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Strontium titanate (SrTiO3) is a promising n-type material for thermoelectric applications. However, its relatively high
thermal conductivity limits its performance in efficiently converting heat into electrical power through thermoelectric effect.
This work shows that the thermal conductivity of SrTiO3 can be effectively reduced by annealing treatments, through an
integrated study of laser flash measurement, scanning electron microscopy, Fourier transform infrared spectroscopy, x-ray
absorption fine structure, and first-principles calculations. A phonon scattering model is proposed to explain the reduction
of thermal conductivity after annealing. This work suggests a promising means to characterize and optimize the material

for thermoelectric applications.
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1. Introduction

Thermoelectric effect can be used to directly convert heat
into electrical power. The efficiency of a thermoelectric mate-
rial depends on a dimensionless figure of merit defined as!!3!
ZT = Ssz/K, where Z, T, S, 0, and K are the figure of merit,
absolute temperature, Seebeck coefficient, electrical conduc-
tivity, and thermal conductivity (which is composed of lat-
tice part kj and electron part k. ), respectively. Increasing the
power factor S and decreasing the thermal conductivity K
simultaneously lead to a higher ZT. However, these three pa-
rameters are coupled, while increasing in S often results in
the suppression of ¢ and k.. One effective approach to en-
hance ZT is to lower the total thermal conductivity by de-
creasing the phonon component while maintaining the elec-
trical conductivity.[*>]

Metal oxides have drawn great attention as promising
thermoelectric materials due to their non-toxicity, abundance,
and stability. Among them, SrTiO3 is regarded as one of the
most promising n-type materials for thermoelectric applica-
tions. The wide band-gap perovskite oxide can be easily doped
at cation Sr and Ti sites or with oxygen vacancies to form an n-
type semiconductor./%7! The power factor of La doped SrTiO3
single crystal reaches 36 uW/cmK? at room temperature,’!
which is comparable to the typical thermoelectric materials

DOI: 10.1088/1674-1056/26/1/016602

like SnSe,[®! and likely due to the significant contribution from
the Ti d band. ! Despite the excellent electronic properties, the
lattice thermal conductivity of SrTiO3 is comparatively high,
which results in a relatively lower ZT'. Various methods, such

(101 cation doping,!'!! and introduction of

13,14

as nanostructuring,

1 are proposed to improve
15-19]

Sr site!'?! or oxygen vacancies,|
the ZT of SrTiO3. As a common post-treatment method, |
thermal annealing in reducing atmosphere or in vacuum can
generate oxygen vacancies in metal oxides and will affect their

electrical and thermal properties.

In this work, the thermal transport properties (includ-
ing thermal diffusivity, heat capacity, thermal conductivity) of
SrTiO3 are tuned by thermal annealing and measured by the
laser flash method and differential scanning calorimetry. Then
the structural, vibrational, and electronic properties of SrTiO3
are studied by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and near-edge x-ray
absorption fine structure (NEXAFS), respectively. We also
perform first-principles calculations to compare with the ex-
periments. A phonon scattering model is proposed to explain
the reduction of thermal conductivity after annealing treat-

ments.
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2. Experiments and simulations

Commercially available single-crystalline substrates of
SrTiO3 (4 mm x 4 mm x 0.5 mm) were obtained from HEFEI
KEJING Materials technology Co., LTD. The SrTiO3 sub-
strates were annealed at various temperatures (from 1073 K
to 1473 K) either in Ar atmosphere for 24 h or under vac-
uum (1073 Pa) for 4 h. The morphology of the samples was
characterized by SEM using LEO 1530. The thermal diffu-
sivity of the samples was measured by the laser flash method
(LFA)?1 ysing a NETZSCH LFA457 MicroFlash apparatus
with the temperature ranging from 373 K to 773 K in a nitro-
gen atmosphere. The specific heats C,, of the samples were
characterized by differential scanning calorimetry (DSC) us-
ing a NETZSCH DSC 404 F3 Pegasus apparatus. The thermal
conductivity was calculated according to the equation

K =0C,p, (D

where o, C),, and p are the thermal diffusivity, the specific
heat at constant pressure, and the density, respectively.

FTIR measurements were performed by Bruker VERTEX
70v spectrometer in the far infrared region. The NEXAFS
was measured at synchrotron radiation beamline 24A1 in the
NSRRC. The O K-edge and Ti L-edge NEXAFS data were
collected in the total electron yield (TEY) mode. The pho-
ton energy was calibrated by the binding energy of Au 4f.
First principle calculations have been carried out utilizing the
WIEN2k code?!! with the method of full potential linearized
augmented plane wave plus local orbital (FP-LAPW+lo).[?]
For the ground-state calculations, the exchange—correlation in-
teraction was described by the Perdew—Burke—Ernzerhof gen-
eralized gradient approximation (PBE-GGA).!?*! The muffin-
tin radii were selected to be 2.5 a.u. for Sr, 1.87 a.u. for Ti, and
1.69 a.u. for O. The self-consistency was defined when the to-
tal energy converges less than 1 mRy and the charge converges
less than 0.0005e.

3. Results and discussion

The temperature dependences of thermal diffusivity and
specific heat of the annealed samples (treated under the vac-
uum pressure of 10~3 Pa for 4 h) where compared to those
of the as-received sample, as shown in Fig. 1. The results
were used to calculate the thermal conductivity of the samples
(shown in Fig. 1). The annealed samples show a dramatic de-
crease in thermal conductivity with increasing annealing tem-
perature. For example, the thermal conductivity of the SrTiO3
sample annealed at 1473 K is 3.26 W/mK at 773 K, which is
32% lower than that of the as-received sample. According to
the study of Muta,[!3! the electrical conductivity of a SrTiO3
sample annealed under vacuum is about 1.5 x 10° Q~'-m~! at
373 K and gradually decreases to 1.5 x 102 Q~!.m~! at 773 K.
According to the Widemann—Franz law k. = LooT (where Ly

is the Lorentz number and equals to 2.0 x 10~8 V2/K? for a
degenerated semiconductor[“]), the electronic contribution to
the thermal conductivity is in the range of 0.001 W/mK to
0.01 W/mK, which is negligible comparing to the measured
thermal conductivity (3-8 W/mK in the temperature range of
300-800 K). Thus, the electronic thermal conductivity can be
ignored in this work, and the large suppression of thermal
transport is mainly due to the decrease of the lattice thermal

conductivity.
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Fig. 1. (color online) Thermal conductivity of the annealed SrTiO3 sam-
ples, compared with that of as-received SrTiO3 sample.
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In order to investigate the potential mechanism for the
decrease of the lattice thermal conductivity, FTIR was em-
ployed to characterize the as-received SrTiO3 sample as well
as the annealed (in Ar atmosphere at 1073 K, 1173 K, and
1273 K for 24 h) samples, as shown in Fig. 2. The absorp-
tion bands consist of two features (labeled as A and B) in
the range of 590-640 cm~!, which originate from the Ti-
O stretching vibration and assigned to the transverse optic
(TO) phonon mode.?*! The existence of the two features in
this range is likely due to the slight difference in Ti—O bond
structures (e.g., near or away from defects). For the spec-
tra of the as-received samples, the asymmetric shape of the
two features suggests that more than one component exists
in each feature, which leads to an FWHM of approximately
10 cm~!. With increasing annealing temperature, the shapes
of the two features become symmetric, which results in a drop
of FWHM of both features (around 5 cm~!). This is consistent
with an earlier report, and attributes to relaxing of the strain
and reordering of the SrTiO; crystal.! Such development in
the spectral shape also implies that the Ti—O band structures
gradually segregate into two distinct categories, which is con-
sistent with the observed evolution of samples’ morphology
(emerging of linear dislocations in scanning microscopic im-
ages, as shown in Appendix Fig. Al). The center of feature
A remains stable (around 621 4+ 1 cm™!), while the center of
feature B increases from 606 cm™! to 610 cm~! with increas-
ing annealing temperature. This suggests that feature A is
more likely associated with Ti—O bonds within perfect lattice
structure (without oxygen vacancies), and feature B is linked
with Ti—O bonds near defects (e.g., oxygen vacancies). Fur-
thermore, the intensity ratio (B/A) gradually increases with in-
creasing annealing temperature, from 0.89 (as-received) to 1.2
(annealed at 1273 K), which indicates that the concentration
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Fig. 2. (color online) FTIR spectra of the annealed SrTiO3 samples,
compared with that of as-received SrTiO3 sample. For easy compari-
son, the spectra were shifted vertically.

of defects rises with increasing annealing temperature. This
suggests that the annealing treatment improves the crys-
tallinity of the samples in some regions, but leads to segre-
gation of defects in other regions.

The crystallinity of a material correlates with its elec-
tronic structure. Hence, the NEXAFS spectra were measured
for the annealed samples (treated at 1473 K under the vac-
uum pressure of 10~3 Pa for 4 h), and compared with that of
the as-received sample, in order to gain more insight into the
samples’ properties after annealing. The O K-edge spectra
shown in Fig. 3(a) reflect the transitions from the O 1s core
level to the unoccupied O 2p (and potentially hybridized Ti
3d) conduction band. For comparison, the calculated partial
densities of states (PDOS) for oxygen and titanium are pre-
sented in Fig. 3(a) as well. The peak A at 531.0 eV is likely
originated from the hybridization of O p, and p, states with Ti
tp, state. The peak B (533.4 eV) is related to the hybridization
of O 2p and Ti ¢, states.[*] The FWHMs of the peaks are
slightly enlarged after annealing, which indicates an increase
of the oxygen vacancies.?’! This is likely due to the reduced
symmetry caused by the presence of the oxygen vacancies. *8]
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Fig. 3. (color online) (a) O K-edge and (b) Ti L-edge NEXAFS spec-
tra of the annealed SrTiO3; sample, compared with as-received SrTiO3
sample. The calculated O 2p and Ti 3d PDOS of SrTiO3 is shown in
panel (a) as reference.
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Meanwhile, the intensity ratio between peaks A and B is re-
duced after annealing. Similar results have been reported for
an oxygen-deficient system.?® Such change can be associated
with the filling of the low energy tp, band (hence, reducing the
density of the unoccupied states) by the excess electrons due
to the oxygen vacancies. To further confirm the presence of
the oxygen vacancies, the Ti L3-edge NEXAFS spectrum of
the annealed sample is shown in Fig. 3(b) as well as that of
the as-received sample. The peaks C at 457.1 eV and D at
459.4 eV are originated from the transitions from the Ti 2p3»
core level to the unoccupied Ti 3d bands (trg and e, respec-
tively). A slight broadening of the peaks is observed in the
spectra of the annealed samples. This is likely contributed by
the presence of Ti 3+ state.[*”] In the oxygen-deficient SrTiO3
system, each oxygen vacancy provides two electrons to the Ti
d band, leading to a reduction of the Ti from 4+ to partial 3+
state.

Based on the FTIR and NEXAFS results, we propose a
structure evolution model to explain the thermal conductivity
reduction mechanism. First, annealing induces a reordering
process for the atoms in some areas. Therefore, within the ar-
eas, the atoms line up in a better order, which improves the
overall crystal quality. However, this leads to a more disor-
der/imperfect structure, such as oxygen vacancies, at the re-
gions between the areas. Second, the samples annealed with
reduced oxygen pressure may yield a large amount of oxygen
vacancies. For example, the sample that has been annealed
in the Ar atmosphere for 24 h shows chain-like features (ob-
served on the SEM image, S.I.-1), which is consistent with
other reports.[3%311 Thus, the change in thermal conductivity
may result from a competition between the crystallization in-
side some domains and the increased imperfection scattering
in the region between these domains.

To quantitatively evaluate the proposed model, a phe-
nomenological Callaway’s model*?>-37! is used to fit the ther-
mal conductivity data (shown in Fig. 1). In this model, the
lattice thermal conductivity is given by

3 6p 4 .x
kp ("BT> /0 /Tf(x)(xe dx, ()

T 2ntv \ h e —1)2

where x = how/kgT is the reduced phonon frequency, 6p is
the Debye temperature, and v is the velocity of sound.[3>=37]
Callaway’s model assumes that the phonon dispersion has a
Debye spectrum and the relaxation time representing different
scattering process follows Matthiessen’s rule. Since the sys-
tem in our study is a single crystal, the dominant scattering
processes are phonon—phonon Umklapp scattering and point
defect scattering (could be from oxygen vacancy or other im-
perfection)

;! = SoTw* = Ex?, (3)

Top = Aw* = Dx*, 4)

where Sop and A are constant parameters characteristic of each
sample and reflect the strengths of the phonon—phonon U scat-
tering process and the point defect, respectively. The thermal
conductivity modeled by the Callaway’s equation shows rel-
atively good agreement with the experimental results (shown
in Appendix Fig. A2). Both the Sy and A values increase with
increasing annealing temperature, as listed in Table 1. Such
results can be understood when we further examine the rela-
tionship between the Sy and A values and the concentration of
defects. The phonon—phonon scattering parameter Sy is given
by the following equation:

_ 27ks
uVowp’

&)

So

where 7 is the Griineisen parameter, U is the shear modulus,
Vp is the volume per atom, and @p is the Debye frequency.?”!
The segregation of defects generally leads to the degradation
of materials’ strength (e.g., shear modulus). At the same time,
other parameters in Eq. (5) are less sensitive to the segrega-
tion of defects. Hence, the reduction of shear modulus due to
the rise of defect concentration and the segregation of defects
overwhelms the change of other factors in the equation, which
results in an increase of Sy. On the other hand, the point defect
scattering parameter A is given by Klemens!®! as

Vv
-
dmvd’

(6)

where V is the volume per atom, and vg is the phonon veloc-
ity. The parameter I is related to the defect concentration and
the phonon scattering strength and consists of mass fluctua-
tion and strain field terms,*®! which can be calculated by the
following formula:

AM;\? A\ ?
F:FMF+1§F=Zilxil< M) +8<6>

where Inr and Igg represent the point scattering related to

(D

mass fluctuation scattering and strain field scattering, respec-
tively. AM is the mass difference between the host and the
impurity atoms, M is the average mass, € is a phenomenologi-
cal parameter related to the strain, AJ; is the difference in ionic
radius between the host and the impurity atoms, and § is the
average ionic radius. Both the mass fluctuation and strain field
due to the vacancy site are linearly proportional to the density
of the oxygen vacancies. Hence, the significant increase in
A after annealing indicates a large increase of the oxygen va-
cancy concentration after annealing, which is consistent with
the observation in experimental measurement.

Table 1. Fitted scattering parameter Sy and A for annealed sample com-
pared with that for as-received sample.

Sample Sp/107 19 5. K1 A/10741 §3
As received 0.95 1.96
1073 K annealed 0.99 3.65
1273 K annealed 1.32 2.53
1473 K annealed 1.50 2.61
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The LFA has been used to investigate the phonon scat-
tering in lead chalcogenide thermoelectric!>37! and the ther-
mal characterization of a bridge-link carbon nanotubes array
used as a thermal adhesive.38! More recently, we used com-
bined SEM, LFA, DSC, and finite element method to investi-
gate the thermal properties of boron nitride, and demonstrated
that hexagonal boron nitride laminates exhibit a high ther-
mal conductivity, which is significantly larger than that cur-
rently used in thermal management.*®! With additional char-
acterizing methods (such as FTIR and NEXAFS) included,
this work successfully demonstrates the usefulness of the in-
tegrated study of several tools to reveal the origin of reduced
thermal conductivity in annealed SrTiO3. It is clearly shown
that the unique advantage of the combined methods can be
achieved because the different aspects of functional materials
can be investigated by different characterization means. For
example, the thermal transport properties such as thermal dif-
fusivity can be characterized by LFA, the heat capacity can be
obtained by DSC measurement, and the mechanism of thermal
conductivity can be analyzed by Callaway’s model. The crys-
tal structure can be observed by SEM, the vibrational prop-
erties can be determined by FTIR, and the electronic proper-
ties can be revealed by near edge x-ray absorption fine struc-
ture and first-principles calculations. The whole picture of the
crystal structure of the material and its properties can then be
obtained. The combined method, as proposed in this work, is
expected to be useful to study other advanced functional ma-
terials.

4. Conclusion

SrTiO3 samples were annealed at various temperatures
either in Ar atmosphere or under vacuum. Based on the ex-
perimentally measured thermal diffusivity and specific heat,
the thermal conductivity of the samples was calculated, which
dramatically decreased with increasing annealing temperature.
The FTIR and NEXAFS reveal that the defects (i.e., oxygen
vacancies) in the samples increase (especially after being an-
nealed under vacuum) and segregate after annealing, which is
consistent with the change of the morphology of the samples
and other reported results. A phenomenological model based
on Callaway’s theory was used to fit the thermal conductivity
of the samples. The results confirm that the increasing an-
nealing temperature leads to an increase and segregation of
oxygen vacancies, which is responsible for the significant re-
duction of the thermal conductivity after annealing. This work
demonstrates the unique usefulness of the integrated study for
revealing the mechanism of thermal conductivity of SrTiOs3.
Therefore, this work suggests a promising means to character-
ize and optimize the material for thermoelectric applications.

Acknowledgment

The authors are particularly grateful to Yu Chiuan
Li, Chia-Hsin Wang, Yaw-Wen Yang, Kuan Chang Chang,
Ting Chang Chang, and Tsun Ming Tsai for their valu-
able assistance. This part has been financially supported
by the Robert-Bosch Stiftung (Sustainable Partners project
No. 32.05.8003.0112.0), the Impuls- und Vernetzungsfonds of

the Helmholtz-Association (Grant No. VH-NG-423).

Appendix A

,_',_L/(ccv Spot Magn  Det WD F——— 500 nm
: 10.0 kv 3.0 100000_)( TLD 4.2

i ety

Al. SEM image of SrTiO3 annealed in Ar atmosphere showing linear dislo-
cations.

m as received
~ 84 e 1073K annealed
:‘z‘ A 1273K annealed
= v 1473K annealed
I 7 modeled as received
g modeled 1073 K annealed
B modeled 1273 K annealed
~ modeled 1473 K annealed
> 6
=
>
.*5
S 54
el
=i
o]
o
3 4
g
-
£ 3
£ 4
T T T T T T T T T T
300 400 500 600 700 800

Temperature/K

A2. (color online) Thermal conductivity of annealed SrTiO3 compared with
that of as received SrTiO3. The dots represent the experimental values and
lines are values modeled using Callaway’s equation.
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