
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Structure, electric and thermoelectric properties of binary ZnO-based 
ceramics doped with Fe and Co 

A.V. Pashkevicha,b, A.K. Fedotova, E.N. Poddenezhnyc, L.A. Bliznyukd, J.A. Fedotovaa,  
N.A. Basovd, A.A. Kharchankaa, P. Zukowskie, T.N. Koltunowicze,⁎, O.V. Korolikb,  
V.V. Fedotovad 

a Research Scientific Institute for Nuclear Problems of Belarusian State University, 11, Bobruiskaya Str., 220030 Minsk, Belarus 
b Belarusian State University, 4, Nezavisimosti Av, 220030 Minsk, Belarus 
c P.О. Sukhoi Gomel State Technical University, 48, Oktyabrskya Av., 246746 Gomel, Belarus 
d National Practical Center of National Academy of Science for Material Science, 19, P. Brovka Str., 220072 Minsk, Belarus 
e Lublin University of Technology, 38d, Nadbystrzycka St, 20–618 Lublin, Poland    

a r t i c l e  i n f o   

Article history: 
Received 1 February 2021 
Received in revised form 1 November 2021 
Accepted 2 November 2021 
Available online 7 November 2021  

Keywords: 
Ceramic ZnO 
Doping 
Sintering 
Phase structure 
Carrier transport 
Seebeck effect 

a b s t r a c t   

We have studied the interconnection between structure (grain sizes, chemical and phase composition, 
porosity) and some electric properties (resistivity, Hall and Seebeck coefficients, as well as power factor, 
concentration and mobilities of carriers) in composite ceramics (ZnO)z[(TM)xOy]1-z (TM = Fe and Co – 
transition metals, 0 ≤ x ≤ 3; 1 ≤ y ≤ 4, 0.5 ≤ z ≤ 10 wt%), prepared by one-step and/or two-step annealing on 
air of powder mixtures of ZnO and TM oxides. The structure of ceramic samples was studied by X-ray 
diffraction (XRD), Mossbauer (MS) and Raman (RS) spectroscopies, scanning electron microscopy (SEM), 
energy-dispersive X-ray (EDX) analysis and magnetometry. It was proved that phase composition of (ZnO)z 

[(TM)xOy]1-z ceramics depends on the type of doping agents. Addition of CoO to ZnO results in the formation 
of solid solutions with wurtzite structure after two-step annealing independently on Co concentration 
z ≤ 10 wt%. Addition of FexOy to ZnO results in the formation of the samples with three phase components 
after synthesis: submicron grains of wurtzute-like structure with large grains of ZnFe2O4 ferrite with spinel 
structure and residual oxides FexOy used as dopant in powder mixture. SEM measurements evidence that 
size of the wurtzite phase grains decreases from several tens of micrometers when using the one-step 
synthesis to a submicron level for the case of the two-step technology. Temperature dependences of 
electrical resistivity ρ(Т), as well as Hall and Seebeck coefficients in the undoped ZnO in th range of 6–500 K 
have shown a competition of the Mott and Shklovsky-Efros variable range hopping conductance (due to 
disordering), percolative one (due to formation of large-scaled potential relief) and a standard electron 
transport by Ceband. It was found that Ceband contribution to the carrier transport in ceramic samples 
(ZnO)z[(TM)xOy]1-z above 100 K was provided by both low and deep donor centers which have been formed 
in the wurtzite phase Zn1-δ(TM)δO. For example, in the TM doped samples we observed intrinsic shallow 
levels with ionization energies of about ΔE1 = (0.04–0.05) eV as well as extrinsic deep levels with ΔE2 

= (0.24–0.37) eV. The iron doping of ZnO-based ceramic samples increased the room temperature Seebeck 
coefficient S(300 K) in average. In so doing, the S(300 K) dependence on electron concentration n of the 
studied samples (ZnO)z(FexOy)1-z approached maximal values (up to 1000 µV/K) at n = 1021 m−3. At the same 
time ZnO doping with Co resulted in more weak increase (up to 1.3–1.5 times) of S(300 K) values. Practically 
threefold growth of S(300 K) doe to Fe doping was attributed by us to the influence of particles of ferrite) 
formed in wurtzite matrix. The power factor P = (S2/ρ), estimated for the studied samples, evidenced that for 
both dopants it’s the highest values ( = 10−5 W/K·m) were approached in the (ZnO)z[(TM)xOy]1-z ceramics 
with the lowest resistivity values. 
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1. Introduction 

Zinc oxide, possessing a unique combination of physical prop
erties and a variety of forms, has remained the object of strong at
tention of many researchers for several decades. Functional 
materials based on ZnO in the form of ceramics are increasingly used 
in optoelectronics, sensors, and converters of various types of energy 
into electrical energy [1,2]. Currently, special attention is paid to the 
search for ZnO-based ceramic materials doped with different im
purities, in particular, with transition metals (TMs), which results in 
improving of their properties. This invokes an enhanced search for 
correlations between structure (grain sizes, phase and chemical 
compositions, porosity, etc.) and electronic properties of composite 
ceramics, as well as striving of their cost-effective production tech
nologies [3–7]. Such ceramics have a number of advantages com
pared with polycrystalline ingots and thin films, as well as single 
crystals obtained using more expensive technologies. Ceramic 
technologies make it possible to manufacture products of various 
shapes and sizes changing their morphology, structural and phase 
state. This allows to control effectively their functional properties by 
changing sintering temperatures, duration and atmosphere of 
synthesis and the following heat treatments, as well as the type of 
doping agents in powder mixtures [4–6,8–10]. 

There are yet one important application of ZnO-based ceramics 
that attracts increasing attention last years. They are the most 
hopeful n-type thermoelectric materials, also possessing low toxi
city, high electron mobility, thermal stability, and corrosion re
sistance. However, the thermal conductivity к of pure ZnO is so high 
that the values ZT = S2σT/κ (Z is the figure-of-merit, T is the absolute 
temperature, S is the Seebeck coefficient, and σ is the electrical 
conductivity) becomes lower than is required for practical uses. 
Therefore, in context of thermoelectrical applications, it is important 
to suppress this high κ without sacrificing the S and σ values. So, the 
doping is one of the main instruments for matching of κ, S and σ 
values to increase ZT. 

ZnO-based oxide system has a rich variety of doping choices for 
altering the microstructure as well as tuning thermoelectric and 
transport properties. As was mentioned in [11–17], examples of 
dopant elements, which influence the thermoelectric and transport 
properties, are Al, Bi, Co, Fe, Ni, Ga, Mn, Sb, Sn and even their dual 
compositions. The mentioned papers provide some useful informa
tion on the doping effect and correlation between structure and 
properties, while it lacks a systematic investigation of the thermo
electric properties, especially with combined observation on the 
microstructure. 

Since literary sources also indicate that oxides of transition ele
ments, as well as some of their combinations with ZnO, have high 
values of the Seebeck effect and low thermal conductivity  
[8,12,18–23], it can be expected that preparation of ZnO-based 
ceramic compositions with their participation will also lead to an 
improvement in thermoelectric properties. On the other side, we 
should note that thermoelectric and transport properties of the Fe- 
and Co doped ZnO ceramics are not yet deeply explored. Light 
doping of Fe into ZnO was found not to cause any changes in mi
crostructure. Nevertheless, there were a few works on Fe highly 
doped ZnO reporting the formation of oxide defect structure in
cluding inversion domain structures [22] or antiphase modulated 
layers [21], both of which are in the length scale of 10 nm. However, 
few systematic efforts have been made to explore the thermoelectric 
properties of Fe- and Co-doped ZnO; neither the thermal con
ductivity nor the electrical conductivity and the Seebeck coefficient 
have been investigated. It is of primary interest in the present work 
to look into the effect of phase equilibria and microstructure on 
thermoelectric and transport properties of Fe- and Co-doped ZnO 
ceramics. 

Binary compositions (ZnO)z[(TM)xOy]1-z, where ТM = Fe, Co, are 
of additional research interest [4–6,24–43] because their structural, 
electrical, magnetic and optical properties depend not only on the 
concentration of TM impurities, but also whether they are evenly 
distributed, being incorporated into the crystal lattice of wurtzite 
matrix, or form submicronic/nanosized grains and magnetic clusters 
of different nature. Such hybrid nanocomposite materials containing 
magnetic particles with high spin polarization (for example, 
(TM)xOy/ZnO, ZnFe2O4/ZnO, etc.) can be used in spintronic devices  
[39–52], microwave absorption [53], photocatalysts [54], cancer 
immunotherapy [55], for detoxification of water [56], for gas-sen
sitive adsorption sensors based on zinc ferrite [57] and in other 
applications as well. 

Studies of the doping effect on single crystals, polycrystalline 
films, as well as nanostructured powders, tetrapods and nanowires 
are widely known from the literature [58–64]. At the same time, the 
studies of ZnO-based compositions sintered by ceramic technologies 
are far from completion (probably, with the exception of varistor 
ceramics [3,4], where d-TMs are often incorporated into ZnO matrix 
during the synthesis process). In particular, we are far from under
standing of such influences as incorporation of magnetic oxides in 
ZnO and changes in the synthesis/annealing regimes on the struc
ture and magnetic state of the resulting phases, as well as on carrier 
transport, Seebeck and Hall effects and other properties  
[4,5,39,58,60–63]. Modeling and experimental studies show that in 
an ideal wurtzite-like ZnO-based samples with TM ions both a re
latively shallow and more deep donor centers with an ionization 
energies of 0.1–0.4 eV are observed [63,65,66]. 

In this connection, the paper is mainly focused on the study of 
the impact of the synthesis/annealing regimes as well as type of 
doping agents (FexOy or CoO) on interconnection between phase 
structure, chemical composition and dopants distribution, grain 
sizes and porosity, on one side, and electric and thermoelectric 
properties of binary (ZnO)z[(TM)xOy]1-z ceramics, on other side. 

2. The subject of study and diagnostic methods 

The initial homogeneous powder mixtures were prepared in 
stainless steel grinder with hard-alloy balls in the presence of al
cohol as humidifier. The dispersion of particle sizes in the initial 
powder mixtures was about 10–50 µm after 12 h grinding. In order 
to remove moisture at the preparation of samples, we dried the 
initial powder mixtures at 500–900 °C until a constant weight ap
proached. After mixing-up of the dried powders, we added 3 wt% of 
special organic glue and subjected the powder mixtures to uniaxial 
pressing at 200 MPa to form tablets with diameter of 10–18 mm and 
thickness of 2–5 mm. 

For preparation of (ZnO)z[(TM)xOy]1-z tablets, we used either two- 
step (samples 6–15) or one-step (samples 1–5, 15–21) technologies. 
Two-step technology included pre-sintering procedure (1st step) and 
subsequent annealing (2nd step). After pre-sintering of ceramic tablets 
on the 1st stage, they were grinded again into powder of submicronic 
sizes, mixed with the glue and again compacted at 200 MPa. After 
subjection of compacted tablets to the final annealing on air at 
1100–1200 °C for 2–3 h (see, Table 1), they were cooled with the fur
nace at a speed of 200–300 °C/h both after every pre-sintering pro
cedure and annealing process. Note that the sample 9 in Table 1 
prepared from powder mixture (FeO + Fe2O3) had another pre-sin
tering/annealing mode. Make yet one remark concerning initial ZnO 
powder used in our experiments. As far as we used ZnO powders from 
two different producers for the preparation of Fe- and Co-doped 
ceramic samples, measurements of electric properties for pure (un
doped) ZnO ceramic samples have displayed slightly different values 
(see, below). In Table 1 these samples were labeled as ZnO-A (when 
using of Fe-doping) and ZnO-B (when using of Co-doping). 
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To prepare ZnO and (ZnO)z[(TM)xOy]1-z samples, we used stan
dard ceramic technology of sintering on air [4,41]. High purity 
powders of ZnO, FeO, α-Fe2O3, Fe3O4 and CoO or their mixtures were 
used as the starting components for the samples preparation before 
their heat treatment. When calculating the weights of band-and- 
hook hinges, we used the formula (ZnO)z[(TM)xOy]1-z, where full 
mass z of TM oxide powders z in the initial powder mixtures 
changed between 0.5 and 10.0 wt%. 

Structural characterization of ceramic samples was carried out at 
room temperature by X-ray diffraction analysis (XRD), which was 
performed on an automated devices DRON-3 M and DRON-4 
(Russia). We used Cu-Kα radiation and the scanning steps by 2θ 
angles about 0.03 degrees in the range 20–60 degrees. The exposure 
time was about five seconds in every point. X-ray patterns were 
fitted using the FullProf code based on the Rietveld method [67]. 

Raman spectroscopy (RS) for the structural characterization of 
ceramic samples was performed on a Nanofinder High-End confocal 
spectrometer (LOTIS TII, Belarus-Japan). To excite the signal, we used 
a solid-state laser with wavelength 532 nm and power 20 mW. The 
laser beam was focused on the surface of the sample with an ob
jective 50x (numerical aperture of 0.8). Laser spot at room tem
perature was about 200 × 200 nm, that allowed to analyze the 
structure of single grains and phase inclusions. The power of in
cident laser radiation was attenuated to 2 mW in order to avoid 
thermal damage of the sample surface. The backscattered light was 
dispersed by a 600 mm–1 diffraction grating, which made it possible 
to obtain a spectral resolution no worse than 3 cm–1. Spectral cali
bration was carried out by lines of a gas-discharge lamp, which 
ensured accuracy no worse than 3 cm–1. A cooled silicon CCD matrix 
was used as a photodetector. The signal accumulation time was 30 s 

To estimate shape and sizes of grains, we used the scanning 
electron microscopy (SEM) in the mode of secondary electrons. SEM 
images were done on the devices LEO 1455VP Oxford Instruments 
(Great Britain) and Tescan Vega 3LMU (Czech Republic). These de
vices were supplied with the energy-dispersive X-ray (EDX) analysis 
attachments to measure concentrations of chemical elements. 

To detect the porosity of the samples studied, we used the mi
croscope Olimpus GX41 (Japan) supplied with the software 
AutoScan 005. 

To detect magnetic status and local atomic order as well as 
charge state of Fe ions and iron oxides content in the studied 

samples, we used Mössbauer spectroscopy (MS). MS was carried out 
in temperature range of 20–300 K using an MS4 (SEE Co) Mössbauer 
spectrometer (USA) for powder samples in a transmission geometry 
with a 57Co/Rh source (20 μCi). Mössbauer spectra were fitted by the 
Rankur method using the MOSMOD code [68]. The values of isomer 
shifts IS are given with respect to α-Fe phase at room temperature. 

The magnetic properties (magnetization curves, coercivity, etc.) 
of composite ceramics doped with iron were studied on Vibrating 
Sample Magnetometer (VSM) Quantum Design VSM-PPMS (USA) in 
the range of temperature T = 5–300 K and the applied magnetic 
fields B = 0–9 T. 

The temperature and magnetic field dependences of resistivity 
ρ(Т, B) and the Hall constant RH(Т, B) in the studied ceramics were 
measured on the rectangular samples with a width of 2–3 mm and a 
length of 7–10 mm, cut from the described above synthesized ta
blets. We used silver current contacts, which were prepared at the 
two butts of the samples, and also two potential and two Hall con
tacts, which were prepared between current contacts at the wide 
edge of every sample. In this measurements we used the High Field 
Measurement System (HFMS) supplied with a closed-cycle re
frigerator (Cryogenic Ltd., London). The sample to be measured was 
mounted in a special platform on the probe containing magnet field 
sensor, thermometers, heaters and special heated shields. The probe 
with the mounted sample was placed inside the channel of super
conducting solenoid in the cryostat of the HFMS and connected to an 
automated measuring system. 

The dependences of ρ(Т, B) and RH(Т, B) ware measured in the 
temperature range of 6–300 K and in magnetic fields with magnetic 
induction 0 ≤ B ≤ 8 T. The current through the sample was set and 
measured by the Sub-Femtoamp Remote SourceMeter Keithley 6430 
(USA), which made it possible to measure the electrical resistance of 
the samples in the range of 100 µΩ –10 GΩ with an accuracy not 
worse than 0.1%. The temperature of the samples was controlled by 
LakeShore thermodiodes calibrated with an accuracy of 0.0005 K 
and having a reproducibility of 0.001 K, which allowed to stabilize 
and measure the temperature with the LakeShore 331 controller 
(USA). The accuracy of measuring the resistivity and the Hall con
stant was not worse than 5%, which was determined mainly by the 
inaccuracy of measurement of the samples geometric dimensions, 
the width of potential electrical contacts and distances be
tween them. 

Table 1 
Compositions and preparation regimes for the studied ZnO and (ZnO)z[(TM)xOy]1-z samples produced by the one- and/or two-step ceramic technologies.        

№ Sample designations and labeling Pre-sintering 
temperature, °C 

Time ofpre-sintering 
temperature, h 

Finalannealing 
temperature, °C 

Time offinalannealing, h  

1 ZnO-A 1100  2 – – 
2 ZnO-B 900  2 – – 
3 (ZnO)98(FeO)2-1 900  2 – – 
4 (ZnO)95(FeO)5-1 900  2 – – 
5 (ZnO)90(FeO)10-1 900  2 – – 
6 (ZnO)98(Fe2O3)2-1 900  2 – – 
7 (ZnO)95(Fe2O3)5-1 900  2 – – 
8 (ZnO)90(Fe2O3)10-1 900  2 – – 
9 (ZnO)98(Fe3O4)2-1 900  2 – – 
10 (ZnO)95(Fe3O4)5-1 900  2 – – 
11 (ZnO)90(Fe3O4)10-1 900  2 – – 
12 (ZnO)90(FeO)10-2 900  2 1200 2 
13 (ZnO)90(Fe2O3)10-2 900  2 1200 2 
14 (ZnO)90(Fe3O4)10-2 900  2 1200 2 
15 (ZnO)90(FeO+Fe2O3)10-2 900  4 1200 48 
16 (ZnO)98(CoO)2-1 1100  3 – – 
17 (ZnO)95(CoO)5-1 1100  3 – – 
18 (ZnO)90(CoO)10-1 1100  3 – – 
19 (ZnO)90(CoO)10-2 900  2 1200 2 
20 (ZnO)95.0(CoO)5.0-1 1100  3 – – 
21 (ZnO)99,5[(CoO)5.0∙(ZnO)95.0]0.5-1 1100  3 – – 

* Numbers 1 and 2 in the samples labeling after chemical formula in the second column denote one- or two-step synthesis technologies, respectively 
** TM – transition metals (Fe or Co)  
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Measurement of thermoEMF S300 and electrical resistivity ρ300 at 
room temperature (300 K) was carried out using the handmade 
setup shown in Fig. 1. To measure the Seebeck coefficient and re
sistivity, the described above samples 1 were clamped between 
copper plates 2 and 3 (movable and with heater) and thermometers 
4. To supply the uniform distribution of current and temperature at 
the contacts between sample 1 and copper plates 2 and 3, an indium 
layer was deposited by ultrasonic brazing on the ends of the sam
ples. After the temperature values on the sample became stationary, 
the thermopower and voltage drop values were recorded by source 
multimeter 5 and voltmeter 6. 

Seebeck coefficient S300 was calculated by the formula.  

S300 = Uav /∆Т,                                                                       (1) 

where ∆Т = (Т1 - Т2), Т1 and Т2 are the temperatures of hot (3) and 
cold (2) copper plates, and Uav is the thermopower indication for 
several (at least three) repeated measurements. The accuracy of 
determining the Seebeck coefficient and electrical resistivity was 
about 10%. 

3. Structure and phase composition of the studied ceramic 
samples 

Table 2 shows the main structural characteristics of phases 
formed in ceramic tablets, prepared by one- or two-step technolo
gies by regimes presented in Table 1. Among them are porosity, the 
lattice parameters (a and c) of wurtzite phase Zn1-δ(TM)δO and cubic 
ferrite ZnFe2O4 phase, as well as the average concentrations of TM in 
the tablets and concentration δ of TM in the wurtzite phase Zn1- 

δ(TM)δO detected by EDX method. 
Let us note the main structural features of (ZnO)z[(TM)xOy]1−z 

tablets studied by SEM and EDX methods. Examples of SEM images 
for one-stage tablets (ZnO)90(FeO)10-1 (sample 3) and 
(ZnO)90(CoO)10 (sample 18) with similar weight content of doping 
agents are shown in Fig. 2(a and d). It can be seen that in ceramics 
(ZnO)90(CoO)10 (Fig. 2a) the size of the wurtzite phase granules was 
within 1–2 µm, while the size of wurtzite grains in the 
(ZnO)90(FeO)10-1 tablets (Fig. 2b) was significantly higher (– 
1–10 µm). In addition, in (ZnO)90(FeO)10-1 ceramics, a small number 
of granules with sizes up to 20–40 µm were observed (Fig. 2d). As 
shown by EDXR studies, these large granules were enriched with 
iron in these ceramic samples (Fig. 2e). At the same time, for ceramic 
composites (ZnO)90(CoO)10, the images of the distribution of cobalt 
and zinc in (Fig. 2b and c) by EDXR measurements indicate the 
complete solubility of Co in ZnO with the absence of granules with 
an increased cobalt content. 

Note one more important feature of the grain structure of 
ceramic pellets (FexOy)10(ZnO)90, which follows from Figs. 3 and 4. 
As was shown by SEM studies earlier [69], after preliminary sin
tering on the 1st stage, the sizes of wurtzite granules in ceramic 
tablets (FexOy)10(ZnO)90 varied, as a rule, from 1 to 10 micrometers 
(see Fig. 3a–c). The sizes of granules in ceramics obtained by a one- 
stage technology (at lower sintering temperatures) were set mainly 
by the grain sizes in the initial powders. After relatively short high- 
temperature annealing at the second stage of tablets preparation, 
the size of the most grains sharply decreased to 500–800 nm. 

Fig. 1. Schematic illustration of a setup for measuring thermopower and resistivity at 
room temperature: 1 – test sample; 2 – a copper plate; 3 – a movable copper plate 
with a heater; 4 – resistance thermometers; 5 – source multimeter Agilent 34410 A; 6 
– voltmeter Agilent 34411 A; 7 – managing personal computer. 

Table 2 
Porosity of tablets, as well as TM content δ and lattice parameters (a and c) in the studied phases Zn1-δ(TM)δO and (ZnO)z[(TM)xOy]1-z.         

№ Sample Porosity, % Mean TM 
content, at% 

Concentration of TM (δ) in 
Zn1-δ (TM)δO,at% 

Lattice parameters of Zn1-δ 

(TM)δO, nm 
Lattice parameter of Zn 
(TM)2O4,nm  

1 ZnO-A 14.6 0 0 a = 0.32472 c = 0.51965 – 
2 ZnO-B 12.3 0 0 a = 0.32509 c = 0.52023 – 
3 (ZnO)98(FeO)2-1 14.2 – – a = 0.32429 c = 0.51844 – 
4 (ZnO)95(FeO)5-1 12.3 – – a = 0.32462 c = 0.51939 0.84271 
5 (ZnO)90(FeO)10-1 17.5 1.2 0.77 a = 0.32548 c = 0.52105 0.84292 
6 (ZnO)98(Fe2O3)2-1 15.0 – – a = 0.324856 c = 0.520019 0.83457 
7 (ZnO)95(Fe2O3)5-1 15.8 – – a = 0.324698 c = 0.520019 0.84298 
8 (ZnO)90(Fe2O3)10-1 16.0 2.3 0.82 a = 0.324706 c = 0.519645 0.84289 
9 (ZnO)98(Fe3O4)2-1 14.8 – – a = 0.324619 c = 0.519934 – 
10 (ZnO)95(Fe3O4)5-1 15.8 – – a = 0.32442 c = 0.51953 0.84018 
11 (ZnO)90(Fe3O4)10-1 – 2.87 0.69 a = 0.32508 c = 0.520301 0.84362 
12 (ZnO)90(FeO)10-2 – 1.01 0.81 a = 3.24748 c = 5.19836 0.84319 
13 (ZnO)90(Fe2O3)10-2 – 2.81 0.66 a = 0.32474 c = 0.51980 8.43348 
14 (ZnO)90(Fe3O4)10-2 – 2.98 0.79 a = 0.32474 c = 0.51996 0.84333 
15 (ZnO)90(FeO+Fe2O3)10-2 – 5.04 0,87 a = 0.32501 c = 0.520104 8.43928 
16 ZnO)98(CoO)2-1 15.8 0.65 1.15 a = 0.32483 c = 0.51969 no 
17 ZnO)95(CoO)5-1 15.2 0.81 2.21 a = 3.24741 c = 5.19522 no 
18 ZnO)90(CoO)10-1 13.5 2.35 3.25 a = 0.32480 c = 0.51941 no 
19 ZnO)90(CoO)10-2 – 2.30 3.80 a = 0.324943 c = 0.51974 no 
20 (ZnO)95.0(CoO)5.0-1 17.5 – – a = 0.32512 c = 0.52037 no 
21 (ZnO)99,5[(CoO)5.0∙(ZnO95.0)]0.5-1 15.5 – – a = 0.32512 c = 0.52037 no 
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Nevertheless, as seen in (Fig. 3d–f), some part of granules (relatively 
low) had dimensions of the order of tens of micrometers and was 
enriched with iron. The mentioned above decrease of grain sizes 
after the 2nd (high-temperature) stage of synthesis occurs, in our 
opinion, due to specificity of their preparation procedure. As noted 
in Part 2 of this article, the powders, from which the tablets were 
made in the second stage of synthesis, were obtained by prolonged 
grinding of the tablets obtained in the first stage. Since the granules 
of these powders were significantly smaller, the concentration 
(surface) of grain boundaries in such powders after pressing was 
significantly higher than in the initial powders. This led to the for
mation of a higher concentration of recrystallization centers during 
high-temperature annealing at the second stage of the synthesis, 
which led to the formation of smaller grains during diffusion at re
latively short times of high-temperature annealing. 

The example of the SEM image and EDX pattern with iron and 
zinc distributions in (FexOy)10(ZnO)90 tablets, shown in Fig. 4, con
firm the presence of secondary iron-enriched phases containing up 
to 1–5 at% of iron after 2nd stage annealing. Note also, that, as fol
lows from Table 2, in wurtzite-like Zn1-δ(TM)δO solid solutions, Fe or 
Co contents give their values δ  <  1 at% for Fe whereas for Co this 
value approaches about (3.2–3.8) at%. 

SEM images of the structure (Fig. 5) and EDX measurements of Co 
and Zn distribution (Fig. 2b and c) in (ZnO)90(CoO)10 pellets con
firmed the homogeneity of their structure and the absence of cobalt- 
enriched regions both after one-step and two-step synthesis. 

As follows from our previous X-Ray diffraction measurements  
[69,70] as well as Fig. 6 and Table 2, the refined XRD data show that 
lattice parameters a and c in the wurtzite phase of Zn1-δ(TM)δO 
become average less when doping, although the ratio a/c stays equal 
to = 1.60 for all the studied tablets. Underline also, that differently 
from (ZnO)z(FexOy)1-z ceramic pellets, in the samples (ZnO)z(CoO)1-z 

we did not observe any extra lines in diffraction patterns for all the 
studied values of z (between 0.5 and 10 wt%), see, Fig. 6 and Table 2. 
This confirms the lack of ferritic or residual CoO phases in these 
samples, as was mentioned above. 

The micro-Raman spectra for the (ZnO)z[(TM)xOy]1-z pellets were 
measured intentionally in several local points of the studied ceramic 

samples, to get either only in the region of the wurtzite phase Zn1- 

δ(TM)δO existence or in the grains of the secondary phases (when 
they were present). Examples of Raman spectra for regions without 
and with iron-enriched grains are shown in Fig. 7 and Fig. 8, ac
cordingly. 

Comparison of lines positions in Raman spectra with ones in 
literature [64,71,72] confirms the presence of Zn1-δ(TM)δO wurtzite 
phase in Fig. 7 and two cubic phases in Fig. 8, which were identified 
above from RDA spectra as ZnFe2O4 zinc ferrite and/or residues of 
the FexOy doping agents. 

Actually, all the spectra in Fig. 7 show a sharp and strong peak at 
around 435 cm−1, which were assigned to “E2 high mode”, that is 
attributed to ZnO wurtzite in [73]. We also observed the acoustic 
combinations of A1 and E2 components around 1100 cm−1. The peak 
at –573 cm−1 is referred to be “A1(LO)/E1(LO) phonon mode” and is 
usually represented to the defect complexes of zinc interstitials and/ 
or oxygen vacancies in ZnO lattice that are enhanced at dopant in
corporation [61]. This means that Fe- or Co-doping of ZnO results in 
the enhancement of the oxygen vacancies content. The broad peak in 
(Fig. 7b and c) observed at around 665 cm−1 are usually ascribed to 
incorporation of TM-ions into ZnO wurtzite matrix [74]. At the same 
time, we should note that some of papers interpret this fact as a 
consequence of activation of vibrating complex connected with in
trinsic lattice defects [73]. 

All the spectra in Fig. 8 were recorded only for regions enriched 
by iron due to lack of ZnCo2O4 phase in the studied Co-doped ZnO 
ceramic samples. They indicate the high frequency “first order mode 
A1g” between 1000 and 1400 cm−1, which are probably due to 
symmetric stretching of ZneO and TMeO bonds in the tetrahedral 
coordination [75]. The lines at 636 cm−1 and 671 cm−1 are probably a 
mixture of two modes related with stretching along ZneO bonds  
[76,77] and TMeO bonds [78], correspondingly. The modes F2g(2) 
and F2g(3) can be attributed to the vibrations of the octahedral 
groups [73,75–78]. 

Therefore, firstly, we can resume that the observed Raman 
spectra for wurtzite phases in TM-doped samples are compatible 
both with the described above our XRD data and literature sources. 
Secondly, as follows from the Table 2, the presence of iron-enriched 

Fig. 2. Examples of SEM (a, d) and EDX (b, c, e, f) images in composite ceramics (ZnO)90(CoO)10 (sample 12, a–c) and (ZnO)90(FeO)10 (sample 3, d–f): distributions of Co (b), Fe (e) 
and Zn (c, f). 
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precipitates with the ZnFe2O4 ferrite structure and/or residual FexOy 

oxides increases the average iron content in samples up to 1–5 at% 
that is lower than the rated nominal concentrations z of Fe in 
ceramic samples (ZnO)z[(TM)xOy]1-z. It is logically to attribute this 
discrepancy to the fact that, most likely, some of iron atoms are not 
incorporated into ZnO lattice and does not form ZnFe2O4 and/or 

FexOy granules, segregating at grain boundaries [79] and/or internal 
surfaces of pores. Just by this reason they do not contribute to the 
extra lines of XRD patterns of Fe-doped samples. 

To analyze additionally the magnetic status of the phases formed 
during the synthesis and annealing procedures in the studied com
posite ceramics doped with TM, we measured their magnetization 

Fig. 3. Typical SEM images (marker is 10 micrometers) of the grain structure on the cleaved surface of ceramics [(TM)xOy]10(ZnO)90 obtained after two – (a, b, c) and one-stage (d, 
e, f) synthesis using СоО (a, d), FeO (b, e) and α-Fe2O3 (c, f) oxides as the doping agents. The Inserts in top right corners of pictures give the SEM images with higher magnification 
(marker is 1 micrometer). 

A.V. Pashkevich, A.K. Fedotov, E.N. Poddenezhny et al. Journal of Alloys and Compounds 895 (2022) 162621 

6 



curves as well as the Mössbauer spectra (MS) for the samples con
taining iron ions (see, Figs. 9–11). MS spectra were measured both 
for initial powders before their compacting and also on powders 
prepared from pellets after one-step or two-step procedures of 
preparation. 

The MS confirms the XRD, EDX and Raman data concerning the 
presence of secondary, enriched by iron precipitates in the studied 
ceramics. As follows from the recorded MS for the sample 
(ZnO)90(FeO)10, at room temperature a singlet of powder mixture 
(Fig. 9a) is transformed after sintering and annealing into doublet 
(with the isomeric shift IS = 0.35 mm/s and quadrupole splitting 
Δ = 0.34 mm/s) corresponding to the paramagnetic ZnFe2O4 with a 
ferrite structure (Fig. 9b and c) [3,57]. We should note also that this 
doublet is observed on the Mössbauer spectra for all the studied 
ZnO-FexOy ceramics in the whole investigated temperature range 
(20–300 K). Note, that both after one- and two-step preparation, the 
Mössbauer spectra of (ZnO)90(FeO)10 ceramic samples show one 
doublet corresponding to iron ions in charge state Fe3+. It should be 
noted that the hyperfine parameters of the obtained phases do not 
depend on number of stages in synthesis procedure. 

As can be seen from (Fig. 10a and b), Mössbauer spectra of both 
(ZnO)90(Fe2O3)10 and (ZnO)90(Fe3O4)10 ceramics also include mainly 
a nonmagnetic doublets, identical to that observed for 
(ZnO)90(FeO)10 ceramic samples. To identify the phase corre
sponding to this subspectrum (doublet), low-temperature MS stu
dies of (ZnO)90(Fe2O3)10 ceramics were carried out, which allowed us 
to distinguish the superparamagnetic properties of the material 
from the paramagnetic ones. The low-temperature Mössbauer 
spectra in Fig. 11 for the ceramics, obtained by two-step preparation 
procedure, have shown that the decrease of temperature down to 
20 K does not result to magnetic splitting of spectral lines, i.e. a non- 
magnetic doublet still remains dominant (on –60%) and its hyperfine 
parameters are close to those observed at room temperature. In 

other words, the conservation of the doublet at low temperatures 
confirms the paramagnetic character of the corresponding phase. In 
accordance with [80], the ZnFe2O4 zinc ferrite possesses the para
magnetic properties and similar parameters of Mössbauer spectra. 
As is seen from Figs. 2 and 4, the formation of this phase is in 
agreement with the data of EDX method and Raman spectra. 

We observed in the local structure of (ZnO)90(Fe3O4)10 composite 
the presence of the magnetically split sextet with isomeric shift 

Fig. 4. Examples of SEM images (a) and EDX pattern of Fe distribution (b) in composite ceramics (ZnO)90(FeO)10-2 (Sample 6 in Table 2).  

Fig. 5. Examples of SEM images in ceramic tablets (ZnO)90(CoO)10 after 1st stage (a, sample 18) and 2nd stage (b, sample 19) of sintering procedures.  

Fig. 6. Examples of typical XRD spectra in undoped ZnO (a) and composite ceramics 
(ZnO)90(FeO)10 (b) and (ZnO)90(СоO)10 (c). In Fig. 6a the Miller indices for the wurtzite 
lattice of zinc oxide are shown by black color. Red arrows in Fig. 6b show the observed 
additional lines corresponding to the ferrite phase (ZnO)z(FexOy)1-z or residual iron 
oxides FexOy. 
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IS = 0.37 mm/s and characteristic magnetic field Beff = 51.7 T. Its 
contribution to Mössbauer spectrum was about 23% that is in 
agreement with the results of paper [43]. Its hyperfine parameters 
coincide with the corresponding parameters of the MS for the initial 
powder mixture used for the ceramics preparation, namely Fe3+- 
containing oxide. Probably, this sub-spectrum characterizes the local 
configurations of Fe ions in the large iron-rich microparticles shown 
in SEM and EDX images in Figs. 2 and 4. 

To confirm the above-described magnetic state of the observed 
phases in the (ZnO)90(FexOy)10 ceramics, we have analyzed ad
ditionally magnetization curves µ(B) in the temperature range of 
5–300 K for the two-stage samples (ZnO)90(α-Fe2O3)10-2 (sample 13) 
and (ZnO)90(Fe3O4)10-2 (sample 14), which showed differences in 
their local ordering according to Mössbauer data. According to XRD, 
Raman and MS data, the (ZnO)90(α-Fe2O3)10-2 sample demonstrates 
a large amount of Fe3+-oxide (probably hematite α-Fe2O3) and the 
least amount of ZnFe2O4 ferrite. 

As can be seen from Fig. 10c, the (ZnO)90(α-Fe2O3)10-2 sample, 
prepared by two-stage technology, demonstrates paramagnetic 
shape of magnetization curves µ(B) at the temperature range 
150–300 K and remains predominantly paramagnetic at lower 
temperatures 10–50 K. Such behavior is due to paramagnetic char
acter of the ferrite ZnFe2O4 in such ceramics. When we cool down 
the sample (ZnO)90(α-Fe2O3)10-2 below 50 K, its µ(B) curve 

demonstrates hysteresis with the coercivity НС of the order of 
350–450 Oe. This may be caused by transition of ZnFe2O4 to the 
antiferromagnetic state that typically takes place at 10 K. Note also, 
that, the low-field magnetization and the magnetic susceptibility dµ/ 
dB of the sample increases when temperature decreasing. 

The sample (ZnO)90(Fe3O4)10-2 demonstrates more complicated 
character of µ(B) curve (Fig. 10d). This curve clearly shows two 
components in the whole temperature range [45]. The first compo
nent is identical to that in µ(B) for the sample (ZnO)90(α-Fe2O3)10-2 
in Fig. 10c, i.e. it characterizes the ZnFe2O4 sub-system. According to 
MS data, this component includes more than 70% of the iron-con
taining phases. The second component of µ(B) curve for ceramic 
sample (ZnO)90(Fe3O4)10-2 is different from the previous (ZnO)90(α- 
Fe2O3)10-2 sample in Fig. 10c. It shows a hysteresis loop with high 
magnetic susceptibility at low fields and non-zero coercivity (up to 
300 Oe) even at room temperature that is compatible with the re
sults of [81]. The latter is supposed to be hematite α-Fe2O3 revealed 
in this ceramic by Mössbauer spectroscopy (compare also with [81]), 
which possesses weak ferromagnetic properties at room tem
perature. 

Summarizing the results for the described above structure and 
magnetic state of the studied ceramics, we can resume the following. 
The ZnO  <  Co  >  pellets are solid solutions for all the studied com
positions and contain granules with sizes of 1–2 µm. The main vo
lume of the ZnO < Fe >  samples is occupied by the wurtzite phase 
Zn1-δFeδO with granules of submicron sizes where iron atoms are 
dissolved in concentrations 0.66 ≤ δ ≤ 0.87 at%. At the same time, as 
follows from XRD, RS, EDX and Mossbauer spectroscopy and mag
netometry as well, the studied Fe-doped ceramic samples with in
itial weight concentrations of iron of more than 3–5 wt% contain 
iron-rich secondary phases of ferrite ZnFe2O4 (with the perovskite 
structure) and the residual cubic oxides FexOy. 

4. Temperature dependences of resistivity, Hall effect and 
Seebeck effect 

This section presents and discusses the temperature de
pendences of resistivity, as well as Hall and Seebeck coefficients for 
the studied ceramic samples depending on the preparation tech
nology (one- or two-stage), type of doping agents (TM)xOy and phase 
structure. 

Fig. 12 shows the influence of doping on temperature de
pendences of normalized resistivity ρ(Т)/ρ(300 K) for some ceramic 
samples (ZnO)z[(TM)xOy]1-z prepared by both one- and two-step 
synthesis technologies. As follows from this figure, the studied 
samples can be divided provisionally into two groups by their the 
character of their ρ(Т) dependences around room temperature in 
Arrhenius scale. For the Fe-doped and mostly high-resistive cera
mics, curves Lg [ρ(Т)/ρ(273 K)]-(1/T) are linear for some samples 
prepared by one-step technology (curves 5 and 8) and all two-step 
ones (curves 11–15). As is seen from Tables 3 and 4, the linear parts 
of Arrhenius curves at 200–300 K show very similar slopes giving 
activation energies of conductivity close to ΔЕσ = (0.36  ±  0.02) eV. 

The Lg [ρ(Т)/ρ(273 K)]-(1/T) dependences for the second group, 
which include the mostly low-ohmic ceramic samples, show the so- 
called “sliding” (temperature dependent) ΔЕσ values below 
200–250 K in Fig. 12. As follows from Tables 3 and 4, they refers to 
the undoped ZnO ceramic samples (curves 1 and 2) and also to some 
doped samples (FeO)10(ZnO)90-1, (CoO)10(ZnO)90-1 and 
(CoO)10(ZnO)90-2 (curves 5, 18, 19, accordingly). Note also that one- 
step sample 5 formally belongs to both groups (to the first at 
T  >  200 K and to the second at temperatures below 200 K). The va
lues of “sliding” ΔЕσ decrease upon cooling and does not exceed 
0.05–0.09 eV at the studied temperature range. Such behavior is 
attributed very often by 2 reasons. The first reason is hopping of 
electrons by the localized states formed either in band gap or in 

Fig. 7. Examples of Raman spectra in undoped ZnO (a) and in samples 12 
(ZnO)90(FeO)10-2 (b) and 19 (ZnO)90(СоО)10-2 (c) in the regions where only the 
wurtzite phase exists. 

Fig. 8. Examples of Raman spectra for the Fe-enriched phase precipitates with mi
cronic sizes in the iron doped composite ceramics, obtained by two-stage synthesis 
method: (ZnO)90(FeO)10 (а), (ZnO)90(Fe2O3)10 (b) and (ZnO)90(Fe3O4)10 (c). 
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band-tails of C(V)-bands due to disordering of semiconducting ma
terial (see. [80–86]). The second reason ascribes this behavior to the 
presence of the so-called Large-Scale Potential Relief (LSPR) in het
erogeneous or strongly disordered and high-ohmic semiconductors. 
In our case, the formation of LSPR can be conditioned either by in
homogeneous distribution of impurities/defects in wurtzite phase 
Zn1-δ(TM)δO or multi-phase structure of some of ceramic samples. To 
clarify this issue, we measured temperature dependences of Hall 
constant RH(Т) and Seebeck coefficient S(T) in some of (ZnO)z 

[(TM)xOy]1-z samples. Unfortunately, we could make measurements 
of low-temperature RH(Т) only in the mostly low-resistive samples. 

To make a relative comparison of the influence of doping with 
cobalt or iron on the electrical transport properties in the (ZnO)z 

[(TM)xOy]1-z composite ceramics, we measured the temperature 

dependences of the Seebeck coefficient below 300 K for 3 ceramic 
samples – the undoped zinc oxide (sample 1), (FeO)10(ZnO)90-1 
(sample 5) and (CoO)10(ZnO)90-1 (sample 18). For convenience of 
comparison, these results are shown in Fig. 13 in normalized form S 
(T)/S(273 K). Note that the used in this experiment doped samples 
were prepare by a one-stage synthesis procedure. Since transition 
elements in doping agents (CoO and FeO) were present only in the 
form of doubly charged ions, it can be expected that in these doped 
ceramics, cobalt and iron replaced only zinc ions in the wurtzite 
lattice. We also recall that the Co-doped ceramics were in the form 
of solid solutions (with wurtzite lattice), whereas the Fe doping 
shown the presence of a secondary (mostly ferritic) phase. 

Let us consider the features of S(T)/S(273 K) dependences in zinc 
oxide in the range 4–300 K before and after ZnO doping with iron or 

Fig. 9. The examples of Mossbauer spectra for the initial (ZnO)90(FeO)10 powder mixture (a) and corresponding composite ceramics (ZnO)90(FeO)10 after one-step (b) and two- 
step (c) preparation technology. 

Fig. 10. Mössbauer spectra (a, b) and magnetization curves (c, d) of the composite ceramics (ZnO)90(Fe2O3)10-2 (a, c) and (ZnO)90(Fe3O4)10-2 (c, d) prepared by two-step tech
nology: 1 – 5 K, 2 – 10 K, 3 – 50 K, 4 – 150 K, 5 – 300 K. 
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cobalt, and compare it with the temperature dependences of the 
resistivity and Hall coefficient. As follows from Fig. 13, the first fea
ture of the S(T)/S(273 K) curves is that at temperatures below 
20–30 K it is linear for samples undoped (curve 1), Fe-doped (curve 
5) and Co-doped (curve 18) samples. In so doing, for the iron doped 
sample 5, the S(T) in the whole range of the studied temperatures is 

always lies negative, whereas for the samples 1 and 18 negative S 
change its sign on positive below 20–30 K (see, insets in Fig. 13). 

The second feature is the difference of S(T) law character at low 
and high temperatures and the influence of the type of doping on its 
progress. As can be seen from Fig. 13a, at low temperatures the be
havior of S(T)/S(273 K) for the undoped ZnO (curve 1 in Fig. 13a) is 
linearized in Arrhenius coordinates, that possibly may indicate the 
activation character of carrier transport with an activation energy of 
about 9–10 meV. At high temperatures, the S(T)/S(273 K) de
pendences become linear in double logarithmic coordinates with 
slopes of the order of 0.5, that is especially clearly seen for sample 5 
(Fig. 13a). The latter corresponds to the well-known Zvyagin's rela
tion for S(T) in strongly disordered semiconductors [87]. 

The third feature is that the addition of CoO increases the S of 
zinc oxide much weaker compared to the sample doped with iron. 
So, for example, in the low-temperature range the value of S in ZnO- 
based ceramics, when doping with cobalt, increases only slightly, 
while when doping with iron in the form of FeO, it increases much 
more strongly (see inset in Fig. 13a). Possible reasons in different 
influences of Fe and Co doping on S values of ZnO ceramic samples in 
context of the specificity of behavior of their S(T), ρ(Т) and RН(T) 
curves will be described below. 

Our experiments have shown that Hall constant RH, calculated 
from relation 

=R
r

ne
,H (2) 

has shown negative sign for all of the measured samples at tem
peratures T  >  100 K. Here r is a constant, which depends on me
chanism of carrier scattering and, accordingly [94], tends to unity in 
strong magnetic fields. As is seen from Table 3, in the studied 
samples the room temperature n values lie in the range of (8 × 1018- 
3 × 1022) m−3. In so doing, Fig. 14 indicates two contributions to n(T) 
dependences, where their Arrhenius plots can be fitted by linear 
dependences, with different slopes (ionization energies). As is fol
lows from Fig. 14, these dependences have smaller slopes ΔE1 at 
T  <  150 K and larger slopes ΔE2 at T  >  200 K, accordingly. We attri
bute such behavior of Arrhenius Lg n(1/T) curves to the formation of 
two types of defect centers with different ionization energies ΔE1 

and ΔE2 (see, Table 3) in the prepared ceramic samples. 
The temperature dependences of Hall mobility μH(T) of carriers 

for some of mostly low-resistive samples were estimated by relation  
[73].  

μH = RH/ρ,                                                                             (3) 

where:  

ρ(T) = ρo exp[-(ΔЕσ/kT)·                                                           (4) 

Here ΔЕσ – energy of conductivity activation, which is close to im
purity ionization energy in a standard band conduction model. 

Fig. 11. Mössbauer spectrum of composite ceramics (ZnO)90(α-Fe2O3), prepared by 
the two-step technology, which was measured at 20 K. 

Fig. 12. Temperature dependences of the resistivity ρ(Т)/ρ(273 K) in normalized 
Arrhenius scale for the undoped (1, 2) and doped (5, 8, 11–14, 18, 19) ceramic samples 
(ZnO)z[(TM)xOy]1-z, prepared by the one-step (1, 2, 5, 18) and two-step (8, 11–14, 19) 
synthesis procedures. The numbers near curves correspond to the samples in Table 1. 

Table 3 
Values of ionization energies ΔE1 and ΔE2 estimated from n(T), conduction activation energies ΔЕσ estimated from ρ(T) as well as the exponent k in Eq. (4) calculated from 
temperature dependences of the Hall mobility μH for the undoped ZnO (samples 1, 2) and doped (samples 12, 13,15, 18–20) ceramics.          

№ Sample n, m−3 (Т = 300 K) ΔE1, eV (T  <  150 K) ΔE2, eV (T  >  200 K) ΔЕσ, eV μH, m2/V s (Т = 300 K) Exponent kin the ratio (3) for Т   
>  200 R   

1 ZnO-A 9.3·1020 0.009 –  0.05  1.83∙10−4 -2,10  
2 ZnO-B 1.9·1021 0.004 –  0.05  7.38∙10−5 0.71  
5 (ZnO)90(FeO)10-1 5.73·1021 – 0.09  0.26  8.09∙10−4 -3.2  
8 (ZnO)90(Fe2O3)10-1 5.97·1021 – 0.15  0.34  2.04∙10−3 -4.3  

12 (ZnO)90(FeO)10 − 2 1.6·1019 0.004 0.306  0.36  4.93∙10−4 -2.9  
13 (ZnO)90(Fe2O3)10 − 2 8.2·1018 – 0.241  0.37  2.38∙10−4 -2.5  
15 (ZnO)90(FeO+Fe2O3)10-2 1.9·1021 0.014 0.164  0.24  7.38∙10−5 -2.7  
18 (ZnO)90(CoO)10-1 4.12·1022 0.005 0.061  0.02  3.24∙10−5 0.3  
20 (ZnO)95.0(CoO)5.0-1 6.45·1020 0.006 0.070  0.009  4.58∙10−4 -1.6    
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We can see from Fig. 15 the following specific features. Firstly, at 
temperatures 150  <  T  <  300 K μH(T) curves are characterized by re
latively low values of mobility with power-law temperature de
pendences.  

μH(T) – Tk·                                                                            (5)  

As is seen in from Table 3, at T ≥ 200 K the exponent k in (5) is 
close to the value (− 2.1) for the undoped sample 1 and to the value 
(− 2.3  ±  0.6) for the homogeneous ceramic samples prepared by 
two-step synthesis (samples 12, 13, 15). We can attribute such be
havior to the scattering of electrons on the ionized defects and/or 
impurities. 

Note also, that, as is seen from Table 4, the samples 2 and 20 
show small positive values of k exponent in (5) which indicate 
possible contribution of another mechanism of scattering. We can 
attribute this fact to the scattering of electrons by phonons. Sec
ondly, below 200 K, the negative exponent k for the doped samples 
strongly falls down by modulo with the temperature decrease giving 
physically unreasonable values (see points below 200 K for curves 5, 
12, 13, 15 and 19 in Fig. 15). Below we discuss possible reasons of 
such behavior. 

Let us discuss the above-described carrier transport properties in 
the studied samples. As follows from Table 4 and Fig. 14a, at tem
peratures below 150 K, in the undoped zinc oxide (samples 1 and 2) 
and some doped samples (12, 15, 18, 20) the obtained values of 

ionization energies ΔE1 are close to those observed in literature  
[84–86] for shallow donors in wurtzite lattice. The most of re
searchers attribute shallow centers to such intrinsic defects as 
oxygen vacancies and/or interstitial zinc ions [84–86]. 

At high temperatures, the estimated ΔE2 and ΔЕσ values for the 
doped samples indicate the formation of deep donors with energy 
levels 0.24–0.37 eV, see Table 4 and Fig. 14. Note also, that some of 
ΔЕσ values in iron-doped ceramics for the temperature range of 
150–300 K, significantly exceed those known from the literature. For 
example, for polycrystalline ZnO films with an iron content of 0.2 wt 
% authors of paper [86] observed ΔЕσ = 0.35  ±  0.02 eV. Note also that 
a number of authors present more deep centers with the ionization 
or conduction activation energies of about 0.15–0.4 eV even in the 
undoped zinc oxide [66,89–91]. They attributed these deep levels 
either to the formation of an impurity band due to doping, which is 
overlapping with bottom of C-band, and/or “tails” of localized states 
in C-band due to dopants [92,93] or intrinsic donor-like defects  
[66,90,91]. Actually, when producing of ceramics on air, the increase 
of oxygen atoms can result in an increase of zinc vacancies (Znv

2-), 
which, according to [91], will play a role of deep donors. Moreover, 
this formation of Znv

2- vacancies can be enhanced by the departure 
of a significant part of zinc atoms on the formation of ZnFe2O4 ferrite 
particles that were observed in our Fe-doped samples. On the other 
hand, the replacement of a part of zinc atoms by iron atoms in the 
wurtzite lattice, as well as the increase of concentration of oxygen 

Table 4 
The main electrical parameters and Seebeck coefficient measured at room temperature in the studied samples (ZnO)z[(TM*)xOy]1-z.        

№* Samples ρ300, Ω m RH (300 K), m3/C S300, μV/K P300 = S2/ρ, W/K2 m  

1 ZnO-A 3.67·101 0.00671 385  ±  10 4.04·10−9 

2 ZnO-B 2.98·10−1 0.00692 229  ±  15 1.76·10−7 

3 (ZnO)98(FeO)2-1 7.69·10−3 – 595  ±  25 4.60·10−5 

4 (ZnO)95(FeO)5-1 5.70·10−3 – 609  ±  26 6.51·10−5 

5 (ZnO)90(FeO)10-1 1.34·100 1.09·10−3 735  ±  15 4.77·10−7 

6 (ZnO)98(Fe2O3)2-1 1.70·10−2 – 409  ±  37 9.87·10−6 

7 (ZnO)95(Fe2O3)5-1 1.13·102 – 400  ±  4 1.41·10−9 

8 (ZnO)90(Fe2O3)10-1 9.71·100 1.04·10−3 765  ±  5 6.03·10−8 

9 (ZnO)98(FeO+Fe2O3)2-1 – – 582  ±  149 – 
10 (ZnO)95(Fe3O4)5-1 – – 592  ±  50 – 
11 (ZnO)90(Fe3O4)10-1 2.86·105 – 955  ±  55 3.19·10−7 

12 (ZnO)90(FeO)10-2 7.89·102 3.89·10−1 603  ±  43 4.61·10−10 

13 (ZnO)90(Fe2O3)10-2 3.18·103 7.58·10−1 299  ±  28 2.83·10−11 

14 (ZnO)90(Fe3O4)10-2 6.12·102 – – – 
15 (ZnO)90(FeO+Fe2O3)10-2 4.37·101 6.71·10−3 835  ±  26 1.6·10−8 

16 ZnO)98(CoO)2-1 1.70·10−2 – 409  ±  37 9.87·10−6 

17 ZnO)95(CoO)5-1 1.13·102 – 400  ±  4 1.41·10−9 

18 ZnO)90(CoO)10-1 4.67·100 1.51·10−4 386  ±  8 3.19·10−8 

19 ZnO)90(CoO)10-2 5.1·100 2.0·10−4 580  ±  20  
20 (ZnO)95.0(CoO)5.0-1 2.11·101 9.67·10−3 363  ±  27 6.24·10−9 

21 (ZnO)99,5[(CoO)50*(ZnO50)]0.5-1 4.17·10−3 – 350  ±  15 2.94·10−5 

**Numbers 1 and 2 in the samples labeling after chemical formula in the second column denote the same as in Tables 1 and 2.  
* TM – transition metals (Fe or Co)  

Fig. 13. Temperature dependences of the normalized Seebeck coefficient S(T)/S(273 K) in double logarithmic (a) and in Arrhenius (b) scales. Insert (a): S(T) in linear scale. Insert 
(b): S(T) in linear scale below 15 K. 
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atoms during the pre-sintering and post-sintering annealing on air 
can also lead to the formation of Fe-O complexes. In such a case, we 
can attribute the observed deep level in the doped ZnO  <  Fe  > 
ceramics to the formation of these complexes. Note also that paper  
[85] attributes deep centers with ΔЕσ about 0.34 eV to antisite defect 
OZn (oxygen in Zn-sublattice). Therefore the nature of deep 
centers in undoped and Fe(Co)-doped ZnO ceramics needs more 
research. 

As was noted above, the ρ(Т) and S(T) dependences in the 
Arrhenius scale in Figs. 12 and 13b for the samples 1, 2, 5, 18, 20 were 
characterized by the so-called “sliding” activation energy, which 
decreased when cooling. In literature, this is usually attributed to 
either variable range hopping (the so-called VRH regime [92,93]) of 
electrons by localized states or the presence of “tails” of localized 
states due to strong disordering, as well as Large-Scale Potential 
Relief (LSPR) formation due to non-uniform distribution of im
purities and defects. In case of VRH carrier transport, temperature 
dependences of resistivity are usually described by the well-known 
Mott relation [92,93]:  

ρ(Т) = ρ01·exp[-(T01/T)α],                                                          (6) 

where in bulk semiconductors the exponent α is close either to 0.25 
for the Mott mechanism or to α = 0.5 for Shklovsky-Efros VRH re
gime. Here, ρ01 and Т01 are the characteristic parameters of the 
corresponding VRH process, which are dependent on the density of 
localized states and the electron localization radii of defects. 

In nonhomogeneous semiconductors with strong LSPR the tem
perature dependences of the electrical resistivity are described by 
the relation.  

ρ(Т) = ρ03 exp[-(ΔЕ(T)/kT),                                                       (7) 

where: ΔЕ(T) – activation energy which do not match with energy of 
impurities ionization as in a standard band conduction model. 
Accordingly [80–84], ΔЕ = (Ep-EF), where EF and Ep are Fermi energy 
and the percolation level, accordingly, which are dependent on 
temperature. 

In order to understand which of the above mechanisms describes 
our experimental data most correctly, we used the procedure for 
replotting of the ρ(Т) dependences in different scales in accordance 
with relations (5) and (6). 

To prove the agreement (or disagreement) of low-temperature 
carrier transport with VRH behavior, we presented experimental ρ(Т) 
curves for the samples of the above-mentioned second group with 
the changing activation energies in the so-called Mott coordinates Lg 
(ρ)-(1/Т)α. As is seen, Mott curves in Fig. 16 can be described by two 
straight lines with different slopes. To resolve correctly, which of the 
laws (Mott or Shklovsky-Efros) fits better the observed experimental 
ρ(Т) dependences, we performed the appropriate approximation 
procedure. In accordance with formula (6), this procedure uses α, ρ01 

and Т01 as fitting parameters. In the temperature range below 15 K, 
the least errors gave relation (6) with α = 0.25 for the samples con
tained only wurtzite phase – undoped ZnO (curves 1 and 2) and Co- 
doped ceramics Zn1-δCoδO. In particular, at these temperatures, the 
optimized fitting parameters for Mott law were ρ01 = 719 Ω m and Т01 

= 17 K (samples 1); ρ01 = 65 Ω m and Т01 = 20 K (samples 18); ρ01 

= 656 Ω m and Т01 = 16 K (sample 20); ρ01 = 65 Ω m and Т01 = 18 K 
(sample 18); ρ01 = 0.65 Ω m and Т01 = 15 K. At higher temperatures 
20  <  T  <  40 K, the optimized values for the samples 1 and 20 were 
α = 0.5 that corresponded to Sklovski-Efros law. Other fitting para
meters were equal to ρ02 = 76 Ω m and Т02 = 72 K for the sample 1 
and to ρ02 = 73 Ω m and Т02 = 70 K for the sample 1. 

For the sample 5 in Fig. 16, procedure of fitting has given bad 
result. 

Comparison of ρ(Т) presented in Fig. 16 indicates good agreement 
with the known literature data [66,85,92,94]. For example, for ZnO 
single crystals doped with intrinsic defects (like interstitial zinc 
atoms and/or oxygen vacancies) paper [85] shows that combination 
of Mott-like hopping and standard conductivity by C-band, which 
exhibits shallow and deep donor levels with an ionization energies 
of the order of 0.05 eV and 0.25 eV, accordingly. 

Note, that in the temperature range between 50 K and 200 K all 
the samples in Fig. 16 with moderately high resistance display 
transition to another type of ρ(Т) dependence, describing by relation 

Fig. 14. Examples of temperature dependences of electron concentration n(T) in Arrhenius scale for the whole temperature rang (a) and T  >  100 K (b) for the samples 1, 8, 12, 13, 
15, 18 in Table 3. Points, linked by the dashed lines, show the experimental results. Solid straight lines are approximations of linear parts of Lg n(1/T) dependencies at low and/or 
high temperatures. 

Fig. 15. Temperature dependences of the Hall mobility μH(T) in logarithmic scale for 
the samples 1, 8, 12, 13, 15 and 20. 
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(7). Accordingly [80–84], such form of ρ(Т) dependence confirms the 
formation of LSPR resulting in the appearance of percolation con
ductivity [91,92], when the percolation level Ep in relation (7) ap
proaches the Fermi level EF. Note that the LSPR formation is also 
confirmed by some additional arguments. Firstly, the temperature 
dependence of Seebeck effect in Fig. 12 in the studied sample 1, 5, 18 
at T  >  100 K where S(T) follows to Zvyagin relation (see, above). 
Secondly, the described above behavior of the temperature de
pendences of the electron mobility (strong increase of k exponent in 
(4) with the temperature lowering) and immeasurability of Hall ef
fect below 200 K. Therefore, the formation of LSPR in the studied 
samples can be attributed to the growth of the inhomogeneity of 
ceramic samples because of the strong disordering due to the pre
sence of both intrinsic defects (in undoped ZnO) and TM doping (in 
samples 5, 15, 18, 20) [80–84]. 

As is seen from Figs. 12 and 16, the increase of temperature above 
150–200 K results in transition of ρ(Т) for some doped ceramic 
samples and undoped sample 1 to usual band conductivity described 
by relation (4) [83,88] with activation energies ΔЕσ close to 
0.35–0.37 eV, see Table 3. Therefore, following papers [70,94,95], the 
temperature dependences of the electrical resistance ρ(Т) and ther
moEMF S(T) in the whole temperature range 6–300 K can be de
scribed on the basis of the band energy scheme shown in Fig. 9 of 
our previous work [70] for Fe-doped ZnO-based ceramics. This 
scheme has fully explained the changes of carrier transport me
chanisms observed in our experiments for both the undoped and 
doped samples. 

5. Resistivity, Hall effect and thermoelectric properties at room 
temperature 

Let us compare the room temperature values of Seebeck coeffi
cient S300 and resistivity ρ300 with concentration of electrons n 

estimated from Hall constant RH in the studied ZnO-based ceramics. 
These data together with the calculated values of the power factor 
P = S2/ρ are presented in Table 4 and in Figs. 17 and 18. 

The joint analysis of the parameters, presented in Table 4 and  
Figs. 17 and 18, allows to establish certain correlations between S300, 
ρ300, n300 and P300 values when doping of ZnO ceramics. 

First correlation consists in the fact that for the overwhelming 
number of the studied ceramic samples, doping with iron and cobalt 
leads to an increase of ρ300 as compared to the undoped zinc oxide 
ceramic samples. In so doing, as follows from Fig. 17a, the resistivity 
ρ300 tends to fall monotonically with increasing electron con
centration n300 as a result of doping, regardless of the type of dopant. 

Second correlation, following from Table 4, shows that doping 
with Co gives small increase of S300 values (as a rule, in 1.3–1.6 
times) as compare with the undoped Sample 2 (as was noted in 
paragraph 2, we used two different ZnO powders for preparation of 
Fe- and Co-doped ceramics which have different values of S300 in  
Table 4). At the same time, Fe doping results in more strong growth 
of S300 as compared to the undoped sample 1, approaching the va
lues up to 955  ±  55 μV/K for the sample 11 (as was noted in para
graph 2, we used two different ZnO powders for preparation of Fe- 
and Co-doped ceramics which have different values of S300 in  
Table 4). 

As is seen from Fig. 17c, there are two fundamentally different 
trends in S(ρ) dependences for the studied ceramics (ZnO)z[(FexOy]1-z 

and (ZnO)z[CoO]1-z. Black and blue dots, falling into the oval in  
Fig. 17c and refering to the undoped ZnO and (ZnO)z[CoO]1-z cera
mics, show that ρ300 practically does not affect the value of S300. At 
the same time, the S(ρ) dependence for (ZnO)z[(FexOy]1-z ceramics 
(red dots) looks like S(n) in Fig. 18b. Note that we could not observe 
the same behavior S(n) for Co-doped samples because they were 
characterized by strong LSPR due to high disordering, that did not 
allow to make measurements of Hall effect. 

Fig. 16. Temperature dependences of the electrical resistance in the undoped zinc oxide (samples 1 and 2) and the doped (ZnO)z[(TM)xOy]1-z ceramics (samples 5, 18, 20) in Mott 
coordinates log(ρ) – T−0,25 (a) and log(ρ) – T−0,5 (b). 

Fig. 17. Dependences of resistivity (a) and Seebeck coefficient (b) on electron concentration n as well as Seebeck coefficient on resistivity (c) for the studied ZnO-based ceramics. 
The area in Fig. (c), limited by an oval, refers to samples of undoped zinc oxide and ceramics doped with cobalt. 
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The described character of S(n) and ρ(n) dependences in the 
studied Fe-doped ceramics is in good agreement with the known 
models describing thermoelectric properties in doped semi
conductors (see, for example [96,97]) and show that maximal S300 

are observed only for any optimized values of concentration of car
riers and resistivity. 

The observed strong increase of Seebeck coefficient S300 due to 
doping with iron as well as similarity of S(n) and ρ(n) dependences 
in the studied Fe-doped ceramics indicates allows to ascribe such 
difference to their different phase states: the (ZnO)z[CoO]1-z samples 
are single-phase solid solutions with a wurtzite lattice (the lack of 
ZnСо2O4), while the samples (ZnO)z[(FexOy]1-z are two-phase, since 
they have particles of zinc ferrite ZnFe2O4 embedded into in the 
wurtzite matrix. This means that an increase in the Seebeck coeffi
cient from about (230−400) μV/K for the undoped ZnO up to about 
1000 μV/K at the optimized electron concentration after doping with 
iron is just due to the presence of secondary ferritic phase ZnFe2O4. 
This is also in agreement with paper [24]. Moreover, this is sup
ported additionally, in our opinion, by the fact that for more in
homogeneous samples (ZnO)z[(FexOy]1-z obtained by one-stage 
synthesis (according to EDX, XRD, MS and RS, they contained more 
concentration of ferritic phase), on average, have higher values of the 
Seebeck coefficient than ceramics obtained by the two-stage tech
nology (see, Table 4). 

Calculations of the power factor P = (S2/ρ) for the studied sam
ples, presented in Table 4 and in Fig. 18, evidence that its highest 
values (of the order of 10−5 W/K·m) are achieved for ceramics with 
the lowest values of resistivity. These include the most hetero
geneous ceramics (ZnO)z(CoO)1-z (samples 16 and 21) and (ZnO)z 

(FexOy)1-z (samples 3 and 4), obtained by the one-stage technologies. 

6. Conclusions 

We have shown the influence of the structure (phase and che
mical composition, grain sizes, magnetic status, porosity), type of 
doping agents and temperature on the electrical (resistivity, Hall 
effect, Seebeck coefficient) and magnetic (magnetization, Messbauer 
spectra) properties of ceramic compositions (ZnO)z[(TM)xOy]1-z, 

where transition metals TM = Fe and Co with 0 ≤ x ≤ 3, 1 ≤ y ≤ 4, 
0.5 ≤ z ≤ 10 wt%). Samples were prepared by one-step and/or 

two-step technologies using oxides FexOy or CoO as doping agents. 
EDX, XRD, RS, MS and magnetization have showed that phase 
composition of ceramic samples was dependent on type of dopant. 
In (ZnO)z(FexOy)1-z samples three phases were observed, as a rule: 
wurtzite Zn1-δFeδO, ferrite ZnFe2O4 with a spinel structure, as well as 
residual cubic iron oxides. In (ZnO)z(СоO)1-z samples only solid so
lutions with wirtzite structure were observed at z ≤ 10 wt%. Using 
SEM method, it was found that the sizes of the most grains with 
wurtzite structure decrease from several tens of micrometers, when 
using one-step synthesis, to the submicron level for the case of two- 
step technology. It was proved that compaction and two-stage (pre- 
sintering and post-sintering) annealing of powder mixtures 
(ZnO)90(α-Fe2O3)10 in air results in the formation of ceramics with 
paramagnetic properties at room temperature due to the presence of 
ZnFe2O4 ferrite with spinel structure. At T ≤ 10 K, ZnFe2O4 is char
acterized with the increased coercive force (350–450 Oe), which is 
due to its transition to antiferromagnetic state. The use of Fe3O4 as a 
doping agent leads to the formation of ceramics, which possess weak 
ferromagnetic properties at room temperature due to the presence 
of residual α-Fe2O3 phase, which contributes to the increase in 
magnetic susceptibility and coercive force (up to 300 Oe) at room 
temperature. 

It was found that the incorporation of iron into the wurtzite Zn1- 

δFeδO phase, in addition to shallow donors due to native defects with 
an ionization energy of about 0.04–0.05 eV, deep donor centers with 
an ionization energy of about 0.24–0.37 eV were formed. 
Temperature dependences of electrical resistivity ρ(Т) in the tem
perature range of 6–300 K in the undoped and Co-doped ZnO-based 
ceramics were characterized by a variable energy of activation, 
which indicates strong disordering and inhomogeneity of the sam
ples structure resulting in the formation of a large-scale potential 
relief. As a result, in the undoped ZnO and solid solutions 
ZnO  <  TM  >  we observe sequentially 4 mechanisms of carrier 
transport with temperature increase – from the VRH conductivity 
with Mott (lower than 15 K) and Shklovsky-Efros (in the region 
20  <  T  <  40 K) mechanisms to the percolative carrier transport at 
50  <  T  <  150 K, and then to standard conduction by C-band above 
150–200 K. The doping of ZnO have shown very strong influence of 
the dopant type on Seebeck coefficient S. When doping with iron, 
the Seebeck coefficient S at 300 K is increased in average. In so doing, 

Fig. 18. Distribution of resistivity (red bars), Seebeck coefficient (green bars) and power factor (blue bars) by the studied samples of ceramics.  
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the S300 value itself depends on electron concentration n of the 
(ZnO)z(FexOy)1-z samples going through the maximum about 
1000 µV/K at n = 1021 m−3. At the same time, ZnO doping with Co 
only slightly increase the S300 values. We attributed this growth of 
S300 values with Fe doping to the formation of secondary ferritic 
phase ZnFe2O4 embedded into wurtzite matrix. Calculations of the 
power factor P = (S2/ρ) for the studied samples evidenced their 
highest values (of the order of 10−5 W/K·m) in ceramics with the 
lowest resistivity values for the case of both dopants. 
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