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Abstract
The search for new economically advantageous technologies of new zinc oxide based composite ceramic materials and 
the study of their structure and properties attract special attention today. These ceramics have a number of advantages 
as compared with materials prepared by more expensive technologies, due to the possibility to fabricate items having 
different shapes and sizes and particularly to vary their morphology, structure and phase composition. This allows 
controlling their functional properties by varying the powder particle size in charge, the temperatures, durations and 
atmospheres of synthesis and heat treatment, and the types of doping impurities in the ceramics. The structure and 
electrical properties of (FexOy)10(ZnO)90 ceramics (0 ≤ x ≤ 3; 1 ≤ y ≤ 4) synthesized in air using single- and two-stage syn-
thesis methods have been studied. FeO, α-Fe2O3 and Fe3O4 powders or (α-Fe2O3 + FeO) mixture have been used for ZnO 
doping. X-ray diffraction, gamma-ray resonance spectroscopy and Raman spectroscopy data suggest that at average 
iron concentrations of 1–3 at.% the ceramic specimens contain at least three phases: the Zn1-δFeδO solid solution with a 
wurtzite structure, the ZnFe2O4 ferrite phase with a spinel structure and FexOy residual iron oxides which were used as 
doping impurities. Scanning electron microscopy and energy dispersion X-ray analysis have shown that the wurtzite 
phase grain size in the ceramic specimens decreases from several decades of microns for single-stage synthesis to sub-
micron sizes for two- stage synthesis. We show that iron addition to ZnO induces a compression of the wurtzite phase 
crystal lattice, the compression of lattice magnitude being proportional to the oxygen content in the FexOy iron oxide 
doping agent. The temperature dependences of the electrical resistivity suggest that deep donor centers with an activa-
tion energy of about 0.37 eV are formed in the Zn1-δFeδO wurtzite phase. The temperature dependences of the electrical 
resistivity of electrons for undoped ZnO in the 6–300 K range and for doped (FeO)10(ZnO)90 ceramic synthesized in one 
stage exhibit a variable activation energy below 50 K which indicates a heavily disordered structure.
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1. Introduction

The search for new economically advantageous technolo-
gies and the study of the structure and properties of new 
zinc oxide base composite ceramic materials currently 
draw special attention [1]. These ceramics have a number 
of advantages over materials the technologies of which 
are more expensive, due to the possibility to fabricate 
items having different shapes and sizes and particularly 
to vary their morphology, structure and phase compositi-
on. This allows controlling their functional properties by 
varying the powder particle size of the charge, the tempe-
ratures, durations and atmospheres of synthesis as well as 
following heat treatment and the types of doping impuri-
ties in the ceramics [2–4].

Zinc oxide can be used as the base material for the fab-
rication of conventional devices (e.g. variable resistors 
[2]) or fundamentally new device types. For example, 
ZnO doping with magnetic impurities allows producing 
promising materials having novel electronic, optical and 
magnetic properties [5–12] including magnetic field con-
trolled ones [13, 14].

Zinc oxide base composite ceramics can be used for 
the fabrication of thermoelectric transducers [15], yet this 
will require increasing their electrical conductivity and 
reducing their heat conductivity which can be achieved 
e.g. by doping.

Doping of ZnO base composite ceramic materials with 
transition elements is of special research interest [5–12]. 
The properties of these materials depend not only on 
the concentration of incorporated impurities but also on 
whether they are distributed in the matrix lattice (wurtz-
ite) homogeneously or form submicron size magnetic 
clusters with a specific phase and magnetic structure. 
Hybrid nanocomposite structures of this type can be used 
for the fabrication of various devices e.g. adsorption gas 
sensors [16–20].

There are numerous literary experimental data on the 
effect of doping with transition or other elements on the 
structure and properties of single crystals, polycrystalline 
films, nanostructured powders, nanowires or tetrapods 
[5–12, 21–23]. However, ZnO base compositions syn-
thesized using ceramic technologies have not yet been 
studied completely (except ceramics for variable resistors 
and optical applications [2, 7]). The effect of magnetic 
impurities (including iron) in ZnO base ceramic composi-
tions and variation of synthesis conditions on the chemi-
cal composition, structure and magnetic properties of the 
forming phases has not yet been studied in the required 
detail. Furthermore there is insufficient information on 
the effect of the type of the forming intrinsic defects and 
defect complexes on the electron transport and other 
properties of the ceramics. Iron often incorporates in zinc 
oxide during the growth and is one of the most abundant 
d-group transition metal impurities in this material [21, 
24–26]. Calculations [27] showed that in the perfect ZnO 
the iron ions having the Fe2+ charge state should give rel-

atively shallow donors. However the presence of random 
acceptors in real specimens (e.g. nitrogen for ZnO synthe-
sized in air) transforms Fe2+ to Fe3+ leading to the forma-
tion of deep donor levels [27].

The aim of this work is to study the effect of synthesis 
method and type of doping agents (FexOy iron oxides) on 
the phase composition and electrical properties of ZnO 
base ceramics.

2. Materials and experimental

The ZnO base specimens were synthesized using the 
conventional open air powder sintering technique for 
ceramics [2, 7]. The source components for charge pre-
paration were ultrahigh-purity ZnO, FeO, α-Fe2O3 and 
Fe3O4 powders and (α-Fe2O3 + FeO) mixtures (Table 1). 
The weights of the charge components in the studied spe-
cimens were calculated using the (FexOy)10(ZnO)90 com-
pound formula in which the weight fraction of the iron 
oxide powders was 10 wt.%.

The powders were mixed in a stainless steel attritor with 
hard-alloy balls in the presence of a humidifier (alcohol). 
The initial oxide particle sizes (as-grinded for 12 h) were 
10–50 μm. For charge preparation the source oxides were 
dried at 500–900 °C approaching constant weight, follow-
ing which 3 wt.% PVA glue binder was added to the charge. 
Then the mixture was uniaxially compacted at 200 MPa 
to 10–18 mm diam. 2–5 mm thickness tablets. For sin-
gle-stage synthesis the as-compacted tablets were sintered 
in air at 1200 °C for 2 h. For two-stage synthesis the tablets 
were preliminarily sintered at 900 °C for 2 h, then ground 
again to powder, mixed with the binder, compacted and an-
nealed in open air at 1200 °C for 2 h. As can be seen from 
Table 1 the synthesis method for Ceramic No. 8 differed 
from the others. After synthesis or annealing the specimens 
were cooled in the furnace at a 200–300 K/h rate.

The structure and phase composition of the ceramics 
were studied at room temperature using X-ray diffraction 
(XRD) on a DRON-3 M automated instrument in CuKα 
radiation and using scanning electron microscopy (SEM) 
in secondary electron mode on Oxford Instruments LEO 

Table 1. Specimen synthesis methods.

Spec. 
No. Specimen* Synthesis method

Preliminary/Final 
Sintering

Temperature, 
°C

Time, 
h

1 ZnO Sintering 1100 2
2 (ZnO)90(FeO)10-1 Single-Stage 

Synthesis 1200 23 (ZnO)90(Fe2O3)10-1
4 (ZnO)90(Fe3O4)10-1
5 (ZnO)90(FeO)10-2

Two-Stage Synthesis
900/1200

2/26 (ZnO)90(Fe2O3)10-2
7 (ZnO)90(Fe3O4)10-2
8 (ZnO)90(Fe2O3 + FeO)10-2 Two-Stage Synthesis 4/48

* “1” and “2” in the specimen notations refer to single- and two-stage syn-
thesis, respectively.
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1455VP and Tescan Vega 3LMU instruments. The 20 
scanning step for XRD was max. 0.03, the exposure time 
being min. 5 sec. The X-ray diffraction patterns were pro-
cessed using the FullProf software based on the Ritweld 
profile analysis method [28].

The element concentrations in the composites were 
measured using selected area electron probe X-ray ana-
lyzers for energy dispersive X-ray analysis (EDXA) in-
stalled on the scanning electron microscope.

The porosity of the specimens was studied under an 
Olimpus GX41 microscope (Japan) with the AutoScan 
005 software.

Mössbauer spectra were taken in the 20–300 K range 
on an MS4 Mössbauer spectrometer (SEE Co., USA) 
for powdered specimens (57Fe isotope, transmission 
mode, 57Co/Rh source (20 mCi)). The spectra were 
approximated using the Rancourt method based MOS-
MOD software [29].

Raman spectra were taken on a Nanofinder High-
End LOTIS TII confocal spectrometer (Belarus, Japan). 
The signal was excited with a solid state laser (532 nm, 
20 mW). The laser radiation was focused on the specimen 
surface with a 50× objective (digital aperture 0.8+). The 
incident laser radiation power was reduced to 2 mW 
for the avoidance of heat damage. The backscattered 
light was dispersed by a 600 mm-1 diffraction grating for 
achieving a spectral resolution of not worse than 3 cm-1. 
Spectral calibration was based on gas discharge lamp lines 
for achieving an accuracy of not worse than 3 cm-1. The 
signal acquisition time was 30 s. The photodetector was a 
cooled silicon CCD matrix.

The temperature dependences of the electrical resistiv-
ity ρ(T) of the ceramics were measured for rectangular 
specimens (2–3 mm in width and thickness and 7–10 mm 
in length) cut out from the synthesized ceramic tablets, 
with silver current and potential contacts deposited on the 
specimen surfaces. The ρ(T) curves were measured on a 
High Field Measurement System instrument (Cryogenic 
Ltd, London) in the 6–300 K range. The test specimens 
were mounted in a special probe with a system of ther-
mometers and heaters. The probe with soldered-up spec-

imens was placed in a close-cycle refrigerator cryostat 
with a superconducting solenoid and connected to the 
automatic measurement system.

The current passing through the specimen was con-
trolled with a Keithley 6430 Sub-Femtoamp Remote 
SourceMeter which provided for specimen electrical 
resistivity measurements in the 100 μOhm – 20 GOhm 
range with an accuracy of not worse than 0.1%. The spec-
imen temperature was controlled with LakeShore ther-
mal diodes calibrated accurate to a 0.0005 K and having 
a reproducibility of 0.001 K thus allowing temperature 
stabilization and measurement with an accuracy of not 
worse than 0.005 K using a LakeShore 331 measurement 
controller. The relative error of the electrical resistivity 
measurements was within 5%, being mainly determined 
by the specimen dimension measurement error and the 
sizes of the electric potential contacts.

3. Results and discussion
3.1. Structure and phase composition of composite ce-
ramics

Table 2 shows types and weight fractions of doping oxides 
and main structural parameters of the test ceramics: poro-
sity, EDXA-determined specimen-average iron concentra-
tion and average δ-iron concentration in the solid solution 
of the main (wurtzite) Zn1-δFeδO phase, average Fe con-
centration in sample and concentration (delta) in Wurtzite 
phase and lattice parameters of the ferrite phase and resi-
dual doping impurities forming during the synthesis.

Figure 1 shows typical examples of SEM cleavage 
surface images for single- and two-stage synthesized 
ceramic specimens. It can be seen from Fig. 1 that the 
grain size of the single-stage synthesized ceramics 
ranges from several to decades of microns (Fig. 1 a, c, 
e, g). After two-stage synthesis the predominant grain 
size decreased to the submicron range (Fig. 1b, d, f, 
h) although as can be seen from Fig. 1b, d some large 
grains persisted after the second synthesis stage. The 

Table 2. Main structural parameters of the specimens.

No. Specimen Porosity Average Fe concentration in 
ZnO, at.%

Fe(δ) concentration in 
Zn1-δFeδO, at.%

Lattice parameters, nm
Wurtzite phase Ferrite phase

1 ZnO 14.6 0 0 a = 0.32498
c = 0.52020 –

2 (ZnO)90(FeO)10-1 17.0 1.2 0.77 a = 0.32595
c = 0.52073 –

3 (ZnO)90(Fe2O3)10-1 15.5 2.3 0.82 a = 0.32381
c = 0.51822 –

4 (ZnO)90(Fe3O4)10-1 18.7 2.87 0.69 a = 0.32372
c = 0.51805 –

5 (ZnO)90(FeO)10-2 18.3 1.0 0.81 a = 0.32418 0.83892
c = 0.51900

6 (ZnO)90(Fe2O3)10-2 17.1 2.81 0.66 a = 0.32367 0.84074
c = 0.51809

7 (ZnO)90(Fe3O4)10-2 16.5 2.98 0.79 a = 0.32377
c = 0.51835 0.84322

8 (ZnO)90(Fe2O3 + FeO)10-2 17.0 5.04 0.87 a = 0.32346
c = 0.51758 0.84077
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XRD study showed that the wurtzite structure remained 
in the Zn1-δFeδO solid solutions regardless of the FexOy 
doping impurity type. According to the EDXA data pre-
sented in Table 2 the iron content in the wurtzite phase 
solid solution of most ceramics studied was in the 0.66 
< δ < 0.81 at.% range. The only exclusion was ceramic 
Specimen No. 8 synthesized at a higher temperature and 
during a longer time.

According to the XRD data the (FexOy)10(ZnO)90 doped 
ceramics contained, along with the Zn1-δFeδO wurtzite 
structure solid solution lines, several additional peaks 
marked with arrows in Fig. 2. The lattice parameters of the 
phases calculated by approximation from the XRD spectra 
are also shown in Table 2. The observed decrease in the a 
and c lattice parameters of the wurtzite phase after ZnO 
doping seems to be caused by partial substitution of Zn ions 
for iron ones in this phase. It should also be noted that the 
а/с lattice parameter ratio remains almost the same for all 
the doping impurities studied, i.e. the cell is not distorted.

Based on X-ray pattern fitting we can attribute the 
additional peaks (marked with arrows in Fig. 2) to the 
ZnFe2O4 ferrite phase and residual FexOy iron oxides.

The presence of additional phases in the (FexOy)10(ZnO)90 
composite ceramic structure (along with Zn1-δFeδO solid 
solutions having a wurtzite structure) was also detected 
by EDXA, Mössbauer and Raman spectroscopies. EDXA 
showed that Zn1-δFeδO solid solution grains with δ < 1 
at.% (dark regions in Fig. 3) coexist with relatively large 
regions (5–30 μm or even larger) containing 2–3 wt.% 
iron (bright regions in Fig. 3). According to Table  1, 
the presence of these iron-rich regions with a ZnFe2O4 
ferrite structure and/or FexOy residual oxides increases 
the average iron content in the (FexOy)10(ZnO)90 ceramic 
specimens to 1–3 at.%.

The Raman spectra of the specimens also suggest the 
presence of not only the wurtzite phase (Fig. 4) but also 
additional iron containing phases (Fig. 5). Comparison of 
the Raman peak positions in Fig. 5 with literary data [23] 
suggests the presence of two cubic phases one of which 
is identified as ZnFe2O4 zinc ferrite and the others can be 
interpreted as residual source FexOy doping impurities.

The Mössbauer data confirm the XRD, EDXA and 
Raman data indicating the presence of additional phases 
with high iron content in the experimental ceramic spec-
imens. To analyze the phase transformations occurring 
during the synthesis of the composite ceramics studied 
we measured the Mössbauer spectra both for the initial 

Figure 2. Typical XRD spectra for undoped ZnO and 
(FexOy)10(ZnO)90 composite ceramics synthesized in two stages using 
different FexOy doping impurities: (a) ZnO, (b) (ZnO)90(FeO)10-2, 
(c) (ZnO)90(Fe2O3)10-2 and (d) (ZnO)90(Fe3O4)10-2. Figure 2a 
shows Miller’s indices for the zinc oxide wurtzite lattice. Arrows 
in Fig.  2b–d show the additional peaks observed in the spectra 
corresponding to the ZnFe2O4 ferrite phase or FexOy residual oxides.

Figure 1. Typical SEM images of the grain structure at the cleavage surfaces of (FexOy)10(ZnO)90 ceramics synthesized using (a, c, e, 
g) single-stage synthesis method and (b, d, f, h) two-stage synthesis method with the doping impurities being (a and b) FeO, (c and 
d) α-Fe2O3, (e and f) Fe3O4 and (g and h) Fe2O3. Inset: Large magnification SEM images of separate specimen areas.

a

b d f h

c e g
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powder mixtures before compacting and for the as-syn-
thesized ceramic specimens with different doping impuri-
ties for single- and two-stage synthesis methods (Fig. 6).

As can be seen from Fig. 6 a and b the Mössbauer spec-
tra of the source powders mixtures ((a) (ZnO)90(α-Fe2O3)10 
and (b) (ZnO)90(Fe3O4)10) contain magnetically split sex-
tets [31]. The (ZnO)90(FeO)10 powder mixture also proved 
to exhibit a magnetically split sextet. The Mössbauer spec-
tra of all the as-synthesized ceramic specimens changed 
significantly and mainly contained a non-magnetic doublet 
(Fig. 6b, d) pertaining to ZnFe2O4 zinc ferrite [30] which 
was also detected in these ceramics by EDXA (Fig. 3).

3.2. Electrical properties of composite ceramics

Below we present the electrical properties of the 
(FexOy)10(ZnO)90 ceramics depending on the synthesis 
method (single- or two stage) and FexOy doping impurity 
type. The room temperature electrical resistivity ρ300 data for 
the specimens are summarized in Table 3. Figure 7 shows 
the temperature dependences of the electrical resistivity 
ρ(T) for undoped (Curve 1) and doped (Curves 2–8) ceramic 
specimens.

As can be seen from Fig. 7, zinc oxide doping with iron 
leads to an increase in the electrical resistivity near room 
temperature ρ300 for most of the specimens. The only exclu-
sion is the (ZnO)90(FeO)10-1 specimen synthesized in one 
stage whose electrical resistivity at T > 200 K proved to be 
lower than that of the undoped ZnO specimens which, as 
follows from Fig. 7, is most likely due to its heavily inho-
mogeneous structure.

By and large, as can be seen from Fig. 7 the 
(FexOy)10(ZnO)90 specimens can be divided in two groups 
by ρ(T) dependence pattern.

One group (Curves 3–7) have linear (Ln ρ) dependenc-
es on inverse temperature (1/T) in Arrhenius coordinates in 
the 150–300 K range. These specimens include all the two-
stage synthesized ceramics and those of the single-stage 
synthesized ones which were doped with Fe2O3 or Fe3O4 
oxides or (FeO + Fe2O3) mixture. The linear sections of the 
Lg ρ – (1/Т) functions for the specimens have close conduc-
tivity activation energies ΔЕσ ≈ 0.37 eV as determined from 
the linear section slopes of the Ln ρ(1/Т) curves in Fig. 7.

The second group of curves in Fig. 7 (Specimens 1, 2 
and 8) refer to undoped zinc oxide ceramics (Specimen 1) 
and (FeO)10(ZnO)90 specimens synthesized using the sin-
gle-stage (Specimen 2) and two-stage (Specimen 8) meth-
ods which had lower resistivities at T > 150 K as noted 
above. As can be seen from Fig. 7, Specimens 1, 2 and 
8 have cooling-reduced conductivity activation energy 
which is in the 0.005–0.05 eV range at 6–50 K.

We will now discuss the experimental data on the 
structure and electrical properties of the ceramics. Table 3 
suggests that in the 150–300 K range the temperature de-
pendences of the electrical resistivity of iron doped ce-
ramics 3–8 obey the following law:

03( ) exp ,
E

T
kT

σ∆ 
ρ = ρ −  

	 (1)

Figure 3. Example of EDXA iron distribution in (ZnO)90(FeO)10-2 
composite ceramic (Table 1, Specimen 5).

Figure 4. Examples of Raman spectra for the wurtzite phase in (a) 
indoped ZnO and (b) (ZnO)90(FeO)10-2, (c) (ZnO)90(Fe2O3)10-2 
and (d) и (ZnO)90(Fe3O4)10-2 doped composite ceramics.

Figure 5. Examples of Raman spectra for phase inclu-
sions in (a) (ZnO)90(FeO)10-2, (b) (ZnO)90(Fe2O3)10-2 and 
(c) (ZnO)90(Fe3O4)10-2 composite ceramics.
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with the conductivity activation energy ΔЕσ ~0.37 eV. This 
Еσ value is far greater than the literary data, i.e., 0.25 ± 0.02 
for polycrystalline ZnO films with 0.2 wt.% iron content, 
which were attributed [26] to the Fe3+ ionization energy.

Note that multiple researchers reported ionization or 
conductivity activation energies of ~0.15–0.4 eV for un-
doped zinc oxide which were attributed to the presence 
of the impurity band and/or tails of localized states [32] 
and to intrinsic donor defects [33–35] (e.g. zinc vacan-
cies forming during ceramic sintering in air). On the 
other hand the experimentally revealed deep level can 
be associated with the formation of the Fe–O complexes 
during ceramic synthesis and heat treatment. This should 
increase the concentration of oxygen vacancies which 
are formed due to leaving by oxygen of zinc oxide lat-
tice sites towards iron ions. However, taking into account 

Figure 6. Mössbauer spectra of (a) (ZnO)90(α-Fe2O3)10 and (c) (ZnO)90(Fe3O4)10 initial powders and (b) (ZnO)90(Fe2O3)10-2 and 
(d) (ZnO)90(Fe3O4)10-2 respective composite ceramics synthesized in two stages.

h

Figure 7. Temperature dependences of electrical resistivity for (1) 
undoped and (2–8) doped (ZnO)90(FexOy)10 ceramic specimens. 
Curve numbering corresponds to specimen numbering in Table 3.

Table 3. Main electrical parameters of the specimens.

No. Specimen Average Fe concentration in 
(FexOy)10(ZnO)90, at.%

Fe(δ) concentration in 
Zn1-δFeδO, at.%

ρ at 300 K, Ohm · m ΔЕσ at 300 K, eV

1 ZnO 0 0 3.67 · 101 0.05–0.07
2 (ZnO)90(FeO)10-1 1.2 0.77 7.51 · 100 0.36
3 (ZnO)90(Fe2O3)10-1 2.3 0.82 1.32 · 100 0.27
4 (ZnO)90(Fe3O4)10-1 2.87 0.69 2.86 · 105 0.34
5 (ZnO)90(FeO)10-2 1.0 0.81 7.89 · 102 0.36
6 (ZnO)90(Fe2O3)10-2 2.81 0.66 3.18 · 103 0.37
7 (ZnO)90(Fe3O4)10-2 2.98 0.79 6.12 · 102 0.37
8 (ZnO)90(FeO + Fe2O3)10-2 5.04 0.87 4.37 · 101 0.24
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the doping level of the experimental specimens (above 
1020 m-3 for the wurtzite phase), the revealed deep donor 
centers could as well be attributed to the presence of some 
quantity of double-charged iron ions [36]. The deep donor 
was reported [36] to originate from the interaction of sol-
ute Fe2+ iron ions with the intrinsic defects (e.g. due to the 
incorporation of these ions into the zinc sublattice) in the 
wurtzite crystal lattice which however is in conflict with 
our Mössbauer data.

As noted above the ρ(T) dependences in Arrhenius co-
ordinates for the undoped specimens and a doped one (Fig. 
7 Curves 1 and 2) suggest that the activation energy de-
creases with decreasing temperature. This is commonly at-
tributed either to electron hopping through localized states 
with variable hopping range (the so-called VHR mode) or 
to the presence of tails of localized states or large-scale po-
tential relief caused by an inhomogeneous distribution of 
impurities and defects. The electron hopping conductivity 
is described by the well-known Mott relationship [32, 37].

0
01( ) exp ,

T
T

T

α  
 ρ = ρ −    

	 (2)

where α = 0.25 for Mott’s mechanism in bulk semicon-
ductors and α = 0.5 for Shklovskii-Efros’ hopping. The ρ01 
and T0 parameters in Eq. (2) are the characteristic parame-
ters of the respective VHR hopping conductivity mode.

The relevance of the ρ(T) curves to some variant of 
Eq. (2) usually becomes clear from their representation 
in the so-called Mott coordinates Ln ρ – (1/T)α. As can 
be seen from Fig. 8 b the Mott representation of the ρ(T) 
curves for temperatures below 15 K causes linearization 
of the ρ(T) curves over a wider range of low tempera-
tures in accordance with the Shklovskii-Efros law [37]. 
This indicates possible formation of the Coulomb gap 
in the vicinity of the Fermi level for VHR conductivity 
through localized states. A similar behavior was observed 
for polycrystalline films [39]. It should be noted that the 
linearization of the ρ(T) curves in Mott’s coordinates was 
absent for doped Specimen No. 2.

As can be seen from Curve 1 in Fig. 8 a heating of the 
undoped ceramic specimen to 20 K < T < 40 K initiates a 
ρ(T) curve transition from the Shklovskii-Efros law to the 
Mott law with α = 0.25 in Eq. (2). Above 50 K, undoped 
ZnO and the heavily inhomogeneous doped single-stage 
synthesized specimens (Fig. 9 a, Curve 2) exhibit a ρ(T) 
curve transition to dependences of the following type

02( ) exp ,ET
kT
∆ ρ = ρ −  

	 (3)

where the conductivity activation energy ΔЕ ≈ (Ep – EF) 
is not equal to the impurity ionization energy and is 
temperature dependent. Here EF is the Fermi level and 
Ep is the percolation level. These dependences are typi-
cally attributed to specimen inhomogeneity [39, 40] and 

often observed in polycrystalline undoped zinc oxide 
films [34, 35].

As noted above the ρ(T) curve pattern described by 
Eq. (3) is often associated with the formation of tails of 
localized states near the conduction band bottom and the 

h

Figure 8. Temperature dependences of electrical resistivity for 
(1) undoped and (2) doped inhomogeneous ceramics in Mott’s 
coordinates for (a) α = 0.25 and (b) α = 0.5 in Eq. (2).

Figure 9. Diagram of the density of states for n conductivity 
doped ZnO as a function of electron energy for high intrinsic 
defect concentrations forming the impurity band and the tails of 
localized states near conduction band bottom.
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development of large-scale potential profile. Therefore 
in accordance with earlier data [12, 41] the ρ(T) curves 
observed below 150 K in doped ZnO of n type of con-
ductance can be described using the band energy diagram 
shown in Fig. 9. This diagram illustrates that the behavior 
of the ρ(T) curves for heating of an inhomogeneous spec-
imen in the experimental temperature range can be inter-
preted as a sequential transition from Shklovskii-Efros’ 
conductivity and then Mott’s conductivity described by 
Eq. (2) which occur by hopping through localized “defect 
band” states to percolation conductivity described by Eq. 
(3) that is caused by the formation of large-scale potential 
roughness by intrinsic defects and impurities.

It should be noted that a combination of hopping con-
ductivity attributed to Mott’s law described by Eq. (2) at 
below 40 K with conventional band conductivity described 
by Eq. (1) at above 50 K was observed earlier in intrinsic 
ZnO single crystals [35] containing shallow intrinsic de-
fects, e.g. interstitial zinc and/or oxygen vacancies which 
produce shallow donor levels with an ionization energy of 
about 0.05 eV.

4. Conclusion

The structure, type of doping Fe oxide and temperature were 
shown to affect the electrical properties of (FexOy)10(ZnO)90 
ceramics (0 ≤ x ≤ 3; 1 ≤ y ≤ 4) prepared using single- and 
two-stage synthesis methods in air. The doping agents 
were FeO, Fe2O3 and Fe3O4 iron oxides or (Fe2O3 + FeO) 
mixture. Carried out X-ray microfluorescent analysis, X-ray 

diffraction and Raman spectroscopy showed that at average 
iron concentrations of 1–3 at.% the ceramic specimens 
contain at least three phases: the Zn1-δFeδO solid solution 
with the iron content δ ≤ 0,81 at.%, the ZnFe2O4 ferrite 
phase with a spinel structure and FexOy residual iron oxides. 
Scanning electron microscopy showed that the wurtzite 
phase grain size in the ceramic specimens decreases from 
several decades of microns for single-stage synthesis 
to submicron sizes for two-stage synthesis. Two-stage 
synthesis also improved the homogeneity of the grain size 
and composition distribution. Iron introduction in the ZnO 
crystal lattice produces deep donor centers with an activation 
energy of about 0.37 eV presumably due to the interaction 
of the iron ions with the intrinsic zinc oxide defects. The 
electrical resistivity vs temperature dependences ρ(T) for 
undoped zinc oxide in the 6–300 K range exhibit a variable 
activation energy indicating a heavily disordered structure 
and possible formation of large-scale potential relief. In the 
latter case an increase in the temperature of the ceramic 
specimens initiates a transition from Shklovskii-Efros’ 
and Mott’s hopping conductivity with a variable activation 
energy (6–30 K) to percolation conductivity (50–100 K) 
and band conductivity (above 200 K).
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