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intering  effect  on  electrical  properties  of  ZnO–V2O5–MnO2–Nb2O5 ceramics
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 ZnO-V2O5-based  varistor  ceramics  for  low  sintering  temperature  (900 ◦C).  I  ZnO-V2O5-MnO2-Nb2O5 (ZVMN)  varistor  ceramics  exhibited  good  varistor
roperties,  with  high  nonlinear  coefficient  (50)  at  900 ◦C  in  sintering  temperature.  I  ZVMN  varistor  ceramics  are  a  new  basic  composition  for  low  sintering
emperature.
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a  b  s  t  r  a  c  t

The  microstructure  and  electrical  properties  of  quaternary  ZnO–V2O5–MnO2–Nb2O5 ceramics  were
investigated  at  different  sintering  temperature  (875–950 ◦C).  The  average  grain  size  increased  from
4.4  �m  to  9.6  �m  with  increasing  sintering  temperature.  The  breakdown  field  decreased  from
6991  V/cm  to  943  V/cm  with  increasing  sintering  temperature.  Proper  sintering  for  quaternary
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eywords:
eramics
intering

ZnO–V2O5–MnO2–Nb2O5 ceramics  led  to surprisingly  high  nonlinear  coefficient  (50).  The  donor  con-
centration  increased  from  3.33  × 1017 cm−3 to 7.64  ×  1017 cm−3 with  increasing  sintering  temperature
and the  barrier  height  exhibited  the  maximum  value  (1.07  eV)  at 900 ◦C.

© 2011 Elsevier B.V. All rights reserved.
lectrical properties
aristors

. Introduction

Zinc oxide (ZnO) is a useful material that possesses wide range
f applications for gas sensor, optical devices, and electrical devices,
tc. A pure zinc oxide ceramics sintered is a polycrystalline ceramic
emiconductors and it exhibits linear properties even at any sinter-
ng condition. However, the sintered pellet of zinc oxide added with
pecific additives can exhibit strong nonlinear properties, which
ive rise to abrupt decrease of impedance at critical voltage in
ccordance with increasing voltage, so-called ZnO-nonlinear resis-
or (ZNR) [1,2]. The sintering process gives rise to a microstructure,
hich consist of semiconducting n-type ZnO grains surrounded

y very thin insulating intergranular layers. Each ZnO grain acts
s if it has a semiconductor junction at the grain boundary. Since
onlinear electrical behavior occurs at each boundary, the doped
nO ceramics can be considered as a multi-junction device com-
osed of many series and parallel connection of grain boundaries.
wing to highly nonlinear properties, the ZNR has been extensively

sed in the field of circuit overvoltage protection, with applica-
ion ranging from a few volts in electronic circuits to millions of
olts in electric power systems [3,4]. In general, ZNR cannot exhibit

∗ Tel.: +82 51 890 1669; fax: +82 51 890 1664.
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a nonlinear behavior without adding heavy elements with large
ionic radii, such as Bi and Pr. Commercial Bi2O3- and Pr6O11-based
ZNR cannot be co-fired with a silver inner-electrode (m.p. 961 ◦C)
in a multilayered chip component because of their high sintering
temperature above 1000 ◦C. The ZnO–V2O5-based ceramics can be
sintered at a relatively low temperature of approximately 900 ◦C
[5]. This is important for multilayer chip component applications,
because it can be co-sintered with a silver inner-electrode with-
out using expensive Pd or Pt, compared with commercial Bi2O3-
and Pr6O11-based ceramics. A study of ZnO–V2O5-based ceramics
is yet in its early stages in many points [6–10]. The ZnO–V2O5-based
ceramics requires specific additives and sintering process in order
to have higher nonlinear properties [11–17].  Therefore, it is very
important to investigate the effects of sintering process on electrical
properties for the varistor ceramics with specified composition. The
additives of MnO2 and Nb2O5 are reported to improve the varistor
properties in the ZnO–V2O5 ceramics [11,13].  In this study, the elec-
trical properties of quaternary ZnO–V2O5–MnO2–Nb2O5 (ZVMN)
ceramics with sintering were investigated and surprisingly high
nonlinear coefficient (˛) were obtained by proper sintering.
2. Experimental procedure

Reagent-grade raw materials were prepared in the proportions of quater-
nary composition expression, such as 97.4 mol% ZnO + 0.5 mol% V2O5 + 2.0 mol%
MnO2 + 0.1 mol% Nb2O5. Raw materials were mixed by ball milling with zirconia

dx.doi.org/10.1016/j.jallcom.2011.06.065
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:cwnahm@deu.ac.kr
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alls and acetone in a polypropylene bottle for 24 h. The mixture was  dried at 120 ◦C
or 12 h. The dried mixture mixed into container with acetone and 0.8 wt% polyvinyl
utyral (PVB) binder of powder weight. After drying, the mixture was  granulated
y  sieving 100-mesh screen to produce starting powder. The powder was  uniaxially
ressed into discs of 10 mm in diameter and 1.5 mm in thickness at a pressure of
00 MPa. The discs were covered with raw powder in alumina crucible, sintered at
our fixed sintering temperatures (875 ◦C, 900 ◦C, 925 ◦C, and 950 ◦C) in air for 3 h,
nd  furnace-cooled to room temperature. The final samples were about 8 mm in
iameter and 1.0 mm in thickness. Silver paste was coated on both faces of the sam-
les and the electrodes were formed by heating it at 550 ◦C for 10 min. The electrodes
ere 5 mm in diameter.

The surface microstructure was examined by a field emission scanning electron
icroscope (FESEM, Quanta 200, Czech). The average grain size (d) was determined

y  the linear intercept method [18]. The crystalline phases were identified by X-ray
iffractometer (XRD, X′pert-PRO MPD, Netherland) with CuK� radiation. The sin-
ered density (�) was measured using a density determination kit (238490) attached
o  balance (Mettler AG 245, Switzerland).

The breakdown field (EB) was measured at a current density of 1.0 mA cm−2 and
he leakage current density (JL) was measured at 0.80EB . In addition, the non-ohmic
oefficient (˛) was determined from  ̨ = 1/(log E2 − log E1), where E1 and E2 are the
lectric fields corresponding to 1.0 mA  cm−2 and 10 mA cm−2, respectively.

The capacitance–voltage (C–V) characteristics of the samples were measured
t  1 kHz using an RLC meter (QuadTech 7600, USA) and an electrometer (Keithley
17, USA). The donor density (Nd) and the barrier height (˚b) were determined by
he  equation (1/Cb – 1/2 Cbo)2 = 2(˚b + Vgb)/qεNd [19], where Cb is the capacitance per
nit  area of a grain boundary, Cbo is the value of Cb when Vgb = 0, Vgb is the applied
oltage per grain boundary, q is the electronic charge, ε is the permittivity of ZnO
ε  = 8.5εo). The density of interface states (Nt) at the grain boundary was determined
y  the equation: Nt = (2εNd˚b/q)1/2 [19].

. Results and discussion

Fig. 1 shows the SEM micrographs of the samples for different
intering temperatures. It can be easily seen that the grain structure
s very homogeneously distributed and the grain boundaries are
lear throughout all the ceramics, compared with existing reported
iterature [5–11]. The average grain size of the samples increased

rom 4.4 �m to 9.6 �m with the increase of sintering tempera-
ure. ZnO grains could probably grow rapidly in the presence of

 rich liquid phases related to V2O5 because the melting point of
2O5 is 690 ◦C. The sintered density of the samples decreased from

Fig. 1. SEM micrographs of the samples fo
Fig. 2. XRD patterns of the samples for different sintering temperatures: (a) 875 ◦C,
(b) 900 ◦C, (c) 925 ◦C, and (d) 950 ◦C.

5.52 g cm−3 to 5.44 g cm−3 corresponding to 95.5–94.1% of the the-
oretical density (TD) (pure ZnO, TD = 5.78 g cm−3) with the increase
of sintering temperature. It is assumed that the decrease of sintered
density is attributed to the volatility of the V-species for V2O5 with
low melting point.

The XRD patterns of the samples for different sintering temper-
atures are shown in Fig. 2. These patterns revealed the presence
of Zn3(VO4)2 and ZnV2O4 as minor secondary phases, which act
as liquid-phase sintering aids, in addition to a major phase of
hexagonal ZnO [14]. The detailed microstructure parameters are
summarized in Table 1.

Fig. 3 shows the electric field–current density (E–J) characteris-
tics of the samples for different sintering temperatures. The varistor
properties are characterized by non-ohmic conduction in the E–J
characteristics. The curves are clearly divided into two regions:

one is an ohmic region with extremely high impedance before
breakdown field and another is a non-ohmic region with extremely
low impedance after breakdown field. The sharper the knee of the

r different sintering temperatures.
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Table  1
Microstructure, V–I, and C–V characteristic parameters of the samples for different sintering temperatures.

Sintering temp. (◦C) d (�m)  � (g/cm3) EB (V/cm) vgb (V/gb)  ̨ JL (�A/cm2) Nd (1017 cm−3) ˚b (eV) Nt (1012 cm−2)

875 4.4 5.52 6991 3.1 44 201.3 3.33 0.95 1.73
50 94.9 4.30 1.07 2.08
38 25.8 6.10 0.72 2.03
25 173.7 7.64 0.54 1.98
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urves between the two regions, the better the varistor properties.
t can be seen from curve shapes that the sintering temperature has

 significant effect on the varistor properties. The E–J characteristic
arameters are listed in Table 1.

The breakdown field (EB) linearly decreased from 6991 V cm−1

o 943 V cm−1 with increasing sintering temperature. The behavior
f EB in accordance with sintering temperatures can be explained by
he following expression: EB = vb/d, where d is the grain size and vb is
he breakdown voltage per grain boundaries. This expression indi-
ated that the d and vb values directly determine EB. Therefore, the
ecrease of EB in accordance with increasing sintering temperature

s attributed to the increase of the average ZnO grain size and the
ecrease of breakdown voltage per grain boundaries. The nonlinear
oefficient (˛) also linearly increased from 44 to 50 with increasing
intering temperature up to 900 ◦C. This is a maximum value in the
uaternary ZnO-based varistors reported until now. However, fur-
her increase in sintering temperature caused  ̨ to decrease to 25
t 950 ◦C. This will be tuning point in the ZnO–V2O5-based varis-
or development of high performance as a new composition. As a
esult, it can be seen that the sintering temperature has a signifi-
ant effect on the nonlinear properties in the light of the  ̨ variation.
he behavior of  ̨ in accordance with sintering temperatures tem-
erature can be related to the variation of the Schottky barrier
eight according to the variation of the electronic states at the
rain boundaries. The sintering temperature will vary the density
f interface states with the transport of the defect ions toward the
rain boundary and will be more active grain boundaries. Therefore,
he decrease of  ̨ in accordance with increasing sintering temper-
ture is attributed to the decrease of potential barrier height at the
rain boundaries. The current density (JL) exhibited very high val-
es compared with other varistor ceramics and this is a problem to
ork out in the near future.

Fig. 4 shows the capacitance–voltage (C–V) characteristics of
he samples for different sintering temperatures. The detailed
–V characteristic parameters, such as donor concentration (Nd),

arrier height (˚b), and density of interface states (Nt) are sum-
arized in Table 1. The Nd increased from 3.33 × 1017 cm−3 to

.64 × 1017 cm−3 in accordance with increasing sintering temper-
tures. The increase of Nd value is assumed to be due to the
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ig. 3. E–J characteristics of the samples for different sintering temperatures.
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Fig. 4. C–V characteristics of the samples for different sintering temperatures.

dissociation of zinc oxide in the following chemical reaction expres-
sion, ZnO → Znx

i
+ (1/2)O2, Znx

i
→ Zn·

i
+ e′, where Znx

i
is a neutral

zinc of interstitial site, Zn·
i
is a positively charged zinc ion of inter-

stitial site. It is assumed that the enhancement of the donor density
results from a lot of dissociation quantities of zinc oxide when
the sintering temperature increases [20]. The barrier height (˚b)
at the grain boundaries increased from 0.95 eV to 1.07 eV with
increasing sintering temperature up to 900 ◦C. However, further
increase in sintering temperature caused ˚b to decrease to 0.54 eV
at 950 ◦C. The behavior of ˚b in accordance with sintering tem-
peratures exhibited to accord to the behavior of Nt at the grain
boundaries. The behavior of ˚b and Nt coincides with the behavior
of  ̨ in the E–J characteristics. Really, the higher barrier gives rise
to the higher nonlinear coefficient.

4. Conclusions

The microstructure and electrical properties of quaternary
ZnO–V2O5–MnO2–Nb2O5 ceramics were investigated at differ-
ent sintering temperature. The average grain size increased from
4.4 �m to 9.6 �m with increasing sintering temperature. The break-
down field decreased from 6991 V/cm to 943 V/cm with increasing
sintering temperature. The quaternary ceramics sintered at 900 ◦C
exhibited surprisingly high nonlinear coefficient of 50. The donor
concentration increased from 3.33 × 1017 cm−3 to 7.64 × 1017 cm−3

with increasing sintering temperature and the barrier height exhib-
ited the maximum value (1.07 eV) at 900 ◦C. Conclusively, it is
believed that quaternary ZnO–V2O5–MnO2–Nb2O5 ceramics will
be used as a new basic composition in the development of advanced
varistors.
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