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Abstract

Negative temperature coefficient (NTC) thermistors are key components for temperature sensors and actuators.
In this work, Sn0.94-x-yAlxSmySb0.06O2+δ (0 ≤ x ≤ 0.05, 0 ≤ y ≤ 0.15) ceramics were prepared by solid-state

reaction method for potential application of NTC thermistors. The Sm/Al co-doped SnO2 ceramics had the
main phase with tetragonal structure as that of SnO2 crystal. The prepared ceramics presented adjustable room
temperature resistivity (ρ25) and temperature sensitivity (B value) for various Al contents. Sm/Al co-doping
significantly improved the ageing stability, the resistance shift rate was below 3% after ageing at 150 °C for
500 h, while the average resistance shift rate was 41.4% of the ceramics without Sm-doping. The conduction
mechanisms and the effect of dopants on the ageing stability were investigated by analysis of impedance spectra
and element valences combined with defect chemistry theory.
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I. Introduction

Negative temperature coefficient (NTC) thermistors
are the key components of temperature sensing ele-
ments and have attracted much attention due to their
high temperature sensitivity, rapid responsiveness, low
cost, etc. [1]. The NTC thermistors have been widely ap-
plied in temperature sensing, temperature measurement,
temperature compensation and circuit protection [2–4].
Based on the chemical composition of the main phase,
the normal-temperature type NTC thermistors can be
generally divided into two systems: multi-component
compounds and single cation oxides. The former system
consist of spinel type compounds such as manganates or
perovskite type compounds [5–11]. The NTC thermis-
tors based on the single cation oxides (SCOs) such as
ZnO, CuO, NiO and SnO2 have been intensely studied
in recent years [12–21]. The SCO NTC thermistors have
their unique characteristics, i.e. room-temperature resis-
tivity (ρ25) and temperature sensitivity (B value), which
can be effectively regulated by element doping and solid
solution treatment. Yang et al. [17] reported that NiO
based ceramics showed typical NTC features with ad-
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justable B values ranging from 2582 to 6043 K and ρ25
ranging from 0.08 to 10.68 kΩ·cm by being doped by
various contents of B3+ and Na+ cations. Yang et al.

[20] received CuO based NTC ceramics with B values
ranging from 1112 to 3700 K and ρ25 ranging from 80
to 2.75 MΩ·cm when the ceramics were modified with
various concentrations of Ti4+ and Y3+ cations. The sig-
nificance of achieving adjustable B value and ρ25 is to
make products suitable for various application require-
ments.

As a typical SCO semiconductor, SnO2 has been ex-
tensively studied in the field of gas sensors [22], di-
electrics [23], varistors [24], etc. As previously reported,
the SnO2 based ceramics doped with Sb-ions (antimony
tin oxide, abbreviated as ATO) can get low ρ25 [25,26],
and the optimized doping contents of Sb-ions are be-
tween 4 and 7 mol%. However, the related B values
of ATO ceramics are too small (lower than 400 K) to
meet the application requirement (2000–5000 K [1]). In
present work, in order to develop a new ATO-based
NTC ceramics, ATO ceramics doped with Sm3+ ions,
Al3+ ions and Sm3+/Al3+ ions were fabricated. The
results show that the doped ATO ceramics presented
adjustable B and ρ25 values for various contents of
dopants, and the Sm/Al co-doping can effectively en-
hance the ageing stability of ATO-based NTC ceram-
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ics. The analyses of phase components, microstructure
and ions valence state were conducted to investigate the
electrical properties of the fabricated ceramics.

II. Experimental

2.1. Material preparation

A series of ceramics with nominal formula of
Sn0.94-x-yAlxSmySb0.06O2+δ (0 ≤ x ≤ 0.05, 0 ≤ y ≤

0.15) were prepared by a solid-state reaction method.
Here, Sn0.94Sb0.06O2 is denoted as ATO, the samples
of Al-doped ATO (Sn0.94-xAlxSb0.06O2+δ) without Sm-
ion are denoted as xAl-ATO, the ones of Sm-doped
ATO (Sn0.94-ySmySb0.06O2+δ) without Al-ion are de-
noted as ySm-ATO, and Al/Sm co-doped ATO sam-
ples (Sn0.91-zAlzSm0.03Sb0.06O2+δ) are denoted as zSA-
ATO. The raw materials were tin oxide (SnO2, Xilong
chemical Co. Ltd, China), antimony oxide (Sb2O3, Xi-
long chemical Co. Ltd, China), aluminium hydroxide
(Al(OH)3, Hunan Xiangzhong, China) and samarium
oxide (Sm2O3, Baotou rare earth new materials Co. Ltd,
China). The appropriate amounts of raw materials were
weighed according to the nominal formula for each
batch and were mixed by ball milling for 4 h with deion-
ized water, then dried in an oven at 120 °C for 12 h. The
dried mixtures were calcined at 950 °C for 5 h in air. Af-
ter that, 2 wt.% CuO (99%, Shanghai Macklin Biochem-
ical Co. Ltd, China) was added into the calcined pow-
der to improve sinterability. The calcined powders were
granulated with moderate polyvinyl alcohol (PVA) and
then pressed into disc pellets with a diameter of 12 mm
and a thickness of about 2 mm under a uniaxial static
pressure of 10 MPa. The green pellets were sintered at
1350 °C for 2 h in air. To implement electrical properties
measurements, the opposite surfaces of the sintered ce-
ramics were polished and coated with silver paste, and
then treated at 600 °C for 2 min to get ohmic electrodes.

For ageing test, the samples were put into an oven at
150 °C in air for 500 h. All samples were pre-processed
for 50 h in oven to obtain effective measurement results.
During the ageing process, the samples were taken out
from the oven after being heated for about every 50 h
and put at room temperature for at least 1 h before resis-
tance measurement.

2.2. Characterization

The phase composition and lattice parameters of the
sintered ceramics were characterized by X-ray diffrac-
tometer (XRD, Rigaku D/max 2500, Japan) with Cu
Kα radiation with wavelength of 0.154056 nm. The mi-
crostructure of ceramics was observed through a scan-
ning electron microscope (SEM, JMS-7900 F). The ele-
ment distribution characterization was conducted by an
energy dispersive X-ray spectroscopy (EDS, Oxford Ul-
tim Max 65) attached to the SEM. Chemical valence
analysis was performed by X-ray photoelectron spec-
troscopy (XPS, K-alpha 1063, UK). Two tests were
performed on the same sample, before and after age-

ing. The densities of all ceramics were obtained by the
Archimedes method in water.

A resistance-temperature (R-T) measurement system
(ZWX-C, Huazhong University of Science and Technol-
ogy, China) was used to measure the resistances over
temperature range between 25 and 200 °C, at direct
current (DC) condition. Moreover, an alternating cur-
rent (AC) impedance measurement was carried out by
an electrochemical workstation (Gamry Reference 600,
USA), in frequency range from 1 Hz to 1 MHz.

III. Results and discussion

3.1. Phase and microstructure

XRD patterns of the prepared ATO-based ceramics
are presented in Fig. 1. Figure 1a confirms that the pure
ATO ceramics has a single phase tetragonal SnO2 struc-
ture with space group of P42/mnm (136) (referred by
PDF No. 01-075-2893). On the other hand, all Sm/Al
co-doped samples (zSA-ATO) consist of a main tetrag-
onal SnO2 phase and a trace of cubic Sm2O3 type phase
with a space group of Fm3̄m (225) (referred by PDF No.
01-071-6404). Partially magnified view of XRD pat-
terns around the peak from (110) plane is shown in Fig.
1b. With the increase of Al-ions content to x = 0.027,
the XRD peak shifted toward higher diffraction angles.
This indicates that the lattice parameters decreased as
the content of Al-ions increased. However, when the
content of Al-ions increased to x = 0.03 in the zSA-
ATO, the XRD peak shifted toward lower diffraction
angle, implying that the lattice parameter decreased. Re-
fined by Jade 6.0 + pdf2004 program, the detailed lat-
tice parameters and lattice density of the zSA-ATO sam-
ples are listed in Table 1. The lattice parameters of the
samples decreased while the Al content increased up to
x ≤ 0.027. The substitution of smaller Al3+ ions into
Sn4+ sites led to the reduction of [SnO6] octahedrons
and the occurrence of oxygen vacancies, resulting in a
decrease of lattice size. The related defect chemical re-
action can be presented in Eq. 1:

Al2O3

SnO2
−−−−→ 2 Al′Sn + V••O + 3 OO (1)

The lattice parameter of the 0.03SA-ATO became larger
than that of the 0.027SA-ATO ceramics, indicating that
some Al-ions occupied interstitial sites [27].

XRD pattern of the 0.03Sm-ATO ceramics without
Al-dopant is composed of main SnO2 phase and im-
purity Sm2O3 phase (Fig. 1c), while the 0.03Al-ATO
ceramics without Sm-ion has a single phase tetrago-
nal SnO2 structure (Fig. 1d). These imply that the solid
solubility of Al3+ ions in SnO2 crystal is large enough
while the solid solubility of Sm3+ ions in SnO2 is lim-
ited. The discrepancy of solubility should be due to
the different ionic radii (1.079 Å for Sm3+, 0.53 Å for
Al3+ and 0.69 Å for Sn4+ in 6-fold coordination state
[28]). The slightly smaller Al-ions entered SnO2 lattice
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Figure 1. XRD patterns of sintered ceramics: a) ATO and zSA-ATO, b) enlarged 2θ for the corresponding ceramics,
c) Sn0.91Sm0.03Sb0.06O2+δ and d) Sn0.91Al0.03Sb0.06O2+δ

Table 1. Lattice parameters, measured densities Dm, lattice densities Dl, and relative densities Dr of sintered ceramics

Sample
Lattice parameters

Dm [g/cm3] Dl [g/cm3] Dra = b [nm] c [nm]
ATO 4.7369 3.1881 6.6839 6.9955 0.9554

0.020SA-ATO 4.7306 3.1811 6.4946 6.9982 0.9281
0.023SA-ATO 4.7305 3.1808 6.5065 6.9859 0.9314
0.025SA-ATO 4.7287 3.1772 6.4239 6.9905 0.9189
0.027SA-ATO 4.7262 3.1767 6.4073 6.9904 0.9166
0.030SA-ATO 4.7323 3.1791 6.3913 6.9713 0.9168

to form solid solution, but the significantly larger Sm-
ion substituted into Sn4+ site and led to a large lattice
distortion.

Figure 2 represents the cross-sectional SEM observa-
tion and element distribution mapping of the 0.030SA-
ATO sample. Tightly connected particles with an av-
erage size less than 5 µm can be recognised (Figs.
2a and 2b). According to the density measurement
by the Archimedes method, the relative densities (Dr)
of the ATO, 0.020SA-ATO, 0.023SA-ATO, 0.025SA-
ATO, 0.027SA-ATO and 0.030SA-ATO ceramics were
95.5, 92.8, 93.1, 91.9, 91.7 and 91.7 %TD, respec-
tively. To investigate the composition distribution in the
0.030SA-ATO ceramics, EDS analysis was conducted.
Figures 2c-2h show the elemental distribution mappings
of Sn, Sb, O, Cu, Al and Sm, respectively. The ele-
ment Al and Sb are uniformly distributed in ceram-
ics. However, there is a significant distribution differ-

ence in elements Sn, Cu and Sm. Combined with the
XRD results in Fig. 1, the Sm-rich regions should be-
long to the Sm2O3 phase. The Cu-rich regions should
result from the sintering aid CuO. SEM images with the
corresponding elemental distribution mappings of the
0.03Sm-ATO and 0.03Al-ATO ceramics are shown in
Fig. 3. These results are consistent with Figs. 1c and
1d, indicating that there is a uniform distribution of ele-
ments and impurity phase in the 0.03Al-ATO, while the
0.03Sm-ATO ceramics has Sm-rich regions.

To investigate the valance state of Sb- and Sm-ions,
XPS analyses of the sintered ceramics were conducted.
The XPS full spectra of the 0.03Al-ATO and 0.030SA-
ATO ceramics are shown in Fig. 4. The XPS spectra
around the Sb 3d3/2 peak in the sintered 0.03Al-ATO
and 0.030SA-ATO ceramics are shown in Figs. 5a and
5b, respectively. After being fitted using the Advantage
program, the XPS peak of Sb 3d3/2 could be regarded
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Figure 2. SEM and EDS analyses of 0.030SA-ATO ceramics: a) secondary electron image, b) backscattered electron image and
c-h) element distribution mappings of Sn, Sb, O, Cu, Al and Sm, respectively

Figure 3. SEM images and related EDS element distribution mapping of prepared ceramics: a) Sn0.91Sm0.03Sb0.06O2+δ and

b) Sn0.91Al0.03Sb0.06O2+δ

as superimposed by two splitting peaks at 540.1 and
539.4 eV corresponding to Sb5+ and Sb3+, respectively.
To compare the relative content of two valence states
of ions, the areas of fitted peaks were calculated. The
content ratios of [Sb5+]/[Sb3+] were 3.57 and 3.13 for
the 0.03Al-ATO and 0.030SA-ATO ceramics, respec-
tively. Figure 5c shows the XPS spectrum around Sm
3d5/2 peak of the 0.030SA-ATO ceramics. The spec-
trum could be superimposed by two splitting peaks at
1083.1 eV (Sm3+) and 1078.4 eV (Sm2+). The content
ratio of [Sm3+]/[Sm2+] was 2.44.

3.2. Electrical properties

The pure ATO ceramics has ρ25 of 8.3Ω·cm and B

value of 328 K, which are in agreement with the previ-
ous reports [29–31]. This indicates that doping of Sb-
ions can effectively make SnO2 semiconducting and re-
duce the ceramics resistivity. During the calcination and
sintering process, the Sb3+ ions from the raw material
Sb2O3 could be oxidized to Sb5+ ions as shown in the
XPS analysis in Fig. 5, and the [Sb5+]/[Sb3+] ratios are
much higher than 1, implying that the content of Sb-ions
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Figure 4. XPS spectra of sintered 0.03Al-ATO and
0.03SA-ATO ceramics before ageing

in ATO mainly acted as donors and resulted in the for-
mation of electron charge carries as presented in Eq. 2:

Sb2O5

SnO2
−−−−→ 2 Sb•Sn + 2 e− + 4 OO +

1
2

O2 (2)

The electrons were weakly bounded around the Sb5+

donor level. According to the report by White et al. [32],

the activation energy for the Sb5+ donor ionization or
the weakly bounded electrons to jump from donor level
to conduction band is very small (27.1 meV). So the
weakly bounded electrons can be easily thermally acti-
vated to the conduction band in SnO2 based semicon-
ductor, producing electrical conductivity of ceramics.
As analysed in Fig. 5, the content ratio of [Sb5+]/[Sb3+]
is higher than 3, i.e. the content of Sb5+ ions is much
higher than the one of Sb3+ ions, so the ATO ceram-
ics have n-type semiconductor characteristics. The high
electron concentration enhances the electrical conduc-
tivity. So the band conduction mode plays an important
role in electrical conductivity of the ATO ceramics.

The electrical properties of zSA-ATO ceramics (Fig.
6) display typical NTC effect. B25/85 and ρ25 show ob-
vious change with the change of Al content, i.e. ρ25

values were 0.25, 0.72, 2.05, 24.06 and 49.93 kΩ·cm
and B25/85 values were 2204, 2687, 2937, 3407 and
4022 K for z equal to 0.020, 0.023, 0.025, 0.027 and
0.030, respectively. The Al-doped ATO (xAl-ATO) and
Sm-doped ATO ceramics (ySm-ATO) have the similar
change trend as shown in Fig. 7. The change of elec-
trical properties for the Al-ATO should result from the
solid solution of Al-ions in ATO lattice. Since Al3+ has
lower valence than Sn4+ ion, it acted as acceptor in ATO
and induced the formation of electronic holes as pre-
sented in Eq. 3:

Figure 5. Selected region of XPS spectra of: a) Sb 3d3/2 for 0.03Al-ATO, b) Sb 3d3/2 for 0.030SA-ATO and d) Sm 3d5/2 for
0.030SA-ATO samples

Figure 6. Electrical properties of zSA-ATO with various Al-ion contents: a) temperature dependence of resistivity in
lnρ–1000/T plot and b) Al-content dependence of B25/85 and ρ25
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Figure 7. Room temperature resistivity (ρ25) of: a) Sn0.94-xAlxSb0.06O2+δ and b) Sn0.94-ySmySb0.06O2+δ

Figure 8. lnρ – 1000/T plots of: a) Sn0.94-xAlxSb0.06O2+δ and b) Sn0.94-ySmySb0.06O2+δ ceramics

Al2O3 +
1
2

O2

SnO2
−−−−→ 2 Al′Sn + 2 h• + 4 OO (3)

The Al-doping increased the concentration of holes in
ATO lattice. The combination of charge holes induced
by Al3+ ions and electrons induced by Sb5+ ions led to
the decrease in the concentration of effective charge car-
riers and the increase of resistivity. In addition, the ln ρ
– 1000/T plots of the sintered Sn0.94-xAlxSb0.06O2+δ and
Sn0.94-ySmySb0.06O2+δ ceramics are presented in Fig. 8.

To further reveal the electrical properties of the
prepared ceramics, EIS analysis was conducted. The
Nyquist plots of the 0.030SA-ATO ceramics measured
at various temperatures are shown in Fig. 9a. An equiv-
alent circuit (inset in Fig. 9a) was used to fit the EIS
data. Rg and Rgb represent resistances from grain ef-
fect and grain boundary effect, respectively. CPE1 and
CPE2 are constant phase elements from grain effect and
grain boundary effect, respectively, for the existence
of point defects and non-uniform structural character-
istics inside the material. Refined by Zview program,
the resistances and capacitances for the grain effect and

grain boundary effect were calculated. The fitted results
are presented in Table 2. The good fitting results indi-
cate that the total resistance of each prepared ceramics
comes from both grain effect and grain boundary effect.
Plots of ln Rg, ln Rgb and ln(Rg +Rgb) versus 1000/T are
shown in Fig. 9b. The fitted results reveal that Rg, Rgb

and Rg+Rgb have similar activation energies of conduc-
tion (Ea), i.e. 0.256, 0.255 and 0.257 eV, respectively.
At each test temperature, the grain boundary resistance
is much higher than the grain resistance, indicating that
the contribution of grain boundaries to ceramics resis-
tance is higher than the grains. As shown in Fig. 1, the
existence of the secondary phase, such as Sm2O3 with
poor electronic conductivity in the zSA-ATO ceramics
resulted in high resistivity of grain boundary effect.

As shown in Figs. 7 and 9, the introduction of Sm/Al
significantly increased ρ25 and B25/85 of the ATO-based
thermistors and has the same contribution from grain
effect and grain boundary one. The activation energies
of conduction (for the 0.030SA-ATO ceramics, activa-
tion energies for Rg, Rgb and Rg +Rgb were 0.256, 0.255
and 0.257 eV, respectively) are much higher than that
of the activation energy for Sb5+ ionization (27.1 meV).
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Figure 9. Analysis of AC impedance of 0.030SA-ATO at various temperatures: a) electrochemical impedance spectroscopy
(point data) and fitted curves by the inset equivalent circuit and b) temperature dependence of Rg, Rgb and Rg + Rgb

Table 2. Fitting results of impedance spectra of 0.030SA-ATO at various temperatures

T [°C]
Grain fitting results Grain boundary fitting results

Resistance [Ω] Capacitance [F] Resistance [Ω] Capacitance [F]

25 149.64 2.89 × 10−9 10778.45 1.48 × 10−8

50 72.31 2.21 × 10−9 7044.08 1.60 × 10−8

75 35.75 1.98 × 10−9 4406.78 1.78 × 10−8

100 28.54 8.77 × 10−9 2431.53 2.08 × 10−8

125 11.23 6.78 × 10−10 1204.37 3.56 × 10−8

150 8.90 7.66 × 10−13 534.88 2.37 × 10−8

Figure 10. Illustration of hopping process in Sb-doped SnO2

So the band conduction mode could not contribute to the
high Ea, and there should be other possible conduction
modes in the zSA-ATO ceramics.

As in most of the NTC thermistors, polaron hopping
is one of the important conductive modes for the ex-
istence of valence-variable cations. The polaron hop-
ping may take place between cations in adjacent oxy-
gen octahedra, under thermal activation or external elec-
tric field. This is so-called polaron hopping mode. As
discussed in XPS analysis in Fig. 5, the Sb- and Sm-
cations have variable valences. Thus, the polaron hop-
ping should be one of the conduction modes in the pre-
pared ATO-based ceramics and described by follow-
ing equations: Sb3+ + Sb5+

↔Sb5+ + Sb3+ and Sm3+ +

Sm2+
↔Sm2+ + Sm3+. However, the latter is difficult to

carry out because of the large hopping activation en-

ergy of Sm-cations [33]. Figure 10 illustrates the hop-
ping process. For the hopping process, it is necessary
for the conductive electrons to get rid of the binding
of lower-valence cations, simultaneously, the electron
must overcome the lattice barrier of oxygen octahedral.
So the hopping process requires a large energy, resulting
in larger conductive activation energy.

On the other hand, for the grain boundary conduc-
tion, charge carriers must overcome the grain boundary
barriers to undergo migration. So the conductive acti-
vation energy of grain boundary effect is always high.
Especially the existence of impurities at grain bound-
aries can further increase the interfacial barrier, and re-
sults in large Ea. These conductive modes should also
be the main factors for electrical conduction, and also
make great contribution to B25/85. Higher temperatures
easily excite electrons to overcome lattice barriers and
grain boundary barriers, resulting in higher conductivity
and the NTC effect with higher Ea.

3.3. Ageing stability

Figure 11 illustrates the ageing characteristics of the
xAl-ATO and zSA-ATO ceramics. It can be seen from
Fig. 11a that after 500 h ageing treatment, the resis-
tance shifts of the xAl-ATO without Sm-ion are large.
The largest resistance drift rate (∆R/R) is −75%. Fig-
ure 11b reveals that the introduction of Sm can effec-
tively improve ageing stability of the Al-ATO. The re-
sistance shift rate of the zSA-ATO can be maintained
below −3%.
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Figure 11. Ageing induced resistance shift of ceramics: a) xAl-ATO after 500 h and b) zSA-ATO during aging 500 h

Figures 12 and 13 illustrate XPS analyses of the
0.03Al-ATO and 0.030SA-ATO ceramics after ageing
at 150 °C for 500 h. These data were received from the
same samples as that shown in Figs. 4 and 5 (before
ageing treatment). Figure 12 shows the XPS full spec-
tra of the 0.03Al-ATO and 0.030SA-ATO ceramics af-
ter ageing. Figures 13a and 13b are Sb 3d3/2 XPS spec-

Figure 12. XPS spectra of sintered 0.03Al-ATO and
0.03SA-ATO ceramics after ageing

tra of the 0.03Al-ATO and 0.030SA-ATO ceramics af-
ter ageing, respectively. The fitted peaks corresponding
to Sb5+ and Sb3+ are located at 540.1 and 539.5 eV or
539.6 eV, respectively. Compared with the data shown
in Fig. 5a, the content ratios of [Sb5+]/[Sb3+] in the
0.03Al-ATO ceramics changed from 3.57 to 1.32, in-
dicating that the relative content of Sb3+ increased dur-
ing ageing process. Figs. 5b and 13b represent the Sb
3d3/2 XPS spectrum of the 0.030SA-ATO ceramics be-
fore and after ageing, respectively. The effect of ageing
on the valance state of Sb element is similar to that of
the 0.03Al-ATO ceramics, the [Sb5+]/[Sb3+] ratio was
reduced from 3.13 to 1.16. Figure 13c displays Sm 3d5/2

XPS spectrum of the 0.030SA-ATO ceramics after age-
ing, and the peak position corresponding to Sm3+ and
Sm2+ are at 1083.1 and 1078.4 eV, respectively. When
comparing the Sm 3d5/2 XPS spectra of the 0.030SA-
ATO presented in Figs. 5c and 13c, the content ratio of
[Sm3+]/[Sm2+] decreased from 2.44 to 1.25.

The decrease of the sample resistance should result
from the increase of the concentration of charge carri-
ers. As mentioned in section 3.2, electron is the predom-
inant carrier in the ATO system. During ageing process,
the moist in air would be adsorbed on the surface of ce-
ramics and then react with the holes that come from the
acceptor doping (Al3+ or Sb3+) as shown in Eqs. 4 and 5.
The combination of electrons and holes in the ceramics

Figure 13. Selected region of XPS spectra of: a) Sb 3d3/2 for 0.03AATO, b) Sb 3d3/2 for 0.030SAATO and c) Sm 3d5/2 for
0.030SAATO
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was suppressed, and the decrease in the amount of holes
led to more charge carrier electrons. Thus, the resistance
of ceramics decreased.

H2Oads + h• −−−→ HO + H+ (4)

HO + h• −−−→ H+ +
1
2

O2 (5)

During the ageing process, the concentration of
charge carrier electrons from the Sb5+ donors increased,
and enhanced the conductivity of material. Based on
the analysis of XPS, Sb and Sm have two valences. In
the xAl-ATO and zSA-ATO ceramics, the contents of
Sb-ions changed obviously, and the [Sb5+]/[Sb3+] ra-
tios changed from 3.57 to 1.32, and from 3.13 to 1.16,
respectively. This process simultaneously consumed a
certain amount of excess electrons. Figure 14 illus-
trates the effect of Sm2O3 on the ageing process in the
zSA-ATO ceramics. There are a few Sm2O3 particles
or traces among the doped ATO crystals. Since during
the ageing process Sm3+ could be reduced to Sm2+, the
[Sm3+]/[Sm2+] ratio decreased from 2.44 to 1.25 as dis-
cussed in the XPS analysis. This process further reduced
electron concentration so the conductivity is relatively
stable with the introduction of Sm-ions.

Based on the polaron hopping mode, the temperature
dependent conductivity (σ) is commonly described by
the Nernst-Einstein formula [18]:

σ =
N · c · (1 − c) · Noct · e

2
· d2
· ν0

k · T
· exp

(

−
T0

T

)

(6)

where k is the Boltzmann constant, T is actual temper-
ature, e is electron charge, d is hopping distance, ν0 is
hopping frequency and T0 is defined as the character-
istic temperature. Noct is the concentration of octahe-
dral sites as it was first applied to describe the con-
ductive process of spinel type compounds, and it can
be seen as the concentration of the sites that can un-
dergo hopping in compounds with other crystal. The
factor Nc(1 − c) denotes the probability that transition
ions pairs occupy the adjacent octahedrons, where N is
the concentration of sites per formula unit which are
available to the charge carriers, and c can be defined

Figure 14. XPS spectra of sintered 0.03Al-ATO and
0.03SA-ATO ceramics after ageing

as [Sb5+]/([Sb5+] + [Sb3+]). According to Eq. 6, when
the ratio of [Sb5+]/([Sb5+] + [Sb3+]) changes to 0.5, i.e.
[Sb5+]/[Sb3+] ratio changes to 1, the conductivity in-
creases. From Figs. 5 and 13, the ratios of [Sb5+]/[Sb3+]
changed from 3.57 to 1.11 in the 0.03Al-ATO ceramics
and from 3.13 to 1.16 in the 0.030SA-ATO ceramics.
Thus, the conductivity originating from hopping mech-
anism would also be enhanced.

IV. Conclusions

A series of Sn0.94-x-yAlxSmySb0.06O2+δ ceramics were
fabricated by a solid-state reaction method and sintering
at 1350 °C for 2 h. The Al-doped Sn0.94Sb0.06O2 (ATO)
ceramics have single phase tetragonal structure, while
the Sm/Al co-doped ATO ceramics have structure with
main tetragonal phase and an impurity Sm-rich phase.
All the prepared ceramics show typical NTC charac-
teristics. The Al-doped ATO ceramics without Sm-ion
have adjustable room temperature resistivity (ρ25) and
high material constant (B25/85) with changing Al-ion
content, but the related ageing stability is poor. The
Sm/Al co-doped ATO ceramics have wide adjustable
B25/85 (ranging from 2204 to 4022 K) and ρ25 (rang-
ing from 0.25 to 49.93 kΩ·cm), and the ageing stabil-
ity is obviously improved. The moisture adsorption and
the holes consumption in crystal accompanied by the
increase of electron content are the mechanisms for
the ageing-induced reduction of resistivity. Band con-
duction, hopping conduction and overcoming boundary
barriers of electron migration are proposed for the si-
multaneous conduction modes in the prepared NTC ce-
ramics.
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