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Abstract Undoped ZnO and Zn1-xMgxO ceramic pellets

were synthesized by the standard sintering method at the

temperature of 1200 �C. The influence of Mg doping on the

morphological, structural and electrical properties was

studied. The scanning electron microscopy images revealed

rough surface textured by grain boundaries and compacted

grains having different shapes and sizes. Indeed, the X-ray

diffraction reveals the alloying of hexagonal ZnMgO phase

and the segregation of cubic MgO phase. The crystallite

size, strain and stress were studied using Williamson–Hall

(W–H) method. The results of mean particle size of

Zn1-xMgxO composites showed an inter-correlation with

W–H analysis and Sherrer method. The electrical con-

ductivity of the films was measured from 173 to 373 K in

the frequency range of 0.1 Hz–1 MHz to identify the

dominant conductivity mechanism. The DC conductivity is

thermally activated by electron traps having activation

energy of about 0.09 to 0.8 eV. The mechanisms of AC

conductivity are controlled by the correlated barrier hop-

ping model for the ZnO sample and the small polaron

tunneling (SPT) model for Zn0.64Mg0.36O and Zn0.60Mg0.40O

composites.

1 Introduction

The interest in Zinc oxide (ZnO) has recently grown thanks to

its potential use in numerous technological applications such

as transparent conducting electrodes, display materials, light-

emitting diodes (LED), gas sensors, solar cells, laser systems

varistors [1–3]. Zinc oxide is a well-known wide-band-gap

semiconductor (Eg = 3.37 eV at 300 K) with a large exciton

binding energy (60 meV), high dielectric constants and low

dielectric losses [4]. Hall mobility in ZnO single crystal is in

the range of 5–30 cm2 V-1 s-1 [5]. Intrinsically, ZnO is an

n-type semiconductor whose electrical conductivity is due to

the excess of zinc interstitial position [6]. This can bemodified

thoroughly by appropriate substitution dopants such as Fe, Al

and Sn [7–9]. Besides, ZnO doped with (Cr, Mn, Fe) has

attractedmuch attention due to the strong correlation between

the structural, optical and magnetic properties [10]. In our

case, we have used magnesium oxide as the Mg doping ele-

ment to enhance the optical, morphological and electrical

conductivity of ZnO material. In fact, Mg2? has an ionic

radius of 0.057 nm, which is very close to the ionic radius of

Zn2? (0.060 nm). Therefore, the replacement of Zn by Mg

does not give rise to significant changes in lattice constants,

but can significantly influence the electrical conduction in

ZnO. Kılınç et al. [11] have investigated the effect of Mg on

the structure and electrical properties of ZnO thin films. With

the increase in Mg doping rate (x = 0–0.2), the DC conduc-

tivity at room temperature gradually decreased from

3.36 9 10-6 to 7.85 9 10-9 S cm-1. Moreover, Zn1-x-

MgxO films could be obtained by simple and low-priced

synthetic methods such as spray pyrolysis, sintering, pulsed

laser deposition, sol–gel process and aerosol-assisted chemi-

cal vapor deposition [12–14, 17, 18]. The optical and elec-

tronic properties of those composite films were found to

depend sensibly on the Mg doping concentration and the
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growth conditions [11–16]. Zhao et al. [14] have obtained

Zn1-xMgxO alloy films with hexagonal structure by varying

the Mg composition between 0 and 36 %. The grain size and

the surface roughness were reduced, while the band gap was

increased in the range of 3.34 and 3.96 eV. Othman et al. [16]

have found that the optical band gap increases from 3.287 to

3.827 eV and the carrier concentration augments from

1.6 9 1016 to 5.2 9 1020 cm-3 in ZnO and Zn0.6Mg0.4O

samples, respectively. The same resultwas found by the group

of Shukla et al. [18], on thin films of MgxZn1-xO growth by

aerosol-assisted chemical vapor deposition (AACVD) tech-

nique. Recent works [18] show that with the increase in Mg

content, transparency as well as energy band gap of the

MgxZn1-xO thin films increases.

The present paper sheds the light on the effect of MgO

doping content on the morphological and the electrical

properties of ZnO material.

2 Experimental procedure

ZnMgO pellets were synthesized by the conventional sin-

tering technique in atmospheric heated furnace at 1200 �C.
Pure powders (99.99 %) of zinc oxide and magnesium oxide

(MgO) were used. The weight content (x %) of MgO was

varied from 0 to 40 % and added to ZnO powder. The mixed

powders were first milled in an agate and heated in air at

annealing temperature of 300 �C for 3 h, to evaporate the

water and remove the organic residuals. The obtained

powders were then pressed into pellet disks (of about 1 mm

thickness and 8 mm diameter) and sintered at 1200 �C for

24 h. Finally, these pellets were rapidly quenched to room

temperature in air in order to freeze the structure. The sur-

face morphology was characterized by scanning electron

microscopy (SEM). The dielectric and electrical properties

were characterized by means of Novocontrol system for

broadband dielectric spectroscopy (BDS). These measure-

ments were taken in wide frequency ranges (0.1–106 Hz)

and temperatures (173–373 K). A flow of nitrogen was used

for temperature adjustment at the pellet which was inserted

between two parallel-plate electrodes (‘‘sandwich geome-

try’’). Likewise, a sinusoidal voltage U0 with a fixed fre-

quency was applied, creating an alternating electrical field

which was measured perpendicularly to the disk. So, the

voltage U0 causes a current I0 at the same frequency. This

induced polarization in the pellet, which oscillated at the

similar frequency but with a phase angle shift d, was mea-

sured by comparing the applied voltage to the measured

current. And the measurements of capacitance and conduc-

tance were used to calculate the real e0 and the imaginary e00

parts of the complex permittivity.

3 Results and discussion

3.1 Morphological properties

Figure 1a–c shows the SEM images for ZnO and Zn1-x-

MgxO pellets. The surface morphology of all samples

consists of disoriented grains and nanotubes having many

shapes and sizes. The texture seems to be strongly depen-

dent on the MgO doping concentration. In fact, the particle

sizes of undoped ZnO are in the range of 100 to 500 nm

(Fig. 1a), but for Zn0.64Mg0.36O and Zn0.60Mg0.40O pellets,

its average values are between 60–300 nm, 40–200 nm,

respectively. This shows that the density of the crystallites

decreases, suggesting that the coalescence of the small

grains is enhanced for the doped ZnO films, which reveals

that the flatness of doped ZnO can improve with Mg doping

as reported by Park [15]. Figure 1a–c also shows the

presence of grain boundaries that are probably due to the

sintering process as well as the segregation of cubic MgO

and hexagonal ZnO grains. In the present case, it was found

that the substitution of Zn by Mg and the existence of

intrinsic defects in ZnO such as zinc interstitial and oxygen

vacancies led to the increase in the carrier concentration

from 1.6 9 1016 to 5.2 9 1020 cm-3 for undoped ZnO and

Zn0.60Mg0.40O, respectively [16].

Fig. 1 SEM images obtained for pure ZnO (a), Zn0.64Mg0.36O (b) and Zn0.60Mg0.40O (c)
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3.2 Structural properties

3.2.1 XRD analysis

Figure 2 shows the XRD patterns of doped ZnO samples

with different MgO contents (x = 0 %, x = 36 % and

x = 40 %). All the samples exhibit a polycrystalline

hexagonal structure. For the undoped ZnO sample, three

prominent diffraction peaks were noted at 2h = 31.81�,
34.47� and 36.31�, which can be attributed to the (100),

(002) and (101) plane reflections of hexagonal wurtzite

ZnO (JCPDS card No. 36-1451), respectively, and unit cell

parameters a = 0.3249 nm and c = 0.5206 nm. It can be

seen that the ZnO growth appears to be randomly oriented

along the (101) and (002) planes. This reveals that the

hexagonal structure of all doped ZnO samples has not been

affected by the MgO doping. However, secondary phases

are formed at higher concentrations. With doping content

up to x = 36 %, a diffraction peak can be seen at 36.7�,
corresponding to (111) plane of cubic MgO phase

according to the standard JCPDS data card No. 78-0430.

This result indicates a considerable segregation of the MgO

phase in the ZnO wurtzite structure. Recently, Othman

et al. [16] have shown that the limit solubility of MgO in

the ZnO host is found to be x = 10 %. In addition, another

diffraction peak appears at 2h = 34.68�, which is identified

at the (002) direction of hexagonal ZnMgO alloy structure

[19–22]. Zheng et al. [21] showed the appearance of this

diffraction peak around 2h = 34.7� in a single-crystalline

wurtzite structure of Zn0.51Mg0.49O films.

3.2.2 Crystalline size and strain

3.2.2.1 Scherrer method Crystallite size and lattice strain

due to dislocation can be calculated from peak broadening

using XRD [23]. X-ray line broadening method was used to

determine the particle size of the Zn1-xMgxO composites

using Scherrer equation. D = (kk/bD cosh), where D is the

particle size in nanometers, k is the wavelength of the

radiation (0.154056 nm for CuKa radiation), k is a constant

equal to 0.94, bD is the peak width at half-maximum

intensity and h is the peak position. Both instrument- and

sample-dependent effects are combination of the Bragg

peak breadth. To remove these aberrations, it is needed to

assemble a diffraction pattern from the line broadening of a

standard material such as silicon to determine the instru-

mental broadening. The instrument-corrected broadening

[24] bD corresponding to the diffraction peak of Zn1-x-

MgxO composites was estimated using the relation:

b2D ¼ b2measures � b2instrumental

� �
ð1Þ

D ¼ kk
bD cos h

) cos h ¼ kk
D

1

bD

� �
ð2Þ

3.2.2.2 Williamson–Hall methods Crystal imperfections

and distortion of strain-induced peak broadening are rela-

ted by e & bS/tanh. There is an extraordinary property of

Eq. (2) which has the dependency on the diffraction angle

h. Scherrer equation follows a 1/cosh dependency but not

tanh as W–H method. It is well known that both

microstructural causes small crystallite size and microstrain

occur together from the reflection broadening. Depending on

different h positions, the separation of size and strain broad-

ening analysis is done using Williamson and Hall. The fol-

lowing results are the addition of the Scherrer equation and

e & bS/tanh.

bhkl ¼ bS þ bD ð3Þ

bhkl ¼
kk

D cos h

� �
þ 4e tan h ð4Þ

Rearranging Eq. (4) gives:

bhkl cos h ¼ kk
D

� �
þ 4e sin h ð5Þ

Here, Eq. (5) is used for uniform deformation model

(UDM) where the strain is assumed uniform in all crys-

tallographic directions. bcosh was plotted with respect to
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Fig. 2 XRD patterns of Zn1-xMgxO composites
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4sinh for the peaks of Zn1-xMgxO composites. Strain and

particle size are calculated from the slope and y-intercept

of the fitted line, respectively. From the lattice parameter

calculations, it was observed that this strain might be due to

the lattice shrinkage. The UDM analysis results are shown

in Fig. 3. Then, we have calculated the values of stress

r = Ye and the energy density u = (e2Yhkl)/2 using the

Hooke’s law, where e is the strain and Y is the Young’s

modulus.

For a hexagonal crystal, Young’s modulus is given by

the following relation [25]:

Yhkl

¼
h2þðhþ2kÞ2

3
þ al

c

� �2� 	2

S11 h2þðhþ2kÞ2
3

� 	2

þS33
al
c

� �4þ 2S13þS44ð Þ h2þðhþ2kÞ2
3

al
c

� �2� 	

0

B@

1

CA

ð6Þ

where S11, S13, S33 and S44 are the elastic compliances of

ZnO with values of 7.858 9 10-12, -2.206 9 10-12,

6.940 9 10-12 and 23.57 9 10-12 m2 N-1, respectively

[26]. Young’s modulus, Y, for hexagonal Zn1-xMgxO

composites was calculated as &127.5 GPa. The same

value of Y has been found on nanoparticles of Ni-doped

zinc oxide [27]. In added, Prabhu et al. [28] found a value

of Young’s modulus in the order of 130 GPa for Fe-doped

ZnO nanoparticles. In Table 1, the results attained from

Scherrer method and Williamson–Hall (W–H) analysis are

summarized.

Table 1 shows that the average crystallite size of the

Zn1-xMgxO composites decreases with the increase in the

Mg concentration from the different models, implying that

the inclusion of strain in different forms has very little

effect on the average crystallite size. It is found that the

values of stress, strain and energy density increase with the

increase in the doping rate.

3.3 Electrical properties

The impedance spectroscopy is an important tool to

investigate the dielectric and electrical properties of poly-

mers and ceramics in wide ranges of temperatures and

frequencies. To characterize the AC conductivity in the

samples under study, dielectric measurements have been

taken in the frequency range (0.1–106 Hz) and temperature

range (173–373 K). Figure 4 shows the dependence of the

AC conductivity of ZnMgO composites on the frequency

of the applied field at various temperatures. In the fre-

quency range of 0.1–10 Hz, Fig. 4b shows linear increase

in conductivity with the increase in the frequency and the

temperature. This effect can be caused by the humidity of

the cell at low temperatures (\0 �C), which introduces the

water molecules in the pellet ZnMgO.

It is worthy to note that AC conductivity depended on

both frequency and temperature and increased up. All the

spectra exhibited the typical behavior of ionic disordered

materials [29–34]. In the low-frequency region, the AC

conductivity patterns showed a frequency-independent

plateaux and exhibited dispersion at higher frequencies.
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y = 1,2821E-04x + 1,2613E-03
R2 = 0,789

0,00135

0,00137

0,00139

0,00141

0,00143

0,00145

0,00147

0,00149

0,00151

0,00153

1 1,2 1,4 1,6 1,8 2

1 1,2 1,4 1,6 1,8 2

4sinθ

β
co

s θ

Zn0.64Mg0.36O

y = 2,15889E-04x + 2,95851E-03
R2 = 0,846

0,0031

0,00315

0,0032

0,00325

0,0033

0,00335

0,0034

4sinθ

β
co

s θ

Zn0.6Mg0.4O

y = 2,7352E-04x + 3,3567E-03
R2 = 0,611

0,00355

0,0036

0,00365

0,0037

0,00375

0,0038

0,00385

0,0039

0,00395

1 1,2 1,4 1,6 1,8 2

4sinθ

β
co

s θ

Fig. 3 W–H analysis of Zn1-xMgxO composites assuming UDM. Fit

to the data, the strain is extracted from the slope and the crystalline

size is extracted from the y-intercept of the fit
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This behavior is generally related to the mechanism of

charge transport as well as the many-body interaction

among charge carriers [35].

At low frequencies (Fig. 4a–c), when the applied elec-

tric field forced the charge carriers to drift over large dis-

tances, as temperature was increased, a tendency to retain

almost constant values was recorded. When the frequency

was increased, after reaching the critical frequency xp, the

mean displacement of the charge carriers was reduced with

the real part of the conductivity following the law rac (x,
T) & xs with 0 B s B 1, characterizing the hopping con-

duction [36, 37]. The hopping process means a sudden

displacement of a charge carrier from one position to

another and includes both jumps over a potential barrier

and quantum mechanical tunneling [38, 39].

The frequency–temperature dependence of the AC

conductivity is well described by the Jonsher’s equation

[40]:

racðx; TÞ ¼ rdcðTÞ þ AðTÞxs ð7Þ

where rdc(T) is the x ? 0 limit value of rac (x, T) and
corresponds to the DC conductivity values. A and s are

parameters depending on the temperature [41]. The

parameter s describes the slope of the power law behavior

and usually varies between 0 and 1.

Gradually, it is noted that the plateau of the conductivity

broadens with frequency when the temperature varies from

-100 to 100 �C, with the increase in Mg concentration.

It is shown that the DC conductivities of the doped ZnO

samples decrease logarithmically with the increase in Mg

doping rate. This decrease might be caused by sintering and

ions diffusion processes [42]. Another reason for this decrease

might be the highMgdoping compositionwhich can introduce

deep donor levels between valance and conduction bands.

Actually, the Mg doping in the ZnO may produce electrical

barriers, increasing the scattering of the carriers, and thus

decreasing the conductivity [4, 9, 50]. Similarly, Li et al. [43]

have observed an increase in the resistivity from 0.19 to

1.5 9 102 (X cm) and a decrease in the mobility from 14.3 to

6.8 (cm2 V-1 s-1) of the Mg-doped ZnO with increasing Mg

concentration from 0.02 to 0.22, respectively. In our case, the

Table 1 Geometric parameters

of Zn1-xMgxO composites
Compound Method

Scherrer Williamson–Hall (W–H)

Zn1-xMgxO D (nm) D (nm) e unit 9 10-4 r 9 106 u 9 103

x = 0 109.74 114.81 1.28 16.31 1.04

x = 36 44.40 48.94 2.15 27.47 2.96

x = 40 38.73 43.14 2.73 34.80 4.75
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Fig. 4 Variation of the AC conductivities for ZnO (a), Zn0.64Mg0.36O

(b) and Zn0.60Mg0.40O (c) as a function of frequency and at various

temperatures
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band gap is increased from 3.28 eV for undoped ZnO to

3.822 eV for Zn0.6Mg0.4O film [16]. Hence, such augmenta-

tion in the band gap could be caused by the logarithmic

decrease in the conductivitywith increasingMgconcentration.

3.3.1 Direct current conductivity

The DC conductivity, originating from the charge carriers,

increases with the increase in temperature and obeys to the

Arrhenius law:

rdc ¼ r0 exp
�EA

kT

� �
ð8Þ

where r0 is the conductivity at infinite temperature, EA is the

activation energy, k is the Boltzmann’s constant and T is the

temperature in Kelvin. The dependence of logarithmic DC

conductivity, ln rdc, on the inverse of temperature, 1000/T,

for ZnMgO composites is shown in Fig. 5.

From the linear slopes of the curves lnrdc = f(1000/T),

the activation energies of our ZnMgO composites are

determined and given in Table 2.

For the ZnO sample, one value of activation energy of

about 0.38 eV was found. Similar values have been

reported in previous research works [44–47] which are

attributed to oxygen vacancy impurities VO.

Two different activation energies (EA1 and EA2) are

obtained for the doped samples ZnMgO. The first value

0.09 eV is very near to 0.1 eV, which is associated with an

oxygen interstitials Oi
? and Oi

0 [48, 49]. As for the second

values 0.72 and 0.8 eV, they are associated with the MWS

polarization [50, 51].

3.3.2 Alternating current conductivity

Concerning the frequency dependency on conductivity, the

data imply a power law given by:

rac ¼ racðx; TÞ ¼ AðTÞxs ð9Þ

where x is the angular frequency and A and s are the

temperature-dependent parameters. To determine the

predominant conduction mechanism of the AC conduc-

tivity of the sample, the appropriate model can be sug-

gested for the conduction mechanism in the light of the

different theoretical models correlating the conduction

mechanism of AC conductivity with s(T) plots (Fig. 6). In

the literature, various models have been proposed to

explain the behavior of the exponent s such as the quan-

tum mechanical tunneling (QMT) model, the small

polaron tunneling (SPT) model, the correlated barrier

hopping (CBH) model and the overlapping large polaron

tunneling (OLPT) model.

(i) According to the QMT model, the exponent s is

almost equal to 0.8 and slightly increases with

temperature or independent of temperature [52].

(ii) According to SPT model [53, 54], the exponent s

increases with the increase in temperature.

(iii) In the OLPT model, the exponent s depends on

both frequency and temperature and drops to a

minimum value, and then increases with the rise in

temperature [55].

(iv) In the CBH model, the charge carrier hops

between sites over the potential barrier separating

them and the frequency exponent s is ranged from

0.7 to 1 at room temperature and is found to

decrease with the increase in temperature [56, 57].

For the ZnO sample, it is found that the exponent s

decreases from 1.07 to 0.50 with the increase in tempera-

ture. This behavior is in accordance with the CBH model

[56, 57].

Concerning the sample Zn0.64Mg0.36O, there are two

conduction mechanisms which depend on the frequency:

• For the first frequency region (600 Hz–17 kHz), the

value of s varies from 0.7 to 1 and decrease with the

increase in temperature. This is in good agreement with

the CBH model [56, 57].

• For the second frequency region (17 kHz–1 MHz), the

value of s increases from 0.86 to 1.06 as a function of

temperature. This behavior is in accordance with the

SPT model [53, 54].
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Fig. 5 Variation of logarithmic conductivity, ln rdc, with inverse
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Table 2 Activation energies of Zn1-xMgxO composites

Mg content EA1 (eV) EA2 (eV)

0 0.38

0.36 0.09 0.72

0.40 0.09 0.80
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But for the Zn0.60Mg0.40O composites, the same con-

duction mechanisms are found in the two frequency

ranges:

• For the first frequency region (10 Hz–1 kHz), it is

found that the value of s increases from 0.63 to 1.25

with the increase in temperature when it varies from
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-100 to 100 �C, respectively. This behavior is in

harmony with the SPT model [53, 54].

• For the second frequency region (1 kHz ? 1 MHz),

the values of s increases as a function of temperature

from 0.32 to 0.77. This is in good agreement with the

SPT model [53, 54].

3.3.2.1 Correlated barrier hopping (CBH) model In the

CBH conduction model, the exponent s is found to obey the

following equation [58]:

s ¼ 1� 6kBT

WM

ð10Þ

where WM is the maximum barrier height at infinite sepa-

ration, which is called the ‘‘polaron binding energy,’’ i.e.,

the binding energy of the carrier in its localized sites. For

the neighboring sites at a separation Rx, the Coulomb wells

overlap, resulting in a lowering of the effective barrier

from WM to the value Wm. For the case of a single-electron

transition, this is given by:

Wm ¼ WM � e2

pe0e0Rx
ð11Þ

where the hopping distance (Rx) at frequency x and tem-

perature T is given by:

Rx ¼ e2

pe0e0ðWM � kBT lnð1=xs0ÞÞ
ð12Þ

where s0 is a characteristic relaxation time which is of the

order of an atomic vibration period, kB is the Boltzmann

constant, e0 is the real part of dielectric constant and e0 is

the dielectric permittivity of vacuum. Thus, the lower

bound (cutoff) to hopping distance becomes:

Rmin ¼
e2

pe0e0WM

ð13Þ

The (1 - s) values were plotted versus temperature T,

and its slope is used to calculate the binding energy WM

(Fig. 6d, e). The hopping distance Rx, the lower bound

(cutoff) Rmin and the Columbic barrier height Wm are cal-

culated using Eqs. (5–7), respectively. The values of AC

parameters, Rmin and Wm at different frequencies are listed

in Table 3 at 173 K.

The density of states at the Fermi level can be estimated

from the following expression [59]:

NðEFÞ ¼
3

4pR3
xWM

ð14Þ

It is clear that the values of Wm and Rx decrease with the

increase in frequency, which may explain the increase in

AC electrical conductivity for higher frequencies.

The obtained values of N(EF) that are reported in

Table 3 are in the range of 9.27 9 1017–1.90 9 1020 -

eV-1 cm-3. The density of states at Fermi level decreased

with the increase in MgO.

Finally, we can conclude that the Mg doping is a

promising way to improve the electrical properties of ZnO-

based devices.

3.3.2.2 The small polaron tunneling (SPT) model Ac-

cording to the small polaron model (SPT), the AC con-

ductivity r(x) and the exponent s are given by,

rðxÞ ¼ p2e2kTa�1½NðEFÞ�2
xR4

x

12
ð15Þ

and

s ¼ 1� 4

½lnð1=xs0Þ �WH=kT �
ð16Þ

For the large values of WH/kBT, the exponent s

becomes:

Table 3 Physical properties

and polaron hopping parameters

of Zn1-xMgxO composites

Mg content WM (eV) Frequency (Hz) Rx (nm) Rmin (nm) Wm (eV) N(EF) eV
-1 cm-3

0 0.748 87792 3.389 2.403 0.214 8.30 9 10?18

197530 3.392 2.460 0.202 8.28 9 10?18

444440 3.378 2.506 0.190 8.39 9 10?18

1000000 3.350 2.540 0.178 8.59 9 10?18

0.114 87792 7.041 1.545 0.1371 5.95 9 10?18

197530 7.200 1.582 0.1375 5.57 9 10?18

444440 7.324 1.611 0.1378 5.29 9 10?18

1000000 7.418 1.633 0.1380 5.09 9 10?18

0.36 0.290 676.64 53.669 0.4871 0.287 5.32 9 10?18

1015 16.290 0.4875 0.281 1.90 9 10?18

1522 9.611 0.4878 0.275 9.27 9 10?18

2283 6.818 0.4881 0.269 2.59 9 10?18
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s ¼ 1� 4kBT

WH

ð17Þ

where the tunneling distance Rx at frequency x is given

by:

Rx ¼ 1

2a
ln

1

xs0

� �
�WH

kT


 �
ð18Þ

In the above equations, a-1 is the spatial extension of

the polaron, Rx the tunneling distance, s0 the characteristic
relaxation time, WH the polaron hopping energy and N(EF)

the density of states near Fermi level. According to the

literature, the average value of the spatial extension a is

5 9 106 cm-1 [60, 61]. The experimental values of s at

different temperatures and frequencies were fitted to

Eq. (11) taking WH as a parameter (Fig. 6e, f). Our results

are in good agreement with the results found by Kılınç
et al. [11]. The value of s0 was taken as 10-13 s [62].

Table 4 summarizes the values of the extracted parameters.

The obtained values of N are reasonable for localized

states [61] where the tunneling distances Rx are in the

nanoscale range of 0.1 to 10 nm. Besides, the values ofWM

decrease with the increase in the MgO content. This result

is readily explained by the decrease in the conductivity.

The CBH conduction mechanism appears for undoped

ZnO. However, the conductivity mechanisms OLPT and

SPT are dominant for Mg-doped ZnO films. This distinc-

tion of conduction models is sensitively dependent on the

Mg doping concentration.

4 Conclusion

The effect of Mg doping on morphological, structural and

electrical properties of ZnO ceramics has been investi-

gated. In fact, the grain size and density of the crystallites

are reduced with the increase in the Mg doping

concentration. The X-ray diffraction reveals that all the

samples are polycrystalline and have a prominent hexag-

onal crystalline structure with (002) and (101) as preferred

growth directions. The formation of the hexagonal ZnMgO

alloy phase and the segregation of MgO-cubic phase took

place for higher concentrations. The crystallite size, strain

and stress were studied using Williamson–Hall (W–H)

method. The results of mean particle size of Zn1-xMgxO

composites showed an inter-correlation with W–H analysis

and Sherrer method. Besides, the electrical measurements

were taken to identify the conductivity mechanisms in

these samples. Results have shown the presence of electron

traps with activation energies between 0.09 and 0.8 eV.

Furthermore, the AC conductivity is found to decrease

logarithmically with the increase in Mg doping. From

temperature dependence analyses, it has been shown that

the AC conductivity is controlled by the hopping correlated

barrier (CBH) model for the ZnO sample and the small

polaron tunneling (SPT) model for Zn0.64Mg0.36O and

Zn0.60Mg0.40O composites.
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35. F. Kremer, A. SchÖnhals, Broadband Dielectric Spectroscopy

(Springer, Heidelberg, 2002)

36. J.C. Dyre, T.B. Schroeder, Rev. Mod. Phys. 72, 873 (2000)

37. G.C. Psarras, E. Manolakaki, G.M. Tsangaris, Compos. A 34,
1187 (2003)
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