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Abstract Sb-doped SnO2-based ceramics substituted by a

trace of titanium, (Sn1-xTix)0.95Sb0.05O2 (x B 0.1), were

prepared through a wet chemical process polymerized with

polyvinyl alcohol. The phase component and related elec-

trical properties of the ceramics were investigated. The

results show that all the ceramics have the tetragonal rutile-

type SnO2 crystalline lattice and show typical effect of

negative temperature coefficient (NTC) of resistivity. The

room-temperature resistivities and NTC material constants

can be adjusted widely by changing the Ti content in the

ceramics. The investigations by analyzing the electro-

chemical impedance spectra at various temperatures show

that both grain effect and grain-boundary effect contribute

to the NTC feature of the ceramics. The conduction

mechanisms combining the electron-hopping model and

band conduction are proposed for the NTC effect in the

ceramics.

1 Introduction

Thermistors with an effect of negative temperature coeffi-

cient (NTC) of resistivity are extensively applied in indus-

trial and domestic devices for temperature measurement,

automatic control, temperature compensation and voltage

stabilization, owing to their high sensitivity and reliability

[1]. Traditional NTC ceramic thermistors are composed of

transition-metal compounds with the spinel structure such as

Mn–Ni–O, Ni–Cu–Mn–O and Mn–Co–Ni–O systems, etc.

[2–5]. The applications of these transition-metal NTC

compounds are limited at temperatures below 200 �C for the

relaxation of the crystal structure at higher temperatures [6,

7]. Therefore, some new types of NTC thermistors have been

developed for various applications [8–11].

As one typical semiconductor system, SnO2-based mate-

rials have been of tremendous interest for the applications in

various fields, e.g., solar cells, gas sensors, Li-ion batteries,

etc. [12–14]. Semiconducting feature based on SnO2 is widely

used because its conductivity can be facilely adjusted by

adding dopants such as Sb2O3, CuO, Cr2O3 and In2O3 [15–

18]. The influence of Sb concentration on the electrical

properties of the antimony-doped tin oxide (ATO) ceramics

was discussed by Saadeddin et al. [19], whose work found that

Sb-doped SnO2 ceramics displayed a high electrical conduc-

tivity and had non-temperature-sensitive resistivities from

4.2 K to room temperature. On the other hand, recent work

showed that ATO ceramics with various sintering aids possess

a typical NTC effect above room temperature, and that the

room-temperature resistivities (q25) and NTC material con-

stants (B25/85) are closely associated with the Sb content [20–

22]. In order to adjust the q25 and B25/85 based on ATO

(Sn0.95Sb0.05O2) with a certain Sb concentration, the NTC

characteristics of the Sn0.95Sb0.05O2–BaTi0.8Fe0.2O3–d com-

posite ceramics were reported recently [23].

To develop a facile way to adjust the q25 and B25/85

based on ATO (Sn0.95Sb0.05O2), Ti-substitution in ATO

and the influence of Ti-ion on the related electrical prop-

erties, especially, the NTC effect, were investigated in

present work.
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2 Experimental

(Sn1-xTix)0.95Sb0.05O2 (denoted as STSO, x = 0.01, 0.02,

0.04, 0.06, 0.08, and 0.10) ceramics were prepared through a

so-called steric entrapment synthesis method as following [24,

25]. The appropriate amount of starting materials of metal Sn

powder, antimonous oxide (Sb2O3) and tetrabutyl titanate

were weighed according to the stoichiometry of STSO. The

starting materials were separately dissolved into dilute nitric

acid. Polyvinyl alcohol (PVA) was dissolved in distilled

water. Then the dissolved salts and PVA solution were mixed

at a ratio such that there was one hydroxyl group of PVA for

every cation in solution, resulting in precursor solution. This

mixed solution was heated with stirring until a crisp gel was

obtained as a result of water evaporation. The crisp gel was

ground into a powder and then calcined at 600 �C for 1 h to

obtain STSO powder. The sintering aid CuO, with the amount

of 2 wt% (weight percentage) of the calcined STSO powders,

was added and mixed with the STSO powder to enhance the

sinterability. The calcined powders were granulated with

polyvinyl alcohol solution and pressed into pellets of 12 mm

in diameter and about 3 mm in thickness, which were sintered

at 1,250 �C for 2 h. Silver paste was painted on both sides of

the sintered pellets and dried at 600 �C to obtain electrodes for

later electrical measurements.

The sintered pellets were examined by X-ray diffraction

(XRD, Rigaku D/max 2500, Japan) with Cu Ka radiation to

identify the phase component. Temperature dependence of

resistance (R–T) was measured by using a resistance–tem-

perature measurement system (ZWX-C, China) in the tem-

perature range of 20–300 �C. Impedance measurements

were carried out on an electrochemistry workstation (Gamry

Reference 600, USA) in the temperature range of 20–280 �C

and frequency range of 1 MHz to 0.1 Hz. The morphology of

the sintered pellets was observed with a scanning electron

microscope (SEM, FEI Quanta 200) on the fracture surfaces.

For the transmission electron microscopy (TEM, FEI Titan

G2 60-300) observation, an ion-milled sample was prepared,

and bright-field images and selected area electron diffraction

(SAED) patterns were obtained.

3 Results and discussion

3.1 Phase and microstructure investigation

Figure 1 shows the XRD patterns of the as-sintered STSO

(x = 0.01 and 0.1) ceramics. Both patterns reveal a tetragonal

rutile phase structure with space group of P42/mnm (136)

according to the PDF card of No. 41-1445, and there is no

detectable impurity diffraction peak. These indicate that Sb, Ti

and Cu ions substituted into the rutile lattice of SnO2. Mean-

while, a slight peak shift could be detected, compared with the

peaks of the pure SnO2. Refined by MDI Jade 6 program, the

lattice parameters were determined to be a = 4.7233 Å,

c = 3.1675 Å for x = 0.10, and a = 4.7399 Å,

c = 3.1902 Å forx = 0.01. The lattice parameters of both

samples are slightly different from the ones of the pure rutile

SnO2, a = 4.7382 Å, c = 3.1871 Å. Due to the different ionic

radii in the STSO ceramics, the addition of the smaller ions of

Sb5? (rSb
5? = 0.61 Å) and Ti4? (rTi

4? = 0.60 Å), compared with

rSn
4? = 0.69 Å, may cause a smaller lattice parameter, while,

the introduction of larger ions of Cu2? (rCu
2? = 0.73 Å) may

slightly enlarge the lattice parameters. Here, the ionic radii

were cited from reference [26]. When the amount of Ti is small,

Cu2? plays the dominant role in the parameters and increases

the lattice parameter, but when the amount of Ti is large

enough, the lattice becomes smaller than that of pure rutile

SnO2. The variation in lattice parameters is in agreement with

calculated values of a and c by Sensato et al. [27].

Figure 2 shows microstructure investigations of an as-

sintered (Sn0.94Ti0.06)0.95Sb0.05O2 ceramic. Figure 2a, b are

the typical SEM images of the fracture surface of the STSO

ceramic. Grains are distinctively uniform and densely

packed with a low porosity. The grain size is 2–5 lm.

Figure 2c, d show typical TEM images and an SAED

pattern (upper-right inset in Fig. 2d) taken along [213 ]

from the grain indicated by arrow. The SAED pattern

reveals the SnO2-type rutile phase of the STSO ceramics,

supporting the XRD analysis that the ceramics are solid

solution with a tetragonal rutile phase.

3.2 Temperature dependence of resistivity

Figure 3a presents the temperature dependence of resis-

tivity, in Arrhenius plots, of the STSO ceramics with var-

ious Ti contents. One can see that the room-temperature

Fig. 1 X-ray diffraction patterns of the as-sintered (Sn1-xTix)0.95-

Sb
0.05

O2 ceramics with x = 0.1 and x = 0.01, respectively
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resistivities of the ceramics increase with the increase of

the Ti concentration, and the resistivity of each ceramic

decreases as the temperature rises, and that the plots

practically preserve linearity when 1,000/T [ 2.4. The

STSO ceramics show the typical NTC characteristic. The

resistivity–temperature feature complies with the Arrhenius

relationship as showed in Eq. (1).

q ¼ q0 expðEa=kBTÞ ð1Þ

where q is the resistivity, q0 the pre-exponential factor, Ea

the activation energy of conduction, kB the Boltzmann

constant and T the absolute temperature. For NTC therm-

istors, Ea/kB is known as material constant B. From an initial

temperature T0 to T, BT0/T can be calculated using Eq. (2):

BT0=T ¼
ln qT � ln q0

1=T � 1=T0

ð2Þ

where qT is the resistivity at T and q0 is the resistivity at T0.

The constant B characterizes the sensitivity to temperature

of an NTC thermistor and is related to Ea.

The calculated material constants B25/85 and resistivities

at 25 �C (q25) of the ceramics are illustrated in Fig. 3b. It

can be seen that the q25 and B25/85 of the STSO ceramics

can be adjusted in a wide range by adding various contents

of Ti. When x = 0.08, the constant B value reaches high up

to 7,162 K, which is far higher than that of most transition-

metal NTC thermistors. For common applications, B25/85 is

always required from 2,000 to 6,000 K, meaning that

STSO ceramics developed in this work are of practical

application. Moreover, q25 increases dramatically with the

increase of Ti content (x). B25/85 keeps growing as well

except for x = 0.1, where B25/85 starts to decline, but it still

has a high value of 6,517 K. The addition of titanium

increases the utility value of doped SnO2 by providing

negative temperature coefficient thermistors with flexible

B values, which can be easily controlled through adjusting

the content of titanium.

It is obvious that the addition of Ti is responsible for the

sharply increasing resistivity of the STSO ceramics at room

temperature. Other authors have attributed the effect of Ti

Fig. 2 Microstructure investigations of as-sintered (Sn0.94Ti0.06)0.95Sb0.05O2 ceramic, a, b SEM images, c, d typical TEM observations, the inset

in (d) is an SAED pattern from the grain indicated by arrow

5554 J Mater Sci: Mater Electron (2014) 25:5552–5559

123



to the enhancement of segregation of a second phase,

namely segregation of Sb, or to the finely dispersed TiO2 in

the bulk [28, 29]. However, based on the analysis of phase

and microstructure, the as-prepared ceramics are perfectly

single-phased and no such second phases were found.

Since the Ti substitution does not affect Sb5? donor con-

centration in the whole doping range (0–10 %), the

increase in q25 is most likely to be caused by lattice dis-

tortion when Sn is substituted by Ti.

3.3 Impedance and electric modulus analysis

In order to further investigate the conduction characteristic

of the STSO NTC ceramics, AC impedance spectra were

employed here. Figure 4 shows a series of Nyquist plots of a

STSO (x = 0.02) ceramic measured at temperatures from 20

to 280 �C. Two arcs can be observed obviously in the Ny-

quist plots in the lower temperature region (\160 �C, see in

Fig. 4a–c). The high-frequency arc gradually decreased and

even disappeared when further rising the temperature (see in

Fig. 4c, d), and only one arc can be seen at 280 �C (see in

Fig. 3 Electrical properties of (Sn1-xTix)0.95Sb0.05O2 ceramics,

a temperature dependence of resistivity, b Ti-concentration depen-

dence of material constants (B25/85) and room-temperature resistivities

(q25)

Fig. 4 Nyquist plots of impedance spectra of (Sn0.98Ti0.02)0.95-

Sb0.05O2 measured at various temperatures, a 20 and 60 �C, b 90

and 120 �C, c 160 and 200 �C, d 240 and 280 �C, and an inset

equivalent circuit model adopted for fitting the impedance spectra
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Fig. 4d). Generally, the left arc in the higher frequency

region corresponds to the response of bulk (grain effect),

while the right lower-frequency arc is the response of grain

boundary effect [30]. An equivalent circuit (the inset in

Fig. 4d) was applied to fit the impedance plots, where Rb and

Rgb represent the resistance of bulk and grain boundary,

respectively, and CPEb and CPEgb are constant phase ele-

ments representing bulk and grain boundary, respectively.

The fitted results of the bulk impedance (Rb) and grain

boundary impedance (Rgb) are shown in Fig. 5. One can see

that Rb, Rgb and total resistance (Rb ? Rgb) have similar

temperature-dependence characteristics, indicating that bulk

effect and grain boundary effect contribute comparably to

the NTC effect of the STSO ceramics.

The frequency dependence of imaginary part Z00 and nor-

malized imaginary part (Z00/Z00max) of complex impedances of

the STSO (x = 0.02) ceramic at different temperatures were

analyzed here. The Z00-logf plots in Fig. 6a reveal two peaks

except for the curve at 240 �C where only one peak at high

frequency region is detected due to the limited measuring

frequency. The inset plots in Fig. 6a (magnified drawing of

-Z00 scaled from 0 to 500 X) show the peaks more clearly for

higher temperatures (120 �C and up). Continuous broadening

tendency of the peaks can be observed, indicating a temper-

ature-dependent electrical relaxation behavior in the ceramic.

Compared with the Nyquist plots in Fig. 4, it can be deduced

that the higher-frequency peak corresponds to the bulk effect,

and the lower-frequency peak corresponds to the grain

boundary effect. The bulk resistance (Rb) and grain boundary

resistance (Rgb) are related to the value of Z00 governed by

Eq. (3):

Z 00 ¼ R
xs

1þ ðxsÞ2

" #
; ð3Þ

where R is resistance, x = 2pf is angular frequency, s is

relaxation time. When Z00 reaches a peak, xs = 1; thus,

Z00max = R/2. This simple relation between Z00max and

R helped to calculate Rb and Rgb, which turned out to be in

good accordance with fitted results. The closeness of two

peak values also supports the deduction of comparable

contribution of bulk effect and grain boundary effect.

Figure 6b shows normalized imaginary part (Z00/Z00max) of

impedance at some selected temperatures. As temperature

Fig. 5 Temperature dependence of bulk effect (Rb), grain boundary

effect (Rgb) and total resistance (Rb ? Rgb) according to the

impedance spectra shown in Fig. 4

Fig. 6 Frequency dependence of impedance of (Sn0.98Ti0.02)0.95-

Sb0.05O2 ceramic at various temperatures, a imaginary part (-Z00)
plots, the inset magnified curves at low -Z00 from 0 to 500 X;

b normalized imaginary part (Z00/Z00max) plots
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rises, the peaks shift towards higher frequency region, indi-

cating a spread of relaxation time which decreases with

increasing temperature. The relaxation phenomenon is

temperature-dependent and related to certain electrical pro-

cesses [31].

Figure 7 shows the real part (Z0) of the impedance as a

function of logarithmic frequency at various temperatures. A

plateau appears in each plot at low frequency region,

probably resulted from the accumulation of space charges

[32]. All curves declines monotonically at higher frequen-

cies to a convergence, indicating the release of space charge,

which, consequently, reduces the resistance of the material.

The NTC effect is also inferred from the drastic fall of the

plateau at low frequencies with rising temperature.

Electrical modulus is another important parameter that

is widely used to analyze the conduction feature of semi-

conductors. To reveal the electrical processes in the

ceramics, normalized imaginary part of impedance (Z00/
Z00max) and electrical modulus (M00/M00max) of (Sn0.98-

Ti0.02)0.95Sb0.05O2 at different temperatures were analyzed

as shown in Fig. 8. In each modulus plot, a peak is visible

in the lower-frequency region, where the grain-boundary

component of Z00/Z00max peak locates. Each of the M00/M00max

peak shifts towards higher frequency region, the same as

the Z00/Z00max peak does, and remains overlapping with the

related grain-boundary Z00/Z00max peak. Supposedly, another

M00/M00max peak would turn up at higher frequencies beyond

the measuring range. According to the relationship shown

in Eq. (4):

M00 ¼ C0

C

xs

1þ ðxsÞ2

" #
: ð4Þ

M00max picks out the element with the smallest capacitance

since M00max = C0/2C for that particular element [30].

Since the capacitance of bulk element is smaller than that

of grain boundary element, the visible lower frequency M00/
M00max peak and the invisible peak are attributed to grain

boundary and bulk, respectively.

The overlapping of the lower frequency M00/M00max and

Z00/Z00max peaks is the evidence of long-range conduction,

or band conduction, caused by the introduction of aliova-

lent ions such as Sb5?. In the STSO ceramics, Sb might

have two valence states of Sb3? and Sb5? (primarily Sb5?

since sintered in ambient atmosphere), both substituting

Sn4? to locate in the octahedral interstices [33]. The doping

of Sb significantly reduces the band gap of SnO2,

enhancing the charge carriers motion. As the temperature

rises, more electrons from valence band are thermally

activated and transported out of the potential well thereby

contributing to lowering the resistivity of the ceramics (see

Eq. (1)). Low frequency makes it possible for charge car-

riers to move over long distances from one site to a

neighboring site.

On the other hand, the mismatch between the higher

frequency M00/M00max and Z00/Z00max peaks signifies a local-

ized conduction or hopping conduction. Nobre et al. [34]

hypothesized the existence of a transition valence state

Sb4? that provides a hopping link between Sb3? and Sb5?,

such as Sb3??Sb5? ? 2Sb4? ? Sb5??Sb3?. By analyz-

ing the data in Fig. 5, the activation energy Ea for bulk

(0.31 eV) was found to be very close to the one for grain

boundary (0.33 eV). Not much difference in conduction

activation energy exists between bulk and grain boundary.

This similar conduction feature in bulk and at grain

boundary is corroborative evidence for the deduction that

lattice distortion caused by Ti substitution is the reason for

the increase in room-temperature resistivity (see Sect. 3.2).

The increase in B might be interpreted as an effect of lattice

scattering when charge carriers move across bulk and grain

boundary, for their similar conductivity properties.

4 Conclusions

The Ti-substituted Sn0.95Sb0.05O2 ceramics, (Sn1-xTix)0.95-

Sb
0.05

O2 (denoted as STSO, x = 0.01, 0.02, 0.04, 0.06, 0.08,

and 0.10), have a tetragonal rutile phase with a space group of

P42/mnm (136) as that of SnO2. The STSO ceramics show a

typical NTC effect, in which the material constant B can be

widely adjusted by changing the Ti content, and the constant

B value reaches high up to 7,162 K when x = 0.08 and is

much higher than that of most transition-metal NTC therm-

istors. The conduction of the STSO ceramics resulted from

both grain effect and grain-boundary effect. Two possible

Fig. 7 Frequency dependence of real part of complex impedance (Z0)
at various temperatures, the inset shows magnified curves at low Z0

values and high frequency region from 102 to 106 Hz
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conduction mechanisms are proposed to be the band con-

duction and hopping conduction models.
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