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Abstract Nanocrystalline Zn1-xNixO (x = 0.00, 0.02,

0.04, 0.06, 0.08) powders were synthesized by a simple sol–

gel autocombustion method using metal nitrates of zinc,

nickel and glycine. Structural and optical properties of the

Ni-doped ZnO samples annealed at 800 �C are character-

ized using X-ray diffraction (XRD), scanning electron

microscopy (SEM), energy dispersive analysis using X-rays

(EDAX), UV–visible spectroscopy and photoluminescence

(PL). X-ray diffraction analysis reveals that the Ni-doped

ZnO crystallizes in a hexagonal wurtzite structure and

secondary phase (NiO) was observed with the sensitivity of

XRD measurement with the increasing nickel concentration

(x C 0.04). The lattice constants of Ni-doped ZnO nano-

particles increase slightly when Ni2? is doped into ZnO

lattice. The optical absorption band edge of the nickel

doped samples was observed above 387 nm (3.20 eV)

along with well-defined absorbance peaks at around 439

(2.82 eV), 615(2.01 eV) and 655 nm (1.89 eV). PL mea-

surements of Ni-doped samples illustrated the strong UV

emission band at *3.02 eV, weak blue emission bands at

2.82 and 2.75 eV, and a strong green emission band at

2.26 eV. The observed red shift in the band gap from

UV–visible analysis and near band edge UV emission with

Ni doping may be considered to be related to the incorpo-

ration of Ni ions into the Zn site of the ZnO lattice.

1 Introduction

In the recent years, semiconductor nanomaterials have

attracted much attention due to their potential technologi-

cal applications such as storage devices, optoelectronics,

nanoelectronics and photonic devices [1–5]. Diluted mag-

netic semiconductors (DMS) are semi-conducting alloys

with spin carriers in addition to charge carriers as an added

degree of freedom in a single substance prepared by dilute

substitution of transition metal (TM) ions in the semicon-

ductor host material. DMS have been focused on a new

practical technology namely spin-electronics or spintronics

[6, 7]. The advantages of such spin based electronic devi-

ces include enabling of instant-on computer, higher data

processing speed, increased integration density, very low

electrical energy consumption. There has been an intense

search for inherent wide band-gap-oxide-based DMS sys-

tems ever since the theoretical prediction of ferromagne-

tism above room temperature in TM doped ZnO based

DMS [8]. TM doped ZnO exhibits multifunctional prop-

erties like magnetic, semi-conducting and optical proper-

ties coexisting in a single material. Also, the TM doping

into ZnO offers a possible means of tuning the band gap to

make use in optoelectronic applications such as light

emitters and UV detectors.

An oxide based DMS employs a nonmagnetic oxide

semiconductor material like ZnO or TiO2 as the host which

is doped with TM. ZnO is an efficient II–VI semiconductor

material crystallizes in the wurtzite structure with the lat-

tice constants a = 3.24 Å and c = 5.20 Å having a direct

bandgap (as wide as 3.37 eV), similar to that of GaN. ZnO

is optically transparent material with a large exciton

binding energy of 60 MeV. In recent years, ZnO doped

with TMs has been the subject of much attention because

of its potential for important applications such transparent
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conductors, heterojunction solar cells, gas sensors, surface

acousticwaves, piezoelectric devices, antireflection coat-

ings, etc. [9–15]. Both experimental and theoretical

research is underway and there has been a great deal of

focus on the TM doped ZnO based DMS for their potential

application in spintronics devices [16–20].

Theoretical calculations predict that stable ferromagne-

tism could be achieved in the TM (Ni-, V-, Mn, Fe-, Cr-or

Co-) doped ZnO, even in the absence of additional carrier

doping [21]. Li et al. [22], reported that the Zn1-xNixO

powders prepared by sol–gel method, Ni dopant substitutes

for Zn only up to 5%. It was reported that, in TM doped

ZnO, the evolution of secondary phases emerging out of

dopant material along with the single phase Zn1-xTMxO

was strongly related to growth temperature and doping

concentration [23]. In the present paper, the synthesis of

nickel doped ZnO nanoparticles using sol–gel auto-com-

bustion method and their structural and optical character-

izations are discussed in detail.

2 Experimental procedure

Nanocrystalline Zn1-xNixO (x = 0.00, 0.02, 0.04, 0.06 and

0.08) powder samples were synthesized by a simple and

low-temperature sol–gel auto-combustion method. All

chemicals used were of analytical grade purity. In a typical

synthesis of Zn1-xNixO samples, the appropriate propor-

tion of Zn(NO3)2�6H2O, Ni(NO3)2�6H2O, and C2H5NO2

(glycine) were completely dissolved in a 1,000 mL beaker

to obtain a 100 mL aqueous solution. The aqueous solution

was then stirred for about 1 h in order to mix the solution

uniformly. The mixed precursor solution was evaporated

on a hot plate at 100 �C under constant stirring and was

concentrated by heating until the excess free water gets

evaporated. Then, the solution converted into a ‘‘gel’’. The

‘‘gel’’ was subsequently swelling into foam and underwent

a strong self-propagating combustion reaction to give a fine

powder. The resulting powders of undoped ZnO were

milky white in colour. Nickel doped samples were moss

green and became darker with increasing Ni content. All

the samples were grinded for an hour and were prepared as

pellets. The pellets were subjected to annealing at 800 �C

for 8 h and used for further characterization studies.

The crystalline nature and the phase purity of the

undoped and nickel doped ZnO powder samples were

examined by X-ray powder diffraction analysis (XRD)

using PAnalytical Model: X’Pert PRO (Cu Ka radiation,

k = 1.54,178 Å). The mean crystallite sizes were esti-

mated using the Scherer Equation, and the lattice constants

were obtained using the XRD data. The microstructure of

the resulting nanopowders was characterized using HIT-

ACHI Model: S-3,400 N scanning electron microscope.

Room temperature optical absorption spectra of the sam-

ples were recorded in the 200–800 nm ranges using a

Varian Cary 5000 UV–vis–NIR Spectrophotometer. Room

temperature photoluminescence spectra of the samples

were recorded using a spectrofluorimeter (Fluorolog-3) to

characterize the optical emission properties of the samples.

3 Results and discussion

3.1 Structural characterization

The crystal structure and phase purity of as-prepared

undoped ZnO and different composition of Ni-doped ZnO

nanoparticles annealed at 800 �C were characterized using

X-ray diffraction. Figure 1 shows a typical XRD spectrum

of pure ZnO and Zn1-xNixO (x = 0.02, 0.04, 0.06, 0.08)

nanoparticles annealed at 800 �C. XRD pattern reveals that

the diffraction peaks of undoped ZnO and nickel doped

ZnO nanoparticles can be indexed to hexagonal wurtzite

structure of ZnO which are in good agreement with the

standard JCPDS file for ZnO (JCPDS36-1451, a =

3.249 Å, c = 5.206 Å having space group P63mc). When

the content of Ni(x) is 0.02, no trace of nickel metal, oxi-

des, or any binary zinc nickel phases is observed, however,

when x C 0.04, a new phase emerges at (2h * 42.9�) as

shown in Fig. 1. Such an additional diffraction peak cor-

responds to the secondary phase of NiO (2 0 0) (matched

with JCPDS 78-0643). The intensity of NiO peak increases

with increasing nickel concentration indicating that phase

segregation has occurred and the lower solubility limit of

Ni in Zn1-xNixO nanoparticles is (x \ 0.04). Such a

structural degradation in the ZnO lattice may be attributed

to introduction of a foreign impurity with subsequent

annealing [24].
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Fig. 1 XRD pattern of as-prepared ZnO and nickel doped ZnO

nanoparticles annealed at 800 �C
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The average crystallite size of the nickel doped ZnO

powders were estimated from X-ray line broadening using

the Debye–Scherrer’s equation

Dh;k;l ¼ 0:9k=ðDh cos hÞ ð1Þ

D—average crystallite diameter, k is the wavelength of

X-ray radiation, Dh-full width at half maximum (FWHM)

and h is the Bragg angle. Figure 2 shows the variation of

crystallite size with nickel concentration. The crystallite

size of the samples increases with increasing Ni content,

however a sudden increase in crystallite size of nickel

doped samples annealed from that of as-prepared pure ZnO

may be due to the annealing treatment of the samples at

800 �C. Such variation in particle size is evident from

Fig. 1 that pure ZnO exhibits broad diffraction peaks when

compared to that of nickel doped samples. The lattice

parameters a and c of the samples are calculated using the

formula:

sin2 h ¼ k2

4

4

3

h2 þ hk þ k2

a2

� �
þ l2

c2

� �
ð2Þ

h is the diffraction angle, k is incident wavelength

(k = 0.15406 nm) and h, k and l are all Miller indices.

Table 1 shows that the lattice constants a and c of nickel

doped ZnO nanoparticles are slightly larger than those of

pure ZnO, because the ionic radius of Ni2? (0.68 Å) is

larger than that of Zn2? (0.60 Å). The expansion of the

lattice constants of Ni-doped ZnO nanoparticles indicated

that Ni ions systematically substituted Zn ions into the ZnO

structure [25]. Morphology of the Zn1—xNixO (x = 0.02)

nanoparticles investigated using scanning electron

microscopy is shown in Fig. 3. The SEM images of the

sample shows the presence of evenly distributed spherical

nanoparticles with particle size ranging *400 nm.

3.2 Optical characterization

The effect of Ni doping concentration on the band gap of

ZnO and substitution of Ni2? ions in tetrahedral sites of

wurtzite structure of ZnO was further confirmed using

UV–visible optical spectroscopy measured in the range

300–800 nm. Inset of Fig. 4 shows the room temperature

optical absorption spectra of the as-prepared undoped ZnO

and nickel doped ZnO nanoparticles annealed at 800 �C.
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Fig. 2 Variation of particle size as-prepared ZnO and nickel doped

ZnO nanoparticles annealed at 800 �C

Table 1 Variation of lattice constants with different concentration of

nickel doped ZnO nanoparticles

Samples annealed

at 800 �C (x)

Lattice constants (Å)

a c

ZnO 3.2480 5.2075

Zn0.98Ni0.02O 3.2488 5.2086

Zn0.96Ni0.04O 3.2509 5.2104

Zn0.94Ni0.06O 3.2533 5.2127

Zn0.92Ni0.08O 3.2547 5.2143

Fig. 3 SEM micrographs of Zn0.98Ni0.02O sample annealed at 800 �C
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The absorption band edge of undoped ZnO is observed at

387 nm and it gets shifted to longer wavelength region for

the Ni-doped ZnO samples. The observed red shift in the

absorption band edge with nickel doping in ZnO may be

due to the sp-d exchange interactions between the band

electrons and the localized d-electrons of the Ni2? ions.

Such a red shift in band edge with increasing nickel dopant

is a clear indication for the incorporation of Ni ions into the

Zn site of the ZnO lattice [26–28]. In addition to absorption

band edge, TM doped ZnO samples mostly exhibit

absorption peaks in the visible region. It is observed that

the absorption spectrum of nickel doped ZnO nanoparticles

shows additional absorption bands corresponding to d–d

transitons at 439 (2.82 eV), 615 (2.01 eV) and 655 nm

(1.89 eV). Such mid band gap states can be assigned as

characteristic of Ni2? with tetrahedral symmetry [29]. Two

absorption peaks at 1.89 and 2.02 eV can be clearly seen.

These absorption bands may be ascribed to the
4A2(F) ? 3T1(P) crystal field transitions in tetrahedrally

bonded Ni2? ions [30–32].

The absorption coefficient and the band gap energy can

be described by the following equation

ahm ¼ A hm� Eg

� �1=2 ð3Þ

where hm is the incident photon energy, Eg is the band gap

energy and A is a constant. A plot of (ahm)2 versus hv is

made to determine Eg using the linear fit process. The

extrapolated absorption thresholds of the undoped and

Ni-doped ZnO nanoparticles are shown in Fig. 4. It reflects

the band gap energies of the corresponding samples and

indicates that a red shift in the band gap have occurred with

nickel doping. The red shift in the band gap with increasing

nickel dopant could be interpreted mainly due to the sp–d

exchange interactions between the band electrons and the

localized d electrons of the Ni2? ions substituting Zn ions.

Such electronic transitions observed in all the nickel doped

samples indicating the substitution of Ni2? cations for the

Zn2? ions at the ZnO lattice site tetrahedrally. The red shift

in the absorption band edge and the observed electronic

transitions of Ni2? clearly indicates the incorporation of Ni

ions inside ZnO lattice. Thus, Ni ions exist in a tetrahedral

crystal field in the ?2 state without changing the wurtzite

crystal structure of ZnO.

Room temperature photoluminescence (PL) spectra of

Ni-doped ZnO samples were measured using spectroflou-

rimeter (Fluorolog-3) excited with a Xe-lamp light

source (350 nm) under identical excitation wavelength

370–575 nm. Figure 5 shows the PL spectra of the

as-prepared undoped ZnO and Ni doped ZnO nanoparticles

annealed at 800 �C. It consist of a strong UV emission peak

which is centered at *410 nm (*3.01 eV) and weak blue

emission peaks centered at 450 (2.75 eV) and 468 nm

(2.65 eV) and a strong green emission band centered at

547 nm (2.26 eV), respectively., The UV emission inten-

sity dominates when compared to that of defect related

visible emission and it gets reduced significantly with

nickel doping. In general, visible emissions are referred to

as deep-level emission and attributed to the recombination

of electrons deeply trapped in oxygen vacancies and zinc

interstitials, with photogenerated holes. The visible emis-

sions observed may be ascribed to the intrinsic defects and

oxygen vacancies [33, 34], but the exact mechanism

responsible for these emissions are still in debate. The blue

emission around 468 (2.65 eV) and 440 nm (2.82 eV) can

be assigned to intrinsic defects, particularly interstitial zinc
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doped ZnO nanoparticles annealed at 800 �C. Inset figure shows the

UV–vis absorption spectra of as-prepared ZnO and nickel doped ZnO

nanoparticles annealed at 800 �C
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nanoparticles annealed at 800 �C. Inset of the figure shows the red

shift in UV emission with Ni-doping
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(Zni) may be originated from the radiative overlap of the

electrons transition from the shallow donor level of oxygen

vacancies and from the defect donor level associated with

ionized oxygen vacancies to the valence band [35]. The

green emission observed at 547 nm (2.26 eV) is commonly

attributed to the transition of a photo-generated electron

from a dark level below the conduction band to a deeply

trapped hole resulting from an oxygen vacancy [36]. With

increasing Ni content in ZnO, the probability of recombi-

nation of electrons and holes in the valence band has

reduced which results in a slight decrease in the green

emission intensity in nickel doped samples from that of

pure ZnO.

The strong UV emission peak centered at *410 nm

(*3.01 eV) in undoped and Ni-doped ZnO nanoparticles

most likely originates from the unsaturated Zn sites in the

ZnO or the formation of band tailing in the band gap,

which is often induced by the introduction of impurity into

the semiconductor [37–39] slightly shift towards the

longer-wavelength with nickel doping as shown in Fig. 5.

It is clear from Fig. 6 that the band gap of near band edge

UV emission decreases with nickel doping indicates the

red-shift of band gap, which is similar to the results of

Zhao et al. [40]. Inset of Fig. 6 shows the red shift in the

UV band gap with increasing nickel dopant in ZnO which

is in agreement with the red shift of near band edge UV

emission as shown in Fig. 6. This could be interpreted to be

mainly due to the sp–d exchange interactions between the

band electrons and the localized d electrons of the Ni2?

ions substituting Zn ions [41–43]. The observed red-shift of

band gap with nickel doping suggesting possible doping of

Ni2? into the ZnO lattice may induce band edge bending. It

is suggested that with nickel doping more defect states

occurs below the conduction band, which makes some of

the excited electrons in the conduction band to get relax to

the defect states. Such a process may be attributed to the

decrease in UV emission intensity consecutively. A slight

decrease in visible emission intensity may be attributed due

to the addition of nickel or due to annealing of the samples

or due to the reduction of defect states.

4 Conclusions

Undoped ZnO and nickel doped ZnO nanoparticles have

been successfully synthesized using sol–gel auto-combus-

tion method. The structural study reveals that annealed

samples show the existence of secondary phase NiO in the

samples x C 0.04. A red shift in the band gap has been

observed from the room temperature optical absorption and

PL spectra of nickel doped ZnO nanoparticles. Such a red

shift in band gap may be attributed to the sp–d exchange

interactions between the band electrons and the localized d

electrons of the Ni2? ions substituting Zn ions clearly

indicating the incorporation of Ni ions into the Zn site of

the ZnO lattice. Magnetic properties of the samples are yet

to be studied. Thus, from the excellent structural and

optical properties of the samples, we expect that nickel

doped ZnO nanoparticles could be an efficient material for

spintronics applications.
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