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Abstract. The structural and electrical characteristics of (Mg,Zn)O ceramics produced
using the solid state reaction at 1100 °C for 3 hours were studied applying X-ray diffraction
and IR reflection spectroscopy as well as means of direct current measurements versus
MgO content in initial charge (varied from 0 to 100 mol.%). It has been shown that
electrical conductivity extracted from the IR reflection spectra corresponds to that of
hexagonal phase in a solid solution, while plasmon in cubic phase was not observed. The
electron concentration in the hexagonal grains of solid solution prepared with MgO content
below 30 mol. % in the charge was found to be close to that of ZnO grains. It shows the
tendency to decrease with further growth of the MgO content, which was explained by
extraction of zinc interstitials, responsible for ZnO conductivity, from ZnO under formation
of the MgZnO cubic phase. The direct current measurements have shown the lower
conductivity as compared to the value estimated from IR reflection spectra. This fact along
with the superlinearity of current-voltage characteristics has been explained by the presence
of intergranular barriers, which does not allow obtaining information on the concentration
of free electrons in the grain by this method. The possible nature of intergranular barriers as
well as the role of grain boundaries in the DC conductivity of samples has been discussed.

Keywords: MgZnO ceramics, X-ray diffraction, electrical conductivity, IR reflection

spectroscopy.

https://doi.org/10.15407/spqe027.01.070
PACS 61.66.Fn, 72.80.Tm, 78.30.Hv

Manuscript received 11.12.23; revised version received 12.02.24; accepted for publication
28.02.24; published online 12.03.24.

1. Introduction
Zinc oxide exhibits a number of unique properties that
determines its high potential for applications in electronics,
medicine, photonics, various sensors and radiation
detectors (specifically, for development of different types
of photodetectors, light emitting devices, varistors, gas
sensors, catalysts, etc.) [1]. This semiconductor is a non-
toxic and relatively inexpensive material of n-type
conductivity with direct wide band gap (E;= 3.37 eV at
300 K), a large exciton binding energy (60 meV) [1], high
mechanical and thermal stability, chemical and radiation
resistance.

To increase the band gap and the sensitivity of ZnO
in the ultraviolet range of spectrum, its doping with

magnesium is used. This also leads to a change in the
value of electrical conductivity, and in the films of solid
solutions obtained by different methods, as well as in
pressed nanopowders and ceramics, its reduction is usually
observed [2-6]. However, there are also reports on an
increase in the conductivity of magnesium doped ZnO
ceramics [7].

At the same time, the reasons for the decrease in the
electrical conductivity of (Mg,Zn)O solid solutions, and
even more of its increase, with increasing magnesium
content are still unclear, and information on the nature of
intrinsic defects in solid solution, their concentration and
position of their energy levels is insufficient. In particular,
it was assumed that the decrease in conductivity may be
caused by a decrease in the concentration of interstitial
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zinc due to increased energy of its formation [2, 3],
increasing depth of donor energy level [4], self-
compensation processes (zinc vacancies formation [5]),
structural defects in crystallites [6], decrease in electron
mobility [4], as well as by the appearance of pores [2, 8].
At high Mg concentrations, the decrease in conductivity
was also assigned to the appearance of inclusions of the
(Mg,Zn)O cubic phase [6].

Note that most of the works were performed on
polycrystalline films of solid solutions (including the
textured ones) and measured using the direct current
method. These films often exhibit the presence of barriers
at the crystallite boundaries, in particular, due to the
adsorption of oxygen on their surface, which leads to
formation of electron-depleted regions. This phenomenon
was observed in textured ZnO films prepared using
magnetron sputtering [9] and consisted of ZnO columns.
The same effect can also be caused by the appearance of
pores, the number of which can increase with increasing
magnesium content [2]. It should be also noted that the
adsorption of atoms that capture electrons of crystallites
can lead to a decrease in the conductivity of the entire
volume of crystallites, if the size of depletion region is
close to their sizes [9]. Thus, if the barriers are present in
the sample, the direct current (DC) conductivity will not
reflect the conductivity of grains.

The ceramic samples are also polycrystalline and the
decrease of DC conductivity with Mg doping can be also
caused by presence of barrier. However, in ceramic
samples a decrease in the value of alternating current (AC)
conductivity with increasing the magnesium content was
observed [10]. In this case, the model of the hopping
correlated barrier and the overlapping large polaron
tunneling models were considered as a conduction
mechanism [10].

It should be noted that ceramics consist of a mixture
of grains with the hexagonal and cubic phases of solid
solution, the conductivity of which can differ significantly.
In this case the DC conductivity can depend on ceramic
structure, in particular, on the contacts between the grains
of different phases, which depend on MgO content. For
example, it can be defined by lower-impedance grains, if
there is a direct contact between them. Besides,
measurements of both DC and AC conductivity do not
enable to determine which phase is responsible for the
measured conductivity.

Thus, the study of the reasons of conductivity
decrease in zinc oxide doped with magnesium requires
further research. In particular, it is necessary to separate
the possible influence of barriers on the sample
conductivity and define the carrier concentration in the
grains. A convenient method for this is to study the spectra
of specular infrared (IR) reflection, which allows
determining the electrical parameters of grains from
analysis of their plasma subsystem. The comparison of the
obtained data with the results of DC conductivity
measurements, including temperature dependence and
current-voltage characteristics, can discover the presence

of barriers. This method has been successfully used to
determine the electrical characteristics of single crystals
and textured ZnO films [9]. Besides, the comparison of
measured carrier concentration with the contribution of
grains of different phases can clarify the role of each phase
in electrical conductivity.

In this work, the structural characteristics of
(Mg,Zn)O ceramic samples with different magnesium
content and specular IR reflection spectra were studied,
and the electrical parameters of ceramic grains determined
from their analysis were compared with the data obtained
from DC measurements.

2. Experimental details

(Mg,Zn)O ceramics with different MgO content (varied
from x=0 to x =100 mol.% in the initial charge) were
prepared by solid-state reaction approach from ZnO and
MgO powders (99.99% purity, with the grains of
micrometer sizes) taken in required ratio to prepare the
charge. The latter was pressed into pellets under the
pressure 25MPa and submitted to the sintering at
T =1100 °C for 3 hours in air and cooled down to room
temperature with the furnace.

The X-ray diffraction (XRD) and IR reflection
spectroscopy, as well as measuring of direct current
conductivity were used for the sample characterization.
For DC measurements, ohmic indium contacts were
deposited onto the cleft sample surface, and the current-
voltage characteristics were measured.

XRD patterns were registered in Bragg-Brentano
geometry (6-20) wusing a Philips X’Pert-MRD
diffractometer with Cug, radiation. Infrared reflection
spectra were recorded using IRTracer-100 Fourier
Transform Infrared Spectrophotometer equipped with a
DRS-8000A diffuse reflectance tool. Excitation light angle
of incidence was 13°. A gold mirror was used as a
reference. The spectra were recorded with a resolution of
1 cm . To reduce the roughness of the ceramic surface, its
mechanical polishing was used.

3.
3.1. X-ray diffraction

Experimental results

XRD patterns of samples with different MgO content in
the charge show the reflexes from both hexagonal and
cubic phases (Fig. 1). As can be seen, the position of
(002), peak of the hexagonal phase shifts toward larger
angles with increasing the magnesium content, while
(100), peak shifts slightly toward smaller angles (for
X <40 mol.%) and then returns to larger angles as
compared to the corresponding positions of the ZnO
counterparts (Fig. 2). This corresponds to a decrease in the
lattice parameter along the c-axis and, less pronounced,
along the a-axis, which is indicative of Mg incorporation
into ZnO lattice and formation of solid solution with
hexagonal structure [11-14]. At the same time, the peak
(200). of the cubic phase shifts noticeably toward smaller
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Fig. 1. XRD patterns of MgZnO ceramics with different MgO content in charge indicated in figure. The curves are shifted vertically for

clarity.

enhancement of (200) peak (Fig.1). Fig.2 shows that

430
1 v increasing the MgO content up to 70 mol.% leads to a

4299 v monotonic shift of (002) peak position of hexagonal phase.
o 42.3_- /' It means that the sintering conditions used in this study
> ] v/v did not allow achieving the solubility limit of Mg in ZnO
:, 4274 (200), v—w ¥V even for the samples with the high MgO content in the
S : charge (up to 70 mol.%). At the same time, the cubic
H s A (002), phase peak shifts significantly when ZnO content
] —a—A increased up to 30 mol.% in the charge, and then this
& 55 /./‘ shift slows down, which may mean approaching the
o | A& solubility limit of zinc in MgO that has been reported to
* o (100 be about 40 mol.% [13].
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Fig. 2. Variation of (100), and (002), peak positions for the
hexagonal phase and (200), peak position for the cubic phases
with MgO content in the charge.

angles when contribution of MgO (ZnO) decreases
(increases) indicating Zn incorporation in MgO lattice and
formation of solid solution with the cubic structure
(Fig. 2). The increase of magnesium content results in the
increase of cubic phase contribution as shown by the

The dependences of DC conductivity of ceramic samples
on the MgO content are shown in Fig. 3. As can be seen,
addition of MgO reduces the DC conductivity. However,
in the range of x=20...60 mol.% the value of
conductivity is weakly dependent on the MgO content,
while at x > 70 mol.% the conductivity decreases sharply.
Simultaneously,  superlinearity of  current-voltage
characteristics increases, which can be explained by the
influence of barriers on the value of DC conductivity.
Therefore, to obtain information on the effect of
magnesium content on the electrical characteristics of
solid solution grains, the IR reflection spectra of the same
samples were recorded and analyzed.
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Fig. 3. Effect of MgO content in charge on the DC conductivity
(a) and current-voltage characteristics of sintered ceramics (b).
The MgO content was x =70 (1), 60 (2), and 40 mol.% (3).
T =300 K.
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3.3. IR reflection spectra

This study was performed for ZnO and solid solution
ceramics with the MgO content x = 10...90 mol.%. To
simplify the presentation of these results, only more
important experimental and simulated spectra will be
displayed. Fig. 4 shows the R(v) spectra for ZnO and
(Mg,Zn)0 solid solutions with x = 20, 60 and 80 mol.%.

To simulate IR reflection spectra, the interaction of
infrared radiation with the phonon and plasma
subsystems was considered. Theoretical calculation of
the R(v) spectra was performed within the range 200 up
to 1100cm™ by using the approaches described in
[15, 16]. The frequency dependence of dielectric constant
as a function with additive and phenomenological
contribution of phonon and plasma subsystems was
considered. The multi-oscillator mathematical model
with additive and phenomenological contribution of the
oscillators of phonon subsystem into the dielectric
constant was used.

The dielectric function was assumed to be complex,
when the anharmonic interaction of the phonon and
plasmon subsystems is taken into account in the
imaginary form. To obtain information on the electrical
and optical characteristics of crystallites from the IR
reflection spectra, the method of dispersion analysis was
used [17].

The frequency dependence of the dielectric function
in the range of interaction of the phonon and plasmon
subsystems was described by the expression for g(v) with
account of the dumping coefficients for transverse and
longitudinal optical phonons [18]:

(b) Mg, .Zn, O

T T T
300 450 600 750 900

. T T -
300 450 600 750 900

Fig. 4. Experimental (1) and simulated (2) IR reflection spectra R(v) for ZnO (a) and (Mg,Zn)O (b, ¢, d) samples prepared with

different MgO content in charge: 20 (b), 60 (c) and 80 mol.% (d).
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Table. Electrophysical parameters of (Mg,Zn)O ceramics annealed at 1100 °C for 3 h versus MgO content in charge.

50 Samp_le comi/c:siotion _ vy em® |y, om Concentration ng, Conduc}ivitylc, Mol;ility [T

charge, mol% | charge, mol% | ] i Ohm“em™ | emi(V'9)
100 0 270 800 8.40-10" 3.75 27.9
90 10 350 640 1.80-10* 6.55 22.7
80 20 320 610 1.50-10* 5.72 23.8
70 30 280 680 1.15-10* 3.94 21.4
60 40 160 550 3.8:10" 1.61 26.5
50 50 120 400 2.1-10" 1.23 36.4
40 60 80 280 9.4-10"™ 0.78 51.9
30 70 50 110 3.7-10™ 0.77 130.0

s(v): alj(v)+ iszj(v):aw +e, (v):

2 2 H 2
. HVLOJ—V +iy ;v Vi€,
— %y 2 2 . - .
i Vo,V T,V V(V+'Yp)

where vio, vro are the frequencies of transverse and
longitudinal optical phonons; yr0, Yo — attenuation
coefficients for transverse and longitudinal optical
phonons, respectively; y, and v, are the dumping
coefficient and the plasma resonance frequency.

Simulation of the IR reflection spectra of the
(Mg,Zn)O ceramics was performed with account of the
contribution inherent to the hexagonal and cubic phases.
As basic parameters of the (Mg,Zn)O phonon subsystem,
the values obtained by the authors [19] were used, and
they were then varied when modeling the experimental
spectra.

Using the Lyddane-Sachs—Teller relation and the
method of dispersion analysis of the IR reflection spectra
in the high-frequency range, the value of high-frequency
dielectric function was evaluated to be ¢, = 3.28. As can
be seen from Fig. 4, the theoretical results are in good
agreement with the experimental data. A similar
agreement was obtained for the other values of x.

It follows from Fig. 4 that R(v) spectra of the
samples with x = 20...60 mol.% in the range of
507...511 cm™* show a minimum that corresponds to the
LO-phonon of the hexagonal phase of the solid solution
[20]. Thus, in the samples with x < 60 mol.%, this phase
makes a main contribution to IR reflection spectra.
However, in the case of larger x-values the modeling of
IR spectra also requires accounting the contribution of
phonons in this phase. It means that in the samples with
this x the hexagonal phase is also present, despite the
reduction in its contribution. In the case of x increasing
from 70 up to 80 mol.%, within the range 580...640 cm*
a plateau was recorded experimentally and modeled,
where R(v) = 0.5, which is associated with the transverse
optical phonon of the cubic phase solid solution.

As the calculation shows, the plasmon subsystem
makes a contribution to the IR reflection spectra in
(Mg,Zn)O ceramics with x <70 mol.%, which allowed
determination of the wvalues of concentration,
conductivity and electron mobility in solid solutions. At
Xx>70mol.% the contribution of plasmon to the IR
reflection spectra is not registered.

As shown in Table, in solid solution ceramics with
x <30 mol.%, the concentration of free electrons in the
grains practically does not differ from its value in ZnO.
As the contribution of magnesium oxide increases, the
electron concentration decreases. Simultaneously, a
significant increase of the contribution of cubic phase
solid solution is observed in XRD patterns.

4. Discussion

As it was mentioned above, addition of MgO reduces the
DC conductivity as compared to that of ZnO ceramics.
However, within the range x = 20...60 mol.% the value
of conductivity is weakly dependent on the MgO content,
while at x > 70 mol.% the conductivity decreases sharply,
and superlinearity of the current voltage characteristics
increases. At the same time, for all the solid solution
samples where plasmon was registered the DC
conductivity value remains much smaller than the value
obtained from simulation of IR reflection spectra. It
indicates the presence of barriers in the ceramic at all this
x values. However, the nature of barriers may depend on
the magnesium content. As it was shown in [18], at small
X, when the hexagonal phase is dominant, the DC
conductivity is defined by the conductivity of densely
sintered grains of the hexagonal phase of the solid
solution. In this case, the barriers may be caused by the
slightly different Mg content in the grains of the
hexagonal phase, which can lead to variations in the band
gap of solid solution. At the same time, at x > 70 mol.%
due to the increase in the number of grains of the cubic
phase, the barriers may be related with the boundaries
between the grains of the hexagonal and cubic phases of
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Fig. 5. Dependences of hexagonal (1) and cubic (2) phases
contribution as well as the concentration of free electrons (3) on
the MgO content.

the solid solution. It is consistent with the increase in the
superlinearity of the current-voltage characteristics,
which indicates increasing barrier contribution in the
conductivity as compared to the samples with a smaller x.

For a more detailed analysis of the plasmon origin
and the reasons of electron concentration decrease, we
compared the dependence of contribution inherent to the
hexagonal and cubic phases on x with the corresponding
dependence of the electron concentration. The
contribution of the hexagonal and cubic phases to the
ceramic samples was estimated from the ratio of the
intensity of the XRD peaks from the hexagonal (101) and
cubic (200) phases of the solid solution taking into
account the masses of zinc and magnesium. The
dependence of the contribution of these phases on x is
presented in Fig. 5. As can be seen from the figure, the
contribution of the hexagonal phase decreases with
increasing X, and at x >80 mol.% it is not observed in the
XRD patterns. Fig. 5 also shows that this phase up to
X<40mol% is dominant. At the same time, at
x > 60 mol.% the contribution of cubic phase in ceramics
significantly exceeds the contribution of hexagonal one.
It may cause the influence of barriers between these two
phases on the value of DC conductivity at x > 60 mol.%
and result in the sharp increase in the superlinearity of
current-voltage characteristics.

Fig. 5 also shows that the increase of MgO content
up to 30mol.% does not significantly change the
concentration of free electrons and this concentration is
close to the value observed in ZnO ceramics (x = 0).
Since at x <30 mol.% the hexagonal phase is dominant,
it can be concluded that the plasmon registered in the IR
reflection spectra, as well as the electron concentration
determined from it belong to this phase of the solid
solution. At the same time, this concentration is unlikely
for the cubic phase (even if the solubility limit of zinc in
MgO is 40 mol.%). Since the value of ZnO conductivity
is determined by interstitial zinc (Zn;) [20], it can be
supposed that in the hexagonal phase of the solid solution
this defect also is the main donor.

With increasing the MgO content in charge to
X >40 mol.%, the concentration of carriers begins to
decrease, and for x =70 mol.% it is n=3.7-10" cm?,
while for higher x values plasmon is not observed. Since
in the latter case the cubic phase of the solid solution is
dominant, it can be concluded that this phase, at least
with low zinc content, is high-resistive.

As can be seen from Fig. 5, the decrease in the
electron concentration correlates with the decrease of the
hexagonal phase contribution in ceramics. Therefore, we
can assume that in all cases, plasmon is a characteristic
of this phase. In this case, the decrease of ng with
increasing x may be caused, for example, by a decrease
in the concentration of interstitial zinc due to the
increased energy of its formation [2, 3]. Another reason
may be a decrease of Zn; concentration in the hexagonal
phase due to zinc extraction to form a cubic phase. At the
same time, a similar dependence of the electron
concentration on x can be expected for the cubic phase of
the solid solution, which at low x (i.e., a high zinc
content) can have a significant conductivity, which
decreases with increasing x due to a decrease in the zinc
content. However, as noted above, the large value of n,
which is observed at small x, i.e.,, at the maximum
possible zinc content in MgO, coincides with nqy in ZnO,
which is unlikely for the cubic phase.

Since the solubility limit of Mg in ZnO does not
exceed 20 mol.% [21], and the cubic phase, at least at
large X, is high-resistive, it is logical to assume that the
decrease in electron concentration for the samples with a
high MgO content (x = 40...70 mol.%) is due to a
decrease in the Zn; content in the hexagonal phase of
solid solution exactly because of zinc extraction to form
the cubic phase.

5. Conclusion

The structural and electrical characteristics of (Mg,Zn)O
ceramics with a different magnesium content were
studied using XRD diffraction, specular IR reflection as
well as direct current methods. Being based on the
analysis of IR reflection spectra and their comparison
with the contribution of different phases to ceramic
sample, it has been shown that the conductivity of the
grains of hexagonal phase is much higher than the
conductivity of the cubic structure grains. The electron
concentration in the grains of hexagonal phase up to
x=30mol.% is close to its concentration in ZnO
ceramics. It has been supposed that the conductivity of
hexagonal phase of solid solution is defined by interstitial
zinc that is the main donor in this phase. The decrease of
the electron concentration with the decrease of this phase
content in ceramic sample has been observed and
explained by the decrease in the interstitial zinc content
due to zinc extraction to form the cubic phase. The DC
current measurements have shown the lower conductivity
as compared to the value estimated from the IR
reflection spectra. This fact as well as the superlinearity
of current-voltage characteristics has shown the influence
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of spectra. This fact as well as the superlinearity of
current-voltage characteristics has shown the influence of
barriers on the DC conductivity, which does not allow
obtaining information on the concentration of free
electrons in the grain. It has been concluded that at low x
the barriers are obviously caused by inhomogeneous
doping of different ZnO grains, while at x > 70 mol.%
they may be related with the boundaries between the
grains of the hexagonal and cubic phases of the solid
solution.
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3anexHicTh eJleKTpU4HOI MpoBiTHOCTI Kepamikn Mg, Zny, ,O Bix ¢azoBoro ckiaamy

H.O. Kopcynebka, 10.0. Ioaimyk, 1.B. MapkeBuuy, K.O. Ko3zopiz, C.C. [lonomaproB, O.B. MeabHn4yk,
T.P. Crapa, JL.IO. Meiabunuyk, JI.LFO. XomenkoBa

Awnotauis. Tepaodasnoro peakiiero mpu 1100 °C mpotsirom 3 roaun oaepxano kepamiky (Mg,Zn)O 3 pisHUM BMiCTOM
MgO, mo 3MmiHOBaBcs y Mexax Big 0 1o 100 mon.% y muxTi. JlocmimKeHo CTPYKTYpHI Ta IeKTPUYHI XapaKTePHUCTHKU
KepaMiK{ METOJIaMH PEHTI€HIBCHKOI mudpakiii Ta crieKTpockomnii iH(ppauyepBOHOTO BIIOUTTS, a TAKOXK 32 JIONOMOTO0
MPSMOTO  BHMIPIOBAaHHS  €JIEKTPONPOBIAHOCTI METONOM  TOCTiifHOTOo  cTpymy. IlokasaHo, 1m0 BemMYMHA
@JICKTPOIIPOBITHOCT1, BU3HaYEHA IIPH MOJICIIIOBAHHI BHECKY IUIa3MOHY y CIIEKTPH iH(pauepBOHOro BiOUTTSI, XapaKkTepHa
JUTsl TEKCaroHalIbHOT (ha3u TBEPJOTO PO3YMHY, OCKUIBKU y KyOIuHil (a3i TBEpJOTro po3vnHy IJIa3MOH HE MPOSIBIISETHCSL.
BcraHOBIICHO, 10 KOHIIGHTPALIisl CJICKTPOHIB Yy 3epHax rekcaroHanbHoi ¢asu (Mg,Zn)O y 3paskax, BUTOTOBJICHHX i3
nmxty i3 BMictom MgO 1o 30 Moi1.%, Om3bka 10 KOHICHTpaIlil HociiB y kepamirti ZnO. [pu 36inbmieHHi BMicTy MgO
CIIOCTEPIraeThCs 3MEHIICHHS BHECKY I'EKCarOHAJbHOT a3y y KepaMidHHUX 3pa3Kax, IO CYIPOBOMKYETHCS 3MECHIICHHAM
KOHIIEHTPAIII1 €IIEKTPOHIB 1 MOSICHIOETHCS 3MEHIIEHHSIM BMICTY MDKBY3JIOBOTO IIMHKY BHACTIOK Horo ekcrpakuii 3 ZnO
U yTBOpEHHsI KyOidHO1 (pazu TBepaoro pos3umHy. [IpsmMi BUMIpIOBaHHS €IEKTPOIIPOBITHOCTI MPH MOCTIHHOMY CTpyMi
MOKa3ylOTh MEHIIl 3HAYeHHS NPOBIIHOCTI y TMOPIBHSHHI 13 3HAYEHHAMH, OLIHEHMMH 31 CIEKTpIB iH(ppadyepBOHOTO
BigOurTs. Lei dakT, a TakoK HaUTIHIHHICTD BOJBT-aMIEPHUX XapaKTEPUCTHK MOXKHA TIOSICHUTH HAsIBHICTIO MDK3EPEHUX
Oap’epiB, MO MEPEIKOHKAIOTh BU3HAYCHHIO KOHIICHTpAIlii BUTBHUX ENIEKTPOHIB Yy 3epHax. [Ipupoma mmx Oap’epis, a
TaKOX POJIb MDK3EPEHHUX I'PaHULb Y IPOBIIHOCTI 3pa3KiB Ha MOCTIHHOMY CTPYMi, 0OrOBOPIOIOTHCSL.

KmrouoBi caoBa: xepamika MgZnO, audpakiiss peHTreHIBCbKUX NMPOMEHIB, €JIEeKTpUYHA MPOBIiIHICTH, criekrpu Y-
BIIOUTTSI.
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