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Abstract

This paper reports the synthesis, crystal structure and electrical properties of CeO2-doped
ZnO powders. X-ray diffraction shows that majority of the samples are monophase and have
the cubic structure. The solubility limit of Ce** ions in ZnO lattice was found to be 3 mol%
(after heating at 1000°C), whereby the impurity phase was determined to be the cubic-CeOs.
For monophase CeOz-doped ZnO samples synthesized at 1000°C, the lattice parameters a
and c increased with increasing CeO2 concentration. The electrical conductivity of undoped
ZnO and all monophase samples was measured using the four-probe method. The electrical
conductivity was increased with both temperature and CeOs doping. Also, the activation
energy of all the monophase samples was calculated. Type of the activation energy of all
the monophase samples is thermal. The values were found to be in the range from 0.458 to
0.302 eV for the low-temperature region and from 0.989 to 1.132 eV for the high-temperature

region.
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1. Introduction

Zinc oxide (ZnO) is commonly used in photovoltaic
devices as a transparent conductive oxide (TCO) ow-
ing to its electrical and optical properties. Also, ZnO
is a non-toxic material and has low-cost synthesis [1].
For applications and control over the electrical and op-
tical properties, doping with different metals is needed
[2]. In this way, the effect of doping can enhance the
properties of ZnO and enable the design of new ap-
plications [1]. Besides, heating treatment is a com-
monly used method to enhance crystal quality and to
study structural defects in materials. For semiconduc-
tors, heating treatment is also used to activate dop-
ing materials. During the heating process, dislocations
and other structural defects move in the material, and
adsorption/decomposition occurs on the surface. Thus
the structure and the stoichiometric ratio of the mate-
rial change, which affects the electrical and optical
characteristics of ZnO [3].

To improve the electrical and optical properties of
the ZnO, multivalent metal ions have been used as the
doping metals [1]. Rare earth metals are suitable for
tailoring the electrical and optical properties because

they have higher oxidation state and lower ionic ra-
dius than Zn?*. Also, doping causes an increase in the
conductivity of the ZnO. Doping of ZnO is achieved
by replacing Zn?* ions with ions of dopant metals [2].
Ce*t ions have unique optical characteristics, and this
property makes them an ideal dopant.

In this study, the effect of the doping amount of
CeO3 on structural and electrical properties of ZnO
is investigated. The samples were synthesized by the
solid state method at high temperatures and charac-
terized for their structural, morphological and electri-
cal properties. To investigate the solubility of CeOq
in ZnO lattice, ten different compositions of solid ox-
ide mixtures were annealed at varying temperatures.
Solid state reaction was chosen because of its repro-
ducibility, easy control and the ability to yield suffi-
cient products for characterization measurements [4].

2. Experimental study

At first, solid oxide mixtures of CeO2-ZnO (in the
range of 1-10 mol%) were prepared by mixing and ho-
mogenizing, with a stoichiometric ratio of pure ZnO
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and CeOs in an agate mortar. As starting materials,
pure ZnO powders (99.9 % Fluka) and CeOs powders
(99.9 % Fluka) were used. Pure ZnO powders and solid
mixtures were first calcined at 600 and 650 °C, respec-
tively, for 24 h. After grinding and homogenization,
pre-annealed mixtures were heat treated in air at 700,
800, 900 and 1000°C for 48 h in alumina crucibles
and without any compaction procedure. Finally, the
samples were ground in an agate mortar to attain a
uniform powder size. Then, samples were analyzed by
X-ray diffraction (XRD) on a Bruker AXS D8 ad-
vanced diffractometer. Diffrac Plus and Win-Index
programs were used to obtain information about the
crystal structures of the samples. For comparison with
standard data, Maint Powder Diffraction Database
Manager Software program was used. In all cases,
XRD patterns of the monophase samples were indexed
on the basis of a hexagonal (wurtzite) structure in the
Ce03-Zn0O binary system. Other samples, which were
outside the solubility range, were heterogeneous solid
mixtures having other phases that were indexed other
than hexagonal. Morphologies of both non-annealed
and annealed ZnO (at 1000°C) and doped monophase
ZnO samples (annealed at 1000°C) were observed us-
ing a scanning electron microscope (SEM, LEO 440).
After pressing them into pellets of 0.1 cm thickness (¢)
and 1.3 cm diameter (d) under ~ 5 tons pressure the
samples were calcined at 1000°C for 12 h in air. Af-
ter this heat treatment, XRD measurements showed
no phase change in hexagonal samples. The average
grain size was determined using Image-Pro plus 5.0
program by analyzing the SEM micrographs. For this
purpose, ten grains were selected at random from each
SEM micrograph. Electrical conductivity (¢) measure-
ments of monophase samples (annealed at 1000°C)
were made using the four-probe method. As in SEM
measurements, the samples were also pressed into cir-
cular disks. To reduce contact resistance, fine platinum
wires were directly attached to the sample surface.
Measurements were carried out in the air at tempera-
tures between 100 and 1000°C (with 20°C steps) for
monophase samples. All experimental data were ob-
tained by a Keithley 2400 SourceMeter and a Keithley
2700 Electrometer that were controlled by a computer
[5].

3. Results and discussion
3.1. Structural analysis

Figure 1 shows the XRD patterns of undoped ZnO
(after heating at 1000°C) and 1, 2, 3, 4, and 5 mol%
CeO2-doped ZnO samples (after heating at 1000°C).
Figure 1 displays similar patterns for undoped and
1, 2 and 3 mol% CeOs-doped ZnO, which can be
indexed to the hexagonal (wurtzite) ZnO structure.
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Fig. 1. XRD patterns of undoped ZnO, CeO2 and CeOa»-
-doped ZnO samples (after heating at 1000°C).

In other words, the hexagonal ZnO structure is pre-
served up to 3 mol% CeOy doping. These types of
samples with pure hexagonal structure are assigned as
H-phase. However, cubic CeOy peaks can be clearly
identified in Fig. 1 for 4 and 5 mol% CeO,-doped ZnO.

For the hexagonal ZnO, lattice constants were de-
termined at room temperature experimentally. The
lattice constants of the monophase samples ranged
from 3.2501 to 3.2603 A for the a parameter and from
5.2069 to 5.2204 A for the ¢ parameter. Figure 2 shows
the dependence of the lattice parameters a and ¢, re-
spectively, on the mol fraction of CeO- additive. As
can be seen, a and ¢ increase with CeOs concentra-
tion. The ionic radius (four-coordinated) of the Ce**
ion is 0.92 A, while that of the Zn?t is 0.74 A [6].
Therefore, the increase in ZnO lattice parameters can
be explained by this ionic radii difference.

Figure 3 shows typical SEM micrographs of non-
-annealed and annealed undoped ZnO (at 1000°C) and
doped monophase ZnO samples. It can be seen that
grains display homogeneous distribution for undoped
ZnO samples. Average grain sizes were calculated to
be 0.63 and 1.03 um for non-annealed and annealed
undoped ZnO samples, respectively. The grain sizes
of the annealed samples are larger than of the non-
annealed samples, which is caused by grain boundary
surface energy reduction and can also be caused by
strain relaxation. The heating treatment clearly pro-
duces a recovery of the crystal structure and an in-
crease in the grain size. Also, it can be seen that the
grains of the monophase samples have homogeneous
distribution, and their values are about 1 pm.

3.2. Electrical conductivity

Total electrical conductivity is calculated using the
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Fig. 2. Change in the unit cell parameters of monophase ZnO samples (after heating at 1000 °C).

Table 1. Observed phases in the binary system of CeOz-doped ZnO (in the range of 1-10 mol%)

CeO2 addition (mol%)

Temperature (°C)
1 2 3 4

5

6 7 8 9 10

1000 H H H H+C

H+C

H+C H+C H+C H+C H+C

H: CeOgz-doped ZnO (monophase, hexagonal structure)
C: cubic CeO2

H + C: heterogeneous solid mixtures (multiphase)

following equation:

I

-1
O’—VG ,

(1)

where G is the geometric resistivity correction factor
[7].

Electrical conductivity is related to the sample
structure; any thermal treatment can modify the
structural, and hence electrical properties. On this ba-
sis, the study of the temperature dependence of elec-
trical properties may offer useful information about
the possible changes to the structure and character-
istics of the CeOsz-doped ZnO system [7, 8]. Pelleted
monophase samples after heating at 1000 °C were stud-
ied in the temperature range of 100-1000°C. Logo
vs. 103/T graphs were drawn (Fig. 4) to assess the
dependence of conductivity on temperature. As can
be seen, the conductivity increases with measurement
temperature, indicating semiconducting behaviour for
all samples. ZnO is an n-type and non-stoichiometric
semiconductor material owing to the presence of oxy-
gen vacancies and interstitial zinc atoms (both are na-
tive defects) [9]. The electrical conductivity of pure
ZnO0 is controlled via the intrinsic defects generated

at high temperatures [10]. Also, in this figure, it is
shown that the electrical conductivity increased with
CeO4 doping because the electron concentration of the
system was increased with CeO4 additive. Originating
from extra electrons generated to compensate for the
electric charge balance by adding Ce**t for Zn2*, the
increased electron concentration gives rise to an in-
crease in the electrical conductivity.

Also, in Fig. 4, the curves of the electrical con-
ductivity of all the monophase samples have two lin-
ear and one transition region due to two competing
processes. Thermal excitation process and oxygen ad-
sorption occur simultaneously. At first, the electrical
conductivity of all the monophase samples increases
with temperature because the thermal excitation of
electrons dominates over the oxygen adsorption pro-
cess (this temperature range is 100-400°C and 100—
450°C for undoped ZnO and all the monophase sam-
ples, respectively). The decrease in conductivity of the
undoped ZnO (in the temperature range 400-550°C)
and of all the monophase samples (in the tempera-
ture range 450-550°C) is attributed to vigorous ad-
sorption of atmospheric oxygen on the sample surface.
Beyond 550°C, the conductivity increases probably
due to the dominant thermal excitation of electrons



110 H. Colak / Kovove Mater. 54 2016 107-112

and desorption of oxygen species [11]. The curves in
Fig. 4 show that there may be more than one type
of conduction mechanisms with the temperature vari-
ation for the undoped and all monophase samples.
In the low-temperature region (100-400°C and 100-
450°C for the undoped ZnO and all monophase sam-
ples, respectively) the electrical conductivity increases
slowly with increasing temperature. The slow increase
in the electrical conductivity may be associated with
the hopping of carriers within localized states. In the
high-temperature region (550-1000°C), the electrical
conductivity increases relatively faster with increasing
temperature [12].

In general, for a semiconducting material, the con-
ductivity increases exponentially with temperature in-
dicating conductivity is a thermally activated process.

Fig. 3. SEM micrographs of monophase ZnO samples: (a)

undoped ZnO (non-annealed), (b) undoped ZnO (annealed

at 1000°C), (c) 1, (d) 2 and (e) 3 mol% CeO2-doped ZnO
(after heating at 1000 °C).

For doped semiconductors with a low concentration of
donors, hopping transport of carriers is expected be-
tween the nearest donors at low temperatures. Total
electrical conductivity can be expressed as

o = ogexp(—E,/kT), (2)

where o is electrical conductivity, F, is the activa-
tion energy that corresponds to the energy difference
between the donor level and the conduction level, o
is the so-called pre-exponential factor, k is the Boltz-
mann constant, and T is the absolute temperature [4].
The activation energy can then be calculated using the
relation:

E,1
loga:—?f + log 0p. (3)
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Table 2. Activation energy values of monophase ZnO samples (after heating at 1000 °C)

Activation energy, Ea (eV)

CeO addition (mol%)

Ea1 (100-450°C)*

Eas (550-1000°C)

Undoped ZnO 0.458
1 0.392
2 0.331
3 0.302

0.989
1.131
1.128
1.132

*this temperature range is 100—400 °C for undoped ZnO
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Fig. 4. Electrical conductivity plots for undoped ZnO (an-
nealed at 1000°C) and monophase ZnO samples (after
heating at 1000°C).

The slope of the linear part of the Arrhenius curve
of the logo vs. 103/T graph is equal to —F,/k. The
activation energy values can be calculated for all the
monophase ZnO samples (Table 2) from the curves.
It is shown that the activation energy in both low
and high-temperature region decreases with decreas-
ing mol fraction of CeO,. From Table 2, it can be seen
that the activation energy in the low-temperature re-
gion is less than the energy in the high-temperature
region because material passes from one conduction
mechanism to another. At high temperatures, the elec-
trical conductivity is mainly determined by the intrin-
sic defects and is called as intrinsic conduction. The
high values of activation energy in this region may be
attributed to the fact that the energy needed to form
the defects is much larger than the energy required
for its drift. That is why the intrinsic defects caused
by the thermal fluctuations determine the electrical
conductivity of the samples at high temperatures [13].

4. Conclusion

CeO3-doped ZnO powders have been synthesized
by the solid state method. The solubility limit of CeO4
in ZnO lattice (after heating at 1000°C) is 3 mol%. Be-
cause Ce*t ions substitute for Zn?* ions in ZnO crys-
tal structure and generate extra electrons, the electri-
cal conductivity of monophase samples increased with
CeO4 doping.
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