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Role of ZnMn,0O, phase in formation of varistor characteristics
in ZnO:Mn ceramics
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Abstract. The samples ZnO:Mn were prepared using the conventional solid-state
technique. To dope them with manganese, we used water solutions of MnSO, and MnCl,.
The properties inherent to both types of the obtained ceramics have been compared. It was
found that the former demonstrated nonlinear current-voltage characteristics, whereas those
of the latter were, in fact, linear. The analysis of EPR, diffuse reflectance and Raman
spectra obtained for prepared ceramics allowed concluding that, in the samples doped with
MnSQ,, formation of Mn-related phase, namely, ZnMn,O, spinel occurred at ZnO grain
boundaries under sintering. It has been ascertained that a thin layer of this substance
separates adjacent ZnO grains, which provides appearance of the back-to-back Schottky

barriers at grain boundaries and “varistor behavior” of current-voltage characteristics.
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1. Introduction

Zinc oxide is known to be a wide-band-gap semi-
conductor (3.3 eV at 300 K) with a large exciton binding
energy of 60 meV, high thermal and chemical stability,
the absence of toxicity, high radiation hardness, and low
cost. Due to these unique qualities as well as the
possibility to modulate its characteristics by doping with
different impurities, ZnO attracts much attention as a
promising material for numerous technological
applications. In recent decades, zinc oxide doped with
manganese is extensively investigated because of the
essential influence of this dopant on electrical, optical
and magnetic ZnO properties. In particular, Mn is known
to be one of “varistor formers” which enhances the
nonlinearity of current-voltage (CV) characteristics and
decreases the leakage current in ZnO-based varistors
doped with other impurities [1]. It has been found that
polycrystalline zinc oxide doped solely with Mn also
demonstrates nonlinear CV characteristics and high
resistivity [2—4]. At the same time, manganese is a deep
donor in ZnO matrix which energy level resides at 2.0 eV
below the conduction band edge [5] and, therefore, one
might expect that doping with manganese should not
influence on ZnO conductivity. In fact, ZnO single crys-
tals doped with Mn under growth exhibit the same con-
ductivity that the undoped ones [6]. Since one can think

that high resistivity and varistor behavior in Mn-doped
polycrystalline ZnO appear due to some processes that
occur at grain boundaries under sample preparation. It
has been found, indeed, that the nonlinearity of CV
characteristics in ZnO-based varistors is caused by forma-
tion of back-to-back Schottky barriers at grain boun-
daries [1-4] and the adsorption of ambient oxygen has
been proved to play the key role in this process [1, 7, 8].
It is known that ZnO surface adsorbs oxygen from
ambient air. The capture of ZnO electrons by adsorbed
oxygen atoms results in the appearance of a negative
surface charge and formation of a depleted near-surface
layer with reduced conductivity. One might expect that
the same process would occur in any polycrystalline ZnO
structure as a result of oxygen diffusion along grain
boundaries, which would cause formation of inter-
granular barriers. However, both theoretical considera-
tion [9] and experimental studies [6, 8, 10] have shown
that intergranular barriers are absent in undoped
polycrystalline ZnO and the doping by certain additives
is necessary to obtain its varistor behavior. To account
for this effect it has been supposed that under varistor
preparation some impurity-related phase is formed in
intergranular space, which separates adjacent ZnO grains
and promotes oxygen diffusion along grain boundaries
[1, 6, 8]. In fact, accumulation of Bi and the presence of
Bi,0; thin layer was found in ZnO:Bi ceramics with Bi
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content Ng;>0.3 at.% [1, 7]. In polycrystalline zinc oxide
doped with manganese, the segregation of some Mn-
related phases under sintering inside the 700...1200 °C
temperature range was also shown [11-15] and tetra-
gonal spinel ZnMn,O, was found to be the dominant
phase when sintering temperature was higher than 900 °C
[13]. This phase reveals itself distinctly in XRD and
Raman spectra at Ny, >3 at.% and is, in fact, impercep-
tible at Nyn<1at.% [11, 12, 14, 15]. Nevertheless, a
considerable increase of resistivity and appearance of
nonlinear CV characteristic in polycrystalline ZnO:Mn
are already observed at Ny,=0.1at.% [2, 3, 8, 11, 14,
15]. One can suppose, therefore, that a thin Mn-related
phase layer is still formed at grain boundaries, although it
is not detected if using the conventional equipment. This
assumption is confirmed by the fact that, after sintering
the ceramics, a considerable part of the present in the
charge manganese remains in the intergranular spaces
[15]. The data obtained in the present work testify that it
is intergranual ZnMn,0Q, phase that is responsible for the
varistor behavior of ZnO:Mn ceramics.

2. Experimental procedure

The samples were prepared from the mixture of ZnO
powder (99.9 % purity) with MnSO, (A-type samples) or
MnCl, (B-type samples) aqueous solution, Mn content in
the charge being 0.3 and 3 at.%. The mixtures were dried
at room temperature and compacted at p=1000 kg/cm?
to obtain rectangular plates that were then sintered in air
for 3 hours at 1100 °C. After sintering, A-type ceramics
acquired orange-brown color, and B-type ones became
yellow.

In the sintered ceramics EPR, Raman and diffuse
reflectance spectra as well as CV characteristics were mea-
sured at room temperature. EPR spectra were obtained
using the upgraded X-band Varian E-12 spectrometer
(~9.5 GHz) with the sensitivity limit of about 10** EPR
centers. The spectra were normalized on the sample mass
and standard MgO:Mn reference signal intensity.

Raman spectra were excited with 457 nm solid-state
laser and acquired using a single-stage spectrometer
MDR-23 (LOMO) equipped with a cooled CCD detector
(Andor iDus 420, UK). The laser power density on the
samples was lower than 10 mW/cm? to prevent their
thermal modification. A spectral resolution of ~3 cm™
was determined from the Si phonon peak width of a
single crystal Si substrate. The Si phonon peak position
of 521.0 cm™* was used as a reference for determining the
position of Raman peaks.

Diffuse reflectance spectra were recorded with
respect to the BaSO, standard by means of double-beam
spectrometer UV-3600 UV-vis-NIR (Shimadzu Company)
equipped with the integrating sphere ISR-3100. Obtained
spectra were transformed into absorption ones using a
standard program based on Kubelka—Munk ratio. For
electrical measurements, ohmic indium electrodes were
melted on freshly cleaved surfaces of the sample. The
current was measured by home-made setup with
sensitivity down to 10 ** A.

3. Results and discussion

EPR spectra of A-type and B-type samples with
Nmn=0.3 at.% are shown in Fig. 1. Both spectra display
the series of hyperfine lines grouped into characteristic
five quasi-equidistant sextets, which testifies to
formation of isolated paramagnetic Mnz,>* centers in
ZnO host lattice [16], the intensity of Mnz,2*-related lines
being slightly higher in B-type samples with respect to
that in A-type ones.

At the same time, CV characteristics of obtained
ceramics are different: the A-type sample demonstrates
varistor behavior, whereas CV characteristic of B-type
sample, is, in fact, linear (Fig. 2).

The difference is also observed in diffuse
reflectance spectra for A-type and B-type samples
(Fig. 3). One can see that in both samples, side by side
with intrinsic UV absorption, a broad unstructured
extrinsic band is present in the visible spectral region.
This absorption is usually observed in zinc oxide doped
with manganese and is ascribed to the transitions of
electrons in c-band from Mnz>" ions due to their

photoionization [17].
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Fig. 1. EPR spectra for A-type (1) and B-type (2) ceramics with
Nwmn=0.3 at.%.
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Fig. 2. CV characteristics of the A-type (1) and B-type (2)
samples with Ny, =0.3 at.%.
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Fig. 3. Normalized optical absorption spectra of A-type (1) and
B-type (2) ceramics with Ny,=0.3 at.%. Insert shows the
ZnO:Mn samples of types A and B after sintering.

As Fig. 3 shows, in the A-type sample, the extrinsic
absorption band is broader and red-shifted with respect to
that in the B-type one, which is in accordance with the
color of the samples. This difference can be explained by
different chemical reactions taking place under sintering.
In the A-type samples, appearance of MnO, due to the
thermal decomposition of MnSO, (via reaction
MnSQO,=MnO,+ SO,) and further reaction of MnO,
with ZnO takes place, which results in formation of
ZnMn,0, phase [18]. At the same time, in the B-type
samples, the reaction MnCl, + Zn = Mn + ZnCl, with
further ZnCl, sublimation and Mn diffusion in ZnO
grains occurs. It should be thought, therefore, that the
red-shift of the extrinsic absorption band in the A-type
sample is caused by superposition of Mnz,>"-related
absorption and that caused by ZnMn,O, phase. In fact,
the optical absorption spectrum of ZnMn,QO, spinel cited
in the literature [18] is similar to that shown in Fig. 2. It
should be noted that ZnCl, sublimation would result in
the increase of ZnO grains resistivity because of Zn
extraction and the decrease of interstitial Zn
concentration. In fact, the resistivity of B-type samples is
noticeably higher than that of undoped ZnO ceramics
[8, 15].

To verify that ZnMn,0O, phase is formed indeed in
the samples doped using MnSO,, Raman spectra for
A-type and B-type ceramics with Ny,=3 at.% were
measured (Fig. 4). One can see that noticeable peaks at
325 and 680 cm™ that are characteristic for ZnMn,O,
spinel [11, 13, 15, 18] are present in A-type sample
spectra and are absent in that for B-type sample.

Thus, the analysis of the characteristics of ZnO:Mn
samples doped with Mn from different sources and the
comparison of obtained results with literature data give
the possibility to conclude that formation of ZnMn,0,
layer in the integranular space between ZnO grains under
sintering is responsible for varistor effect in ZnO:Mn
ceramics.
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Fig. 4. Raman spectra of A-type (1) and B-type (2) samples
with Ny, =3 at.%. (Aexe =457 nm).

4. Conclusions

ZnO:Mn samples were formed of the mixture of ZnO
powder with MnSO, (A-type samples) or MnCl, (B-type
samples) aqueous solution and sintered in air for 3 hours
at 1100 °C, manganese content in the charge Ny, being
0.3 and 3 at.%. It was found that the A-type ceramics had
orange-brown color, whereas the B-type ones with the
same Ny, were yellow. To understand the origin of these
differences, EPR, diffusion reflectance, and Raman
spectra as well as current-voltage characteristics for both
types of ceramics were measured and compared. Our
analysis of the obtained results in common with available
literature data led to the conclusion that, under ceramics
sintering, in A-type samples Mn-related phase, namely,
spinel ZnMn,0O, was formed at ZnO grain boundaries,
whereas the similar process took no place in B-type
samples. It is stated that a thin layer of this secondary
phase separates adjacent ZnO grains, which promotes
oxygen adsorption and formation of Schottky barriers at
grain boundaries.
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Poab ¢a3zu ZnMn,0, B yTBOpeHHi BAPHCTOPHUX XapaKTEePUCTUK y KepaMili ZnO:Mn

I.B. MapkeBuu4, T.P. Crapa, LII. Bopona, O.®. IcaeBa, €.I'. I'yie, O.B. Mejbunuyk, JI.FO. XomeHkoBa

AHortania. TpaguiiiiauM TBepAoGha3HUM METOAOM BHTOTOBICHO Kepamiky ZnO:Mn. [lns neryBaHHS MaHTaHOM
BHKOPUCTaHO BOAHMU po3umH MnSO, a6o MnCl,. IIpoBeaeHo MOpIBHSAHHS BIACTUBOCTEH Kepamikud 000X THIIB.
BusBneHo, mo 3pa3ky MEpIIoro THITy JAEMOHCTPYIOTH HEJiHIMHI BOJBT-aMIEpHI XapaKTEPHUCTHKH, TOAI SK 3pa3KH
JIpYyroro TUMY MawTh, (aktmuHo, miHiiHI. Anamiz cnekrpiB EINIP, audysHoro BigOwBaHHS Ta KOMOIHAIIIHOTO
PO3CiIOBaHHS CBITJIa JI03BOJIUB 3pOOMTH BHCHOBOK, IIO Yy 3pa3Kax, JISTOBAaHMX 3 BHKOpHcTaHHSM MnSQO,, min vac
CHIKaHHS Ha TpaHuIpiX 3epeH ZnO BigOyBaeTbcsi yTBOpeHHs (a3, mos’si3aHoi 3 Mn, a came — mminemni ZnMnyO,.
VYcraHOBIIGHO, IO TOHKMH IIap i€l CIOMYKH po3ALIie cycimHi 3epHa ZnO, 10 NMPUBOJWUTH JO IOSIBH MOJBIMHUX
6ap’epiB LLIOTTKI Ha TPaHUILIX 3€PEH 1 «BAPUCTOPHOI MMOBEIIHKM)» BOJIBT-aMIIEPHUX XapaKTEPHUCTHK.

Karouosi ciioBa: kepamika ZnO:Mn, ciektpu EIIP, nudy3ne BinOuBanHs, koMOiHaliiiHE pO3CiSHHS CBITIIA.
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