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In recent years, among different thermoelectric materials, SrTiO3 have been
receiving great attention due to their greater capacity and conversion between
electrical energy and heat energy. The thermoelectric properties of the SrTiO3

can be improved by substitutional doping on different sites (A-site and B-site)
in the lattice. In this study, the improvement of the thermoelectric perfor-
mance of the perovskite SrTiO3 by Cr-doping has been investigated. The doped
SrTiO3 with Cr was synthesized by the conventional solid-state reaction
method. The electronic transport properties including Seebeck coefficient,
electrical conductivity, and thermal transport properties in a moderate tem-
perature regime from 300 to 900 K have been investigated. The large absolute
value of the Seebeck coefficient with low thermal conductivity was achieved by
Cr-doping. The electrical conductivity was quite low but increased with
increasing doping level up to x = 0.002 mol, and; hence, the power factor in-
creased with increasing doping level up to x = 0.002 mol. The maximum ZT
value was observed for SrTi0.998Cr0.002O3 at 773 K by the combination of a
high value of the Seebeck coefficient and low thermal conductivity.

Key words: Perovskite oxide, doping, vacuum hot-pressing, electronic
properties

INTRODUCTION

Nowadays, the demand for more sustainable
energy sources has been increased with increasing
population growth. Thermoelectric (TE) materials
have the potential as clean and environmentally
friendly power sources, which generate power from
the waste-heat of different industrial processes,
furnaces, and engine exhaust streams that are
otherwise lost to the surroundings. The non-re-
newable energy sources, like fossil fuels, cause
negative environmental effects by emitting pollu-
tants such as CO2 and increased greenhouse gases,
which lead to global warming that have a huge
impact on the quality of life on the earth. Thermo-
electric energy and other renewable energy sources
such as wind and hydro-power can reduce these

emissions and should be invested in for further
research.1 The major sources of energy might be
depleted and the world will fall into a huge energy
crisis according to Shafiee and Topal.2 TE materi-
als, capable of converting waste heat to electric
energy from the burning of these fossil fuels, have
received extensive interest in recent years.3–5 The
efficiency of the TE materials are characterized by
a high thermoelectric figure of merit, ZT = S2rT/j,
where S, r, and j = jE + jL are the Seebeck
coefficient, electrical conductivity, and thermal
conductivity (with electronic and lattice contribu-
tions), respectively.

So far, the proposed high performance thermo-
electric materials are complex chalcogenides,6

skutterudites,7 clathrates,8 and half-Heusler
alloys.9 All the proposed materials are both chem-
ically and physically unstable at high temperature
even in an oxidizing environment, and highly
toxic.10 Therefore, perovskite oxide has received(Received March 28, 2018; accepted August 23, 2018;
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great attention in major energy conversion tech-
nologies due to its thermal stability, low toxicity
and excellent oxidation resistance.11,12 The maxi-
mum power factor and the figure of merit in
SrTiO3

13,14 are found at large carrier concentra-
tions of about 1021 cm�3 due to its large band gap
of 3.2 eV, which are difficult to achieve in the bulk
form but are accessible in thin films. In addition, it
is possible to dope into a SrTiO3 system with either
electrons or holes in a controlled manner by
elemental substitution as well as oxygen deficiency
and excess,15–19 allowing the enhancement of the
thermoelectric performance. In the present work,
the improvement of the thermoelectric properties
of SrTiO3 has been investigated by substitutional
B-site doping with Cr.

EXPERIMENTAL

The substitutional B-site doped SrTiO3 sample
with Cr were prepared by a conventional solid-state
reaction method. Appropriate amounts of raw mate-
rials including SrCO3 (Sigma-Aldrich, � 325 mesh,
99.9%), TiO2 (Sigma-Aldrich, � 325 mesh, 99.9%),
and Cr2O3 (Sigma-Aldrich, � 325 mesh, 99.9%)
were accurately weighted according to the stoi-
chiometry and ball-milled in ethanol medium for
24 h. The slurry was dried at 80�C and ground to
obtain powders. The powder was calcined at 1273 K
for 6 h in air and then ground by ball milling in
ethanol medium for 72 h to get fine powder for
further use. The prepared powder was then pressed
into pellets of diameter 10 mm by vacuum hot-
pressing under a pressure of 70 MPa and sintered
at 1573 K for 2 h. The pellets were cut into rectan-
gular piece (3 9 3 9 10 mm3) to measure the See-
beck coefficient and the electrical conductivity, and
a cylindrical piece (10 mm 9 1 mm) to measure the
thermal conductivity, Hall coefficient and carrier
concentration.

The phase characterization of the materials was
performed by x-ray diffraction (Bruker D8 Advance
system). The lattice parameter and the relative
density of the materials were examined by a
multiple peak-separation method and the Archi-
medes principle, respectively. The microstructure
of the materials was characterized by a scanning
electron microscope (SEM; FEI Quanta 400 sys-
tem). The Hall coefficient, Hall mobility and car-
rier concentration were investigated by the van der
Pauw method (Keithley 7065) at room tempera-
ture. The electrical conductivity and Seebeck coef-
ficient were examined by the 4-probe methods
(Ulvac-Rico, ZEM-3 system) from room tempera-
ture to 873 K in Ar atmosphere. j = q 9 Cp 9 d
equation was used to calculate the thermal con-
ductivity, where q is the density, Cp is the heat
capacity (0.544 J/gK), and d is the thermal diffu-
sivity. Thermal conductivity was examined by a
laser flash method (Ulvac-Riko, TC-9000H) from
room temperature to 873 K.

RESULTS AND DISCUSSION

The x-ray diffraction patterns for calcined and
sintered SrTi1�xCrxO3 (x = 0.001, 0.002, 0.003, and
0.004) samples with standard SrTiO3 (ICDD # 01-
079-0174) are shown in Fig. 1a and b. From both
Fig. 1a and b it is seen that the single phase of cubic
perovskite structure was obtained comparing with
the standard SrTiO3 without any second phase. The
[110] diffraction peak for Cr-doped SrTiO3 with
pure SrTiO3 is illustrated in Fig. 1c. The peak
shifted to a higher diffraction angle with increasing
doping contents. The single-phase of cubic per-
ovskite structure and the shifting of [110] diffrac-
tion peak with increasing doping contents clearly
suggest that the substitutional doped SrTiO3 with
Cr was prepared with controlled doping levels.

Figure 2a demonstrates the lattice parameter of
Cr-doped SrTiO3 samples with a different doping
level that was calculated by using a multiple peak-
separation method. The lattice parameter increased
with increasing doping contents, and this might be
due to substitutional doping of small-sized Ti4+ ions
(60.5 pm) with relatively large-sized Cr3+ ions Cr3+

ions (61.5 pm).20 Figure 2b illustrates the relative
density of all the disk samples of Cr-doped SrTiO3

with a different doping level. The density varied
from 99.59 to 99.80%. The density increases with
increasing doping level up to x = 0.002 mol and then
with increasing further doping level the density
decreased. In this research, the SrTi0.998Cr0.002O3

sample showed the highest density of 5.10 g/cm3.
The microstructure of the SrTi1�xCrxO3

(x = 0.001, 0.002, 0.003, and 0.004) samples is
shown in Fig. 3a, b, c and d. The average grain size
is approximately 2.55, 2.70, 3.15, and 3.75 lm for
x = 0.001, 0.002, 0.003, and 0.004 mol, respectively.
The average grain size seems to be slightly
increased by the incorporation of Cr2O3 into SrTiO3

and these changes that occurred might be due to
substitutional doping of small-sized Ti4+ ions
(60.5 pm) with relatively large-sized Cr3+ ions Cr3+

ions (61.5 pm).20 The changes of average grain size
suggest that the microstructure of SrTiO3 materials
could be influenced by substitutional doping with
Cr.

Initially in our research, we are trying to create
excessive holes by Cr doping to produce p-type
SrTiO3 materials. However, p-type conduction was
not shown in the series of experiments. Instead, we
found enhanced TE properties from this set of
experiments. The enhanced TE properties could be
obtained possibly due to increase in the carrier
concentration. Though Cr is an acceptor dopant, the
carrier concentration might be increased by the
oxygen vacancies that could be caused during the
vacuum hot pressing. The temperature dependence
of the thermoelectric properties such as Seebeck
coefficient, electrical conductivity, thermal conduc-
tivity, and lattice thermal conductivity of
SrTi1�xCrxO3 samples is shown in Fig. 4a, b, c and
d. The temperature dependence of the Seebeck
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coefficient of SrTi1�xCrxO3 samples is shown in
Fig. 4a. In this research, the negative values of
Seebeck coefficient, as well as the Hall coefficient of
all the studied samples in the experimental

temperature regime are confirming that the mate-
rials are an n-type conductor and electrons are the
major carriers. Generally, the Seebeck coefficient of
the thermoelectric material is expressed by Eq. 1.21
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Fig. 1. X-ray diffraction patterns of SrTi1�xCrxO3 samples, (a) calcined powder, (b) vacuum hot pressed, and (c) [110] diffraction peak for Cr-
doped SrTiO3 with pure SrTiO3.
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Fig. 2. (a) Lattice parameter as a function of the Cr content, and (b) density of SrTi1�xCrxO3 samples sintered at 1573 K. (a) x = 0.001, (b)
x = 0.002, (c) x = 0.003, (d) x = 0.004.
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(a) x = 0.001 (b) x = 0.002 (c) x = 0.003 (d) x = 0.004

Fig. 3. SEM microstructure of SrTi1�xCrxO3 samples (a) x = 0.001 mol, (b) x = 0.002 mol, (c) x = 0.003 mol, and (d) x = 0.004 mol.

Table I. Electronic transport properties in terms of Hall coefficient, Hall mobility and carrier concentration
of Cr-doped SrTiO3 samples at room temperature

Composition (mol) Hall coefficient (cm3 C21)
Hall mobility

(l, cm2 V21 s21)
Carrier concentration

(n, cm23)

x = 0.001 � 2.050 853.00 1.52 9 1019

x = 0.002 � 1.562 768.04 3.48 9 1019

x = 0.003 � 0.851 312.79 6.53 9 1019

x = 0.004 � 0.492 102.06 9.29 9 1019
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Fig. 4. Temperature dependence TE properties of SrTi1�xCrxO3 samples: (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal con-
ductivity, and (d) lattice thermal conductivity.
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where kB, e, h, T, m*, and n is the Boltzmann’s
constant, electronic charge, the Planck’s constant,
temperature, effective mass of the carrier, and the
carrier concentration. Equation 1 suggests that, the
Seebeck coefficient is directly proportional to the
effective mass and the inversely proportional to the
carrier concentration at a given temperature. In
this study, the absolute value of the Seebeck
coefficient decreased with increasing Cr contents
due to the fact that the carrier concentration
increased with increasing Cr contents (as shown in
Table I). Even though Cr is an acceptor dopant, the
increasing behavior of carrier concentration is
believed to cause the oxygen vacancies that could
be created in the vacuum hot pressing. The maxi-
mum absolute value of the Seebeck coefficient was
observed for x = 0.001 mol of Cr contents. The
pristine (un-doped SrTiO3) sample shows very low
absolute value of the Seebeck coefficient that was
reported by Mahmud et al.22

The temperature dependence of the electrical
conductivity of SrTi1�xCrxO3 samples is shown in
Fig. 4b. The electrical conductivity decreased with
increasing temperature for all the studied Cr-doped
SrTiO3 samples in the experimental temperature
regime, due to the degenerating behavior. In this
study, the electrical conductivity increased with
increasing doping level of Cr up to x = 0.002 mol
due to a higher carrier concentration. Though high
carrier concentration was observed with a doping
level of x> 0.002 mol the electrical conductivity
decreased because of low Hall mobility (as shown in
Table I). The Hall mobility decreased with increas-
ing Cr contents because of increasing the effective
mass. The electrical conductivity of SrTi1�xCrxO3

samples is higher than that of pure SrTiO3 because
the carrier concentration of SrTi1�xCrxO3 samples
increased because of the substitution of Ti4+ by Cr3+.

Similar behavior was observed in the report by
Mahmud et al.22

The temperature dependence of the thermal
conductivity and lattice thermal conductivity of
SrTi1-xCrxO3 samples in the experimental temper-
ature regime is shown in Fig. 4c and d. The thermal
conductivity, j, is defined by Wiedemann–Franz law
and is given by j = jL + jE = jL + L0rT where jL is
the lattice thermal conductivity by phonons, jE is
the electronic thermal conductivity by carriers, and
L0 is a constant called Lorentz’s number, and its
value is 2.44 9 108 J2 K�2 C�2.21 Figure 4d shows
the temperature dependence of lattice thermal
conductivity. The lattice thermal conductivity is
7.79 Wm�1 K�2 while the total thermal conductivity
is 7.87 Wm�1 K�2 for x = 0.001 at room tempera-
ture. Therefore, lattice thermal conductivity plays a
dominant role (approximately 98.98%) in the total
thermal conductivity. In this study, the total ther-
mal conductivity decreased with increasing temper-
ature up to the experimental temperature regime.
The decreasing behavior is believed to be caused by
the decreased thermal diffusivity.23 The total ther-
mal conductivity observed in this study is also
shown to be quite similar to the work by Shang
et al.24 and Otha et al.25 and significantly smaller
than that of single crystalline SrTiO3.26 It was also
reported by Mahmud et al.22 that, the un-doped
SrTiO3 shows relatively high thermal conductivity
compare to our Cr-doped SrTiO3. In this experi-
ment, inconsistency in electron concentration, Hall
mobility and electrical conductivity is hardly found,
presumably due to the limited amount of doping
(due to the limited solubility), and carrier concen-
tration variation which could be caused during the
vacuum hot consolidation process.

The temperature dependence of power factor, and
ZT value for the SrTi1�xCrxO3 samples are shown in
Fig. 5a and b. Figure 5a shows that, the power
factor increased with increasing Cr contents up to
x = 0.002 mol due to increasing electrical conduc-
tivity then decreased with further increasing of Cr
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Fig. 5. Temperature dependence (a) power factor, and (b) ZT value of SrTi1�xCrxO3 samples.
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contents. From Fig. 5b, it is clearly seen that, for all
doping levels, ZT increased with increasing temper-
ature up to 773 K and reaches the maximum values
of 0.144, 0.168, 0.154, and 0.139 for x = 0.001, 0.002,
0.003, and 0.004 mol of Cr-doped samples, respec-
tively. The maximum value of ZT is observed due to
the increased Seebeck coefficient with low thermal
conductivity by the substitutional doping with Cr.
The observed ZT value in this study suggests that
the thermoelectric performance of SrTiO3 can be
influenced by the incorporation of Cr content.

CONCLUSIONS

The effect of B-site doping with Cr on the
thermoelectric performance of the perovskite
SrTiO3 has been examined in this study. The B-site
doped SrTiO3 with Cr was synthesized by a con-
ventional solid-state reaction method followed by
vacuum hot-pressing. Structural characterization
was evaluated by XRD and SEM. Electronic and
thermal transport properties were examined to
determine the thermoelectric properties of the sam-
ples. The doping on the B-site of the perovskite
oxide with Cr plays a significant role to enhance the
Seebeck coefficient and reducing the thermal con-
ductivity, and, hence, improving the ZT. The ther-
mal conductivity decreased with increasing doping
level through our experimental doping range but
the thermoelectric power factor increased with
doping level up to x = 0.002 mol due to the large
value of Seebeck coefficient and electrical conduc-
tivity. The maximum dimensionless figure of merit
was obtained for SrTi0.998Cr0.002O3 samples with a
relatively high value of power factor and signifi-
cantly low value of thermal conductivity. In this
research, the maximum value of the figure of merit,
ZT = 0.168 at 773 K was observed for the SrTi0.998-

Cr0.002O3 sample.
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