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Abstract

Ni-doped ZnO (NZO) thin films were prepared onto a glass substrate with varying concentrations of 2, 4, 6, 8, 10% of Ni
using sol-gel spin coating method and their structural, optical and magnetic characteristics were discussed with supporting
of XRD, UV, Photoluminescence, XPS and vibrating sample magnetometer (VSM) characterization techniques. The XRD
analysis shows that the polycrystalline hexagonal wurtzite structure with (002) orientation of NZO thin films. The XPS
results confirmed the presence of Ni ion in all the samples. The optical bandgap of the prepared samples was decreased with
increasing concentrations of nickel from 3.33 to 3.22 eV. Photoluminescence spectra showed a red shift of near band edge
(NBE) and deep level (DLE) emissions for prepared undoped and NZO thin films. The VSM of prepared NZO thin films
exhibit ferromagnetic behavior at room temperature for potential applications in various fields. Our experimental observa-
tions support for transparent conducting electrode and spintronics device applications.
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1 Introduction

TCO films are widely used in thin film technology
owing to their significant applications in different fields.
ZnO films are one of the TCO films and attracted the
researchers to fabricate spintronic devices due to their
wide bandgap (3.3 eV), low dielectric constant, large
excitation binding energy, thermal conductivity, high
electron mobility and high optical transmittance, strong
luminescence under low temperature, non-toxic and
abundant in nature [1-3]. ZnO is effectively used as the
active layer, substrate and anti-reflection coating mate-
rial in solar cells. ZnO’s growing interest arises because
of its potential applications in sensors, solar cells, pie-
zoelectric devices, light-emitting diodes, photocatalytic,
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drug-delivery and antibacterial activities [4-8]. ZnO
materials are important potential candidate from opto-
electronics to bio medicine.The transition element Ni
has a good conductor of heat and electricity and loses
its metallic characteristics very slowly than other transi-
tion elements. Nickel-doped ZnO thin films are excel-
lent materials for different properties like good optoelec-
tronic, electrical, luminescence and thermal properties
without changing the crystalline structure of zinc oxide.
To achieve the photo electrical and solar cell applications
based on ZnO thin films relatively dependent on the low
energy band gap. This low-energy band gap is controlled
by different dopant and synthesis methods.

Both band gap and optical absorption shift of ZnO
films are tuned by doping different transition metals
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like Ni, Cu, Mn, Fe, etc. [9-11]. Liton et al. concluded
that other elements like Cu and N doping with ZnO may
change the crystalline plane structure [12]. In addition to
that dilute magnetic semiconductors (DMS) are found to
have wide-field applications in spin electronics. Metal
ions are used to substitute group II or group IV elements
in I[I-VI or IV-VI semiconductor compound alloys.

The large spin-dependent properties of DMS are hav-
ing the excellent potential of achieving the external con-
trol of spin in the presence of a magnetic field which is
useful in spintronics applications. Also, the structural,
morphological, optoelectronic and magnetic properties
of DMS thin films are varied by doping the different
elements like Al, Fe, Co, Mn, Mg and Pb for various
applications in different fields [13].

There are several methods for creating thin films,
including thermal evaporation, chemical vapor depo-
sition (CVD), molecular beam epitaxy (MBE), pulse
laser deposition, sputtering, dip coating, spray pyrolysis
and spin coating. Among all these techniques, the spin
coating technique is good for even coating doped ZnO
films at a low cost. The nickel doping effect on ZnO thin
films is significantly important in applications based on
the type of growth technique used. ZnO structural and
optical properties were modified in terms of substrate
temperature, disk rotation and pressure of the chamber
during growth. Several researchers are investigated to
achieve the low energy band gap by selecting of different
synthesis methods as well as parameters are also opti-
mized for various applications. Several research papers
are reported that the ZnO energy band gap is reduced
when nickel doping content is increased beyond 3% and
also it is a relatively dependent synthesis method.

In the present paper, nickel-doped ZnO thin films have
been prepared with 2-Methoxy ethanol as a solvent which
has not been tried by earlier investigators. The films are pre-
pared and characterized for optical, structural and magnetic
properties.

2 Experimental Details
2.1 Substrate Cleaning
Microscope glass substrates were used for the deposition

of Ni-doped ZnO film deposition. The substrates were
first cleaned with the soap solution and then soaked in

concentrated HCI acid for 1 day. The soaked substrate was
cleaned again using distilled water in an ultrasonic clean-
ing bath for 30 min and then rinsed with acetone. After
these processes, the substrates were dried with a hot plate at
100°C for 5 min and cooled to room temperature.

2.2 Material Used

Zinc acetate dihydrate is used as a precursor, Nickel ace-
tate tetrahydrate as a dopant and 2 Methoxy ethanol and
Monoethanolamine are used as solvent and stabilizers. AR/
BDH grade chemicals were purchased and used.

2.3 Solution Preparation

The precursor solution was prepared by dissolving 2.197 gm
of Zinc acetate dihydrate in 20 ml of 2-Methoxy ethanol for
0.5 M concentration and stirred at 70 °C for 1 h which forms
an acidic solution. Then monoethanolamine was added drop-
wise and the solution was stirred at 70 °C for 1 h which gives
the clear homogeneous solution. It was aged for 1 day and
used to deposit ZnO films.

Nickel was doped for various concentrations (2, 4, 6, 8,
10 at% ) to get NZO thin films. Zinc acetate dihydrate and
Nickel acetate tetrahydrate were dissolved in 2-Methoxy
ethanol for 1 h at 70 °C. An appropriate amount of MEA
was added drop by drop and the solution was stirred at 70
°C for 1 h. The solution was aged at room temperature for
1 day and used to deposit NZO films.

2.4 Film Formation

Using a spin coater, the prepared sol was deposited onto a
clean piece of glass and spun for 30 S at 3000 rpm. After
each coating, the film was preheated at 150 °C for 10 min
and then cooled for 10 min to evaporate and remove organic
residuals. This process was repeated to coat 8 layers to get
desired film thickness. Finally, the films were post-annealed
in muffle furnace at 450 °C for 2 h to get crystallized ZnO
films.
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Fig. 1 XRD pattern for undoped and NZO thin films

3 Results and Discussion
3.1 Structural Properties XRD Parameters

It was observed from the Fig. 1. that the undoped ZnO film
exhibited the Bragg’s diffraction peaks at the diffraction
angle 2q are 31° 61’, 34° 30’ and 36° 17’ corresponding to
(100), (002) and (101) planes. The preferential orientation
of ZnO film is found to be along the (002) Plane. The results
were compared with JCPDS card no: 36-1451 [14]. The
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intensity of the (002) plane is found to be higher than that
of (100) and (101) planes. On doping Ni at 2 at% concentra-
tion, no peak shifting was observed and the preferential ori-
entation (002) of ZnO film has also not been changed. But,
the intensity of the peak seems to be reduced. When the Ni
doping concentration is increased to 4 at%, the same results
were obtained but in contrast, the intensity of the peak has
been increased. Similarly, the NZO films with Ni doping
concentrations 6, 8 and 10 at% also showed an increase in
intensity without any change in peak position and preferen-
tial orientation. The observed change in intensity ascertained
the incorporation of Ni ion into the ZnO lattice. The differ-
ence in intensity is also ascribed to the film thickness. The
obtained Bragg’s peaks indicated that both undoped and Ni-
doped ZnO films have been crystallized under the hexagonal
wurtzite structure. NiO, Zn or Ni secondary phases have not
been found. Due to the Piezoelectric effect, which facilitates
the simpler separation of carrier charges, the preferential
orientation along (002) direction supported the benefit for
transport properties [15].

Experimental values of X-ray, diffraction angle and full
width half maximum value of peaks are used to calculate
microstrain, crystalline size, lattice constants, stress, disloca-
tion density, number of crystallites and texture coefficients.
The calculated values are tabulated and compared.
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Table 1 . Pla.ne of orientation, Sample 2 degree (hkl) plane Crystallite size nm Texture coefficient Lattice constant
Crystal}lte size, texFure along (002) plane
coefficient and lattice constant Debye W-H plot
for the prepared samples Scherrer
method
UndopedZnO 34.3049 (002) 33.81 35.2 2.62649 1.732051
ZnO:Ni(2 at%)  34.3159 (002) 37.64 38.1 2.205389 1.732051
ZnO:Ni(4 at%)  34.3195 (002) 41.63 39.4 2.588677 1.732051
ZnO:Ni(6 at%)  34.3187 (002) 43.37 41.3 2.613606 1.732051
ZnO:Ni(8 at%)  34.2995 (002) 46.18 452 2.766575 1.732051
ZnO:Ni(10 at%) 34.1319 (002) 37.47 39.6 2.708056 1.732051

Microstrain in the deposited thin films is defined as the
root mean square of the variation in the lattice parameters
across the sample. It is computed and scrutinized for a
better understanding of the crystallography structure of
NZO films [16]. The strain is very minute and it is the
measure of deformation from the ideal lattice. The crystal
defects and distortion arising during the growth of crystal-
line structure in the films have led to a strain in the films
[17] and it is evaluated by the relation [18].

P cos @
£ =
4

ey

The scrutiny of strain values revealed that the strain
significantly decreased for NZO films when compared with
undoped ZnO films. This may be due to the improvement
in the crystalline nature because of the reduction in the
number of crystal defects arising out of Ni doping. 8 at%
Ni-doped ZnO film showed a higher reduction in micro-
strain value which may be attributed to the larger level of
reduction in the number of crystal defects at the particu-
lar concentration. The crystal quality of the ZnO films is
decided by the crystallites size (D), calculated using the
following Debye-Scherrer Eqgs. [19],

Ak
h p cos@ @)

where, k=0.9 is the Scherrer constant, A=0.15418 nm is
the radiation wavelength, § is the FWHM and 6 is the peak
position at 34° corresponding to (002) plane.

The crystallite size of undoped ZnO is determined
as 33.81 nm. On doping of 2 at% Ni, it increases to
37.64 nm. Further increase of Ni doping concentration to
4, 6, 8 and 10at% resulted in the size 41.63, 43.37, 46.18
and 37.47 nm. Agglomeration may be the cause of the
increased crystallite size observed with rising Ni concen-
trations. This is further confirmed by the decrease in the
value of lattice parameters from 5.2239 to 5.2222, 5.2217,
5.2218 A, for 2, 4, 6 and 10 at% of Ni doping. But for 8
at% it increases to 5.2247 A which revealed the occurrence

of a higher agglomeration at this particular concentration
[20]. The constant value of the c/a ratio of undoped and
Ni-doped ZnO films revealed that the hexagonal wurtzite
structure of ZnO has not been changed by the addition of
Ni. The variation of stress also substantiated the above
conclusion that the agglomeration is higher at 8 at% Ni
doping. The increase in D size confirmed the improvement
in the stoichiometry of films due to the lowered disloca-
tion density and hence the microstrain [21]. The crystallite
size of the prepared combination of materials was verified
through W-H plot showed in Fig. 2 and it is also included
in the Table 1.

In contrast, at 10 at% the crystallite size significantly
decreases to 37.47 nm which confirmed the nickel incor-
poration into the ZnO lattice. A similar observation has
been made by sindhu et al., for cobalt doping in ZnO films.

3.2 XPS and EDS Analysis

The chemical composition and chemical state of ZnO and Ni
(0%, 25% and 4%) doped ZnO thin films are analyzed using
XPS in Fig. 3. There are no impurity peaks and the indexed
peaks may be ascribed to Zn, Ni, O and C elements. The
Ni-related peaks were attained at eV 853.21. The existence
of the Ni peaks demonstrated that the doping procedure was
successful. Two peaks, 2p3/2 and 2p1/2, were visible in the
Zn 2p spectra at energies of 1021.39 eV and 1044.45 eV,
respectively. The presence of this peak is determined by the
spin-orbit coupling. The interaction of Ni with ZnO causes
the positions of these peaks to shift toward higher energy
values. The XPS instrument’s vacuum system uses pump
oil, and as a result, the carbon component is present. Here,
the binding energy calibration reference point is the carbon
C 1s peak at 284.8 eV. Figure 4. displays the EDS spectra
of Ni-doped and undoped ZnO thin films. Each EDS shot
has an inset displaying the atomic percentages of Zn, O and
Ni. The obtained data supported the target stoichiometry
ratio’s dopant composition. The prepared samples had no

@ Springer
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Fig.2 a—f W-H plots of undoped and NZO thin films. a Pure ZnO thin film. b 2% Ni doped ZnO thin film. ¢ 4% Ni doped ZnO thin film. d 6%
Ni doped ZnO thin film. e 8% Ni doped ZnO thin film. f 10% Ni doped ZnO thin film

contaminants, and the EDS spectra proved that the doping

was efficient.
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3.3 UV-Vis Transmittance Studies

Figure 5 shows the transmittance spectra of the ZnO:Ni films
as determined by UV-VIS spectroscopy in the 200-1000 nm
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region. The transmittance of undoped ZnO film was deter-
mined as 91% where as it is reduced to 82% and 81% for
2 and 4 at %. At 6 at % and 8 at% it was about 68 nm and
67 nm respectively. Transmittance was sharply decreased at
about 370 nm for both the doped and undoped films which
is attributed to the band edge absorption. This is understood
as the incoming photons having sufficient energy to excite
electrons from the valence band to the conduction. As the
Ni doping concentration increases the transmittance was
reduced and higher reduction was observed at 6 at% and 8
at% of Ni doping. The reduction in transmittance may be due
to the increased thickness of the doped films and due to the
increased lattice distortion or defects [22]. Variation in the
sharp drop of transmittance was observed for both doped and
undoped films which revealed that Ni-related defect states
are present in the forbidden band which leads to enhanced
absorption [23].

The host XITYVI(ZnIl OVI) semiconductor’s (II-VI
group) band structure may change as a result of the doping
of Ni, which also produces novel optical transitions. When
Zn (X) host atom is replaced by Ni, the band gap is altered
and hence the optical absorption is varied. It is confirmed
by the observed absorption in the visible part of the spec-
trum. Especially around 600 nm. This can be explained by
the existence of d—d’ transition bands around 600 nm which
are the characteristics of Ni (II) with tetrahedral symmetry
[24]. Therefore, the nickel incorporation has also led to the
multiple Ni** internal transitions present in Zno:Ni films

Binding energy (eV)

which are reflected in the variation in the sharpness of higher
energy absorption edge for the Ni-doped films. This in turn
becomes evidence for the substitution of the dopant ions in
Zno.

The optical bandgap energy (E,) was calculated from
transmission spectra. The variation of (ahv)? with photon
energy (hv) was found to give the relation as

(ahv)? = A(hv — Eg) 1/2

3)
where A is constant, a is an absorption coefficient and Eg
is the optical bandgap energy [25]. For Ni-doped ZnO thin
films made with various Ni concentrations, the fluctuation
of (ahv)? versus h.

These Taucs plots are shown in Fig. 6. The optical band-
gap values estimated from the Taucs plots are given in
Table 2.

It can be seen from Table 2 that the optical band gap
values of Ni-doped films are decreasing against the
increasing concentration of Ni. Moreover, the Eg values
of Ni-doped films are lesser than that of the undoped ZnO
films. This is ascribed to the s-d and p-d interactions caus-
ing band gap kneeling, which second-order perturbation
theory could explain [26]. Further, it can be stated that
the bandgap kneeling is due to the activation of “spd”
exchange interactions [27]. Also, the entrance of the Ni
state at the top of the valence band may be responsible for
the bandgap narrowing with increasing Ni content [10,
28].
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Fig.6 Tauc’s plot for undoped and NZO thin films
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Table 2 Micro strain, stress,

dislocation density, number of Sample Micro strain (ue) Stress 0 (Pa) Dislgcation » Thickness (nm) Numbef of .
. 0 density x 10 crystallite per unit

crystallite per unit area for the lines/m> area

prepared samples
Undoped ZnO  0.001025 -0.77321 8.75 1860 4.8181x1016
ZnO:Ni(2 at%)  0.000921 —0.70031 7.06 4520 8.4757x 1016
ZnO:Ni(4 at%) 0.000833 —0.67654  5.77 1610 2.2308x1016
ZnO:Ni(6 at%)  0.000799 —0.68209 5.32 1450 1.7773x 1016
ZnO:Ni(8 at%)  0.000751 —0.80888  4.69 2350 2.3852x 1016
ZnO:Ni(10 at%) 0.000925 -0.67971 7.12 2300 4.3715x 1016
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Fig.7 PL spectra for undoped and NZO thin films

Table 3 Transmittance and energy band gap values for the prepared
samples

Sample Transmittance ~ Wavelength Energy
(%) (nm) band gap
(eV)
Undoped ZnO 91 403 3.3396
ZnO:Ni(2 at%) 82 430 3.3001
ZnO:Ni(4 at%) 81 418 3.2736
ZnO:Ni(6 at%) 68 452 3.2528
ZnO:Ni(8 at%) 67 436 3.2348
ZnO:Ni(10 at%) 62 412 3.2208

3.4 Photoluminescence Studies

Photoluminescence spectroscopic study is usually car-
ried for ZnO thin films to identify the presence of differ-
ent intrinsic defects in doped ZnO films by determining
various radiative recombination and trapping levels of
the photo-generated electrons and holes [29, 30]. In the

present study, a systematic investigation of the influences
of Ni doping on the PL spectra of all NZO films was per-
formed and the spectra as shown in Fig. 7.

As seen in Fig. 7, both the doped and undoped ZnO
films show emission peaks at 362, 408, 492 and 522 nm.
Thus, the emission peaks are in both the UV region and in
visible luminescence (VL) region. The UV emission peak
at 362 nm originated from the ZnO near band edge (NBE)
transition and is normally ascribed to this free exciton’s
recombination [31]. Table 3 gives the value of transmit-
tance and energy band gap of the prepared samples with
different concentrations.

The VL peaks are 408, 492 and 522 nm and are attrib-
uted to deep-level emissions by different types of intrinsic
defect states, such as Zni, Oi, VZn, Vo and Ozn in the ZnO
lattice [32]. In ZnO, the defect energy states of Oi and Vzn
are generated closer to the valence band (VB) whereas the
level of Zni and Vo are generated closer to the conduction
band (CB) [31]. The possible electronic transitions in ZnO
films are as follows.

1. The transition between Zni(extended Zni) levels and the
VB.

The transition between the bottom of the CB and the Zni
level and.

3. The transition between the VB and the Oi/Volevels.

N

Emission due to the above transition is not well resolved
in the spectrum of pure ZnO but it could be resolved in the
Ni-doped films. The intensity of both UV and VL peaks is
significantly enhanced and becomes broadened with defined
shapes. This may be due to the generation of different intrin-
sic defects by Ni doping. Similar observations have been
made by many researchers [33, 34]. Enhancement of the
intensity of the UV band may be ascribed to the generation
of the increased number of photo excitons and their recom-
bination rate. The asymmetric nature of PL spectra implied
the superposition of multiple emission bands. The spectra
showed one UV peak around 362 nm and three emission
peaks in the visible region around 408, 492 and 522 nm. It is
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Fig.8 CIE chromaticity diagram of NZO thin films

also observed that both UV and VL bands showed a red shift
against the increase of Ni doping which confirmed the sub-
stitution of Ni ions in the Zn sites in the lattice. The redshift
of UV peaks revealed a strong sp-d exchange interaction.
Generally, it is stated that the VL emissions arise out of the
different structural point defects in the lattice, but still it is
under debate. The exact identification of VL emission due to
the specific point defects is still in controversial [35]. Most
commonly, blue-violet emissions are observed in ZnO which
is generally attributed to the Zn-related defects. Likewise,
the green emission bands are believed to originate from both
Vo and VZn defects [36]. Recombination of trapped holes at
VZn with trapped electrons at the Zn is hallow level [37] or
trapped electrons recombining with photogenerated holes at
high levels of Zni [38] or the combined effect of these two
may be responsible for violet-blue emission. Thus, the blue
emission at 492 nm corresponds to a transition between the
VZn level and the bottom of the CB level. Similar results
were observed by the earlier investigators. The peak centered
at 408 nm is ascribed to the Oi.

The emission band observed at 522 nm can be attrib-
uted to both Vo and VZn states since these states are
indistinguishable due to the slight difference in their
peak positions. According to the earlier reports, the
green emission at 522 nm was ascribed to the presence
of the defect Voand hence the transition from Vo accep-
tor level to the VB [39-47]. As a whole, both undoped
and Ni-doped ZnO films showed similar features of
PL spectra with emission peaks centered almost at the
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same wavelength. However, significant enhancement in
the intensity of bands UV and VL region was observed
against the increase of Ni doping concentration. This is
strong evidence for the enhancement of intrinsic defects
in ZnO films induced by Ni doping. The corresponding
CIE chromaticity diagram is given in Fig. 8. In this case
of green emission, the enhancement of intensity proved
that the Vo concentration increased against the increase
of Ni doping concentration.

3.5 Magnetic Properties

The Vibrating Sample Magnetometer (VSM) was used to
test the magnetic hysteresis of thin ZnO: Ni films at ambi-
ent temperature. Representative RT magnetization curves of
Zn,_,Ni O films with different Ni concentration are shown
in Fig. 9. Undoped ZnO film showed a ferromagnetic behav-
ior which is in accordance with earlier investigations. Also
Ni doped films showed ferromagnetic behavior with satu-
rated magnetization. This is also in agreement with earlier
results [48]. Ni cluster and NiO in the films do not contribute
to the observed ferromagnetism in the NZO films because
no evidence for the secondary phase NiO or Ni cluster was
observed in XRD measurements. Therefore, it may be said
that the observed ferromagnetism is a characteristic of NZO
films themselves. As the spin-spin coupling in ferromagnetic
materials is a long range interaction, the ferromagnetic char-
acteristics of NZO films are mostly related to Ni incorpora-
tion and the microstructure of NZO films [49]. Ni incorpora-
tion in ZnO films is also evidenced in XRD studies.

The coercive fields are larger for undoped ZnO and for
Ni doped films at higher Ni doping concentrations 6, 8
and 10 at%. Similar results have been obtained by earlier
investigators [50]. Coercive field of undoped ZnO is 6334.8
Oe whereas it is 174.46 and 355.30 Qes for 2 and 4 at%
Ni doping respectively. At higher Ni doping level 6, 8 and
10 at%, the coercive fields are 1921.7, 4842, 2737.5 Oes
respectively.

The saturation magnetization values are also higher
for NZO films when compared with undoped ZnO films.
Retentivity values of NZO films are also higher than
undoped ZnO films. Coercivity, Retentivity and Mag-
netization values are not following any regular trend as
increasing and decreasing against the increase of Ni dop-
ing concentration and values are listed in the Table 4. But
the magnetic ordering induced in the prepared Ni doped
ZnO films is originated from several intrinsic sources, as
the XRD results ruled out the possibility for any extrinsic
phases related to metallic Ni. The ferromagnetic contri-
bution in Ni doped ZnO films is most likely due to dif-
ferent coupling between the localized Ni-Ni moments
and between the localized Ni moments and the delocal-
ized charge carriers, say, conduction and valance band
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Fig.9 a M-H curve of undoped and 2, 4, 6, 8, 10% Ni doped thin films, b M-H curve for undoped and NZO thin films
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Fig.9 (continued)

unoccupied (2+) and doubly occupied (0) states have spin-
zero ground states and hence not inducing FM but the singly
occupied (1+) state has magnetic moment and hence most
likely to contribute to the formation of BMPs. The redshift
of optical band gap observed in UV-Vis spectral study also
supported the enhancement in Sp-d exchange interaction and
the defect, V,, level. This in turn supported the contribution
of Sp-d exchange interaction and V levels to the ferromag-
netic ordering.

4 Conclusions, Outlook and Future Aspects

Ni doped ZnO thin films have been prepared with Ni con-
centration varying from O to 10 at% in steps of 2 at% by
sol-gel spin coating technique and observed the structural,

Table 4 Coercivity, retentivity

Coercivity (Oe)

Retentivity (emu)

Magnetization (emu)

o Sample

and magnetization values for the

prepared samples Glass 567.69
Undoped ZnO 6334.8
ZnO:Ni(2 at%) 174.46
ZnO:Ni(4 at%) 355.30
ZnO:Ni(6 at%) 1921.7
ZnO:Ni(8 at%) 4842.0
ZnO:Ni(10 at%) 2737.5

11.745E-6 200.57E-6
4.422E-6 128.44E-6
3.6135E-6 524.95E-6
7.1256E-6 712.45E-6
27.888E-6 379.98E-6
69.929E-6 336.07E-6
76.623E-6 537.85E-6

electrons and holes. The delocalized of charge carriers
are correlated with different intrinsic defects in the ZnO
lattice. Generally, the long-range magnetic ordering in TM
doped ZnO is attributed to the possible Sp-d exchange
interaction. At the same time, the hole mediated exchange
interaction can also produce ferromagnetism (FM) [51].
Normally, the bound magnetic polarons (BMPs) are cre-
ated in the systems in which Sp-d exchange interaction
takes place. This Sp-d exchange interaction may lead to
the ferromagnetic ordering of Ni moments at and above
RT. Intrinsic defects in the ZnO lattice acts as trapping
centre and the electrons are trapped locally by the defect
V, .when the trapped electrons filling the orbitals, it leads
to the overlapping with the Ni d-shell.

Enhancement of the defect V,, concentration has been
observed for the increasing Ni concentration in ZnO films
by PL spectra. The significant enhancement in the emission
band at 522 nm is ascribed to the V, acceptor level which is
confirmed by PL spectra. Increase of saturation magnetiza-
tion against the increase of Ni doping level clearly indicated
that the origin of the magnetic order and it can be correlated
to the concentration of V, level. There are three different
charge states for V, in ZnO lattice as 0, 14 and 2+. The

@ Springer

optical, luminescent and magnetic properties of NZO thin
films. XRD results showed polycrystalline hexagonal wurtz-
ite structure and confirmed the incorporation of Ni onto ZnO
lattice. Ni Incorporation enhanced the crystalline quality.
The D size also increased after doping except 10 at%. The
optical bandgap of Ni doped films showed red shift when
compared to pure ZnO film, which may be attributed to the
introduction of Ni state in the top of the valence band. PL
studies showed NBE and DLE emissions. These emissions
are normally ascribed to transition between conduction band
and defect levels and free exciton recombination. Magnetic
studies showed the ferromagnetic behaviour of NZO films.
In addition, the correlation between optical, Pl and Mag-
netic behaviour has been achieved. The red shift in band
gap and emission peak intensities are well correlated with
magnetic behavior due to Sp-d exchange interaction and oxy-
gen vacancy levels. The band gap is decreased from 3.33 to
3.22 eV was observed with different Ni doping concentra-
tion. The highest magnetization was observed for 4 at% of Ni
doped ZnO thin film is found to be 712.45x 10~%emu/g. So,
the NZO thin films are effective materials for future spin-
tronics and photocatalytic applications.
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