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A B S T R A C T 

 

Positron annihilation lifetime (PAL) spectroscopy has been 
applied in the present work to study the defect structure changes of 
the Zn1-xNixO (0% ≤ x ≤ 10%). This system has been synthesized in 
nanosize by coprecipitation method. Nanostructure features of the 
prepared samples have been investigated by X-Ray diffraction (XRD) 
and TEM. The XRD data has revealed that the prepared samples are 
crystalline and belong to space group P63mc. The deduced estimated 
average crystallite size is varying from 20 nm to 96 nm in agreement 
with TEM measurements The variation of lattice parameters and 
internal strain that have been deduced from XRD data, have shown 
that the solubility limit of NiO in ZnO does not exceed 5% and are 
correlated with PAL parameters. At 7% and 10% concentrations the 
XRD spectra has revealed the presence of secondary peaks due to 
creation of a new NiO phase, which indicates that Ni is no more 
incorporated in the ZnO structure. This has been also confirmed by 
the variation of the energy gap Eg deduced from the UV absorbance 
spectra and the variation of FTIR absorption bands. The (M-H) curves 
have shown that the saturation magnetization Ms suggest the 
presence of ferromagnetism which decreases with increasing Ni 
content up to 5%. This is associated with an increase in the 
formation of vacancy clusters and positron trapping rate in the 
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interface region. In addition, the vacancy defects play an important 
role in mediating the ferromagnetism behavior in agreement with 
the polaron model. 

© 2016 Sjournals. All rights reserved. 

1. Introduction 

Nanocrystalline materials are single or multi-phase polycrystalline solids with a grain size of a few 
nanometers (1 nm = 10-9 m = 10 Ǻ), typically less than 100 nm. Materials having grain size of ~ 0.1 to 0.3 μm are 
classified as submicron materials. Nanocrystalline materials are composed of interfaces, mainly grain boundaries. 
Consequently, nanocrystalline materials exhibit properties that are significantly different from their conventional 
coarse-grained polycrystalline counterparts. Materials with microstructural features of nanometric dimensions are 
referred in the literature as nanocrystalline materials (a very generic term). Microstructural features on a 
nanometer-scale have been known to be useful in enhancing the properties and performance of materials. Diluted 
magnetic semiconductors (DMS) have attracted a wide attention due to their unique properties and immense 
potential applications such as spintronics (Das Sarma, 2001), transparent electronics, ultraviolet (UV) light 
emitters, piezoelectric devices, chemical sensors and heterogeneous photocalysts (Das Sarma, 2001; Matsumoto 
et al., 2001).  

Zinc oxide (ZnO) is an n-type semiconductor and has a direct wide band gap (3.4 eV at room temperature). In 
ambient condition, ZnO has a stable hexagonal wurtzite structure with lattice spacing a = 0.325 nm and c = 0.521 
nm and is composed of a number of alternating planes with tetrahedrally-coordinated O2- and Zn2+ ions, stacked 
alternately along the c-axis. Magnetic characteristics and potential mechanisms have been widely studied 
theoretically and experimentally in ZnO doped with transitional metals (Dietl et al., 2000; Katayama-Yoshida et al., 
2007). As one of the best candidates, ZnO is a direct band gap semiconductor with a hexagonal (Wurtzite) crystal 
structure. Mohapatra et al (2011) as well as Teodora et al (2012) used the solid state reaction and sol gel reaction 
respectively to study the structural and magnetic properties of several concentrations of Ni doped ZnO. On the 
other hand, Chauhan et al (2012) investigated the structural and optical properties of different concentrations of 
Ni doped ZnO nanocrystals.  

In the present work, Ni doped ZnO nanoparticles of concentrations (0%, 1%, 3%, 5%, 7%, 10%) have been 
synthesized by using chemical coprecipitation method. Transmission electron microscope (TEM), XRD are applied 
for microstructure identification. Ultraviolet (UV), Fourier Transform Infrared (FTIR) and magnetic hysteresis have 
been applied to investigate the optical and magnetic properties respectively. Coprecipitation method is a 
promising method because of the low cost and process temperature as well as the easy way to control the particle 
size. Some of the most commonly substances used in coprecipitation operations are hydroxides, carbonates, 
sulphates and oxalates. Various chemical methods have been also developed to prepare ZnO nanocrystals such as 
sol-gel synthesis (Park and Kim, 2003), hydrothermal and solid state reactions. Zhi-Yuan Chen et al (2012) 
investigated the effect of defects on the magnetic properties of Ni-doped ZnO nanocrystals, which are prepared by 
solid state reaction, using positron annihilation technique. The authors suggested that the ferromagnetism in Ni-
doped ZnO with 4% and 20% is probably mediated by vacancy defects in the interface region in the frame work of 
polaron model (Tian et al., 2011). The relationship between the microstructure and optical as well as magnetic 
properties is established with the aim to clarify the origin of observed room temperature ferromagnetism (RTFM) 
whether intrinsic or extrinsic as well as the effect of open volume defects using positron annihilation lifetime 
technique. In the intrinsic case the RTFM will arise from Ni ion substitution in Zn sites whereas in the extrinsic case 
it will be due to formation of Ni-Ni clusters (Ankiewicz et al., 2010). 

2. Materials and methods 

2.1. Preparation of samples 

The Zn1-xNixO (x=0 %, 1%, 3%, 5%, 7%, 10%) series of polycrystalline samples were prepared using ZnCl2 and 
NiCl2 as starting materials. The stoichiometric amounts of starting chemical materials required for each 
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composition were mixed thoroughly and calcinated at 600 oC for 6 hours following several cycles of quenching and 
grinding. The obtained powders are pressed into pellets of  5 gram by weight and 10 mm diameter with thickness 
0.5cm at a pressure of 4 tons / cm2. The reaction can be demonstrated as follow: 

O6H  NaClOHNiZn  NaOHOH NiClOHZnCl 2xx-1xx  2)(2)6.()6.( 222122

 

ONiZn  OHNiZn
xx-1

heat

xx


 21
)(  

Where X= 0%, 1%, 3%, 5%, 7%, 10%. 

2.2. Techniques 

2.2.1. Transmission electron microscope (TEM)  

To ensure that the prepared samples are in nano-form, all of prepared samples are measured by JEL: 1200EX 
II, Japan. Transmission  electron  microscope  by suspension  method;  A suspension of sample powder in a solution 
which is not soluble in it, i.e.: distilled water, is obtained then the grid is dipped in that  solution  to  catch  some  
nano-particles,  which  will  be subjected to the electron beam.  

2.2.2. X-Ray diffraction (XRD)  

To study the crystalline nature for all prepared samples, the samples  were  examined  by  X-ray  diffraction  
using Phillip's computerized diffractometer (type: XPERT-MPDUC PW 3040) equipped with a Cu X-ray tube with 
CuKα radiation source (λ= 0.15406 nm), at a power of 1600W (40 kV and 40 mA). The  particle  size  is  calculated  
using Scherrer equation (Langford and Wilson, 1978). 

2.2.3. UV-visible spectra (UV-Vis)  

UV-visible spectra are measured using Jasco V-560 UV-VIS  Spectrophotometer.   

2.2.4. Fourier transform infrared (FTIR)   

In order to get information about the vibrational modes, the FTIR absorption spectra in the region (400 – 
4000 cm-1) have been measured using Thermo scientific NICOLET  6700 FTIR, using  KBr  pellet  technique.  

2.2.5. Magnetic hysteresis  

 (M-H) curves are measured for all prepared samples using the vibrating  sample magnetometer, VSM, EG & 
GPARC model 1551, USA.  

2.2.6. Positron annihilation lifetime (PAL) 

A fast-fast coincidence spectrometer was used for measuring PAL spectra. A 20 μCi source of 22NaCl 
deposited on a thin Kapton foil (7 m) was sandwiched between two identical specimens. The time resolution full-
width at half-maximum (FWHM) of 230 ps. The positron lifetime spectra were recorded at RT, more than one 
million counts were accumulated. The lifetime spectra were analyzed into two components using the LT 9.0 
program (Kansy, 2001). The component characterized by the short lifetime τ1 with intensity I1 represents the 
positron annihilating in the monovacancies and dislocations. The long lifetime τ2 with intensity I2 corresponds for 
positrons trapped and annihilating in three-dimensional vacancies and vacancy clusters. From the data analysis of 
positron experiment, the trapping rate κ of positron were deduced on the basis of the two state trapping mode 
(Hautojarvi and Corbel, 1995).  

3. Results and discussion 

3.1. Transmission electron microscopy 

The TEM pictures of Ni-doped ZnO are shown in Fig. 1 (a –f). Fig. 1 shows that all the prepared samples are in 
nano-form and there is a variation in 1% Ni doped ZnO, where the grains are identical in shape. But in 3% Ni-doped 
ZnO, the grains are well connected with less intergranular spacing. At higher Ni concentration the intergrain 
connectivity decreases and the intergranular spacing increases due to the formation of NiO clusters. Some 
previous work (Egerton et al., 2004), showed that the electron beam in TEM has a damage effect with increasing 
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the electron dose on sample. This damage may include heating, electrostatic charging, ionization damage, 
displacement damage, sputtering, and hydrocarbon contamination. This may be a reason for the agglomeration 
that occurred in Fig. 1 (f) at 10% Ni concentration. 

 
Fig. 1 (a – f). TEM for Zn(1-X)Ni(X)O: a) for pure Zinc Oxide, b) for 1% of NiO, c) for 3% NiO, d) for 5% NiO, e) 

for 7% of NiO, and f) for 10% NiO. 

3.2. X-Ray diffraction spectra 

XRD diffraction spectra are measured for all prepared samples of Zn(1-X)Ni(X)O and are shown in Fig. 2. All the 
samples are polycrystalline in nature having all the peaks corresponding to wurtzite structure of ZnO. A weak 
secondary phase of NiO was observed in low concentration of Ni-doped samples. The peak intensity of NiO 
increases with the increase of Ni concentration. It is very well known that Zn has an atomic radius of 0.74 Ǻ and 
forms a stable oxidation state of 2. However, Ni has an atomic radius of 0.69 Ǻ and is very much unstable in the 
ZnO matrix. So, it has the tendency to form clusters of metallic Ni or NiO especially at higher concentration (>5%) 
this is indicated in the XRD pattern by the presence of the 2 lines of NiO at x = 7% and 10% as shown in Fig. 3. 
Hence, the presence of NiO is evidenced in the XRD pattern, which suggests that Ni in higher percentage (>5%) 
does not incorporate in the ZnO matrix and forms secondary phases like NiO, which indicates the achievement of 
the limit of solubility. 

By using Scherrer equation particle size is calculated and plotted as a function of nickel content as shown in 
Fig. 4. It is clear that particle size varies from 20.7 nm in pure zinc oxide till it reaches 95.3 nm at 7% nickel 
concentration then remains constant. Lattice parameters a and c are calculated for all concentrations and plotted 
in Fig. 5. A monotonic variation occurs in the lattice parameters till 5% nickel concentration then weak variation is 
observed at 7% and 10% thus suggesting solubility limit. By using Williamson Hull plot, the internal strain has been 
deduced for each concentration from the slope of the straight line. Fig. 6 shows the plot for 5% doped sample as 
an example. The variation of the deduced internal strain with Ni content is shown in Fig. 7. It is observed that, the 
internal strain increases till 5% Ni concentration then starts to decrease this may be an indication for reaching the 
solubility limit. 

      
          Fig. 2. XRD pattern for all concentrations.           Fig. 3. Occurrence of Ni peaks after 5% Ni concentration. 
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 Fig. 4. Variation of particle size with Nickel content.  Fig. 5. Variation of lattice parameters a, c with Nickel content.   

 

      

Fig. 6. Williamson Hull plot for the 5% doped          Fig. 7. Variation of internal strain with nickel content. 
                              sample as an example. 

  

3.3. UV-visible spectroscopy 

The absorbance of UV-Visible spectra for all concentrations is shown in Fig. 8. Tauc relation is used to make 
the plot of Fig. 9 to get values of the energy gap which is performed by a linear fitting at the straight portion of 
curve. Fig. 10 demonstrates the variation of the energy gap Eg with Ni content. Before 5% Ni concentration Eg 
decreases with increasing Ni concentration (peaks red shifted). At higher concentrations Eg increases (peaks blue 
shifted) thus indicating that no more doping can occur (solubility limit), which is in agreement with X-ray results. 

 
 Fig. 8. Absorbance of UV-Vis spectrum for all concentrations.      Fig. 9. Tauc plot at 5% Ni concentration as an example. 
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Fig. 10. Variation of energy gap with Ni content. 

 

3.4. Fourier transform infrared analysis 

The FTIR spectrum has shown medium, weak, and broad absorption bands. Hence the effect of composition 
on various types of structural units within each series is not much significant. The finger print infrared absorption 
peaks of zinc oxide network vibrational modes are present in all samples. Fig. 11 shows the IR absorbance peaks 
for all samples and indicate the band positions and their corresponding assignments. Water and carbon dioxide 
modes occur due to the preparation of samples in open air. Also blue shift occurs for the peak at 900 cm-1 after 5% 
Ni concentration, which indicates no more incorporation of Ni inside ZnO lattice, thus giving the signal of a 
solubility limit in accordance with X-ray and UV results. 

 

 
Fig. 11. FTIR spectra of Zn(1-X)Ni(X)O for different Ni concentrations. 

 

3.5. Magnetic hysteresis measurements 

(M-H) curves are measured at room temperature for all samples and are shown in Fig. 12. It is to be noted 
that the saturation magnetization Ms of non doped ZnO and Ni-doped samples show room temperature 
ferromagnetism (RTFM). Saturation magnetization (Ms) value is deduced from the curves. The variation of Ms with 
Ni content is shown in Fig. 13. According to Rudderman–Kittel–Kasuya–Yoshida (RKKY) theory (Stephen and 
Ferrira, 2013), the magnetism i.e. the spin polarization is due to the p-d exchange interaction between O 2p and Ni 
3d orbitals. Ms decreases with Ni concentrations reaching a minimum at 5% and 7% signaling the solubility limit, 
where Ni is not anymore incorporated inside ZnO lattice. This confirms the fact that, the origin of RTFM is intrinsic 
i.e. due to the substitution of Zn with Ni. Furthermore, it shows that Ni doping quenches the exchange interaction 
and consequently the ferromagnetism. The correlation of Ms with vacancy defect will be investigated in the next 
section dealing with PAL results. 
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Fig. 12. Magnetic hysteresis for all samples at room temperature.   Fig. 13. Saturation magnetization variation with 

concentration.    

 

3.6. Positron annihilation lifetime 

The analysis of positron annihilation spectra could be fitted with two lifetime components indicating the 
annihilation of positrons at two sites. 𝜏1  and I1 are related to lifetime and intensity of free annihilation of positrons 
in the crystal interstitial sites (Fig. 14), whereas 𝜏2  and I2 give the lifetime and intensity for the annihilation of 
trapped positrons in open volume defects (vacancies, voids or grain boundaries) as shown in Fig. 15. 

At Ni-concentration x = 1%, 𝜏1  decreases from 0.2 ns to 0.09 ns, indicating a reduction in the size of interstitial 
sites, which can be due to the incorporation of Ni interstitially. This is in accordance with XRD spectrum at x = 1%, 
where no change in the relative intensities of the ZnO peaks is observed, thus revealing no incorporation of Ni into 
the ZnO lattice. At higher Ni concentrations, 𝜏1  increases and the probability of free annihilation I1 reaches 94% up 
to 5% Ni content. This can be explained by the increase in the lattice parameters due to the substitution of Zn+2 by 
Ni+2 with smaller Ni radius of 0.69 Ǻ compared to Zn radius of 0.7Ǻ. This is evidenced by a positive correlation of 𝜏1  
and a as well as c lattice parameters as shown in Figs. (16, 17). At 7% and 10% concentrations the probability of 
free annihilation I1 decreases to 81% and the probability of positrons trapped at open volume defects I2 increases 
by almost 3 times (I2 increases from 5% at low Ni concentrations to an average of 15% at 7% and 10% Ni 
concentrations. 𝜏2 reaches a maximum of 1ns at 5% Ni content and is found to be positively correlated with the 
variation of the internal strain (Fig. 18) showing also a maximum at 5% Ni concentration. At the latter 
concentration Ms decreases to reach half its value, which indicates that the suppression of RTFM can be mediated 
by factors such as strain and open volume defects (Fig. 19). This behavior can be explained on the basis of the 
magnetic polaron model (Chou et al., 2010; Kaminski and Das Sarma, 2002). According to this model, vacancy 
defect induced ferromagnetism can arise through binding the spins of magnetic ions to form bound magnetic 
polarons (BMPs), which has experimentally confirmed recently by several authors  (Pandey et al., 2010; Abdel 
Hakeem, 2010). 

In order to determine the nature of vacancies from 𝜏2, the ratio of 𝜏2  to the bulk lifetime, which has been 
measured (Chen et al., 2003) for ZnO single crystal to be in the range between 170-181 ps is used. Our measured 
free annihilation lifetime 𝜏1  varies from 85 ps to 170 ps with Ni content. Using 𝜏1  = 170 ps at 5% the ratio is 
determined to be 5.88 indicating the formation of big vacancy agglomerates at the solubility limit. Therefore one 
can conclude that, the decrease in Ms is due to a reduction in the ferromagnetic coupling induced by the formation 
of vacancy clusters (oxygen vacancies) at the interface region in agreement with (Mohapatra et al., 2011; Chen et 
al., 2012). Fig. 20, also shows the trapping rate 𝜅 as a function of Ni content, showing a minimum at 3% and 5% Ni 
concentration and maximum at 7% concentration thus indicating increase in defects concentration from 15x1017 
cm

-3
 to 85x10

17
 cm

-3
. Fig. 20 also shows that 𝜅 is positively correlated with the variation of Eg. The decrease in the 

energy gap indicates that Ni is incorporated in the ZnO lattice leading to a smaller trapping rate of positrons at the 
solubility limit. 
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Fig. 14. Variation of free annihilation       Fig. 15. Variation of defect lifetime 𝜏2 and its intensity I2 with Ni content. 

lifetime 𝜏1 and its intensity I1 with Ni content. 

 
Fig. 16. Variation of bulk lifetime and lattice parameter a. Fig. 17. Variation of bulk lifetime and lattice parameter c. 

 
Fig. 18. Variation of defect lifetime and internal strain.       Fig. 19. Variation of 𝜏2 and Ms with Ni concentration. 
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Fig. 20. Variation of trapping rate and energy gap. 

4. Conclusion 

*   NiO  doped  ZnO  nanocrystals  with  concentrations  (1%, 3%,  5%,  7%  and 10%),  have  been  prepared  by 
coprecipitation method.   

 *  XRD patterns revealed that the samples are polycrystalline with all the peaks corresponding to wurtzite 
structure of ZnO, with the presence of a NiO secondary phase at high Ni concentrations. 

* From XRD data the average crystallite size is found to increase with Ni concentration from 62 nm to 96 nm. 
The variation of lattice parameters and internal strain with Ni content which are found to be positively 
correlated with the  variations of the annihilation parameters and, respectively, suggest that 5% is the 
solubility limit of NiO into ZnO.  

* The results are also confirmed by TEM pictures, which show a decrease in intergranular spacing at 7% and 
10% Ni content due to the formation of Ni clusters, in accordance with UV and FTIR measurements.   

*  The saturation magnetization values suggest the presence of  ferromagnetism,  which  decreases  with  NiO 
concentration and is found to be associated with an increase in the strain as well as the size of vacancy 
clusters.  

* PAL results confirm the fact, that formation of vacancy clusters in the grains interface can suppress the 
ferromagnetism in accordance with the polaron model through indirect interactions between bound  
magnetic polarons mediated by open volume defects. 
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