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SPECIAL TOPIC — Recent advances in thermoelectric materials and devices

Effect of Nb doping on microstructures and thermoelectric
properties of SrTiO3 ceramics∗
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Nb-doped SrTiO3 thermoelectric ceramics with different niobium concentrations, sintering temperatures and Sr-site
vacancies are successfully prepared by high energy ball milling combined with carbon burial sintering. For fully under-
standing the effect of niobium doping on SrTiO3, thermoelectric transport properties are systematically investigated in a
temperature range from 300 K to 1100 K. The carrier mobility can be significantly enhanced, and the electrical conductivity
is quadrupled, when the sintering temperature rises from 1673 K to 1773 K (beyond the eutectic temperature (1713 K) of
SrTiO3–TiO2). The lattice vibration can be suppressed by the lattice distortion introduced by the doped niobium atoms.
However, Sr-site vacancies compensate for the lattice distortion and increase the lattice thermal conductivity more or less.
Finally, we achieve a maximum value of figure-of-merit zT of 0.21 at 1100 K for SrTi0.9Nb0.1O3 ceramic sintered at
1773 K.
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1. Introduction
High-efficiency thermoelectric (TE) materials play a key

role in energy conversion applications, relying on three ther-
moelectric effects named by Seebeck, Peltier, and Thomson.[1]

To determine the efficiency of a thermoelectric material, the
dimensionless figure-of-merit zT is introduced, which can be
defined as zT = σS2T/κ , where S, σ , T , and κ are the See-
beck coefficient, electrical conductivity, absolute temperature,
and thermal conductivity, respectively. And κ is the total ther-
mal conductivity including lattice part (κph) and electrons part
(κel). A material with a high zT requires a high power factor
(PF = σS2) and a low thermal conductivity κ , which is diffi-
cult to achieve simultaneously due to the interactions among
S, σ , and κ which are affected by carrier concentration.[2]

Nanostructure, e.g. the reduction of the grain scale to nanome-
ter, or nano-impurities, is widely employed to optimize the
thermoelectric properties, especially in isotropic materials.[3,4]

Small grains not only introduce more grain boundaries to scat-
ter phonons with little effect on electrical transport but also
enhance Seebeck coefficient by energy filtering effect.[5] An
alternative recipe to enhance TE properties is element doping,
i.e., doping rare-earth, alkali-earth, transition-metal elements,
etc., which can lead to significant variations of the band struc-
ture and improvement of carrier transport properties.[6–9]

Compared with other compounds, oxide thermoelectric

materials are widely investigated for their excellent high tem-
perature stability.[10] Furthermore, oxide thermoelectric mate-
rials are usually low in cost and easy to prepare for large scale
applications.[11] It has been widely demonstrated that donor
doping is a powerful tool to tune the carrier concentration and
mobility of an n-type SrTiO3 system, especially on the Ti sites.
Niobium doping on the Ti site has proved to be a success-
ful case for enhancing SrTiO3 thermoelectric properties.[12]

Both Nb-doped SrTiO3 epitaxial film and bulk samples have
achieved a relatively high zT value of 0.37 at 1000 K by tai-
loring the content of niobium.[13] Besides the concentration of
doping elements, the effects of sintering process and material
defects on the thermoelectric transport properties of SrTiO3

have attracted more attention.[14] Different sintering time and
annealing temperatures have a significant influence on SrTiO3

thermoelectric properties. Moreover, sintering temperature is
another key factor for optimizing the electrical transport prop-
erties, especially electrical conductivity.[15] When the temper-
ature is higher than eutectic temperature (1713 K) of SrTiO3–
TiO2,[16] there may appear a liquid phase in the sintering pro-
cess, which permits the ions with a larger radius to enter into
SrTiO3 lattice, such as Nb4+ or Ti3+ ions, and thus lead-
ing to the enhancement of electrical conductivity and the de-
crease of lattice thermal conductivity.[17] Introducing vacan-
cies, either on Sr-site or on oxygen-site, has been used to
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enhance zT successfully through reducing the thermal con-
ductivity, which can reduce thermal conductivity from κ >

9 W·m−1·K−1 in pristine to 2 W·m−1·K−1 in defected SrTiO3

bulk sample.[18,19]

In this work, we synthesize three different types of Nb-
doped SrTiO3 powders using high energy ball milling and
sinter the powders after they have been cold-isostatic-pressed
into bulk samples. The effects of sintering temperature, Nb
concentration and the existence of Sr-site vacancies on the
microstructure and thermoelectric property of bulk Nb-doped
SrTiO3 are investigated. With the increase of the sintering
temperature, the electrical conductivity can be improved as a
result of enhanced carrier mobility. Higher Nb content con-
tributes to a larger lattice distortion, which suppresses the ther-
mal conductivity. However, Sr-site vacancies compensate for
the lattice distortion and increase the lattice thermal conduc-
tivity more or less. Consequently, a maximum zT value of 0.21
at 1100 K for SrTi0.9Nb0.1O3 ceramic sintered at 1773 K can
be achieved.

2. Experiment
Polycrystalline SrTi0.95Nb0.05O3, SrTi0.9Nb0.10O3, and

Sr0.95Ti0.95Nb0.05O3 samples were prepared by high energy
ball milling using SrO (Aladdin, AR), TiO2 (Aladdin, 99%)
and Nb2O5 (Aladdin, 99%) powders. Appropriate quantities
of the raw materials were blended by hand first in a baker
and then milled using a planetary mill (FRITSCH Pulverisette
4) with tungsten carbide jars and balls at a rolling speed of
200 r/min. The mass ratio was 25:1 between balls and the
mixture. A milling period contained “50-min milling +10-
min pause”, and the whole milling time was 120 h. The as-
prepared powders were pressed into disc-shaped bulk by uni-
axial cold isostatic pressing. The densified samples were pre-
pared by carbon buried sintering process in air for 5 h at dif-
ferent sintering temperatures. The phase composition of both
powders and bulk samples was identified by x-ray diffraction
(XRD, EMPYREAN diffractometer) with Cu Kα in a range
of 20◦ ≤ 2θ ≤ 80◦ with a sweep rate of 4◦ per minute. The
morphologies of powders and freshly created fracture of bulk
samples were characterized by field emission scanning elec-
tron microscopy equipped with an energy dispersive spectrom-
eter (SEM/EDS, Zeiss supra 55) operated in the secondary
electron mode with an accelerating voltage of 15 kV. The x-
ray photoelectron spectroscopy (XPS) was carried out on pol-
ished cross-section samples using an ESCALAB 250Xi instru-
ment with Al Kα x-ray source. Detailed scans of electronic
transitions of core levels were performed with a resolution
of 0.05 eV. The electrical conductivity (σ ) and Seebeck co-
efficient (S) were simultaneously measured in a temperature
range from 300 K to 1100 K in the helium atmosphere, using

a commercial thermoelectric measuring system (LSR-3, Lin-
seis Germany). Thermal diffusivity (D) was measured by a
laser flash analysis (LFA 427, Netzsch). Specific heat capac-
ity (Cp) was measured by a differential scanning calorimeter
(DSC, STA 449F3, Netzsch, Germany). The thermal conduc-
tivity was calculated by multiplying the thermal diffusivity, the
specific heat capacity, and geometric density (ρ) measured by
the Archimedes technique, i.e., κ = ρDCp. The uncertainties
in the Seebeck coefficient, the electrical conductivity and the
thermal conductivity are estimated to be 5%, 10%, and 7%,
respectively.

3. Results and discussion
Figure 1(a) shows the x-ray diffraction patterns of the

Sr0.95Ti0.95Nb0.05O3, SrTi0.95Nb0.05O3, and SrTi0.9Nb0.1O3

powders synthesized by high energy ball milling (HEBM) with
the total milling time of 120 h. After the milling process, most
of the diffraction peaks can be indexed as cubic SrTiO3 (PDF
# 35-0734). However, some raw powders, existing as a second
phase in the final product, can still be detected, and the main
component is determined to be rutile TiO2. The grain sizes of
all these Nb-doped SrTiO3 powders are calculated to be about
15 nm. The morphology of 5-mol% Nb-doped SrTiO3 pow-
ders without A-site vacancies (SrTi0.95Nb0.05O3) is shown in
Fig. 1(b). According to the XRD results, most of the particles,
each with a size of less than 1 µm, are composed of a large
number of nano-grains, which is also confirmed by the high-
resolution transmission electron microscopy results in our pre-
vious work.[20] Thus, HEBM can be successfully applied to
the synthesis of nano-scale Nb-doped SrTiO3 powders.

For easy expression, we denote Sr0.95Ti0.95Nb0.05O3,
SrTi0.95Nb0.05O3, and SrTi0.9Nb0.1O3 powders as VNb05,
Nb05, and Nb10 respectively, and add the sintering temper-
ature to the end for bulk samples, e.g., Nb05-1773 refers to
SrTi0.95Nb0.05O3 bulk sample sintered at 1773 K. Figure 2(a)
shows the XRD results of as-sintered bulk samples. The sharp
diffraction peaks imply that the grains are crystallized com-
pletely and all the second phases vanish after sintering pro-
cess. It means that Nb has been successfully doped into the
SrTiO3 lattice. The magnified (110) peaks at 2θ = 32.4◦ as
shown in Fig. 2(b) indicate that each of the diffraction peaks
of all the samples shifts to a lower angle with the increase
of Nb content, which can be attributed to the substitution of
Ti4+ ion (0.0605 nm) on B-site for a larger-radius Nb5+ ion
(0.064 nm).[12] When the sintering temperature (1773 K) is be-
yond the eutectic temperature of SrTiO3–TiO2 (1713 K), the
Nb ions can be doped into SrTiO3 lattice facilely due to the
existence of the liquid phase.[16,21] Because of the introduc-
tion of A-site vacancies, the lattice distortion of VNb05-1773
is compensated for to some extent. Moreover, Nb concentra-
tion, instead of the sintering temperature, has a greater influ-
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ence on the lattice structure. Thus the angle of (110) diffrac-
tion peak is in the order of VNb05-1773>Nb05-1673 = Nb05-
1773>Nb10-1773. The relative densities of the four samples,
Nb05-11673, Nb05-1773, VNb05-1773, and Nb10-1773, are
89.8%, 92.8%, 91.0%, and 93.8%, respectively.

20 30 40 50 60 70

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Sr0.95Nb0.05Ti0.95O3

•

• second phase

•

SrNb0.05Ti0.95O3

SrNb0.1Ti0.9O3•

(1
0
0
)

(1
1
0
)

(1
1
1
)

(2
0
0
)

(2
1
0
)

(2
1
1
)

(2
2
0
)

2θ/(Ο)

(a)

(b)

1 mm

Fig. 1. (color online) Powder structure characterization after 120-h
milling: (a) XRD patterns for Sr0.95Ti0.95Nb0.05O3, SrTi0.95Nb0.05O3, and
SrTi0.9Nb0.1O3 powders; (b) SEM image of SrTi0.95Nb0.05O3 powders.
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Fig. 2. (color online) XRD patterns of sintered Nb-doped samples (a)
20◦ ≤ 2θ ≤ 80◦, (b) 31.5◦ ≤ 2θ ≤ 33◦, with magnifying (110) peak.

The SEM images of the freshly created fractures for bulk
samples indicate quite similar surface morphologies as shown
in Fig. 3. The grain sizes of all four sintered samples are in a
range of 2 µm–3 µm. In Fig. 3(a), there are some pores in the
matrix of Nb05-1673 sample, which is in accord with the low-
est relative density. When the sintering temperature increases

to 1773 K, the better sintering quality enhances the relative
density of Nb05-1773 bulk sample. The VNb05-1773 sample
has a more uniform grain size than other sintered samples, be-
cause the presence of strontium vacancies has promoted the
solid-state diffusion process.[14] On the other hand, according
to the bulk XRD patterns in Fig. 2(b), the introduction of A-
site vacancies can reduce lattice distortion caused by the Nb-
doping. When the Nb content increases to 10 mol%, the larger
lattice distortion will suppress the grain growth in the sintering
process,[22] and the smallest grain size can be obtained among
the four sintered bulk samples, corresponding to the highest
relative density.

(a) (b)

(c) (d)

5 mm

5 mm 5 mm

5 mm

Fig. 3. (color online) SEM images of freshly broken surface of (a)
SrTi0.95Nb0.05O3 sintered at 1673 K ( Nb05-1673), (b) SrTi0.95Nb0.05O3
sintered at 1773 K ( Nb05-1773), (c) Sr0.95Ti0.95Nb0.05O3 sintered at 1773 K
(VNb05-1773), and (d) SrTi0.9Nb0.1O3 sintered at 1773 K (Nb10-1773).

To understand the transport properties of charge carri-
ers, it is essential to know about the redox states of the metal
cations in the Nb-doped SrTiO3 bulk samples. The defect re-
action equation is shown as follows (the reaction of stoichio-
metric SrTi0.95Nb0.05O3±δ is taken for example):[14]

SrO+0.025Nb2O5 +0.95TiO2→
Sr×Sr +0.05Nb•Ti +(0.9−2δ )Ti×Ti +(0.05+2δ )Ti′Ti +δV••O

+(3−δ )O×O +(0.0125−δ/2)O2. (1)

The x-ray photoelectron spectroscopy (XPS) was used to iden-
tify the chemical electronic states of Nb and Ti cations for re-
duced SrTi0.95Nb0.05O3±δ sintered at 1773 K (Nb05-1773).
The XPS spectra of Ti 2p and Nb 3d are shown in Fig. 4,
and the fitting lines are marked with dash lines. The high-
resolution Ti 2p spectrum (Fig. 4(a)) comprises two 2p3/2 and
2p1/2 spin–orbit doublets. The main doublet with banding en-
ergies of 458.5 eV/464.3 eV is attributed to Ti4+ cations.[23]

And the weak band, shifted to the lower banding energy
(457.8 eV), is characteristic for the contribution from Ti3+

cations.[24] The Nb 3d spectrum (Fig. 4(b)) spits into two main
lines at 207.1 eV/209.8 eV, corresponding to 3d5/2 and 3d3/2

core levels, respectively. Under the high spectrum resolution,
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two additional weak peaks are detected at 205.7 eV/209.1 eV,
representing a fingerprint of Nb4+ cations.[14,22] The relative
concentrations of Ti3+and Nb4+ cations calculated from the
peak areas are 36% and 11%, respectively. Comparing with
the reported data,[22] such a high reduced Ti3+ cation content
results from the existence of the liquid phase in the sintering
process, which has a great effect on the carrier transportation.

212 210 208 206 204

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Binding energy/eV

Nb5+

2d3/2

2d5/2

Nb4+

Nb4+

Nb5+

Nb 3d

468 466 464 462 460 458 456 454

Ti3+

Ti4+

2p3/2

Ti3+

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Binding energy/eV

Ti4+
2p1/2

Ti 2p

Nb05 1500

(b)

(a)

Fig. 4. (color online) High-resolution XPS spectra of (a) Ti 2p and (b) Nb
3d core-level regions, showing the corresponding fit for SrTi0.95Nb0.05O3±δ

ceramics sintered at 1773 K (Nb05-1773).

The temperature-dependent electrical transport properties
for these carbon burial sintered Nb-doped SrTiO3 samples are
systematically investigated in a temperature range from 300 K
to 1100 K as shown in Fig. 5. The Seebeck coefficient can be
expressed as

S =
8π2k2

B
3eh2 m∗T

(
π

3n

)2/3
, (2)

where kB, e, h, n, and m∗ are the Boltzmann constant, electron
charge, Planck constant, carrier concentration, and effective
mass of carrier, respectively. The electrical conductivity (σ )
is related to the carrier concentration n and carrier mobility µ ,
that is,[25]

σ = neµ. (3)

The negative Seebeck coefficients of all samples represent
an n-type electrical transport behavior (Fig. 5(a)). The 5%-
mol Nb-doped samples, including Nb05-1673, Nb05-1773,
and VNb05-1773 samples, can be considered to have the

similar band structures and m∗ values. The Nb05-1673 and
VNb05-1773 samples almost have the same Seebeck coef-
ficient, and the absolute value differences (|∆S|) between
Nb05-1673 (−152.8 µV/K∼ −258.1 µV/K) and Nb05-1773
(−133.1 µV/K∼ −237.4 µV/K) samples are about 20 µV/K
in the whole measuring temperature range. According to for-
mula (2), we can estimate the enhancement of carrier concen-
tration at about 1.24 times caused by the increase of sintering
temperature. Actually, the extrinsic carrier concentration is
usually temperature independent and determined by the dop-
ing concentration.[26] As shown in Fig. 5(b), the electrical con-
ductivity σ(T ) of Nb05-1773 is approximately twice that of
Nb05-1673. From formula (3), it is obvious that higher sin-
tering temperature can improve carrier mobility significantly,
and this result is also observed in Ref. [15]. The main rea-
son for the enhancement may be due to the existence of the
liquid phase when the temperature is higher than eutectic tem-
perature of SrTiO3–TiO2. Comparing with Nb05-1773 sam-
ple, the existence of Sr-site vacancies in VNb05-1773 may
introduce electron to be trapped and cause the carrier mo-
bility to deteriorate. The σ(T ) values of 5-mol% Nb-doped
SrTiO3 show a similar trend in the whole measuring temper-
ature range and attain peak values at around 450 K, corre-
sponding to the thermally excited excess electrons from the
reduced metallic cations. Although m∗ increases with the in-
crease of Nb content,[27] the increase of the carrier concen-
tration plays a dominant role in the declining of Seebeck co-
efficient for Nb10-1773 sample. The electrical conductivity
of Nb10-1773 declines from 1150 S/cm to 162 S/cm with the
increase of temperature, which shows a typical metallic be-
havior. The relationship between σ and T can be fitted by
a relation that σ is proportional to T−0.9, T−1.05, T−1.3 for
Nb05-1673, VNb05-1773, and Nb05-1773 samples when the
temperature beyond 500 K, respectively, and σ is proportional
to T−1.8 for Nb10-1773 sample in the whole measuring tem-
perature range, suggesting that the phonon scattering is a dom-
inant mechanism and becomes distinct with the increase of the
electrical conductivity.[21]

According to the Seebeck coefficient and electrical con-
ductivity, the calculated power factor (PF = S2σ ) is shown in
Fig. 5(c). The values of PF initial increase with the increase
of temperature until 620 K for 5%-mol Nb-doped SrTiO3 sam-
ples and 470 K for 10%-mol Nb-doped and decrease there-
after. The temperature for the peak value of PF is approxi-
mately 100 K higher than that of σ , due to the rapid increase
of absolute |S| value before 700 K. The Nb10-1773 exhibits a
maximum power factor of ∼ 0.99 mW·m−1·K−2 at 472 K and
then declines to ∼ 0.6 mW·m−1·K−2 at 1100 K.
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Fig. 5. (color online) Temperature-dependent (a) Seebeck coefficients, (b)
electrical conductivities, and (c) power factors for the sintered Nb-doped
SrTiO3 samples.

The temperature-dependent total thermal conductivities is
shown in Fig. 6(a), in which electron transportation and lat-
tice vibration dominate, described as κtot = κel + κph, where
κel and κph are electronic thermal conductivity and lattice
thermal conductivity, respectively. The total thermal con-
ductivity for all samples decreases from 7.5 W·m−1·K−1 to
2.5 W·m−1·K−1 with the increase of the temperature. The κ tot

values of all samples for the sintering temperature at 1773 K
are almost the same, and the sample of Nb05-1673 has a lower
κ tot in the whole measuring temperature range. The electronic
part satisfies the Wiedemann–Franz law κel = σLT , where L
(2.44×10−8 V2·K−2) is the Lorenz number.[21] As it is hard to
realize high σ and low κel simultaneously, the lattice thermal
conductivity (κph) always plays a dominant role in total ther-
mal conductivity and the strategy to reduce κph is the key point

for high figure-of-merit zT. Figure 6(b) shows the tempera-
ture dependence of κph for different samples. The Nb10-1773
sample has the minimum κph values from 300 K to 850 K,
and Nb05-1673 has the lowest κph values when temperature is
higher than 850 K. In this study, due to the similar grain sizes
for all samples, the lattice vibrations (phonons) are the major
factor considered for thermal transportation, and the contri-
bution of grain boundary scattering can be ignored. From the
XRD patterns of bulk samples, the greater peak angle shift cor-
responds to a lower κph. This is a powerful evidence that larger
lattice distortion may suppress the lattice vibration and thus re-
duce the lattice thermal conductivity. However, there exists an
abnormal increase in lattice conductivity for Nb10-1773 sam-
ple. The main reason can be that the carrier concentration of
the sample is far higher than other concentrations, and the car-
rier vibration will exert more effect on the lattice especially
at a high temperature. Based on the previous analysis, it can
be concluded that the increase of the sintering temperature has
not an obvious effect on thermal conductivity, especially in a
high temperature range.
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Fig. 6. (color online) Temperature dependence of (a) total and (b) lattice
thermal conductivity for the sintered Nb-doped SrTiO3 samples.

By integrating the electrical and thermal transport prop-
erties discussed above, the temperature-dependent dimension-
less figure-of-merit zT values are shown in Fig. 7. All curves
increase monotonically with the increase of temperature, and
the maximum values of 0.09, 0.06, 0.17, and 0.21 at 1100 K
for VNb05-1773, Nb05-1673, Nb05-1773, and Nb10-1773
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bulk samples can be achieved, respectively. Because there
is no obvious difference in thermal conductivity among these
samples at high temperature which is the proper working tem-
perature for the TE application of SrTiO3 ceramics, the core
of high zT value for the future study is used to balance the
Seebeck coefficient and electrical conductivity, i.e., to obtain
a high power factor.
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Fig. 7. (color online) Temperature-dependent dimensionless figure-of-
merit zT values for the sintered Nb-doped SrTiO3 samples.

4. Conclusions
In this paper, Nb-doped SrTiO3 ceramic has been suc-

cessfully prepared by high energy ball milling combined with
carbon burial sintering. Thermoelectric transport properties of
bulk SrTiO3 samples with different Nb concentrations, sinter-
ing temperatures and Sr-site vacancies are systematically in-
vestigated. And we can draw the conclusions as follows. (i)
Doped niobium atom can enhance lattice distortion and sup-
press the lattice vibration, which has a dominant effect on re-
ducing lattice thermal conductivity. (ii) The sintering temper-
ature, higher than eutectic point of SrTiO3–TiO2, can signifi-
cantly improve the carrier mobility and thus the electrical con-
ductivity. (iii) The introducing of Sr-site vacancies can depress
the figure-of-merit zT, as a consequence of high thermal con-
ductivity and low carrier mobility caused by compensating for
lattice distortion and suppressing the electron trap. A maxi-

mum zT value of 0.21 at 1100 K for SrTi0.9Nb0.1O3 ceramic
sintered at 1773 K can be achieved.
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