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Currently, special attention is paid to the search for new ceramic materials based on wide-gap oxides, as
well as to the study of their structure and properties with a view to their application in various areas of
electronic and optoelectronic industry.

Conventional double-step ceramic technology has been used to obtain samples in this experiment.
After compacting at the pressure of 6 GPa of ZnO and ZnO-FexO, powders in different weight relations,
the samples were subjected to the procedure of synthesis at 1173 K for 2 h and then to the annealing at
1473 K for 3 h on air.

The samples structure was investigated by the Scanning Electron Microscopy (SEM), Energy-dispersive
X-ray Spectroscopy (EDX), X-ray Diffraction (XRD) and Raman spectroscopy methods. Temperature de-
pendences of resistivity, magnetoresistance, Hall and Seebeck effects were experimentally studied in the
range from 4 to 700 K.

As the experiments have shown, the size of grains in the obtained ceramic samples after synthesis was
in submicron range. An XRD study showed the saving of the wurtzite structure in Zn;-3Fe;O solid so-
lutions where 0.66 < d < 0.81 at. % regardless of the type of the doping agent. At the same time, the
replacement of zinc by iron atoms led to the contraction of the ZnO lattice.

All the samples studied (ZnO and Zn;-;Fe;0) demonstrate n-type conductivity. The temperature de-
pendencies of resistivity have shown two specific features: the presence of energy level about 0.35 eV
below the conduction band bottom for the doped ceramic samples (unknown in literature) and
conductance with the changing activation energy at temperatures below 200 K for the undoped ZnO
ceramic samples. Seebeck coefficient increased by100—150% with doping due to growth of electron
concentration. Some model concepts about scattering mechanisms and reasons of Seebeck effect
enhancement have been developed.

© 2020 Elsevier B.V. All rights reserved.

* Corresponding author.

1. Introduction

For many years special attention is paid to the search for new
ceramic materials based on wide-gap oxides, as well as to the study
of their structure and properties with a view to their application in
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various areas of electronic and optoelectronic industry. This forces
to study correlations between structure and properties of com-
posite ceramics, as well as striving for their cost-effective produc-
tion technologies [1]. Such ceramic materials have a number of
advantages compared with polycrystalline and epitaxial films,
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single crystals and other types of ZnO-based materials obtained
using more expensive technologies. Ceramic technologies make it
possible to manufacture products of various shapes and sizes,
varying their morphology, structural and phase state, which allows
to control their functional properties by changing the granules sizes
in the initial powder mixtures; temperatures, duration and atmo-
sphere of synthesis and the following heat treatments, as well as
the type of doping agents [2—4]. Currently, various methods of
preparing materials on the basis of ZnO are used worldwide, such
as chemical vapor deposition [5—10], atomic layer deposition
[11—13], sputtering [ 14—16], liquid-phase methods for synthesizing
ZnO nanowires [17] or nanoparticles [18,19].

Using ceramic materials based on iron-doped zinc oxide, it is
possible to create both traditional (for example, varistors [2]) and
completely new types of devices. For example, by doping ZnO with
magnetic impurities, it is possible to realize electronic, optical,
magnetic and other properties controlled by a magnetic field
[20—23]. Yet one application of ZnO-based composite ceramics is
related to production of thermoelectric converters (TEC) [24,25];
however, this requires increasing electrical conductivity and
reduction of materials thermal conductivity.

Analysis of the literature suggests that single crystals, poly-
crystalline films, nanostructured powders and zinc oxide-based
wires have been studied in sufficient detail. At the same time,
based on ZnO composites, synthesized by ceramic technologies, are
far from being fully studied (probably, with the exception of
varistor ceramics [2]). So, the aim of the work is to study the in-
fluence of structure, phase and chemical composition on electric
and thermoelectric properties of ZnO-based ceramics when they
are doped with iron using different types of Fe,Oy (x=1,2andy =1,
2, 3) alloying agents.

2. Experimental

To obtain samples we used conventional double-step ceramic
technology. After compacting at pressure of 6 GPa of ZnO and ZnO-
FexO, powders with the weight relation (ZnO)gg(FexOy)io, the
samples were subjected to the procedure of synthesis at 900 °C for
2 h and then to the grinding into powder again, compacting (in the
form of tablets with the diameter of 10—18 mm and thickness of
2—5 mm) and annealing at 1200 °C for 2 h in air. The annealed
tablets were cooled in the furnace at the speed of 200—300 K/h.

The structural characterization of ceramic samples was carried
out at room temperature by X-ray diffraction analysis (XRD) with
Cu-K, radiation in the automated unit DRON-3M. The X-ray pat-
terns were processed using the FullProf code based on the Rietveld
method for profile analysis [26]. The scanning step in the 20 angles
was 0.03°, and the exposure time about 5 s.

The scanning electron microscopy (SEM) in the mode of sec-
ondary electrons using the devices LEO 1455VP (Oxford In-
struments, London, Great Britain) and Tescan Vega 3LMU (Tescan,
Brno, Check Republic) was applied to measure grains’ form and
sizes. To measure concentrations of chemical elements, the energy-
dispersive X-ray (EDX) analysis to be contained in SEM was used. As
the measurements have shown, at mean Fe content in ceramic
about (1-3) at. % the Fe concentration in solid solutions Zn;_zFe;O
was about d = (0.66—0.87) at. %.

To detect the porosity of the samples studied, we used the mi-
croscope Olimpus GX41 (Olimpus, Tokyo, Japan) supplied with the
Auto Scan 005 software. In the studied samples, porosity was be-
tween 14.6% for the undoped ZnO and 16.5%—18.3% for the
(Zn0)go(FexOy)1o.

Nuclear gamma resonance (NGR) spectroscopy was carried out
in a temperature range of 20—300 K using an MS4 (SEE Co)
Maossbauer spectrometer (USA). NGR spectrometry was performed
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on powder samples in a transducent geometry using a°’Co/Rh
source (20 pCi). The spectra were fitted using the MOSMOD code
based on the Rankur method [27]. The values of isomer shifts f
were given relatively to the a-Fe phase at room temperature.

Raman spectroscopy (RS) was performed on a Nanofinder High-
End confocal spectrometer (LOTIS TII, Belarus — Japan). To excite
the signal, we used a solid-state laser with the wavelength of
532 nm and the power of 20 mW). The laser radiation was focused
on the surface of the sample with a 50x objective (numerical
aperture of 0.8). The power of laser radiation incident on the
sample surface was attenuated to 2 mW in order to avoid its
thermal damage. The backscattered light was dispersed by a
600 mm~ diffraction grating, which made it possible to obtain a
spectral resolution no worse than 3 cm~ Spectral calibration was
carried out by the lines of a gas-discharge lamp, which ensured
accuracy no worse than 3 cm~ The signal accumulation time was
30 s. A cooled silicon CCD matrix was used as a photodetector.

The temperature dependences of resistivity p(7) and the Hall
constant Ry(7") in ceramics were measured on rectangular samples
with the width of 2—3 mm and the length of 7—10 mm cut from the
described above synthesized tablets. Two silver current contacts
were prepared at the butts of the samples, and two potential and
two Hall contacts were prepared between the current contacts at
the wide edge of every sample.

Measurements of p(7) and Ry(7) were performed on the High
Field Measurement System (Cryogenic Ltd., London, Great Britain)
with a closed-cycle refrigerator. The sample to be measured was
mounted in a special probe containing magnet field sensor, ther-
mometers and heaters. The probe with the mounted sample was
placed inside the channel of superconducting solenoid in the cryo-
stat of the installation and connected to an automated measuring
system. The dependence of p(7) and Ry(7) was measured in the
temperature range of 6—300 K and in magnetic fields of 0—8 T. The
current through the sample was set by the Sub-Femtoamp Remote
SourceMeter Keithley 6430 (Tektronix, USA, Beverton), which made
it possible to measure the electrical resistance of the samples in the
range of 100 uQ—10 GQ with the accuracy not worse than 0.1%. The
temperature of the samples was controlled by LakeShore thermo-
diodes calibrated with an accuracy of 0.0005 K and having a repro-
ducibility of 0.001 K, which allowed to stabilize and measure the
temperature with the LakeShore 331 controller (Lake Shore Cryo-
tronics, Westerville, USA). The accuracy of measuring the resistivity
and the Hall constant was not worse than 5%.

The magnetic properties of composite ceramics were studied in
the temperature range T = 5—300 K and the magnetic fields B up to
8 T by the vibration sample magnetometer (VSM) using a Quantum
Design VSM-PPMS installation.

To measure differential thermos-EMF the samples were inserted
in a special measuring cell with two pairs of pressure bronze con-
tacts, between which the sample was fixed. The contacts contained
measuring thermometers, which made it possible to determine the
temperature with the accuracy of no worse than 0.1 K. The Seebeck
coefficient was determined by differentiating the experimental
dependence of the thermopower on the temperature difference on
the sample under study in the temperature range 290—310 K. The
accuracy of measuring the Seebeck coefficient was not worse than
10%.

3. Structure and phase composition of ceramics

As was shown by the SEM studies, after preliminary sintering
(1st stage), the granule sizes in ceramics were from 1 to 5 to several
tens of micrometers (see Fig. 1a—d), but after the final sintering
(2nd stage) the grain dimensions decreased to the submicronic
range (Fig. 1e—h).
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Fig.1. Examples of SEM images of the grain structure on the cleaved surface of ceramics (Fe,0,)10(Zn0)go obtained after one- (a, b, d, g) and two-stage (e, f, g, h) synthesis using FeO
(a, e), a-Fe,05 (b, f), Fe304 (c, g) oxides and a mixture (50 FeO + 50 Fe,0s) (d, h) as the doping oxides. The inserts give the SEM images of samples’ sections with higher

magnification.

Fig. 2 shows the XRD patterns of the undoped and doped ZnO
with various types of the doping agents Fe,O,. The undoped ZnO
ceramics display the hexagonal wurtzite structure (it is well
matched with JCPDS Card No. 05-0664). The Fe-doped samples
reveal at least 3 phases: the hexagonal phase of ZnO wurtzite
structure, the spinel structure of ZnFe;04 (in accordance with

JCPDS Card No: 89-0951) and the FCC phases for the rests of doping
agents FexOy (in accordance with JCPDS Card No: 89-0951) [28].
Therefore, the XRD method shows (Fig. 2) the prevailing of solid
solutions Znj_3Fe;0 with the wurtzite structure independently on
the type of FexO, doping agent. According to the EDX microanalysis
in SEM, that the iron content in the wurtzit matrix Zn;_sFe;O of the
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Fig. 2. Examples of XRD patterns in undoped ZnO and composite ceramics (FexOy)10(Zn0)qo, obtained by the method of two-step synthesis, using different doping agents Fe,O,: ZnO
(), FeO (b), Fe;05 (c) and Fe304 (d). Miller indices near the XRD reflexes are shown by black figures for the Zny_3Fe;0 wurtzite phase, by red figures for the Fe,O, doping agents and
by green figures for ferrite ZnFe,04. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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studied ceramics was in the range of 0.30 < 3 < 0.81 at. %.

The lattice parameters values for the Znq_sFe;O wurzite phase
obtained from approximation by the Rietveld method are sum-
marized in Fig. 2. We detected some decrease in lattice parameters
a and c when doping of ZnO, probably due to partial replacement of
Zn ions in the wurtzite phase with iron ions. The magnitude of this
lattice contraction in doped wurtzite clearly correlates with the
number of oxygen atoms per unit formula of iron oxide used as a
doping agent. It should also be noted that the ratio a/c = 1.60 is
preserved for all the studied doping agents, i.e. the lattice cell itself
is not distorted.

Example of the additional Fe-enriched phases fixed by the EDX
method in the (ZnO)gy(Fe203)19 ceramics is presented in Fig. 3
together with the SEM images. As follows from Fig. 4, in the com-
posite ceramics, in addition to the more or less homogeneously
distributed grains of Zn;_zFe;O solid solutions with the wurtzite
structure (dark areas with < 1 at. % in Fig. 3), there are areas with
sizes up to tens of um, which contain up to 1-3 at. % iron (light
areas in Fig. 3b).

The Raman spectra of the studied ceramic samples were
measured specially at several points that got either to the region of
the Znj_3Fe30 solid solutions (Fig. 4a) or to the particles with the
iron enriched phases (Fig. 4b), that were shown in Fig. 3. The
comparison of the Raman lines positions in Fig. 4 with the literature
data [29—34] indicates the presence of wurtzite Zn;_sFe;0 and two
cubic phases, one of which is identified as ZnFe,04 zinc ferrite, and
others can be attributed to residues of the Fe,O, doping agents,
confirming the XRD data.

To analyze the phase transformations during the synthesis of
the studied composite ceramics, we measured Mossbauer spectra
for both the initial powders before compacting, as well as after two-
step synthesis (Fig. 5). The NGR spectra of the initial powders are
characterized mainly by a sextet, corresponding to a-Fe,O3 and
Fe,03 phases. After mixing and compaction of powders, homoge-
nization of the iron-containing phases occurs takes place. There-
fore, the NGR spectra obtained for (ZnO)gg(FexOy)10 powder
mixtures and for the ceramics show one doublet corresponding to
iron ions Fe3*.

4. Magnetic, electric and thermoelectric properties of
ceramics

To analyze the magnetic properties of the iron doped ZnO-based
ceramics, we selected samples of materials that correspond to the
mostly different structural properties and local ordering charac-
teristics. Fig. 6 shows the magnetization curves for M(B) of (a-
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Fig. 4. Examples of Raman spectra for the wurtzite phase (a) and phases enriched by
Fe (b) in composite ceramics, obtained by the method of two-stage synthesis: (1) ZnO,
(2) (ZnO)go(FeO)1o, (3) (ZnO)og(Fez03)10 and (4) (ZnO)go(Fe304)10.

Fe203)10(Zn0)gg and (Fe304)10(Zn0)gp ceramics that were produced
by two-stage technology. According to XRD and Mossbauer spectra,
the sample (o~ Fe;03)10(Zn0)gp contains large quantity of ZnFe;04
phase (Fig. 7a) and the sample (Fe304)10(Zn0)gp has the largest
amount of magnetic oxide a-Fe;03 and the minimal amount of
ZnFe,04 phase (Fig. 7b).

As can be seen from Fig. 6a, (0-Fe;03)10(Zn0)gg sample has
paramagnetic properties at 150 K < T < 300 K and is predominantly

Fig. 3. SEM image (a) and EDX picture of Fe distribution (b) in the composite ceramics (ZnO)go(Fe304)10.
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Fig. 5. Mossbauer spectra of the initial powders (ZnO)go(¢-Fe;03)10 (@) and (ZnO)go(Fe304)10 (c), as well as the corresponding composite ceramics (ZnO)go(Fe;03)q0 (b) and

(Zn0)go(Fe304)10 (d) obtained by the method of two-step synthesis.
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Fig. 6. Magnetization curves M(B) of (- Fe;03)10(Zn0)go (a) and (Fe304)10(Zn0)gp (b) ceramics measured between 5 and 300 K.

paramagnetic in the temperature range T = 5—50 K. At higher
temperatures, such behavior is due to the paramagnetic character
of the ferrite ZnFe,04, which forms the basis of the iron-rich grains
in this ceramics. When the temperature drops to T < 10 K, the
magnetization curves of this sample begin to demonstrate the co-
ercive force H¢ reaching 350—450 Oe, which may be caused by the
transition of ZnFe;04 below 10 K to the antiferromagnetic state.
More complex character of the M(B) is demonstrated by the
(Fe304)10(Zn0)gp sample (Fig. 6b), in which the magnetization
curves obviously consist of two contributions [35]. The first
component is identical to the previous M(B) for (a-Fe;03)10(Zn0)gg
ceramics (Fig. 6a) and characterizes the ZnFe;04 sub-system, which
according to NGR spectroscopy represents more than 70% of the
iron-enriched contributions to this ceramics. The second contri-
bution to M(B) curves for (Fez04)10(Zn0)gp sample represents a
hysteresis loop with high magnetic susceptibility in low fields and
non-zero coercivity (up to 300 Oe) even at room temperature. Such
behavior of magnetization curves indicates the ferromagnetic

properties of the phase to which they correspond.

Fig. 7 shows the influence of doping on p(7) dependences of
ceramics in T > 150—300 K. As follows from this figure, the doping
results in the growth of resostivity of ZnO-based ceramics. In so
doing, for all the studied ceramic samples (FexOy)10(Zn0)go p(7) in
Arrhenius scale are linear. Moreover they have close values of
conduction activation energies AE, = (0,36 + 0,02) eV, which were
determined from the slopes of In p(1/T) dependences indepen-
dently on doping agents.

At the same time, the undoped samples (ZnO) below 300 K were
characterized by a “sliding” (non-constant) activation energy of
conductance, which decreased upon cooling and did not exceed
0.09 eV in the vicinity of room temperature. The fitting procedure
have shown that for 20 < T < 40 K temperature dependence of p(7)
obey the Mott relation for Variable Range Hopping conductance
(VRH-regime) [35,36]:

p(T) = po exp[-(To/T)"], (1)
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Fig. 7. Temperature dependences of the resistivity p(7) in the temperature range of
150—300 K in undoped (1) and doped (2—4) ceramics (ZnO)go(FexOy )10, obtained by
the two-step synthesis, doped with FeO (2), a-Fe;03 (3) and Fe304 (4). Insert: Tem-
perature dependence of Hall constant.

with the optimized parameter o = 0.25. The values pg and Ty in (1)
are fitting parameters of the Mott model (together with o), which
determine the probability of electron jumps.

As is seen from Insert in Fig. 7, we could measure Hall constant
only for the samples 1-3 with the lowest resistance, and all values
of Ry were negative that confirmed the n-type conductance. The log
[n(1/T)] dependences in Fig. 8 indicate the presence of two linear
parts for low-temperature (with a small slope) and high-
temperature (with a large slope). We can attribute such behavior
to possible formation of two types of defect centers in wurtzite
phase with two different ionization energies. The values of the
ionization energies AE;, calculated for these centers from the slopes
of the linear regions of the Arrhenius curves in Fig. 8, are equal to
40—90 meV and 0.24—0.35 eV. The values of n near room tem-
perature were between and 93 x 10%°, 1.6 x 10° and
8.2 x 10" cm~3 for ZnO and ceramics doped with FeO and a-Fe,03,
correspondingly.

The results of measuring of Seebeck coefficient are presented in
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Fig. 8. Temperature dependences of the electron concentration n(T) in the Arrhenius
scale for the undoped ZnO (1) and ceramics (FexOy)10(Zn0)gp (1-3) obtained by the
two-stage synthesis. Solid straight lines are approximations of linear sections of de-
pendencies. The dashed lines are approximations of experimental dependencies.
Points are measurement results for ZnO (1) and ceramics doped with FeO (2), a-Fe,03

3).
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Table 1. As is seen, differential thermo-EMF Sgj, was negative that
confirms the Hall effect measurements. Taking into account the
values of electron concentration ns3gg in the studied ceramics (see,
Table 1), we can attribute this effect to the approach of optimal
carriers concentration with doping.

5. Summary

The paper proves the influence of the structure, type of doping
agents and temperature on the electric and magnetic properties of
(FexOy)10(Zn0)gp (0 < x < 3,1 < y < 4) ceramics obtained by the
method of two-step synthesis on air when commercial powder
oxides FeO, Fe;0s3, and Fe304 were used as doping agents. X-ray
diffraction analysis, EDX measurements, Mossbauer and Raman
spectroscopies have shown that in ceramic compositions (Fey.
0y)10(Zn0)g, at least three phases were formed: wurtzite Zn;_sFe;0
with iron content 8 < 0.81 at. %, ferrite ZnFe;O4 with a spinel
structure, as well as residual iron oxides FexOy. The SEM method
allowed to find that the grain sizes of the wurtzite phase in the
studied ceramics decrease from several tens of micrometers using
one-step synthesis to the submicron level for the case of the two-
step synthesis. The use of two-step synthesis also leads to an in-
crease in the homogeneity of the distribution of grains in size and
composition.

It was found that compaction and two-stage annealing of
powder mixtures (o-Fe;03)10(Zn0)gg result in a ceramic with
paramagnetic properties at room temperature. This is associated
with the ferrite ZnFe,04 formed in (a-Fe;03)10(Zn0)gg ceramics. At
T < 10 K, ZnFe;04 has an increased coercive force (350—450 Qe),
which is due to its transition to an antiferromagnetic state. The use
of Fe304 as a doping agent leads to the formation of ceramics, which
has weak ferromagnetic properties at room temperature due to the
presence of residual a-Fe,03 phase, which contributes to an in-
crease in magnetic susceptibility and coercive ceramics forces (up
to 300 Oe) at room temperature.

As was found from Hall effect and resistivity measurements, the
introduction of iron into the wurtzite ZnO phase, in addition to
shallow donors with an ionization energy of about 50—90 meV,
forms deep donor centers with the ionization energy of
0.24—0.36 eV and an activation energy of conduction of about
0.35 eV. The values of electron concentration near room tempera-
ture are between and 9.3 x 10%%,1.6 x 10'? and 8.2 x 10'® cm~ for
ZnO and ceramics doped with FeO and a-Fe;0s3, correspondingly.
The temperature dependences of the electrical resistance p(7) in
the undoped zinc oxide in the temperature range of 6—300 K are
characterized by a variable activation energy, which indicates a
highly disordered structure in it. It was shown by fitting procedure
that at 20 < T < 40 K the p(T) obey the Mott law for variable range
hopping conductance.

We believe that the results presented in this article clarify the
understanding by researchers how and what phases are formed in
composites based on zinc oxide obtained by ceramic technology.
Further studies will be directed to the use of more complex doping
and structuring of ceramics of this kind, which will reduce their
electrical conductivity and thermal conductivity while maintaining
the detected enhancement of the Seebeck effect when alloyed with
iron.

Table 1

Seebeck effect in the ceramic samples (Fe,0y)10(Zn0)go with 0 < x < 3,1 <y < 4).
Sample -Saif, LV/K N300, €M ~>
ZnO 375-396 9.3 x 10%°
(Zn0)go(FeO)q9 723-752 1.6 x 10'°
(Zn0O)go(Fe203)10 762-773 82 x 10'8
(ZnO)go(Fe304)10 809—861 -
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