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Abstract This paper reports the synthesis, crystal struc-
ture and electrical conductivity properties of Co-doped
ZnO powders (in the range of 0.25-15 mol%). I-phase
samples, which were indexed as single phase with a
hexagonal (wurtzite) structure in the Co-doped ZnO sys-
tem, were determined by X-ray diffraction. The solubility
limit of Co ions in the ZnO structure was found to be
15 mol% at after heating at 950 °C. The impurity phase
was determined to be Co3;0,4 at lower temperatures than
950 °C. The research focused on single /-phase samples
which were synthesized at 950 °C. For I-phase samples
(after heating at 950 °C), the lattice parameters a and
¢ decreased with increasing Co concentration. Electrical
conductivity of undoped ZnO and 15 mol% Co-doped ZnO
(after heating at 950 °C) were found to be 7.8%1077 and
1.05¥107* Q7" ecm™', respectively, at 25 °C and 1.15 and
37.15 Q' cm™!, respectively, at 950 °C. Thus, it appears
that electrical conductivity slightly increases with Co
doping. Also, activation energy of the all I-phase samples
(after heating at 950 °C) was calculated and the values
were found to be range from 0.774 to 1.201 eV. UV/vis
absorption spectras of undoped and the all I-phase samples
(after heating at 950 °C) were recorded and optical band
gap values were found to be between 3.351 and 3.416 eV.
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1 Introduction

Zinc oxide (ZnO) is one of the most important semicon-
ductor materials due to its specific electrical, optical and
mechanical properties [1]. ZnO normally occurs in the
hexagonal crystal structure wherein both the Zn>" and the
O ions are tetrahedrally coordinated. ZnO is a n-type
semiconductor. This characteristic has been attributed to
native defects such as oxygen vacancies and zinc intersti-
tials [2]. ZnO is a commonly used material in photovoltaic
devices as a transparent conductive oxide (TCO). For
applications and control over the electrical and optical
properties of ZnO, doping with different metals is needed
[3]. In this way, the doping can enhance the properties of
ZnO and enable the design of new applications [4]. The
efficiency of the dopant element depends on its elec-
tronegativity and difference between ionic radius of its and
zinc [5-7]. Besides, heating treatment is a widely used
method to enhance any crystal quality and to study struc-
tural defects in materials. For semiconductors, heating
treatment is also used to activate the doping materials [8].
During an heating process, dislocations and other structural
defects will move in the material and adsorption/decom-
position will occur on the surface, thus the structure and the
stoichiometric ratio of the material will change, which
effects the electrical and optical characteristics of ZnO [8,
9]. Also, it is well known that electrical conductivity of
ZnO samples is controlled by intrinsic defects generated at
high temperature and by the presence of dopants [5, 8].

There are many studies on transition metals doped ZnO
samples and about their about magnetic properties [10—16].
Most of them which is on Co-doped ZnO concern magnetic
properties [17-20].

In this work, Co-doped ZnO samples were synthesized
by the solid state method at high temperatures. The all I-
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phase samples were characterized structural, morphologi-
cal, electrical and optical properties. Solid state reaction
was chosen because of its reproducibility, easy control and
the ability to yield sufficient products for characterisation
measurements [8, 12].

2 Experimental

Initially, solid mixtures of Co-ZnO in the range of
0.25 <x < 15mol% were prepared by mixing and
homogenizing them using stoichiometric amounts of pure
ZnO and metallic cobalt in an agate mortar. As starting
materials, pure ZnO powders (99.9 % Fluka) and metallic
Co powders (99.5 % Alfa Aesar) were used. Pure ZnO
powders and powder mixtures were first calcined at 600
and 650 °C, respectively for 24 h. After grinding and
homogenization, pre-annealed mixtures were heat treated
in air at 700, 750, 800, 850, 900 and 950 °C 48 h in alu-
mina crucibles, respectively. Finally, the samples were
ground in an agate mortar to attain a uniform powder size.
The samples were then analyzed using XRD on a Bruker
AXS D8 advanced diffractometer. Diffrac Plus and Win-
Index programs were used to obtain information about the
crystal structures of samples. For a comparison with stan-
dard data, a PDF program (Maint Powder Diffraction
Database Manager Software) was used. In all cases, XRD
pattern of the single phased samples could be indexed on
basis of a hexagonal structure in the Co-ZnO system.
Single phase was named as I-phase. The other samples,
which were outside the solubility range, were heteroge-
neous solid mixtures having another phase that could be
indexed other than hexagonal. Morphologies of both non-
annealed and annealed ZnO (at 950 °C) and doped ZnO
samples (annealed at 950 °C) were observed using a
scanning electron microscope (SEM, LEO 440). After
pressing them into pelltes of 0.1 cm thickness (f) and
1.3 cm in diameter (d) under 6 MPa pressure the samples
were calcined at 950 °C for 24 h in air. After this heat
treatment, XRD measurements showed no phase change in
hexagonal samples. Average grain sizes were calculated
using Image-Pro Plus 5.0 program by analysing the SEM
micrographs. For this purpose, 10 grains were selected at
random from each SEM image [8]. Electrical conductivity
(0) measurements of [-phase samples (after heating at
950 °C) were made using four probe method. As in SEM
measurements, these samples were also pressed into cir-
cular disks. To reduce contact resistance, fine platinum
wires were directly attached to the sample surface. The
measurements performed in air at between 25 and 950 °C.
All experimental data were obtained by a Keithley 2400
sourcemeter and a Keithley 2700 electrometer which were
controlled by a computer [8, 21]. UV/vis absorption
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spectras of the I-phase samples were recorded in a wave-
length range of 300-1000 nm at room temperature by
Rayleigh UV-2601 model spectrophotometer. The samples
were prepared for measurements by dissolving 0.01 g
powders in 50 mL doubly distilled water and keeping the
suspensions in an ultrasonic bath for 10 min [22, 23] and
the all suspensions were transparent.

3 Results and discussion
3.1 XRD studies

To investigate the solubility of Co ions in ZnO structure,
different compositions of Co-doped ZnO system were
annealed at varying temperatures. Figure 1 shows the XRD
patterns of undoped ZnO (after heating at 950 °C),
10 mol% Co-doped ZnO samples (after heating at 750 and
950 °C) and 15 mol% Co-doped ZnO samples (after
heating at 850 and 950 °C). Figure 1a, d, e display similar
patterns, which can be indexed to the hexagonal ZnO
structure. The peak start to appear at 20 = 34.44°, which
correspond to the (002) directions of the hexagonal struc-
ture [24]. For 10 mol% (after heating at 750 °C) and
15 mol% (after heating at 850 °C) Co-doped ZnO samples,
the XRD patterns show extra peaks which indicate Co30y,
(PDF no: 09-0418) [18, 19, 25]. The XRD patterns of other
I-phase samples, which were synthesized at other temper-
atures, have quite similar patterns to given in Fig. 1. At
lower temperatures than 950 °C, for some stoichiometric
amounts, the XRD measurements revealed that coexistence
of the 7 and II phase (I + II, heterogeneous solid mixtures).
It is to be noted that no indication of Co metal impurities is
observed in our samples. In the Co-doped ZnO system,
observation of I-phase and heterogeneous solid mixtures
depended on the reaction temperature and Co doping
concentration, as presented in Table 1. The widest solu-
bilitiy limit of Co ions in ZnO structure was found to be
15 mol% after heating at 950 °C. The mobility of Co ions,
which diffuse in ZnO tetrahedral sites, increase with
heating temperature. Further, as the heating temperature
increase the solubility limit is expected to increase because
of an endothermic reaction [8, 9, 12]. In addition, both
ionic radii and valence state are important factors in
determining the solubility of the dopants [26]. In the rest of
this study, we focused on I-phase samples which were
synthesized after heating at 950 °C. The other I-phase
samples which were synthesized at lower temperatures
than 950 °C, and the multiphase samples (I + II) were
excluded from this study.

The lattice constants of I-phase samples mostly ranged
from 3.2489 to 3.2523 A for the a parameter and from
5.2048 t0 5.2080 A for the ¢ parameter. The deviation from
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Fig. 1 XRD patterns for
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the ideal hexagonal crystal is probably due to the lattice
stability and ionicity [8, 27]. Figure 2a-b shows the
dependence of the lattice parameters a and c, respectively,
on the mol fraction of Co concentration. The lattice
parameters of I-phase samples are smaller than undoped
Zn0. Co* " ions are substituted with Zn>" ions which are in
tetrahedral sites of the ZnO structure. The ionic radii of the
Co’* ion is 0.72 A (when four-coordinated), while that of
the Zn>" ion is 0.74 A [28]. Therefore, the decrease in
lattice parameters a and ¢ with Co doping can be explained
by this ionic radii difference [8, 27].

3.2 Surface morphological studies

Figure 3 shows typical SEM micrographs of non-annealed
and annealed (at 950 °C) undoped ZnO and some of the /-
phase samples (after heating at 950 °C). The other I-phase
samples (after heating at 950 °C) have quite similar images
to given in Fig. 3. In the SEM micrographs, it can be seen a
homogeneous grain distribution. From the micrographs, the

average grain sizes were calculated. For the non-annealed
and annealed ZnO, ther were found to be 0.63 and
1.03 pum, respectively. Average grain size of the annealed
ZnO sample is obviously larger than that of non-annealed
ZnO sample due to strain relaxation. The annealing process
clearly produces a recovery of the crystal structure and
increase of the grain size [29, 30]. As can be seen in the
Fig. 3c-h, grains of the I-phase samples display homoge-
neous distribution. The average grain sizes of the I-phase
samples are about 1 and 1.5 pm and they are not affected
by Co doping concentration. Also, as can be seen in Fig. 3,
grain boundaries are not formed and the grains are ran-
domly agglomerate.

3.3 Electrical conductivity measurements

Total electrical conductivity is calculated using the fol-
lowing equation:
I

O'T:VG71 (1)
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Table 1 Observed phases in the binary system of Co-doped ZnO (in the range of 0.25-15 mol%)
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Co addition (mol%)

Temp.(°C)

11 12 13 14 15

10

0.50  0.75

0.25

I+o0 I1+0 1+ 140 I40O0 I4+0O0 140 I4+0 I+ I+ I40 I40 I4+0 1400

I+ 10

700
750
800
850
900
950

I+o0 I1+1m I1+m 141U I14+m0 I1+n0 I1+mo0 1+m I+ I+ I4+410I I41

I+ 10

I+u 1+410 140 I+0 I+0 I+0 I+0 I+0 I+0 I+0 I+1

I+ 10

I+1n 14010 I4+0 I4+0 I+0O0 I+0O0 I+0 I+0 I+0 I+0 I+1I

I+ 11

I+ 1410 I4+10 I4+0 I+4+1

I+ 11

I Co-doped ZnO (hexagonal structure), /I Co;04

I + II heterogeneous solid mixtures

where G is the geometric resistivity correction factor [21].
There is a functional relation between sample geometry
and voltage (V) and current (I) that influences the electrical
conductivity [8, 21, 31, 32].

Electrical conductivity is related to the sample structure;
any thermal treatment can modify structural and hence the
electrical properties. On this basis, the study of temperature
dependence of electrical properties may offer useful
information about possible changes to the structure and
characteristics of the Co-doped ZnO system [8, 33, 34].

Pelleted I-phase samples after heating at 950 °C were
studied in the temperature range of 25-950 °C. Logo—10%/
T graphs were drawn in order to assess the dependence of
conductivity on temperature. The graphs were compared
with each other and, the electrical conductivity character-
istics of I-phase samples were evaluated. The electrical
conductivity plots of undoped ZnO and 0.50, 1, 3, 5, 7, 10,
13 and 15 mol% Co-doped ZnO samples (after heating at
950 °C) versus temperature are given in Fig. 4. The graphs
of other I-phase samples (after heating at 950 °C) were quite
similar to the curves given in this figure. As can be seen, the
electrical conductivity of the all I-phase samples increases
with measurement temperature, indicating semiconducting
behaviour. As mentioned above, it is well known that
electrical conductivity of undoped ZnO is controlled via
intrinsic defects (namely, oxygen vacancy and interstitial
zinc atoms) generated at high temperatures [5, 8].

The increase in electrical conductivity with temperature
can also be explained through the following reactions:

Zn0 < Zn; + 1/20, (2)
Ini — ZIn; + e~ (3)
Znt < Znt* + e (4)

After the ionization reactions, the carrier concentration is
increased by two extra electrons [35]. The electrical con-
ductivity of the doped ZnO samples usually follows a
mechanism in which the electrical charge (free electron or
hole) jumps from one localized site to the next. Whenever a
charge is moved to another site, the surrounding molecules
respond to this perturbation with structural changes and the
electron or hole is temporarily trapped. The charge stays at
this site until it is thermally activated to migrate to another
one. Also, there is another aspect for this charge hopping
mechanism where the charge tends to associate with local
defects [8, 36].

For undoped ZnO, 1 and 15 mol% Co-doped ZnO
samples, the electrical conductivity values are
7.08 x 1077,7.08 x 10" ®and 1.05 x 107* Q™" cm ™' at
25 °C, and 1.15, 1.51 and 37.15Q ' cm™' at 950 °C,
respectively. Figure 5 shows the electrical conductivity
variation with Co doping concentration. As seen in this
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figure, the conductivity of the all I-phase samples slightly
increases with increase of Co doping concentration.

3.4 Activation energy

In general for a semiconducting material, the electrical
conductivity increases exponentially with temperature
indicating conductivity is a thermally activated process.
For doped semiconductors with low concentration of
donors, hopping transport of carriers is expected between
the nearest donors at low temperatures [8]. Total electrical
conductivity can be expressed as:

o = oo exp(—E,/kT) (5)
where ¢ is electrical conductivity at temperature, E, is the

activation energy, which corresponds to the energy dif-
ference between the donor level and the conduction level,

3 4 5 6 7 8 9 10 11 12 13 14 15
mol % Co

Oy is called the pre-exponential factor, k is the Boltzmann
constant, and T is the absolute temperature [5, 6, 36, 37].
The activation energy can be calculated from the con-
ductivity equation shown below
In(o) = ~ 221+ In(ay) (6)
The slope of the linear part of the Arrhenius curve of the
logg—1/T graph is equal to —E,/k. For the studied tem-
perature range, the all samples have Arrhenius-type elec-
trical conductivity. The activation energy values of the all
I-phase samples are range between 0.774 and 1.201 eV.
The activation energy (E,) plotted as function of Co doping
concentration (in Fig. 6) reveals that E, decreases with Co
doping concentration. This can be explained as follows: the
activation energy for thermally activated band conduction
depends on donor concentration and impurity levels. An

@ Springer



J Mater Sci: Mater Electron (2015) 26:10141-10150

@ Springer




J Mater Sci: Mater Electron (2015) 26:10141-10150

10147

<«Fig. 3 SEM micrographs of some I-phase samples: a undoped ZnO
(non-annealed) and b undoped ZnO (annealed at 950 °C), ¢ 0.25,
d 0.50, e 7,f8, g 14 and h 15 mol% Co-doped ZnO (after heating at
950 °C)

increase in donor carrier concentration brings the Fermi
level up in the energy gap and results in a decrease of the
activation energy [8, 38].

3.5 Optical study

The optical transmittance spectrums of undoped and 0.25,
0.50, 1, 3,5,7,9, 10, 13 and 15 mol% Co doped ZnO are
shown in Fig. 7. The spectras of the other I-phase samples

—&—Undoped
—e—7 mol %
16 T4

Fig. 4 Electrical conductivity
plots for undoped ZnO and

(after heating at 950 °C) were similar to the spectras given
in this figure. From Fig. 7, it is shown that a region of
strong transparency is located between 400 and 1000 nm.
The all I-phase samples exhibit an average optical trans-
parency over 70-89 % in the visible range. Figure 8 shows
the plots of (oE)? versus photon energy (E, eV) for I-phase
samples. Optical band gaps (E,) were determined from this
plots. The band gaps were found to be vary from 3.351 to
3.416 eV as shown in Table 2. It was observed a decrease
with increasing cobalt doping concentration [39]. This may
be attributed to the sp—d exchange interactions between the
band electrons and the localized d electrons of the Co®™
ions substituting Zn?* ions [40, 41]. This is a clear evi-
dence that cobalt ions enter in the tetrahedral sites of the
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Fig. 8 The plot of the graph of (a) + Undoped ZnO *3 %mol Co-ZnO 4 5 % mol Co-ZnO © 7 % mol Co-ZnO
(OLE)2 versus photon energy (eV)
for: a undoped ZnO, 3, 5 and
7 mol%, b 10, 13 and 15 mol% .
Co-doped ZnO (after heating at .
950 °C)
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Table 2 The band gap values . .
of L-phase samples (after Doping concentration of Co (mol%)
heating at 950 °C) 0.25 0.50 0.75 1 2 3 4 5 6

Band gap (eV) 3416 3.406

3.397 3.396 3.395 3.387 3.385 3.384 3.378

Doping concentration of Co (mol%)

7 8

9 10 11 12 13 14 15

Band gap (eV) 3.378 3.375

3.372 3.369 3.365 3.364 3.360 3.357 3.351

wurtzite structure as Co>" rather than forming metallic
form which is consistent with the XRD data (Fig. 1). The
values of electrical conductivity (c) are found to increase
with the increase in cobalt doping percentage. This beha-
viour of the conductivity could be understood from the fact
that with the increase in Co doping. Initially the Co*" ions

occupy interstitial position thus increasing the scattering
from the defects. While at higher doping, the carrier con-
centration become much larger and it dominates the con-
tribution from scattering and gives rise to increase in
conductivity [42]. So, observed all results are in good
agreement for our samples.
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4 Conclusion

Co-doped ZnO powders were synthesized by using a solid
state reaction method with metallic Co powder and com-
mercial pure ZnO powder. The XRD analysis results
indicated that all I-phase samples in the Co-doped ZnO
system (in the range of 0.25-15 mol% after heating at
950 °C) had a hexagonal structure, namely the solubility
limit of Co ions in ZnO lattice at this temperature is
15 mol%. The lattice constants of I-phase samples
decreased with Co doping concentration. The decrease in
the lattice parameters a and ¢ can be explained by ionic
radii difference. For undoped and Co-doped ZnO samples
(after heating at 950 °C), electrical conductivity increased
with heat treatment and cobalt doping concentration. From
UV/vis spectras, the optical band gaps of the all I-phase
samples were found and observed a decrease with
increasing of Co doping concentration.
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