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ABSTRACT

The Zn1-xGaxO (x = 0–0.020) ceramics modified with V2O5 were prepared by

solid-state reaction method. The phase composition, microstructure, electrical

conductivity, temperature sensitivity, and thermal aging property were inves-

tigated. The main phase of prepared ceramics is a hexagonal wurtzite crystal

structure with a space group of P63mc (186). Ga2O3 phase was detected in

ceramics when the content of Ga-ion x is higher than 0.010. V2O5 acts as sin-

tering aids and electrical stabilizer and enhanced the ceramic sintering ability.

The Ga/V-modified ZnO ceramics exhibit typical NTC characteristics and have

high temperature sensitivity with material constant of B values ranging from

3659 to 4590 K. The electrical properties and aging characteristics were studied

with alternating current impedance spectrum and X-ray photoelectron spec-

troscopy. The Ga/V-co-modified ZnO ceramics show high electrical stability

with resistance change rate (DR/R0) less than 1.85% after aged at 150 �C for

1000 h. The increase of resistance by aging mainly came from the grain

boundary effect.

1 Introduction

A negative temperature coefficient (NTC) thermistor

shows that its resistivity decreases with increase of

temperature, especially, is characterized by that its

resistivity decreases exponentially with the increase

of temperature. NTC thermistors are widely applied

in various fields, such as temperature compensation,

temperature measurement and control, surge current

suppression, and infrared detection. The researches

of the ordinary temperature NTC ceramic thermistors

are mainly based on spinel structure compounds

[1–3], perovskite compounds [4–6], and semicon-

ductors based on single cationic oxides [7–9]. The

small polaron hopping model is generally considered

to be the conduction mechanism of AB2O4-type spi-

nel compounds, in which the charge carriers hop

between octahedral B-sites such as Mn3?–Mn4? ions

in manganate spinel compounds [1, 2, 10, 11].

Meanwhile, both the band conduction and electron-

hopping models were suggested for the conduction

mechanism of semiconductor-type NTC thermistors
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[12–14]. Based on the above multi-model conduction

mechanisms, the room-temperature resistivity (q25)

and temperature sensitivity (B25/85 value) of semi-

conductor-type thermistors could be effectively

adjusted through appropriate ion doping. As repor-

ted by Wang et al. [13], q25 from 64.14 X�cm to 43.37

kX�cm and B25/85 from 335 to 5169 K were obtained

in Li/Fe-modified NiO NTC thermistors. Yang et al.

reported that adjustable q25 (12.38 X�cm–190 kX�cm)

and B25/85 (1112–4376 K) in CuO-based NTC ther-

mistors were prepared by changing the contents of

Y2O3 and B2O3 [14].

Besides q25 and B25/85 values, electrical stability is

also an important property for a NTC thermistor. The

electrical stability is normally characterized by resis-

tance change rate (DR/R0) through aging treatment

with various periods. The electrical stability of NTC

thermistor can be improved by element doping and/

or optimization of preparation process [7, 15, 16]. Li

et al. showed that Na-ion doping reduced the resis-

tivity and DR/R0 of Mn1.95Co0.21Ni0.84O4 ceramics

[15]. Gao et al. found that the electrical stability of

(Zn0.4Ni0.6)1-xNaxO NTC thermistors was greatly

enhanced with the addition of Bi-ion and the DR/R0

was reduced from 237 (without Bi2O3) to 1.8% (with

Bi2O3) [16]. Sb/Mn-co-doped SnO2 ceramics showed

high electrical stability, and the DR/R0 of Sn0.91-

Sb0.05Mn0.04O2 was only 0.6% after aging 500 h in air

[7].

ZnO is a typical environmental friendly material

with a low cost price, non-toxic, and harmless. Due to

its wide band gap (- 3.37 eV), ZnO has been widely

used in the fields of luminescence, photocatalysis,

varistor, and piezoelectricity [17–20]. In recent years,

the researches on ZnO-based thermistors have also

been reported. Li/Y/Cr-co-doped ZnO ceramics

showed a critical positive temperature coefficient

(PTC) phenomenon with a resistivity temperature

coefficient as high as 65% K-1 [21]. Li et al. reported

that ZnO-based ceramics co-modified with Al-, La-,

and Cu-ions showed good performance for NTC

thermistors with controllable q25 (0.65–3280 kX�cm)

and B25/85 values (2500–5850 K) and high electrical

stability (DR/R0\ 2%) [22]. To further develop the

application of ZnO-based ceramics for NTC ther-

mistors, Ga-doped ZnO ceramics modified with V2O5

were investigated in this work. The ceramics exhibit

typical NTC characteristics with high temperature

sensitivity (B25/85 value) and electrical stability.

2 Experimental

Zn1-xGaxO (x = 0, 0.002, 0.004, 0.006, 0.008, 0.010,

0.012, 0.014, 0.016, 0.018, and 0.020, respectively)

ceramics were synthesized with conventional solid-

state reaction method. Small amount of V2O5 (from

0.125 to 1.0% in mass ratio) was used as sintering aids

and electrical stabilizer. Analytical reagent grade

(purity[ 99%) ZnO, Ga2O3, and V2O5 from the

Sinopharm Chemical Reagent Co., Ltd, China were

used as raw materials. According to the stoichio-

metric ratio of nominal formula Zn1-xGaxO, the

weighed ZnO and Ga2O3 powders were mixed by

ball milling for 1 h and then were calcined at 900 �C
for 5 h in air. For each batch, various contents of V2O5

were added into the calcined powder followed by

grinding and mixing for 1 h. An appropriate amount

of polyvinyl alcohol solution (PVA) solution (Sino-

pharm Chemical Reagent Co., Ltd, China) was used

as binder during granulating. Then pellets with a

diameter of 12 mm and a thickness of about 3 mm

were obtained. The pellets were sintered at 1150 �C
for 5 h followed by 1350 �C for 2 h in air. The sur-

faces of as-sintered pellets were ground with abrasive

paper. Silver paste was painted on both opposite

surfaces and then was heated at 600 �C for 10 min to

make ohmic electrodes.

Phase composition of the as-sintered Zn1-xGaxO

ceramics was identified by X-ray diffraction (XRD,

Rigaku D/Max 2500, Japan) with Cu Ka radiation.

Fracture surface of broken ceramics was examined by

a scanning electron microscopy (SEM, JMS-7900F),

and the related elemental distribution was analyzed

with energy-dispersive X-ray spectroscopy (EDS,

Oxford Ultim Max 65). The possible valence states of

elements in ceramics were analyzed by X-ray pho-

toelectron spectroscopy (XPS, K-alpha 1063, UK). The

relative density (qr) of each sample was determined

according to the Archimedes method and was cal-

culated by Eq. (1).

qr ¼ qM=qL ð1Þ

where qM is the measured density and qL is the the-

oretical density. The theoretical density qL (5.676 g/

cm3) of the wurtzite ZnO lattice was calculated by the

relationship of qL = (MZn ? MO)/NAV, where MZn is

the total molar weight of Zn atoms and MO is the

total molar weight of O atoms in each mole ZnO

lattice, NA is Avogadro constant, and V is a cell vol-

ume of ZnO lattice. In order to simplify the
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comparison of relative density of the studied ceram-

ics, the influence of dopants and possible lattice

defects in the ZnO lattice was not regarded, i.e., only

the perfect ZnO lattice was taken into account for qL

in this work.

The temperature dependence of resistance (R–T) of

each sample was measured by a resistance–temper-

ature test system (ZWX-C, China) in temperature

range from 25 to 250 �C. The resistivities were cal-

culated according to the Ohm’s law, q = RA/h, where

R is the measured resistance, A is the electrode area,

and h is the sample thickness. Two kinds of methods

were used to test the electrical stability of Zn1-xGaxO-

based ceramics: repeated R–T measurements and

measurement of the resistance change rate after aging

treatment at 150 �C. Alternating current (AC) impe-

dance was performed with electrochemical worksta-

tion (Gamry reference USA, 600) in frequency range

from 1 Hz to 1 MHz. Each impedance spectrum was

analyzed by Gamry analyst.

3 Results and discussion

3.1 Phase and microstructure

In this work, different contents of V2O5 (from 0.125 to

1.0% in mass ratio) were added to Zn0.990Ga0.010O

ceramics, respectively. The qr of Zn0.990Ga0.010O

ceramics increased from 87.5 to 92.6% with the

increase of V2O5 content from 0.125 to 1.0%. The

increase of qr becomes slow when the V2O5 content is

more than 0.5%. So 0.5% of V2O5 was selected in the

following experiments. The qr of ZnO, Zn0.994-

Ga0.006O, and Zn0.980Ga0.020O with 0.5% V2O5 are

90.5%, 93.2%, and 93.6%, respectively.

Fig. 1 SEM images of fracture surface of as-sintered ceramics, a ZnO without V2O5, b ZnO with 0.5% V2O5, c Zn0.994Ga0.006O with

0.5% V2O5, and d Zn0.980Ga0.020O with 0.5% V2O5
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Figure 1 shows SEM micrographs obtained from

the fracture surfaces of as-sintered ceramics of ZnO

without V2O5, ZnO with 0.5% V2O5, Zn0.994Ga0.006O

with 0.5% V2O5, and Zn0.980Ga0.020O with 0.5% V2O5.

It can be seen from Fig. 1a that the ZnO ceramic

without V2O5 contains lots of pores. While, the pores

in the ceramics with 0.5% V2O5 addition become

much less and even vanish, as shown in Fig. 1b–d.

These indicate that the addition of a small amount of

V2O5 can effectively enhance the sintering ability of

ZnO-based ceramics. This should be due to the low

melting point of V2O5 (- 690 �C) for which the for-

mation of liquid phase is helpful for the gas over-

flowing and can accelerate the mass transfer during

sintering process.

Fig. 2 SEM and elemental distribution mapping of fracture surface of Zn0.990Ga0.010O ceramic, a secondary electron image in SEM, and

b–e EDS elemental mappings of Zn, O, Ga, and V elements, respectively
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The elemental distribution mapping of fracture

surface of Zn0.990Ga0.010O ceramic was analyzed by

EDS, as shown in Fig. 2. Zn, O, Ga, and V elements

are almost evenly distributed in the sample and the

black area in these mappings might be caused by the

roughness of the fracture surface.

Figure 3 shows XRD patterns of as-sintered

Zn1-xGaxO-based ceramics with 0.5% V2O5 (ZnO,

Zn0.994Ga0.006O, and Zn0.990Ga0.010O). ZnO and

Zn0.994Ga0.006O ceramics are composed of pure

hexagonal wurtzite phase with a space group of

P63mc (186) (ref. PDF No. 80–0074). While one extra

diffraction peak marked by ‘‘•’’ as shown in Fig. 3a

can be found in Zn0.99Ga0.010O ceramic and is con-

sistent with the diffraction of Ga2O3 phase (PDF Card

of No. 76–0573). These imply that the solid solubility

of Ga-ions in ZnO lattice might be x\ 0.010 in this

work. Figure 3b shows the magnified view of

diffraction peaks with 2h from 30� to 38�. With the

increase of Ga-ion concentration, the diffraction

peaks shifted toward higher diffraction angles, indi-

cating a reduction of lattice parameters. Refined with

Jade 6.0 ? PDF 2004 program, the lattice parameters

of hexagonal wurtzite phase for each ceramic are

obtained as shown in Table 1. The reduction of lattice

parameters should result from the substitution of Ga-

ions in ZnO lattice for that the ionic radius of Ga3?

ion (0.062 nm) is smaller than that of Zn2? ion

(0.075 nm) [23]. At the same time, some V-cations

might also substitute into the ZnO lattice, and the

substitution of V-ions also reduced the ZnO-based

lattice for the smaller ionic radius of V5? (0.054 nm)

than that of Zn2? ion.

To explore the possible valence states of elements

in as-sintered ceramics, Zn0.990Ga0.010O ceramic was

selected for XPS analysis and the results are shown in

Fig. 4. Characteristic peaks of Zn, O, Ga, and V can be

detected in the full XPS spectrum as shown in Fig. 4a.

The narrow spectra for each element were fitted by

Avantage 5.52 software and the results are shown in

Fig. 4b–e, respectively. As shown in Fig. 4b, the peaks

at binding energies of 1021.15 eV and 1044.24 eV

correspond to Zn 2p3/2 and 2p1/2, respectively [24],

indicating only Zn2? ions exist in Zn0.990Ga0.010O

ceramic.

Figure 4c shows the narrow spectrum of O ele-

ment. The spectrum of O 1 s can be fitted to be

composed of two peaks. One peak locating at

531.33 eV (marked with OD/A) should attribute to

defective oxygen (OD) and adsorbed oxygen (OA) and

the other peak at 529.89 eV corresponds to lattice

oxygen (OL) [25]. According to the areas of fitted

peaks, the content ratio of OD/A and OL is [OD/A]/

[OL] = 0.961. The peaks of Ga 2p3/2 and 2p1/2 with

binding energies of 1117.35 eV and 1144.12 eV,

respectively, are shown in Fig. 4c, indicating that Ga-

Fig. 3 XRD patterns of as-

sintered Zn1-xGaxO ceramics

with different contents of Ga-

ions, a whole patterns,

b partially enlarged view of

XRD patterns

Table 1 Lattice parameters (a and c) and cell volume (V) of Zn1-

xGaxO ceramics refined from the XRD patterns as shown in Fig. 1

x a (nm) c (nm) V (10–3 nm3)

0 0.3258 0.5212 47.91

0.006 0.3253 0.5209 47.74

0.010 0.3249 0.5203 47.58
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ion is Ga3? [26]. In Fig. 4e, V 2p3/2 was detected to be

composed of peaks at binding energies of 517.02 eV

and 515.72 eV, respectively, indicating that V-ions in

the ceramics have V5? and V4? valences [24]. The

content ratio [V5?] / [V4?] in the ceramic is calculated

to be 1.80, demonstrating that V5? is the main valence

state of V-ions in Zn0.990Ga0.010O ceramic.

3.2 Electrical properties

The temperature dependence of resistivity in lnq -

1000/T plots of Zn1-xGaxO ceramics is shown in

Fig. 5a and b. The resistivities of Ga-ion-doped ZnO

ceramics decrease with the increase of temperature

and display typical NTC characteristic. The nearly

linear relationship of lnq - 1000/T follows the

Arrhenius law as expressed by Eq. (2).

qT ¼ q0 exp
Ea

kT

� �
¼ q0 exp

B

T

� �
ð2Þ

where qT is the resistivity at temperature T (in Kel-

vin), q0 is a constant related to material characteristic,

Ea is activation energy of conduction, k is the

bFig. 4 Analysis of XPS spectra of Zn0.990Ga0.010O ceramic,

a XPS full spectrum, b Zn 2p spectrum, c O 1 s spectrum, d Ga

2p spectrum, and e V 2p3/2 spectrum

Fig. 5 Electrical properties of Zn1-xGaxO ceramics with various contents of Ga-ions a 0 B x B 0.006, b 0.006 B x B 0.020, and c Ga-

ion concentration dependence of lnq25 and B25/85

28798 J Mater Sci: Mater Electron (2021) 32:28792–28806



Boltzmann constant, and B is a material constant

reflecting the temperature sensitivity of a NTC ther-

mistor. The B value can be calculated by Eq. (3)

B ¼ ln q1 � ln q2

1=T1 � 1=T2
ð3Þ

where q1 and q2 are the resistivities at temperatures

T1 and T2, respectively. The temperatures of T1 and

T2 are normally selected at 298 K (25 �C) and 358 K

(85 �C), respectively. So, the B value is often written

as B25/85.

Figure 5c shows the plots of Ga-content depen-

dence of lnq25 and B25/85 in Zn1-xGaxO ceramics. lnq25

of Zn1-xGaxO ceramics with x B 0.006 decreases with

the increase of Ga-content. These should be due to the

doping effect of a semiconductor. Ga3? ions substi-

tuted into the ZnO lattice and introduced electron

charge carriers. The related defect reaction can be

expressed by Eq. (4).

Ga2O3 �!
ZnO

2Ga�Zn þ 2e0 þ 2OO þ 1

2
O2 ð4Þ

Here, the weakly bound electrons at the donor

level are easy to be thermally activated to the con-

ductive band, improving the conductivity of Zn1-x-

GaxO ceramics. In the meanwhile, the introduced V-

ions might also partially substitute into ZnO lattice,

and the related defect reaction can be expressed by

Eq. (5).

V2O5 �!
ZnO

2V���
Zn þ 6e0 þ 2OO þ 3

2
O2 ð5Þ

The substituted V-ion can act as donor and intro-

duce electron charge carriers in the ZnO crystal.

Combined with V-ions and Ga-ions, too much elec-

trons introduced into the ZnO lattice could lead to

aggregation of charge carriers, resulting in the

increase of q25 when the dopant content was further

increased (as shown in Fig. 5c). In the meanwhile, for

the solid solubility limit of Ga-ions and V-ions in

ZnO, the excessive Ga2O3 and V2O5 might segregate

at the grain boundaries and enhance the grain

boundary barrier, resulting in high grain boundary

resistivity. On the other hand, as shown in Fig. 1, the

increase of Ga-ions content in ZnO-based ceramics

restrained the grain growing and increased the rela-

tive content of grain boundary accordingly. In addi-

tion, due to the large difference in porosity among

ceramics, pores may have some impact on the

conductivity of ceramics. So, the total resistance of

ceramics increases with the increase of the content

increase of Ga-ions in ZnO-based ceramics.

With the increase of Ga-ion concentration, B25/85

values decrease first and then increase. The minimum

B25/85 value of Zn0.990Ga0.010O ceramics is 3659 K

when the content of Ga-ion (x) is 0.006. When the

content of Ga-ion (x) is more than 0.006, B25/85 values

of Zn1-xGaxO ceramics are in the range of

3659–4590 K. The adjustable q25 and B25/85 values

enhance the application prospect of Zn1-xGaxO

ceramics as NTC thermistors.

3.3 Impedance spectrum analysis

To understand the conduction characteristic of

Zn1-xGaxO ceramics, alternating current (AC) impe-

dance was measured and analyzed. Figure 6 shows

the Nyquist plots of Zn1-xGaxO ceramics with vari-

ous contents of Ga-ions measured at room tempera-

ture. The plots were fitted using equivalent circuit

inset as shown in Fig. 6a. Where Rg and Rgb are the

resistances corresponding to the grain effect and

grain boundary effect, respectively, R0 is the resis-

tance from the measuring system, and CPEg and

CPEgb are constant phase components related to

internal inhomogeneity or defects. The fitted curves

are in good agreement with the measured data. These

reveal that the electrical properties of Zn1-xGaxO

ceramics originate from both grain effect and grain

boundary effect. The fitted resistance from grain

effect (Rg), grain boundary one (Rgb), and total one

(Rt = Rg ? Rgb) of ceramics are shown in Table 2.

Compared with pure ZnO ceramic, both Rg and Rgb

decreased with the increase of Ga-ions when

x\ 0.006 in Zn1-xGaxO and the decrease of Rg is

greater than that of Rgb. These should result from the

semiconductor doping effect as described in Eq. (4).

Conversely, when x[ 0.006, both Rg and Rgb increase

with the increasing of Ga-ion concentration and the

increase of Rgb is more than that of Rg. For solid

solubility limit of Ga2O3 in ZnO crystal, the excessive

Ga-ions may locate at the grain boundaries as

impurity, such as Ga2O3. In the meanwhile, V2O5

might also locate at grain boundaries. The grain

boundaries impurities hinder the electron transfer

and increase the grain boundary resistance.
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Fig. 6 Impedance spectra in Nyquist plots for Zn1-xGaxO

ceramics with various contents of Ga-ions measured at room

temperature, a x = 0, 0.002, and the inset is an equivalent circuit

for plot fitting, b x = 0.004, 0.006, 0.008, and 0.010, and c

x = 0.012, 0.014, 0.016, 0.018, and 0.020

Table 2 Fitted results of

Nyquist plots by equivalent

circuit as shown in the inset in

Fig. 6a, grain resistance (Rg),

grain boundary resistance

(Rgb), total resistance

(Rt = Rg ? Rgb), grain

capacitance (Cg), and grain

boundary capacitance (Cgb) of

Zn1-xGaxO ceramics

x Rg (kX) Rgb (kX) Rt (kX) Cg (10
–10 F) Cgb (10

–8 F)

0 3787.1 318.7 4105.8 99.03 1.5816

0.002 656.9 230.8 887.7 70.18 2.2691

0.004 5.197 5.74 10.937 141.29 6.6693

0.006 0.385 2.469 2.854 258.18 2.9384

0.008 1.041 3.214 4.255 5.13 2.3093

0.010 1.713 5.466 7.179 127.12 1.4375

0.012 2.12 8.973 11.093 99.80 1.4276

0.014 3.3 10.35 13.65 109.29 1.1707

0.016 3.68 10.55 14.23 76.18 1.0569

0.018 5.113 12.480 17.593 48.32 0.8977

0.020 6.298 15.54 21.838 41.65 0.8337
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3.4 Electrical stability

Electrical stability is an essential property for the

commercial application of NTC thermistors. Figure 7

show the plots of temperature dependence of resis-

tivity (lnq - 1/T plots) tested repeatedly for seven

times for Zn0.990Ga0.010O and Zn0.980Ga0.020O ceram-

ics. The lnq - 1/T plots coincide well with each

other, indicating that the Zn0.990Ga0.010O and Zn0.980-

Ga0.020O ceramics have high electrical repeatability.

Zn1-xGaxO ceramics with silver electrodes were

treated at 150 �C for 1000 h to explore their electrical

stability characteristics. Figure 8 shows the resistance

change rate (DR/R0) after aging treatment for differ-

ent periods. The DR/R0 of ZnO ceramic increased

continuously during aging and is as high as 67.30%

after aging for 1000 h (see in Fig. 8a). Doping with

Ga-ions, the DR/R0 decrease obviously after aging

(see in Fig. 8b, c). The DR/R0 of Ga-doped ceramics

increase slightly in initial 600 h aging and then the

resistance change rate became stable. With 1000 h of

aging treatment, the final DR/R0 of Zn1-xGaxO is

1.41% for x = 0.002, 1.07% for x = 0.004, 1.28% for

x = 0.006, 1.52% for x = 0.008, 1.49% for x = 0.010,

1.59% for x = 0.012, 1.50% for x = 0.014, 1.40% for

x = 0.016, 1.68% for x = 0.018, and 1.85% for

x = 0.020. These show that Ga-doped Zn1-xGaxO

ceramics with V2O5 addition have good electrical

stability.

To further explore the aging characteristics of

Zn1-xGaxO ceramics, AC impedance spectra were

measured for the same samples as shown in Fig. 6

after aging. The related Nyquist plots after aging

were analyzed as shown in Fig. 9. The Nyquist plots

were fitted with the equivalent circuit inserted in

Fig. 6a. The well fitted results indicate that the elec-

trical properties of Zn1-xGaxO ceramics after aging

are still composed of grain effect and grain boundary

effect. The resistance change rates of grain effect,

grain boundary effect, and total effect (DRg/Rg0,

DRgb/Rgb0, and DRt/Rt0, respectively) were calculated

by comparing the related resistance before and after

aging, respectively. The results are shown in Table 3.

DRt/Rt0 tested by AC impedance method is consistent

with the DC-measured results as shown in Fig. 8.

Except for ZnO ceramic, Rg decreased (DRg/Rg0\ 0)

and Rgb increased (DRgb/Rgb0[ 0) after aging. These

indicate that the aging-induced increase of total

resistance mainly came from the grain boundary

effect.

To explore the possible origination of aging-in-

duced evolution of electrical properties, the valence

states of elements in Zn0.990Ga0.010O ceramic after

aging were investigated by XPS analysis. The XPS

analysis is shown in Fig. 10. In Fig. 10a, the binding

energy peaks of 1021.24 eV and 1044.32 eV corre-

spond to Zn 2p3/2 and 2p1/2, respectively. These

indicate that only Zn2? ions exist in the aged

Fig. 7 Temperature dependence of resistivity (lnq-1/T plots) of Zn1-xGaxO ceramics measured repeatedly for 7 times, a x = 0.010,

b x = 0.020
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Zn0.990Ga0.010O ceramic. The binding energies of

531.41 eV and 529.90 eV for O 1 s correspond to the

peaks of the defective oxygen and/or adsorbed oxy-

gen (OD/A) and lattice oxygen (OL), respectively, in

the aged Zn0.990Ga0.010O ceramic as shown in

Fig. 10b. Compared with the analyzed results of the

sample before aging (see in Fig. 4c), there are tiny

deviations in the position of characteristic peaks for

OD/A and OL after aging. The ratio of [OD/A]/[OL]

after aging is 1.58 and is quite different from that

before aging (0.961).

The peaks of the 2p3/2 and 2p1/2 orbital energy

spectra of Ga are shown in Fig. 10c. The peaks of

binding energies of 1117.48 eV and 1144.25 eV indi-

cate that Ga-element has the valence of Ga3? in the

aged Zn0.990Ga0.010O ceramic. The XPS spectrum of

V-cations in Zn0.990Ga0.010O ceramic after aging is

shown in Fig. 10d. The analysis shows that the XPS

spectrum is composed of peaks with binding energies

of 517.01 eV and 515.61 eV, respectively. It indicates

that V-ions have V5? and V4? kind of valences in the

aged Zn0.990Ga0.010O ceramic. The [V5?]/[V4?] ratio

in the aged ceramic is 2.92, which is higher than that

in the sample before aging ([V5?]/[V4?] = 1.80 as

analyzed in Fig. 4e).

According to the analysis of O- and V-XPS spectra

as discussed in Figs. 4c and e and 10b and d, both the

[OD/A]/[OL] and [V5?]/[V4?] increased after aging

treatment. These imply that the aging process should

be closely related to oxygen adsorption and the

Fig. 8 Resistance change rate (DR/R0) of Zn1-xGaxO ceramics with V2O5 as sintering aids aged at 150 �C for different periods, a x = 0,

b x = 0.002, 0.004, 0.006, 0.008, and 0.010, and c x = 0.012, 0.014, 0.016, 0.018, and 0.020
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Fig. 9 Impedance spectra in Nyquist plots of Zn1-xGaxO ceramics aged for 1000 h, a x = 0 and x = 0.002, b x = 0.004, 0.006, 0.008,

and 0.010, and c x = 0.012, 0.014, 0.016, 0.018, and 0.020

Table 3 Rg, Rgb, Rt, DRg/Rg0,

DRgb/Rgb0, and DRt/Rt0of Zn1-

xGaxO ceramics aged for

1000 h

x Rg (kX) Rgb (kX) Rt (kX) DRg/Rg0 (%) DRgb/Rgb0 (%) DRt/Rt0 (%)

0 1862 5239.90 7101.90 16.98 97.51 67.30

0.002 226.90 673.41 900.31 -1.69 2.51 1.42

0.004 5.10 5.95 11.05 -1.85 3.71 1.07

0.006 0.375 2.516 2.89 -2.80 1.90 1.30

0.008 1.02 3.30 4.32 -1.99 2.66 1.52

0.010 1.702 5.585 7.287 -0.65 2.17 1.50

0.012 2.10 9.17 11.27 -0.87 2.17 1.59

0.014 3.28 10.58 13.86 -0.67 2.20 1.51

0.016 3.67 10.76 14.43 -0.20 1.96 1.40

0.018 5.11 12.81 17.92 -0.19 2.46 1.69

0.020 6.26 15.98 22.24 -0.57 2.80 1.83
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change of V-ionic valence. Oxygen molecules (O2) in

the aging environment might adhere on the ceramic

surface. The adhered O2 may capture electrons from

the ceramic body and turns into the adsorbed oxygen

(O2ad) and even undergoes the procedure of O2ad !
O�

2ad� ! O�
ad ! O2� [27, 28]. So, the reactive species of

O�
2ad� and oxygen ions (O2-) are formed. This proce-

dure resulted in the increase of OD/A quantity and

[OD/A]/[OL] ratio. At the same time, the variation of

oxygen species must capture electrons from the

ceramic body (both grains and grain boundaries). As

in the analysis of XPS spectra, the valence state of

V-ions changed during aging. So the captured elec-

trons by OD/A should mainly come from V-ions, i.e.,

partial V4? ions were oxidized to V5? ions, resulting

in the higher [V5?]/[V4?] ratio in the aged ceramic.

There might be two sources for the captured elec-

trons by OD/A, directly from grain boundaries or

from intragranular crystals. When the electrons were

captured from the intragranular crystals, the segre-

gation degree of excessive charge carriers induced by

excessive doping Ga- and V- ions reduced, as dis-

cussed in Fig. 5c, resulting in the slight decrease of

resistivity of the grain effect. These are in agreement

with the results as analyzed in Fig. 9 and Table 3.

When the OD/A-captured electrons come from the

grain boundaries, the electron should originate from

the V-ions for that vanadium oxides as sintering aids

Fig. 10 XPS spectra of Zn0.990Ga0.010O ceramic after aging, a Zn 2p, b O 1 s, c Ga 2p, and d V 2p3/2
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might locate at the grain boundaries. The defect

reaction of V4þ � e0 ! V5þ took place and increased

the [V5?]/[V4?] ratio. This process enhanced the

Schottky barrier at grain boundaries and increased

the resistivity of the grain boundary effect.

4 Conclusion

0.5% (mass ratio) of V2O5 can enhance the sintering

ability of Ga-doped ZnO (Zn1-xGaxO) ceramics.

V2O5-modified Zn1-xGaxO exhibits typical NTC

characteristics and has high temperature sensitivity

with material constant of B25/85 from 3659 to 4590 K.

The prepared ZnO-based NTC ceramics show high

electrical stability with resistance change rate (DR/

R0) less than 1.85% after aged at 150 �C for 1000 h.

The aging-induced resistance change rate is mainly

due to the increase of grain boundary resistance. The

aging process is proposed to include the following

factors: the adsorbed oxygen captures electrons from

the ceramics, the quantity of defect oxygen, and

[V5?]/[V4?] ratio increases in the ZnO-based NTC

ceramics.
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