JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Vol. 13, No. 3, March 2011, p. 231 - 236

Elaboration of the structural and physical
characteristics: Ni-doped ZnO bulk samples prepared by
solid state reactions

G. BULUN? A. EKICIBIL*, S. K. CETIN? S. DEMIRDIS®, A. COSKUN®, K. KIYMAC?
®Department of Physics, Faculty of Sciences and Letters, Cukurova University, 01330 Adana, Turkey
®Department of Physics, Faculty of Sciences and Letters, Mugla University, 48000, Mugla, Turkey
‘Laboratoire des Solides Irradiés, Cnrs-Umr 7642&Cea/Dsm/Iramis, Ecole Polytechnique,F 91128,
France

Palaiseau cedex,

Ni-doped ZnO (Zn1xNixO, with 0.25 < x < 0.50) diluted magnetic semiconductors were prepared by the solid state reaction
method. We have studied the structural properties of the samples by using the X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM) and Energy Dispersive X-Ray spectroscopy (EDX) techniques. The
SEM and AFM results clearly demonstrate that Ni** ions integrate into the ZnO structure without any problem. The grains of
the samples are very well connected to each other and tightly packed, and vary in size from 0.2um to 2um. From the XRD
and EDX spectra of the samples, it has been concluded that the doping causes no change in the hexagonal wurtzite
structure of ZnO. However, the XRD indicated that three additional peaks, related to the (102),(012) and (108) planes
appeared for the doped samples. Furthermore, an additional NiO-associated diffraction peak appears for the highest
concentration of Ni, i.e., for x=0.50 of Ni** doping, which indicates an upper limit for Ni concentration. The estimated crystal
sizes from the XRD results vary from 4.38 A to 9.73 A. The lattice parameter a and ¢ of Ni-doped ZnO are slightly smaller
and higper than that of pure ZnO, respectively. These observations may be due to the slightly different ionic sizes of zn*

and Ni" ions.
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1. Introduction

Diluted magnetic semiconductors (DMS), in general,
exhibit  simultaneously  both  ferromagnetic  and
semiconducting properties. They are prepared by entering
magnetic atoms or ions in to solid solutions of
semiconducting host materials. Doped semiconductors
show different magnetic behaviors, depending upon the
concentration of magnetic elements, synthesis route and
experimental conditions [1]. Currently, ZnO-based
magnetic semiconductors have been attracting a great deal
of attention for their potential applications in spintronics
materials and for the important optoelectronic properties
of ZnO at practical temperatures [2-7]. It has been
theoretically predicted that, when suitably doped with
transition metal ions (Ni, Mn, Co, V or Fe), ZnO could be
made to be ferromagnetic with Curie temperatures (T.)
higher than the room temperature [8-9]. At room
temperatures, ferromagnetism (FM) has been predicted in
Mn-doped p-type ZnO by Dietl et al. [8-10]. Dietl et al.
considered GaN and ZnO as candidates causing a high T,
and a large magnetization, when doped with transition
metal ions. Sato et al. [9] suggested theoretically that the
ferromagnetic state in Mn, Fe, Co and Ni-doped ZnO, a
DMS, can be stabilized. The first principle calculations
[11] based on density functional theory (DFT) also predict

ferromagnetism in most 3d transition metal (TM) doped
Zn0, which make ZnO one of the most promising material
in spintronics, and therefore, there is a growing interest in
this material, recently. Furthermore, ZnO, being 1I-VI or
111-V semiconductor compound with a wide band gap of
about 3.4 eV, is an attractive material for applications in
optical devices, such as, blue, violet and UV light emitting
diodes (LEDs) and laser diodes (LDs). ZnO is also a
strong piezoelectric material. Thus, the transition metal
doped ZnO materials are expected to be highly
multifunctional materials with coexisting magnetic,
semiconducting, electromechanical and optical properties.
After the theoretical works, predicting room temperature
ferromagnetism in ZnO doped with transition metals [12-
16], intensive efforts were expended on ZnO thin films
doped with Mn, Co etc. [17-18]. The experimental results,
however, have not converged on a definite conclusion;
rather conflicting observations were reported by different
groups for both Co-doped [17] and Mn-doped ZnO thin
films [18]. These disagreements suggest a possibility that
the films investigated in the reported works may have
different small scale structures, despite the fact that, they
all shared the same Bragg peaks. Since these structures
could not be easily detected in thin films with usual x-ray
diffraction (XRD), we believe that careful structural and
magnetic investigations on bulk samples are desired to
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resolve the controversy. It should be pointed out that a
reasonably high solubility of TM in ZnO allows this type
of investigations to be done.

Therefore, in order to test our predictions, in this
work we present our studies on Ni-doped ZnO prepared by
the solid state reaction technique. The solid state reaction
is chosen because of its reproducibility, easy control and
sufficient products needed for measurement. We have
compared the structural properties of un-doped ZnO and
Ni-doped ZnO (Zn;4NiyO) with 0.25< x<0.50, by using
various methods, such as, X-Ray Diffraction (XRD),
Scanning Electron Microscope (SEM), Atomic Force
Microscope (AFM) and Energy Dispersive X-Ray
Analysis (EDX).

2. Experimental procedure

In the present investigation, the polycrystalline
samples of Zn;,Ni,O (x= 0.25, 0.30, 0.35, 0.40, 0.45,
0.50) were synthesized by the standard solid state reaction
method. The raw materials were pure ZnO and NiO
powders which are known to be non-ferromagnetic. In the
solid state reaction route appropriate amounts of ZnO and
NiO were mixed and ground in an agate mortar. The
resulting powders were calcined at 350 °C for 4h in air,
and thereafter they were furnace cooled. After cooling, the
resulting materials were reground and pelletized using a
cylindrical die of 10 mm in diameter, under a pressure of
20 bars. Finally all the pellets were heat treated at 950 °C
in air for 24h, and were then furnace cooled to the room
temperature.

The Zn,4Ni, O samples, prepared as explained above,
were characterized by x-ray diffraction (XRD), (Phillips
X’Pert Pro, with wavelength of 1.54 A in the wide angle
region from 25° to 70° on 26 scale) and energy dispersive
x-ray (EDX), (Phillips XL-3DSFEG), in order to elaborate
structural properties in a precise manner for various
doping concentration of Ni. The surface morphologies and
grain sizes of the prepared samples were found using a
scanning electron microscope (SEM), (Philips XL-
3DSFEG), and an atomic force microscope (AFM),
(Solver-PRO). For the differential thermal analysis (DTA)
and thermal gravity analysis (TGA) investigations, 10mg
well grained powders of each sample were examined from
room temperature to 1300 °C, at a heating rate of
10 °C/min with Perkin Elmer-Diamond system.

3. Results and discussion

The thermal behaviors of the sample with x=0.50,
obtained by DTA and TGA analysis, are shown Figs.1la
and 1b, respectively. The DTA curve of the sample shown
in Fig.1a demonstrates two endothermic peaks; one at
about 920 °C and the other at 1080 °C. Therefore, it’s
clear that before the crystallization peak temperature,
endothermic activities occurred at these temperatures. On
the other hand, two exothermic peaks also appeared at
about 1050 and 1350 °C. Figure-1b illustrates the TGA

curve of the x=0.50 sample during the heating process.
The related weight loss, between the endothermic peak
occurring just above 1269°C and the exothermic peak at
about 1440°C, arises from the evaporation and
combustion. The total weight loss is about 23%. These
results have leaded us to heat treat our samples at 950 °C,
as stated in the previous section.
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Fig. 1. DTA (a) and TGA (b) curves of the sample x=0.50
taken at heating rate of 10 °C/min

The XRD technique was used to characterize the
structure of the powdered products. The x-ray powder
diffraction (XRD) patterns of the as-synthesized samples
without and with different amounts of Ni in Zn;4Ni,O are
presented in Fig. 2. Among the XRD patterns of Figure-2,
nine strong peaks appear, for all the concentrations, at
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about 20~=32°, 34°, 36°, 37°, 43°, 48°, 57°, 63° and 68°
which correspond to the reflected intensity from the (100),
(002), (101), (102), (012), (102), (110), (103) and (112)
planes of the hexagonal structure of ZnO, respectively.
The XRD spectra show broad peaks at these positions,
which are apart from the peaks at 26=37°, 43° and 63° in
the (102), (012) and (103) planes (that are missing for the
pure ZnO), in good agreement with the standard JCPDS
file for ZnO, and can therefore be indexed as the
hexagonal wurtzite structure of ZnO having space group
P63mc. Therefore, one can point out that the XRD results
indicate the presence of additional phases (planes), such
as, (102), (012) and 103), in the Ni-doped samples. On the
whole, after partial substitution of Zn by Ni, the diffraction
patterns for all the samples show almost the same peaks,
which indicates that the wurtzite structure is not disturbed
by Ni substitution, and a uniform doping throughout the
samples is achieved. As a result the x-ray powder
diffraction patterns of Ni-doped ZnO samples are almost
the same as that of pure ZnO and thus can be identified as
having the wurtzite structure, nearly the same as that of
ZnO. No diffraction lines of NiO are observed for Ni
concentrations with x< 0.45. However, when X was
increased to 0.50, the NiO (200) peak could be clearly
seen in the XRD pattern of ZnysNigsO (as denoted by an
arrowhead in Fig.2). This new phase in the XRD spectra
corresponding to NiO (200) may be due to the formation
of NiO from remaining un-reacted Ni** ions present in the
solutions. That’s to say that, phase segregation has started
in this system and the solubility of Ni in Zn;,NiO
(x=0.50) has decreased. We should point out that the peaks
in the diffraction patterns of doped samples are slightly
shifted to lower or higher angles as compared to the pure
ZnO. For example, the position of the XRD peak
corresponding to the (102) plane is seen to be shifted first
towards upward i.e., to 26=36.00°, 36.31°, 36.47° with
increasing Ni content up to x=0.30, and then shifted
towards downward, i.e., to 26=35.91°, 36.08°, 36.01°,
36.27° with increasing Ni content up to x=0.50. This
means that small variations in the lattice parameters occur
as the Ni concentration increases. The d(102) values
obtained from these peaks are plotted as a function of Ni
content in the inset of Figure-2. As seen the lattice spacing
d(102) first increases linearly with increasing Ni content
up to x=0.40; indicating that Ni ions are substituted for Zn
ions in ZnO without changing the wurtzite structure. Thus,
nickel ions can be uniformly doped into wurtzite ZnO by
replacing the zinc sites. The small difference between the
ionic radii of the tetrahedrally coordinated zinc(ll) (0.74A)
and the nickel(11) (0.68A) allows incorporation of Ni** into
ZnO with only a slight decrease in the lattice parameters a
and a slight increase in lattice parameters c that cause a
small shift of all the peaks to lower or higher angles.
Calculations on the basis of the XRD patterns show that
ZnO powder has a polycrystalline hexagonal wurtzite
crystal structure with a=3.2448A, ¢=5.2194A and
V=54.9536 A% Table-1 shows that the lattice constants a
and ¢ of Zn,,Ni,O are in general, slightly lower and
higher than those of the pure ZnO, respectively. These
variations are certainly related to the fact that as indicated

above the ionic radius of Zn** is larger than that of Ni®*.
The slight reduction of the lattice constants a of Zn; ,Ni,O
indicates that nickel is really, at least partially, integrates
into the ZnO structure. It should also be pointed out that a
strong correlation exists between the c/a ratio and the u
parameter, when the c/a ratio increases, the u parameter
should decrease in such way that those four tetrahedral
distances remain nearly constant through a distortion of
tetrahedral angles due to long-range polar interactions. Our
data in Table-1 confirm these statements (compare the c/a
and u columns). In other words, Table-1 shows that, as
expected, there is a slight decrease in the u parameter and
a slight increase in the c/a ratio with increasing Ni content.
These two slightly different bond lengths will be equal if
the following relation holds [19]:

u=(1/3)(a%/c?)+1/4
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Fig. 2. XRD patterns of Zn,4Ni,O for all concentrations.
The insert shows the d-values versus Ni concentrations.

Since the c/a ratio also correlates with the difference
of the electronegativities of the two constituents,
components with the great differences such as those with
concentrations of x=0.45 and x=0.50, show the largest
departure from the ideal c/a ratio. The sizes of the crystals
in the heat treated pellets (samples) may be roughly
calculated by using the following relation known as
Scherer’s equation:

Dh.k.| = kA (BCOSG) (1)

where D is the particle size, A the wavelength of X-ray
radiation used (1.54 A), 6 the Bragg angle, B is the full-
width at half-maxima (FWHM) on 26 scale and « is 0.9.
By using the above relation the crystalline sizes were
evaluated for the strongest x-ray diffraction, corresponding
to the (101) peaks at 36.29°, and were found to vary from
4.38 A to 9.73 A for all the samples (see the last two
columns of Table-1).
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Table 1. Nominal compositions and structural parameters of Zn,,Ni,O.
Ni Lattice parameters for | Unit cell
Samp. Comefm . the Zn,,Ni,O volume, | cla u | FWHM | 0 (Degr) | D(A)
’ a(A) c(A) (GN)
ZnO 0.00 3.2448 5.2194 54,9536 | 1.6084 | 0.3788 | 0.2598 35.9831 | 6.5952
A 0.25 3.2200 5.2179 54,1013 | 1.6204 | 0.3769 | 0.1948 36.1976 | 8.8200
B 0.30 3.2121 5.1970 53.6205 | 1.6179 | 0.3773 | 0.2273 36.3219 | 7.5710
C 0.35 3.2408 5.2571 55.2142 | 1.6221 | 0.3767 | 0.3897 35.9323 | 4.3841
D 0.40 3.2340 5.2361 54,7631 | 1.6190 | 0.3772 | 0.2598 427512 | 7.2679
E 0.45 3.2304 5.2509 54,7957 | 1.6254 | 0.3762 | 0.2598 42.8220 | 7.2763
F 0.50 3.2301 5.2504 54,7802 | 1.6255 | 0.3761 | 0.1948 429589 | 9.7258
The SEM and AFM techniques were employed to samples, it is concluded that after the synthesis process,

explore the sizes and distributions of the particles in the
materials. A comparison of the SEM images of the
samples revealed that particles (grains) are more closely
packed and have smaller sizes with increasing nickel
concentrations. Furthermore the grains are nearly oval and
spheroidal shaped for all the samples. As an example
Figure-3 shows SEM images as well as the corresponding
energy dispersive x-ray (EDX) spectra of the Zn;,Ni,O
samples with x=0.25 and 0.50. From the similarity of the
Zn and Ni peak intensity line traces in EDX spectra of the

zinc and nickel were almost homogenously distributed
throughout the samples. In other words, the EDX line
traces indicate that Ni** was successfully integrated into
the crystal structure of ZnO. All the locations contain the
expected elements (Zn, Ni, O), and no other impurity
elements are detected. For the samples with x=0.25 and
0.50 the quantitative elemental distributions, in atomic
percentage of Zn, Ni and O, obtained from EDX are
presented in Table -2.
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Fig. 3. SEM (A), (F) images, and EDX (A1), (F1) spectra of Zn;4Ni,O, indicating the elemental distribution in A)
x=0.25 and F) x=0.50.

Table 2. The quantitative elemental distribution in atomic
Percentage of Zn, Ni and O elements for A (x=0.25) and F

(x=0.50).
Atomic Percentage (%)
Elements | A (x=0.25) | F (x=0.50)
0 45,96 48.66
Zn 42,78 28.90
Ni 11.26 22.44

In order to investigate and compare the surface
morphologies of the non-doped and the doped samples,
apart from the SEM images, the AFM images with a scan
area of 20 um x 20 um are also taken in contact mode and
shown in Figures 4A-F. Each set of figures contain 2-D
(on the left side) and 3-D (in the middle) surface
topographies and the line (on the right side) profiles. The
AFM images, shown in a 3-D, give informations about
what the surface topography actually looks like.
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Fig. 4. AFM images of precursor materials Zn; ,Ni,O for 0.00< x <0.50.
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It is clearly seen from the images in Figs.4, that the
non-doped sample has larger grain sizes than those of the
doped samples. These grains are well connected to each
other and tightly packed, in agreement with SEM images.
Average grain sizes of non-doped sample are in between
0.5-2um. As a result of Ni ions entering into the structure,
average grain sizes decrease somewhere in between 0.2-
1um, this trend is also in quite good agreement with the
SEM, as well as with the X-Ray results. However, it is
obvious from the 3-D AFM images, that the doped
samples have rougher surface morphologies. These rough
surfaces observed in the doped samples may arise from
ionic radius differences of the Ni (0.69 A) and Zn (0.74 A)
ions. A comparison of the line profiles indicates that the
grain sizes of the doped samples decrease compared to
those of the non-doped sample, again in agreement with
the SEM and AFM images.

4. Conclusions

In summary, Ni-doped ZnO (Zn;4Ni,O, 0.00< x
<0.50) diluted magnetic semiconductor samples are
prepared by the so called solid state reaction method. From
the structural analysis of the samples explored by XRD
and EDX techniques, it has been concluded that almost no
change in the wurtzite structure of ZnO is observed for the
nickel concentration levels studied in this work. The XRD,
SEM and AFM results indicate that all of the powdered
Zny4Ni,O samples are polycrystalline, with a mean size
lying in the sub-micrometer range, for 0.25<x<0.50.
Furthermore, SEM, EDX and AFM results clearly
demonstrate that Zn®* ions are easily replaced by Ni** ions,
that is, Ni can be homogenously distributed in ZnO matrix,
for x<0.50.
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