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A B S T R A C T

Pure and Ni-doped ZnO nanorod array films were prepared by the hydrothermal method. The
effects of Ni doping on the phase composition, microstructure, and optical and electro-chemical
properties of ZnO were investigated. The main crystalline phase of the powders before and after
Ni doping is wurtzite ZnO. The luminescent peaks are significantly reduced after Ni doping. The
light transmission and is the strongest when the doping concentration is 2 %. The light absorption
spectrum confirms that the band gap decreased first and then decreased with the increase of Ni2+

doping concentration. According to the M–S (Mott - Schottky) plots, the Ni-doped ZnO is an n-
type semiconductor. The current density initially increases with the increased Ni doping amount,
and then decreases. First-principles calculation results of nickel-doped zinc oxide show that the
energy level of impurities is formed after nickel ions replace zinc ions, which causes the con-
duction band is shifted down and the band gap is reduced. The impurity energy level causes a
slight upward shift in the valence band, which increases the band gap. The calculated results are
consistent with the experimental results.

1. Introduction

ZnO semiconductor materials are widely used in new solar cells, photocatalytic degradation, gas sensors and other fields due to
their good photoelectric conversion, photocatalysis, gas sensitivity, stable chemical properties and non-toxicity [1–5]. However, ZnO
has a large band gap, which not only limits its use of visible light, but also makes it easier for electrons to combine with holes, thus
reducing the performance of the material. It is found that doping a proper amount of metal or nonmetal elements into ZnO semi-
conductor materials can significantly improve their properties [6–8]. The transition element doped zinc oxide can increase the defect
density and improve the photoelectric performance of zinc oxide. Copper is the most widely studied because it is adjacent to zinc in
the periodic table [2,9,10]. The radius of nickel ions is close to that of zinc ions, and the price of electricity is the same as that of zinc.
It is found that nickel ions will replace zinc ions, which will cause distortion of the crystal lattice of zinc oxide and affect the
microscopic morphology of zinc oxide, and it will cause red shift of UV luminescence peak [11].

In the method of synthesizing zinc oxide, due to the low temperature, simple operation, low cost, and good crystallinity of the
hydrothermal synthesis method, transition elements doped ZnO nanomaterials has become a research focus of scholars in recent years
[12]. Available research on nickel doped zinc oxide is quite limited, focusing mostly on magnetic properties [13,14], Unfortunately,
up to now, the mechanism of the effect on electrochemical and optical properties caused by Ni atom and the roles of Ni in ZnO are
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still not reported.
Transport and optical properties of semiconductors are greatly dominated by the electronic states in the neighborhood of the band

gap [15,16]. In order to explain, predict and optimize the properties
of Ni-doped ZnO systems, it is necessary to understand the nature of the electronic properties of Ni-doped ZnO. This paper is

aimed at this problem. The Ni-doped ZnO is prepared by hydrothermal method. The effect of nickel on the optical and electro-
chemical properties of zinc oxide is systematically studied. The combination of theoretical and experimental results provides im-
portant information for future doping research and applications reference.

2. Experimental details and model construction

2.1. Experimental details

In this experiment, Ni-doped zinc oxide was prepared by hydrothermal method. Firstly, FTO substrate was cleaned and mixed
solution of zinc acetate and hexamethylenetetramine with a concentration of 0.05 mol/L was prepared. FTO substrate was put into
the mixed solution and stirred at low speed at room temperature using a magnetic stirrer. Forming a seed crystal layer. The treated
FTO substrate was then annealed at 350℃ for 1 h. 20 mL of a mixed solution of zinc acetate and hexamethylenetetramine with equal
molar concentration is prepared, the annealed FTO substrate is obliquely placed in the inner lining of the reaction kettle, and is taken
out after hydrothermal reaction at 95 DEG C for 6 h. The preparation of nickel-doped zinc oxide requires adding nickel nitrate
solution with corresponding concentration into the mixed solution. Three groups of samples were prepared by adjusting nickel nitrate
D8 Advance X- ray diffractometer (XRD) was used to detect the phase composition of the sample. Cu target k, tube voltage 40 kV,
tube current 40 mA, λ = 0.15418 nm, step size 0.02, and 2 θ angle range 20–75.JSM-5610LV scanning electron microscope (SEM, 20
kV) was used to observe the microstructure morphology of the sample, and the accompanying energy dispersive spectrometer (EDS)
was used to detect the element types contained in the micro-area sample. JEOL JEM-2010 F transmission electron microscope (TEM,
200 kV) was used to detect the particle size and microcrystalline structure of the sample. The photoluminescence (PL) properties of
the samples were tested by F-280 fluorescence spectrophotometer. Electrochemical performance was tested by electrochemical
workstation (CHI660D, Beijing Join Technology Co., Ltd).

2.2. Model construction

The model constructed in this paper is a pure ZnO (1 × 1×1) unit cell model, the corresponding doping amount is 0, the (3 ×
3×2) corresponding doping amount of one Ni atom replacing Zn atom is 0.0278 and (2 × 2×3) corresponding doping amount of one
Ni atom replacing Zn atom (the corresponding doping amount is 0.0417); The crystal structure is shown in Fig. 1:

The calculations are based on the ultrasoft and norm-conserving pseudopotentials available in the CASTEP code to optimize the
models and obtain the authentic optical properties [17,18]. When describing the interaction between ion real and valence electrons,
the selected valence electron configuration are O: 2 s22p4, Zn: 3d104s2, Ni: 3d84s2, and other electrons are considered as core
electrons for calculation. In this paper, GGA + U method is used to correct the band gap [19–22]. The selected parameters are Zn's d
orbit plus 5 eV (UTi d =5 eV), O's P orbit plus 8 eV (UO p =8 eV). In the calculation, the crystal structure is optimized first, and the
electronic structure and optical properties are calculated according to the obtained structural parameters.

3. Results and discussions

3.1. XRD and SEM of samples

Fig. 2 is the XRD diffraction patterns of nickel-doped zinc oxide film. All three film have diffraction reflections corresponding to
(100), (002) and (101) planes, and there are no impurities, indicating that the film prepared by the experiment is pure zinc oxide, and
all doped samples maintain the wurtzite structure of ZnO. As the Ni doping concentration increases, the intensity of the (100) and

Fig. 1. The models of: a) pure ZnO b)Ni0.0278Zn0.99722O c) Ni0.0417Zn0.9583O.
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(101) planes gradually increased, and the intensity of the (002) planes decreased. Ni affects the C-axis orientation of the zinc oxide
film. The higher the Ni ion concentration, the more obvious the effect. The angle of the diffraction peaks was shifted slightly after the
addition of Ni, indicating that nickel may enter the zinc oxide lattice structure and cause structural distortion. Fig. 3 is a SEM image of
the sample, it can be seen that the ends of the zinc oxide film prepared by the hydrothermal method show regular hexagons. As the
nickel doping concentration increases, the hexagonal size increases. This shows that nickel can promote the lateral growth of zinc
oxide rods.

3.2. Photoluminescence (PL) analysis

Fig. 4 is a photoluminescence spectrum of a Ni-doped zinc oxide film. It can be seen that the film has three fluorescence emission
bands, namely, a purple band with a center wavelength of about 400 nm, a blue-purple band with a center wavelength of about 455
nm, and a blue band with a center wavelength of about 470 nm.As can be seen from the figure, with the doping of nickel, the overall
luminous intensity shows a trend of decreasing first and then increasing, but on the whole, the emission peak decreases obviously
after doping nickel, which may be due to the modification of the energy level of zinc oxide by the introduction of nickel, or due to the
introduction of nickel into its own energy level [23]. Compared with the three curves, there is no excess emission peak after nickel
doping. It is possible that nickel ions and zinc ions are bivalent, and their radii are similar, resulting in less lattice distortion, while
other defects are not derived after substitution doping.

3.3. UV–vis Spectrum analysis

Fig. 5 are transmission and absorption spectra with NiXZn1-XO films. It can be seen from the Fig. 5(a) that the light transmission
intensity of zinc oxide is the lowest in the range of less than 380 nm. when the wavelength is greater than 380 nm, the corresponding
light absorption intensity of the three groups of samples is Ni0.04Zn0.96O>ZnO>Ni0.02Zn0.98O in the visible range, and the
transmittance of the Ni0.02Zn0.98O film is the highest in the whole wavelength range. It can be seen from the Fig. 5(b) that the
absorption rate of the zinc oxide film is relatively large in the range of 280−380 nm, while the absorption rate starts to decrease in
the range of 380 nm or more. This is the opposite of the transmittance result. The band gap of the material can be calculated
according to Formula (1) [24,25]. The calculation results are shown in Table 1. it can be seen that the band gap of pure zinc oxide
film is 3.26 eV. With the increase of Ni2+ doping concentration, the band gap tends to decrease first and then increase. This change
trend is consistent with the later calculation results.

Ahv = c(hv-Eg)1/2 (1)

Where α is the absorption coefficient, hv is the photon energy, c is the speed of light and Eg is the band gap.

Fig. 2. XRD spectrum of NiXZn1-XO.

Fig. 3. SEM of NiXZn1-XO. (a) x = 0 (b) x = 2 (c) x = 4.
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3.4. Electrochemical analysis

Fig. 6 is an M–S(Mott-Schottky) plots, which is tangent to the longest straight line portion of the curve, and the slope is positive,
indicating that the Ni-doped zinc oxide prepared in this paper is an n-type semiconductor. The donor density of semiconductor can be

Fig. 4. PL spectra of NiXZn1-XO films.

Fig. 5. a) Transmission spectrum b) absorption spectrum.

Table 1
band gap of NiXZn1-XO films.

x 0 2 4

Band gap /eV 3.26 2.64 2.75

Fig. 6. M-S Plots of NiXZn1-XO films.

Z. Ma, et al. Optik - International Journal for Light and Electron Optics 219 (2020) 165204

4



calculated by formula (2) [26,27]. From Eq. (2), it can be concluded that the donor density is the slope of the tangent. The larger the
slope is, the higher the donor density is. In the three curves, when the content of Ni is low, the donor density is sharply increase, and
when the content of Ni is further increased, the donor density is decreased. The higher ND means more charge separation, less charge
recombination, increased charge collection rate and longer electron lifetime. Therefore, the doping of a small amount of nickel is
beneficial to improve the performance of zinc oxide.

The flat band potential EFB can be found by the intercept on the abscissa. For the n-type semi-conductor, the flat - band potential is
0.1−0.3 eV positive than the conduction band potential, and the potential of the flat band potentiometer obtained from the MS curve
is shown in Table 2. It can be concluded from Fig. 5 and Table 2. It can be concluded that the pure ZnO is−0.1 eV, and the horizontal
potential decreases to different degrees after Ni doping.

= ⎛
⎝

− − ⎞
⎠C eNε ε

E E KT
e

1 2
sC r

FB2
0 (2)

Where CSC is capacitance of the space charge region, εr is dielectric constant of the semiconductor, ε0 is permittivity of free space (885
× 10−14 F/m), which is the dielectric constant of semiconductor at room temperature. In this paper, 15.6 is taken, N is donor density
(electron donor concentration for an n-type semiconductor or hole acceptor concentration for a p-type semiconductor), EFB is flat-
band potential, E is applied potential, K is the Boltzmann constant (K = 1.38 × 10−23 J/K), T is temperature, e is electronic charge
(1.602 × 10−19 C), and KT/e is about 25 mv at room temperature, which can be ignored.

3.5. Energy band structure and electron density of states analysis

Fig. 7 is the band structure of Ni-doped zinc oxide calculated by the first principle. It can be seen that the band gap of pure zinc
oxide is 3.372 eV, which is very close to the theoretical value. With the doping of Ni, the band gap decreases first and then increase,
which is consistent with the above experiment results. The density of states (Fig. 8) shows that in pure zinc oxide, Zn-4 s orbital
electrons interact with O-2p orbital electrons to form s-like inverse bonds and p-like bonds, forming band gap. After Ni doped, the
Fermi level enters the conduction band in different degrees, which is consistent with the calculation results in Table 2. The 2 s
distribution of oxygen atoms is around -15 eV, with a width of 1 eV. The band is narrow, showing strong localization and no obvious
interaction with energy levels in other valence bands. The conduction band is mainly due to the 3d contribution of Ni atoms, and
impurity energy levels are formed, so the conduction band moves down, which reduces the band gap to different degrees compared
with pure zinc oxide. Several independent energy levels appeared at the valence band close to Fermi level. Compared with the density
of states diagram, it can be seen that the contribution is mainly from the 3d state of Ni. The energy level can act as a springboard for
electrons to transition from valence band to impurity level and then to conduction band, reducing the energy required in the electron
transition process. When x = 0.0417, the band gap slightly increases. Comparing the density of states results, it can be seen that the
impurity level formed near the Fermi level slightly moves up the valence band due to the large doping amount, and this result is also
consistent with the calculation results in Table 2.

Table 2
Flat -band Potential and Conducted band Potential.

Ni2+ concentration /% 0 2 4

Flat charged potential /eV −0.1 −0.5 −0.15
conduction band potential /eV 0−0.2 −0.4 – -0.2 −0.05–0.15
Valence band potential /eV 3.26–3.46 2.24–2.44 2.70–2.90

Fig. 7. Band structure of NiXZn1-XO.
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4. Conclusion

In this paper, Ni-doped ZnO thin films were prepared by hydrothermal method. After experiment and theoretical calculation, with
the doping of Ni, the luminous decreases first and then increase, and the emission peaks decrease significantly after nickel doping.
The band gap of the sample obtained from the light absorption spectrum decreases first and then decreases with the increase of Ni2+

doping concentration. According to the M–S (Mott - Schottky) curve, the Ni-doped zinc oxide prepared in this paper is an n-type
semiconductor. When the content of Ni is low, the donor density will increase sharply due to nickel doping. When the content of Ni
increases again, the donor density will decrease instead. From the calculated results of energy band and density of states, it can be
seen that with the increase of nickel doping amount, the band gap decreases first and then increase. The reason for the decrease is that
the impurity level formed by nickel doping moves the conduction band down, and then the band gap increases because the impurity
level slightly moves the valence band up.
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