 72 hours, during which crystals formed. These
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Scheme 1. Overall view of this project.

powders were dried in an oven at 120 °C to evaporate the
solvent, and then calcined in a furnace at 400 °C for 2 hours
to finalize the material.

Thin films were deposited on glass substrates and Si sub-
strates, which were pre-cleaned using the RCA method,
from Zn; xNixO sols with doping concentrations of x = 0,
1%, 3%, 5%, and 10%. The spin coating parameters were
as follows: step 1: 2000 rpm for 10 seconds. step 2: 3000
rpm for 30 seconds.

Following deposition, the films were annealed at 400 °C for
2 hours. The resulting films consisted of a single layer.

3. Result and discussion

3.1 Characterization

Adding Ni>* ions to the ZnO network structure introduces
significant changes. Ni** ions can integrate into the struc-
ture in two distinct ways: they can either occupy interstitial
octahedral coordination sites or substitute for Zn2>* ions.
The latter substitution is ideal as it provides a free electron
(charge carrier), thereby enhancing the electronic properties
of ZnO as a host material. However, when Ni>* ions occupy
interstitial sites, defects are introduced. These interstitial
defects occur when the solubility limit of Ni>* in ZnO is ex-
ceeded, leading to the formation of NiO complexes, which
results in the separation of the electron charge system. This

project indicates that the solubility of Ni** ions in ZnO
using the sol-gel method is approximately 5%. Higher sol-
ubility levels of Ni>* in the ZnO network can be achieved
using other techniques such as Pulsed Laser Deposition
(PLD) [19-22].

3.1.1 XRD

X-ray diffraction (XRD) analysis was employed to investi-
gate the crystalline structure of the synthesized ZnO samples
and to understand the impact of Ni’* doping on the ZnO
lattice. The XRD pattern of the pure ZnO powder was first
obtained and compared against standard reference patterns
available in the X’Pert HighScore software. As depicted
in figure 1, the pattern exhibited a prominent peak corre-
sponding to the (101) plane, a characteristic peak of ZnO,
confirming the purity and crystalline integrity of the ZnO
sample. This initial analysis set a baseline for subsequent
evaluations of the doped samples [13].

In the next phase of the study, ZnO was doped with Ni>*
ions at varying concentrations of 1%, 3%, 5%, and 10%.
The XRD patterns of these doped samples were analyzed to
observe any structural changes or shifts in peak positions.
For the samples with 1% and 3% Ni2* doping, minimal
shifts were observed in the XRD peaks, indicating that the
Ni%* ions were effectively incorporated into the ZnO lattice
with only minor lattice stress. This suggests that up to a 3%

Table 1. Materials.

Name Chemical formula Purity Source
Ethanol C,HgO 99.99% Merc
Zinc acetate dehydrate Zn[C,H30,], - 2H,0 99.99% Merc
Triethylamine N(C,Hs) 99.99% Merc
Nichel nitrate Ni[NO3], - 6H,O 99.99% Merc
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Figure 1. XRD pattern of the structures. (a) Peak position of pure ZnO and Zn( 9Nig ;O in comparison with PDF card. (b) XRD patterns of ZnO and Ni

doped ZnO in different Ni concentration.

concentration, the Ni?T ions substitute for Znt ions with-
out significantly disrupting the crystal structure [14—16].
However, when the Ni?* doping concentration was in-
creased to 5%, a weak secondary peak appeared around
43 degrees in the 20 scan. This peak corresponds to NiO,
indicating the onset of a secondary phase. The presence of
this NiO peak suggests that the ZnO lattice can no longer
accommodate the additional Ni>* ions beyond this concen-
tration, leading to the formation of a separate NiO phase.
This finding points to a solubility limit of approximately 5%
for Ni>* ions in the ZnO lattice. At higher doping concentra-
tions, specifically 10%, the XRD patterns showed increased
lattice stress and more pronounced secondary peaks, con-
firming that excess Ni2* ions precipitate as NiO due to the
limited solubility in the ZnO lattice [19-23].

The XRD analysis conclusively demonstrates that ZnO can
be doped with Ni>* ions up to a concentration of 5% without

significant phase separation. Beyond this doping concen-
tration, the ZnO lattice experiences structural instability,
leading to the formation of secondary NiO phases. This
solubility limit is critical for optimizing the doping process
to enhance the electronic and structural properties of ZnO
for various applications. These findings provide valuable
insights into the doping mechanisms and the structural limi-
tations of ZnO when used as a host material for NiZt ions,
which can guide future research and development in this
area [24, 25].

Using XRD analysis and X’Pert software, structural data of
zinc oxide, such as Miller indices, diffraction angles, sets of
crystal planes, and FWHM (Full Width at Half Maximum)
of the peaks, can be calculated [26-28].

According to the Scherrer formula, the smaller the FWHM
peak width, the larger the crystal size. The obtained data
can be observed in Table 2.

Table 2. Characteristics of Zn; xNixO samples obtained using XRD analysis.

Hkl 26 (Degree) #FWHM  Crystal size (nm)
100 31.761 0.295

ZnO 002 34.395 0.394 28.623
101 36.236 0.295
100 31.749 0.295

Zngg9Nig ;O 002 34.395 0.394 21.430
101 36.224 0.394
100 31.693 0.394

Zng97Nip 30 002 34.348 0.295 21.427
101 36.173 0.295
100 31.857 0.295

Zngo95Nig o500 002 34.499 0.295 21.436
101 36.319 0.394
100 31.614 0.394

Zng9Nig 1O 002 34.277 0.295 21.428
101 36.190 0.394
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In the (100) peak, it is observed that the FWHM for zinc ox-
ide doped with 3% and 10% nickel has increased compared
to pure zinc oxide. This increase could be due to enhanced
internal stress and the introduction of distortions in the lat-
tice caused by the presence of nickel. Additionally, it may
indicate a reduction in crystallite size. For the (002) peak, a
decrease in FWHM from 0.394 to 0.295 is observed for 3%,
5%, and 10% nickel doping, indicating improved crystal
quality along the c-axis. This improvement may be due to
better nickel distribution in the structure, reduced internal
stress, and enhanced atomic layer ordering. For the (101)
peak, FWHM values for 1%, 5%, and 10% nickel doping
have increased, reflecting higher defects and stress in this
plane. Overall, it can be concluded that Zng 95sNig 05O and
Zng 97Nig 030 exhibit a lower stress structure in these three
planes of the hexagonal wurtzite lattice.

Using the Scherer equation, the particle sizes were calcu-
lated, and all particles are less than 30 nanometers. Specifi-
cally, the particle sizes for 1%, 3%, 5%, and 10% nickel dop-
ing in the zinc oxide structure are 28.623, 21.430, 21.427,
and 21.428 nanometers, respectively. Overall, the addition
of nickel to the structure results in a reduction in particle
size, with the smallest sizes observed for 3% and then 10%
nickel doping (Table 2).

3.1.2 FT-IR

To confirm the structural integrity of the synthesized ZnO
samples doped with various concentrations of Ni** (0%,
1%, 3%, 5%, and 10%), FT-IR analysis was conducted on
all samples. The FT-IR spectra (figure 2) revealed several
significant peaks, providing insights into the chemical
structure and the presence of specific functional groups
within the samples. A broad peak around 3440 cm™! was
observed, which can be attributed to the stretching and
bending vibrations of OH groups. This peak is likely due
to the residual solvent (ethanol) or water from the nickel
acetate salt. The presence of these OH groups indicates that
the samples have some interaction with moisture, which
is a common occurrence in samples synthesized using
solution-based methods [25-27].

Another notable peak appeared at approximately 2900
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cm~!, corresponding to the C-H stretching vibrations. This

peak suggests the presence of organic residues, such as the
solvent, acetate groups, or residual TEA (triethanolamine)
used during the synthesis. A peak at 2350 cm™!' was
identified, indicative of CO, from the atmosphere, which
suggests that carbon dioxide was adsorbed on the sample
surface during handling and preparation for FT-IR analysis.
Furthermore, a weak peak at 1526 cm~! was observed,
which could be due to residual nitrate groups from the
nickel nitrate salt used in the doping process. This indicates
that not all nitrate groups were eliminated during the
synthesis, possibly due to incomplete decomposition or
washing. A peak at 1380 cm ™! was associated with C=0
stretching vibrations, confirming the presence of a small
amount of acetate in the structure. This can be attributed
to the incomplete removal of acetate groups from the
precursor salts during the synthesis. Additionally, a peak
at 885 cm™! was identified as belonging to N-H bending
vibrations, suggesting the presence of nitrogen-containing
groups, possibly from TEA used in the synthesis [29, 30].
Most importantly, a sharp peak at 560 cm ™!, characteristic
of the ZnO crystal structure, was observed. The intensity
and sharpness of this peak varied with the doping concen-
tration. The peak was sharper for the sample doped with 3%
Ni2t, indicating a more crystalline structure. In contrast,
the peak intensity decreased significantly for Zng 9Nig ;O
the sample doped with 10% Ni**, suggesting structural
distortion and the possible formation of secondary phases.
These findings suggest that Zng 97Nig 030 exhibits the best
structural integrity among the tested samples, maintaining a
crystalline structure with minimal defects. Higher doping
concentrations, such as 10% Ni%t, result in significant
structural changes and the appearance of secondary phases,
indicating the solubility limit of Ni’>* in the ZnO lattice.
These observations align with the XRD results, further
validating the optimal doping concentration for preserving
the ZnO network integrity. The combined analysis from
FT-IR and XRD confirms that 3% Ni>* doping is ideal for
maintaining the structural and chemical stability of the ZnO
lattice, while higher doping levels introduce more defects
and secondary phases [31, 32].
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Figure 2. FT-IR spectrum of structural. Zn; 4\NixO (X =0, 1, 3, 5, 10).
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3.1.3 UV-Vis

Figure 3 (a) examines the absorption spectra of thin zinc ox-
ide films with various nickel percentages (0, 1, 3, 5 and
10%). The broad peak observed before the main peak
(lambda max) in the absorption spectrum of ZnO synthe-
sized via the sol-gel method could be due to structural
defects, impurities, quantum size effects from the small
particle size, or surface adsorption of molecules. These
factors lead to absorption at shorter wavelengths (higher
energy), appearing as an additional peak in the spectrum.
The lambda max for zinc oxide has been reported as 360
nanometers in studies, and the absorption in this region will
be further examined. Clearly, as the percentage of nickel in
the ZnO structure increases, the absorption at the maximum
point of 360 nm decreases. This suggests that with increas-
ing impurity percentage, the amount of ZnO in the structure
decreases [33-35].

As seen in figure 3, with the increase in nickel percentage,
the absorption decreases. This could be due to a change in
the hexagonal structure of zinc oxide to a different structure.
This factor might also explain the results obtained from the
XRD analysis. The change in the lattice structure compared
to pure zinc oxide in all three Miller indices could represent
a significant alteration from the hexagonal structure, which
has lower absorption in the maximum wavelength range of
zinc. According to the equation:

(ahv)? = B(hv — E,) (1)

where hv is the photon energy, E, is the optical bandgap, B
is a constant for the semiconductor, and ¢ is the absorption
coefficient. If the graph of (hv)? versus photon energy (hV)
is plotted and its slope calculated, the bandgap of the thin
films can be determined [34-37].

If the plot of ahv versus energy is drawn, we will
observe that the slope of the curves decreases with an
increase in nickel content. However, it is also observed
that the bandgap increases, resulting in a blue shift in
the graph (Fig. 3 b) This increase is due to the bulk
NiO structure, which has a bandgap around 4.0 eV
(Fig. 3 b), causing the bandgap of zinc oxide with nickel
impurities to be larger compared to pure zinc oxide [38—43].
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3.1.4 SEM

The SEM images of 1 M zinc oxide powder samples doped
with various percentages of nickel are shown in the fig-
ure 4 (a-f). As observed, all samples consist of spheri-
cal particles with dimensions less than 100 nanometers.
These images reveal the uniformity and morphology of the
nanoparticles, indicating that the doping process does not
significantly alter the shape of the particles. The average
size of these nanoparticles is approximately 60 nm, suggest-
ing a consistent particle size across different samples. This
uniform size distribution is critical for ensuring predictable
and reproducible properties in various applications. More
detailed analysis shows that the particle sizes correspond
to the doping levels of 1% (Fig. 4 a), 3% (Fig. 4 b), 5%
(Fig. 4 c¢) and 10% (Fig. 4 d) nickel, with an average size of
48 nm. As observed in the figure, the size of the nanoparti-
cles with and without nickel has not changed significantly,
and the structure remains constant. This suggests that at
this percentage of nickel, the zinc oxide lattice structure is
not disrupted. It can be seen that the particle sizes in the
zinc oxide nanoparticles are 59, 33, 47, and 36 nm, with the
range varying between 30 to 60 nm. However, this could
be due to incomplete washing or agglomeration during the
synthesis process. According to the XRD analysis, which
was shown using the Scherrer equation, the particle size
ranges between 21 to 28 nm [29, 43-46].

3.2 Discussion

The structure of zinc oxide can be formed in three ways:
wurtzite, which is the most stable crystal structure and
hexagonal; zinc blende, which has a cubic structure; and
rock salt, which also has a cubic structure. As indicated in
the XRD analysis, the characteristic peak at 36 degrees for
the (101) plane suggests a hexagonal wurtzite structure. As
reviewed in other articles, the electron shells structures of
zinc and nickel are respectively as follows:

30Zn : 182 /28%2P% /3823p° /4823410 )
2sNi : 182 /2822P% /3823P° /482348 3)

As observed, the nickel atom has a smaller radius compared
to the zinc atom, and when it replaces the zinc atom, a sub-

(@)
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Absorbance (a.u)

——NZ0 3%
——NZ0 5%

NZO 10%
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= Pure Zn0 .
= Rlue Shift
——NZO 1%
——NZO3%
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Figure 3. (a) Absorption curve of Pure ZNO, ZNO 1%, ZNO 3%, ZNO 5%, and ZNO 10%. (b) Energy- ahv curve of ZNO, ZNO 1%, ZNO 3%, ZNO

5%, and ZNO 10%.
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stitutional defect occurs in the hexagonal wurtzite structure.
This results in the broadening of peaks in the XRD analysis,
indicating a deviation from the original structure [47-51].
The band gap, electrical conductivity, and optical properties
can be examined across different structures. Here, the pho-
tovoltaic properties are studied to understand the behavior
of these structures. A semiconductor diode is a semicon-
ductor device that consists of a p-type doped semiconductor
(anode) on one side and an n-type semiconductor (cathode)
on the other side. The cathode region has a large number of
electrons, and the anode region has many holes. The con-
nection of these two regions leads to the flow of electrons
and the transfer of electrons to the holes in the anode. If
photons with sufficient energy strike a semiconductor diode,
electron-hole pairs are generated in the n and p regions
within an area called the space-charge region (SCR).
Using this method, a photocurrent is generated that flows
between the cathode and anode, and this is called a photo-
diode. In this article, zinc oxide is studied as a photodiode.
This structure responds to ultraviolet light due to its around
4 eV band gap. Here, silicon serves as the p-type region and
zinc oxide as the n-type region. The electrical circuit, which
includes the diode, power supply, ammeter, and ultraviolet
light, was set up as shown in Scheme 1. Ultraviolet light
with a wavelength of 365 nm was selected, which is in the
range of the maximum absorption wavelength for the zinc
oxide structure. The dark current and the current under
ultraviolet illumination were recorded [52-55].

Using the dark current and the light current, Ipyq, is calcu-
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Iphoto = Tuv — Ipark “)

The photocurrent was measured in the presence of ultra-
violet light with a wavelength of 254 nm and an intensity
of 268.27 W/cm?. Then, the responsivity (R) and quan-
tum efficiency (1) of each sample were calculated using
formulas (5) and (6).

N = (Iphoto/q) / (Pinc /A V) (5)
R= IPhoto / Pinc (6)

As evident from the graphs and tables, both dark current and
photocurrent under ultraviolet light are in the microampere
range. Samples 1% and 5% exhibit higher dark current
compared to samples 3% and 10%. In the 10% sample, the
current passing through is less relative to the other samples,
indicating from the IR and XRD analyses that, due to the
high percentage of nickel substitution for zinc, nickel oxide
forms instead of the intended substitutional defect structure,
occupying the interstitial spaces within the lattice [56, 57].
Figure 5 shows the current-voltage characteristics of light
passing through zinc oxide diodes doped with various per-
centages of nickel impurities. The highest current is ob-
served for samples doped with 1%, 3%, 5%, and 10% nickel
impurities, which is consistent with other characterization
results. As observed in figure 6, the slope parameter of
the In (Ippoto)-V curve is obtained, where a higher slope
corresponds to a higher ideality factor. This curve exhibits
a higher value for the 1% and 3% percentages, with the
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Figure 5. The current-voltage (IV) curves for each of samples. (a) Zng g9Nig 01 O. (b) Zng.97Nig030. (¢) Zng 95Nig 95O. (d) ZngoNip 1 O.

sample at 3% showing the highest ideality factor.

By examining the current of diodes made without light ex-
posure (dark current) and under ultraviolet light exposure
in samples with different nickel percentages, it was found
that Zng 97Nig 030 and Zng 99Nig ¢; O have the best charac-
teristics. The superior performance of these samples can
be attributed to their good crystal structure. It can also be
concluded that nickel atoms at these percentages have effec-
tively replaced zinc atoms [58—60].

In figure 6, the voltage-current diagram for samples with 1%

and 3% nickel under different radiation is examined. As ob-
served, the 1% sample has a better response at a wavelength
of 385 nm, while the 3% sample has a better response at 365
nm. Both of these values fall within the ultraviolet spectrum
range and within the lambda max range of zinc oxide. The
3% sample (according to UV analysis) has a larger energy
gap compared to the 1% sample, which causes it to have a
better response at this wavelength with higher energy. The
diagram in figure 6 also confirms this.

Table 3. The responsivity and quantum efficiency of each sample.

Zn(l_x)NixO R (A/W) H Iph/Id
X=0 0.1 0.48 1.4
X =0.01 0.13 0.62 0.16
X =0.03 0.2 0.94 1.94
X =0.05 0.1 0.51 0.24
X=0.1 0.01 0.07 1.16
300 6
=0 | () I-C Curve 7 (b) Ideal Factor
- ;f' 5 e
150 [ ‘o i
:: 0 g ) ', (] Y ' 0
§ 50 f 3 8 s ] ® =
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Figure 6. (a) I-C curve of 1%, 3%, 5% and 10% NZO. (b) Ideal factor of 1% and 3% NZO.
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4. Conclusion

In this project, efforts were made to enhance the hexagonal
zinc oxide structure using nickel atoms at concentrations
of 1%, 3%, 5%, and 10%, and to investigate its band gap.
XRD analysis showed that the zinc oxide structure, with the
addition of nickel, reduced in size from 28 nm to 21 nm.
This reduction could be due to the smaller size of nickel
compared to zinc. The substituted nickel created defects,
which led to peak broadening, and at 10% nickel concentra-
tion, the zinc oxide structure became saturated and a nickel
oxide peak was observed. All structures were examined
in UV, and it was observed from the energy-ochv plot that
the structure experienced a blue shift with the addition of
nickel, and the band gap increased. Analysis of the I¢ plots
revealed that the photocurrent of the 1% and 3% sample
had great slope. The optimal cases for the current-voltage
plots were found to be at 1% and 3%, with the ideal factor
of the plot also being examined. This plot indicated that
the NZO sample with 1% nickel could respond better and
with higher energy at this wavelength. Therefore, among
the ZnO structures with 1%, 3%, 5%, and 10% nickel, the
1% and 3% structures are expected to have the best perfor-
mance.

Overall, the results indicate that nickel doping significantly
modifies the structural and optical properties of ZnO. As
nickel is added, the crystal size decreases, and defect for-
mation increases, eventually leading to the formation of
the NiO phase at higher concentrations. UV-Vis analysis
reveals a clear blue shift and widening of the band gap due
to doping. Photocurrent and current—voltage measurements
reveal that the 1% and 3% samples perform noticeably
better, with the 1% doped ZnO exhibiting the strongest
response. Therefore, among all samples, the 1% and 3%
Ni-doped ZnO structures demonstrate the most promising
performance.
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