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A B S T R A C T   

PbTiO3 has emerged as a promising material for the thermoelectric application. In this study, we proposed to use 
density functional theory to investigate the underlying mechanism for improving the thermoelectric efficiency of 
ATiO3. The thermoelectric parameters of the designed surface structures have been obtained by using the 
Boltzmann transport equation approximation. The properties of the structure, electronic, and thermoelectricity 
were measured and analyzed. The surface (001) modification through the AO termination layer has increased the 
electrical conductivity, thus increasing the power factor. On the other hand, increasing the Seebeck coefficient, 
which is aided by declining thermal conductivity, which is aided by low thermopower, improves the figure of 
merit. It is shown that the thermoelectric performance of surface (001) SnTiO3 is higher as compared to PbTiO3 
making it interesting towards lead-free materials in thin-film application.   

1. Introduction 

Thermoelectric materials convert heat to electrical energy [1,2]. 
Some of the applications that have benefited from this conversion are 
temperature sensors, radiation detectors, solid-state thermoelectric 
cooling and spintronic [3,4]. Thermoelectric materials are gaining 
popularity due to their benefits, which include reliable conversion, 
scalability, and compactness as compared to other energy conversion 
technologies since there is no energy waste is generated during the ac-
tivity which can solve the environmental problem [5]. Thermoelectric 
efficiency based on this energy conversion is identified by a dimen-
sionless figure of merit ZT = S2σT/κ, determined by Seebeck coefficient 
(S), electrical conductivity (σ), thermal conductivity (κ) and absolute 
temperature (T) [6]. According to the equation, a strong thermoelectric 
material has a higher thermopower and electrical conductivity, as well 
as a lower thermal conductivity. The highest ZT that lead (II) titanate, 

PbTiO3 (PTO) has ever attained is 1.7 which indicates highly promising 
thermoelectric material with the power factor of 0.002 Wm− 1K− 2 at 
1000 K, accompanied by thermal conductivity, κ value of 1.15 Wm− 1K− 1 

[7]. PTO has a relatively small unit cell that has high κL. However, it has 
been observed that anharmonicity, such as that seen in thermoelectric 
material like PbTe, can decrease κL despite small lattice constants [7,8]. 
Low thermal conductivity with favorable electronic transport values 
indicates the great promise of PTO and tin (II) titanate, SnTiO3 (SnTO) as 
a thermoelectric material [9]. The electrical conductivity can be main-
tained through alloying or increasing the complexity of the unit cell 
while having low thermal conductivity [10,11]. Despite this promise, 
only a limited number of experimental results are available at 
room-temperature and high-temperature behavior of κL in ferroelectrics 
including PTO [12,13]. Computational prediction of κL could illuminate 
some of these points. With this in mind, a semiclassical analysis of κL and 
the electronic transport parameters of PTO are reported in this work. 
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The calculations are based on Boltzmann transport equations (BTE), 
BoltzTrap which rely on ab initio results as the input. This study predicts 
very low κL and high thermoelectric potential for PTO. As a result, it is 
predicted that the power factor and ZT of thermoelectric characteristics 
may be fine-tuned and improved. 

ATiO3 (A = Pb, Sn) is a perovskite structure and known to exhibit 
considerable power factor to establish high-performance thermoelectric 
materials [14]. Perovskite-type oxides which are well known to have 
phase transition also have been investigated due to their cheap cost and 
excellent thermal resilience against high temperature sintering [15,16]. 
The investigation of the enhancement mechanism of PTO and SnTO 
thermoelectric is done through the graph analysis of electrical conduc-
tivity, thermal conductivity, Seebeck coefficient, power factor and ZT 
[17]. Theoretical report by Noor et al. exhibits the consistent pattern in 
which values of PF increase with the rise of temperature for both bulk 
PTO and SnTO up to 4.45 × 1011 Wm− 1k− 2s− 1 and 4.8 × 1011 

Wm− 1k− 2s− 1 s at 800 K, respectively [9]. Subsequently, the power factor 
and ZT contribute in various ways to reach their maximum value. Both, 
however, are aided by n-type doping at their optimal levels to achieve a 
maximum value at 300 K. [18,19]. Cubic bulk PTO and SnTO have 
higher power factor (PF) as they have higher electrical conductivity 
compared to the surface structure (001). The thermal performance of 
bulk PTO and SnTO can be enhanced by focusing on achieving higher PF 
while in surface structure, it can be achieved by increasing the ZT since 
they have higher thermopower. In realizing this contribution, it will 
provide fundamental parameters in enhancing thermoelectric perfor-
mance. Hence, investigating the surface structure of ATiO3 could enor-
mously influence the macroscopic of unconstrained polarization and the 
piezoelectric reaction [20]. On the other hand, for nanoscale ferro-
electrics, which have higher surface-to-volume proportions than bulk 
materials, the surface impact becomes significant. Thus, by focusing on 
the (001) cubic surface since it has the lowest surface energy compared 
to other surfaces [21]. Interestingly, there is less work on ABO3 per-
voskites regarding PTO (001) surface considering their huge potential in 
the nanoscale application. Furthermore, there is no work at all for sur-
face SnTO reported yet considering its importance to reduce the con-
sumption of lead (II) in thin-film application [22]. 

According to a theoretical report by Eglitis et al. [21] the absence of 
surface electrons in AO-terminated (001) surfaces for SrTiO3, BaTiO3 
and PTO and the presence of special lone pair hybridization of Pb 6 s in 
PTO is significant for any further treatment of electrical conductivity of 
surface defects on perovskite surface. Meyer et al. [23] found that sur-
face (001) cubic and tetragonal PTO is enhanced at the PbO terminated 
surface and suppressed at TiO2 terminated surface. Padilla and Van-
derbilt [24] investigated the (001) surface of SrTiO3 and discovered that 
the surface layer of the Sr-terminated surface has no large ferromagnetic 
deviation, whereas the ferroelectric instability of the Ti-terminated 
surface has become so unbalanced that it can be easily destroyed by 
thermal disruptions. In this work, we employed density functional the-
ory (DFT) to investigates the structural, electronic and thermoelectric 
properties of ATiO3. The investigation was focusing on the AO termi-
nation (001) surfaces of PTO and SnTO using CASTEP computer code 
and BoltzTrap. Using surface (001) of ATiO3 increases the thermoelec-
tric properties [25]. Therefore, a semiclassical investigation of κL and 
the electronic properties of PTO and SnTO are accounted for in this work 
as no hypothetical works are investigating its surface (001) thermo-
electric properties so far. 

2. Computational methods 

The cubic structure of ATiO3 (A = Pb, Sn) with the space group 
Pm3m is used [26,27]. The structural parameter was compared with the 
previous experimental report by Wang [28]. The structural and elec-
tronic properties were calculated within Materials Studio in CASTEP 
computer code. Ultrasoft pseudopotential was used for optimization to 
ensure the accuracy of calculation with regard to fully convergent 

all-electron DFT calculations. Generalize gradient 
approximation-Perdew Burke Ernzerhof (GGA-PBE) is chosen as func-
tional exchange-correlation [29,30]. The cut-off energy was 350 eV and 
the k-point was 4 × 4 × 4 Monkhorst-pack [31,32]. All atom forces were 
reduced to less than 0.03 eV Å− 1, the highest ionic displacement was 
reduced to 0.001, and the overall stress tensor was reduced to 0.05 GPa 
[33,34]. 

The cubic structure is cleaved to become (001) surface structure 
which consists of three layers with a vacuum of 12 is applied [31]. The 
vacuum region is enlarged to three times of the theoretical lattice con-
stant thick. This result showed that the vacuum region is enough for 
these systems. Since the surface structure is (001), the vacuum is applied 
on z-axis to prevent repetition of cell at the z-axis. The surface structure 
is optimized by using GGA-PBE functional with cut-off energy of 350 eV 
and a k-point of 4 × 4 × 4 Monkhorst-Pack [35,36]. Table 2 shows the 
surface relaxation of cubic (001) ATiO3 (A = Pb, Sn). The quantity s 
compute the outer displacement of the primary surface oxygen towards 
the first layer metal atoms, ∆∆d12 is the difference in primary interlayer 
distance, as estimated from the surface to the subsurface metal z-coor-
dinate, and ∆∆d23 is measured from the second layer to third layer [34, 
37]. The positive values indicate the relaxations outward the vacuum 
region while the negative values indicate the relaxations inward the 
vacuum region. All the magnitudes of atom displacements respect to 
ideal positions are given as fraction of the cubic lattice constant. The 
calculated surface energy of (001) which is shown in Table 2 for both AO 
and TiO2 terminated surface is almost equivalent. The surface energy for 
PTO is comparable with other theoretical works [21]. It is reported that 
the surface energy of 001<011<111 [38]. In order to calculate the 
surface relaxation and surface (001) energy are given, respectively as 
[38] 

δi, i+1 =
di, i+1 − a0/2

a0
× 100% (1)  

Esurf =
1
4
(
EAO

slab +ETiO2
slab − 7Ebulk

)
(2) 

The structures of these surfaces were optimized using the full- 
potential linearized-augmented plane-wave (FP-LAPW) [39,40]. The 
thermoelectric properties have been obtained by using semi-classical 
BolzTrap in WIEN2K computer code. The properties can be computed 
based on the calculated band structure on the rigid band approach [41]. 
The contribution of Seebeck coefficient (S), electrical conductivity (σ), 
thermal conductivity (κ), power factor and ZT were determined. The 
equation for both electron and hole carrier as the electrical conductivity, 
Seebeck coefficient and thermal conductivity for zero point charge 
across a material are given, respectively, as [8] 

σ =
e2m3/2

d

π2

∫∞

0

− ∂f 0

∂E
τv2k∗2dk∗ (3)  

S =
− m

3
2
d

Tσπ2

∫∞

0

− ∂f 0

∂E
τv2(E − EF)k∗2dk∗ (4)  

κ0 =
m

3
2
d

Tπ2

∫∞

0

− ∂f 0

∂E
τv2(E − EF)

2k∗2dk∗ (5)  

where f 0 is the Fermi-Dirac distribution, e is the charge of electron, k* 
are the rescaled wave vectors with respect to the valley minimum in the 
spherical coordinate system, EF is the Fermi energy level, md is the DOS 
effective mass, τ is the relaxation time and v is the average group 
velocity. 

Fig. 1 shows the (001) surface structure of cubic ATiO3. The GGA- 
PBE function is used to perform geometrical optimization, and the cor-
responding experimental and theoretical values are reported in Table 1. 
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The estimated lattice parameter is compatible with the findings of other 
experimental and theoretical studies with a slight difference of 
0.08–0.99%. 

3. Results and discussion 

3.1. Electronic band structure 

Electronic properties which are band structure and DOS were 
determined after structural optimization. The GGA-PBE function was 
used to calculate the band structure. Fig. 2 shows the band structures of 
the PTO and relaxes surface structures of terminated PbO and TiO2. The 

calculated energy bands of the bulk PTO are distinctively different as 
compared for the two types (terminated PbO and TiO2) surface struc-
tures. Both are uniformly transferred, resulting in the metal atom in the 
central layer of 1 s core level energy aligning with the bulk system. PbO 
terminated surface in PTO has a band gap of 1.572 eV gap that is almost 
equivalent to the bulk structure which is 1.691 eV compared to TiO2 
terminated surface which is 1.366 eV. As a result, the band gap of the 
PbO terminated surface shrinks. In comparison to the bulk system, the 
band states of O p around 0 eV on the type-I surface tend to expand 
upward, particularly at the A stage. The surface state appears at the A 
stage, in contrast with the bulk band structure. A similar shift is 
noticeable on the type-II surface, especially at the D stage. 

Similar band structures observed for bulk SnTO and the relaxed 
surface structures of SnO and TiO2 terminated are shown in Fig. 3. A 
distinctively different of the bulk SnTO was observed with surface SnO 
and TiO2 terminated. The calculated energy bands for the two types of 
surface structures are uniformly transferred, as they are for PTO. The 
type-I surface of SnTO has an indirect band gap of 1.159 eV, whereas the 
type-II surface has a band gap of 1.196 eV. As a result, the band gap of 
the type-I surface SnTO is nearly identical to the bulk device. The sur-
faces state appears to lie beneath the conduction band as the top of the 
valence band is slightly lower than the bulk. 

Fig. 1. Unit cell of cubic surface (001) structure of ATiO3 (A = Pb, Sn) with AO 
terminated on the left and TiO2 terminated on the right. The gray, red and silver 
colors represent the Pb/Sn, O and Ti atoms, respectively. 

Table 1 
Calculated lattice parameters, (Å), volume, (Å3) and respective percentage differences (%) of PTO and SnTO using CASTEP with available theoretical and experimental 
research.  

Method Basis set a (Å) Percentage difference (%) V (Å3) Percentage difference (%) 

This work PTO 
LDA-CAPZ Plane wave 3.892 +1.71 [43] 

+1.97 [44] 
58.9683 +5.04 [43] 

+5.76 [44] 
GGA-PBE Plane wave 3.973 − 0.33 [43] 

− 0.08 [44] 
62.7176 − 0.99 [43] 

− 0.23 [44] 
GGA-PBEsol Plane wave 3.929  +0.78 [43] 

+1.04 [44] 
60.6730 +2.29 [43] 

+3.03 [44] 
B3PW [21] Gaussian-type 3.936  60.9811  
LDA [42] LAPW 3.973  62.7152  
B3PW [38] Gaussian-type 3.963  62.2458  
Expt. [43] 

Neutron-diffraction  
3.950  62.5708  

Expt. [44] 
Synchrotron-radiation  

3.969  62.5235  

This work SnTO 
LDA-CAPZ Plane wave 3.849  57.0611  
GGA-PBE Plane wave 3.941  61.2004  
GGA-PBEsol Plane wave 3.907  59.6346  
LDA-CAPZ [45] Plane wave 3.850  57.0667  
GGA-PBE [46] Plane wave 3.966  62.3818   

Table 2 
Calculated surface rumpling, s, interlayer displacements, ∆dij (in percent of bulk 
lattice constant) and surface energy (eV) for AO and TiO2 terminated (001) 
surfaces of PTO and SnTO.  

Compounds  s ∆d12 ∆d23 Surface energy 
(eV)  

AO termination 
(type-I)     

PTO (001) This work 3.80 − 6.82 3.89 0.85  
Previous results [23] 4.00 − 6.80 3.40 –  
Previous results [46] 3.51 − 6.89 3.07 0.83  
Previous results [47] 3.90 − 6.75 3.76 0.97 

SnTO (001) This work 3.78 − 6.76 3.82 0.71        

TiO2 termination 
(type-II)     

PTO (001) This work 3.10 − 7.70 5.21 0.75  
Previous results [23] 3.20 − 7.90 5.50 –  
Previous results [46] 3.12 − 8.13 5.32 0.74  
Previous results [47] 3.06 − 7.93 5.45 – 

SnTO (001) This work 2.96 − 7.10 5.10 0.68  
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3.2. Electronic density of states (DOS) 

The DOS for the two types of the surface structures were evaluated to 
analyze the structure of the band structure. Figs. 4 and 5 illustrate the 
DOS for bulk and partial DOS dissected into layers for the PTO and SnTO 
termination, accordingly. The top of O p at the terminating surface has 
shifted to increased energy indicates the band gap of type-I surface has 
reduced compared to the DOS of O atoms in the central layer as shown in 
Figs. 4 and 5. Furthermore, there is a minor difference in partial DOS of 
Pb and Sn p in the various layers as the interaction between Pb/Sn p and 
O p in the surfaces structures is similar to the bulk structure as reported 
previously [48]. The hybridization between the first layer Pb 6 s and 
second layer O 2p is stronger than that between the third layer Pb 6 s and 
central layer O 2p for type-I termination as shown in Fig. 4(b). The 
hybridization between the central layer Pb 6 s and third layer O 2p is 
shown for type-II termination in Fig. 4(c). In Fig. 5(b) and 5(c), for the 
type-I termination, there is an enhancement of the Sn-O bond covalency 
in the second layer between the Sn and O atoms since the hybridization 
between the first layer Sn 5 s and second layer O 2p is considerably 

increased. For the type-II termination, the hybridization between the 
second layer Sn and first layer O is somewhat increased contrasted to 
that in bulk or the SnTO central layer. However, the behavior of the 
band gap for PTO and SnTO type-II termination is distinctive compared 
to SrTiO3 and BaTiO3. It is shown that Ba does not contribute to valence 
band or conduction band, despite the fact that it provides electrons to 
balance the system charge [49,50]. According to Meyer et al. [23], the 
suppression of certain O 2p and Ti 3d hybridization has caused the band 
gap to result in an upward interference of the top valence band states, 
while in PTO and SnTO the reduction of band gap between conduction 
and valence bands are inhibited due to the strong covalent Pb-O and 
Sn-O interaction. 

3.3. Thermoelectric transport parameters 

Thermoelectric transport properties specifically focusing on the type- 
I terminated surface since it is considerably enhanced at AO termination 
and suppressed at TiO2 termination. The fundamental band structure, on 
the other hand, cannot be changed. In semiconducting materials, the 

Fig. 2. The band structure of PTO (a) projected bulk band structure, (b) Pb O terminated surface (type-I) and (c) TiO2 terminated surface (type-II), the solid lines 
represent the band structure in the Brillouin Zone. The top of valence bands is set to be zero. 

Fig. 3. The band structure of SnTO (a) projected bulk band structure, (b) Sn O terminated surface (type-I) and (c) TiO2 terminated surface (type-II), the solid lines 
represent the band structure in the Brillouin Zone. The top of valence bands is set to be zero. 
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electrical conductivity (σ) provides free carriers for the conduction 
operation. The Fermi level is found within the band gap of semi-
conductors. As temperature rises, energy transfer will occur between the 
charge carriers from the valence band to the conduction band. In an n- 
type semiconductor, charge carriers are electrons, and in a p-type 
semiconductor, charge carriers are holes. Fig. 6 and Fig. 8 show the σ/τ 
and SnTO from 300 to 800 K, demonstrating that the σ/τ nearly remains 
stable as the temperature rises. The calculated values of σ/τ for PTO and 
SnTO at room temperature are 1.7 × 1017 S/ms and 4.09 × 1018 S/ms, 
respectively. Since the small band distance increases the probability of 
carriers moving in the conduction band, the graph of the σ/τ curve for 
SnTO is higher than that of PTO. 

The Seebeck coefficient (S) which is also called thermopower, is 
calculated by dividing the voltage shift across a material by the tem-
perature difference S = ΔV/ΔT [51,52]. The formula to calculate the 
potential temperature gradient at zero current density also can be 

written using the relation J = − σ∇V − σS∇T The current density is 
represented by J, the potential gradient by ∇V, and the temperature 
gradient by ∇T. The Seebeck coefficient for zero current density also can 
be reduced to the differential form of ∇V = S∇T. The temperature 
gradient of potential increases even more dramatically for PTO than for 
SnTO in our studied compounds as temperature rises. Furthermore, the 
SnTO value is higher at room temperature than PTO, while at a higher 
temperature, the S for PTO exceeds SnTO due to the cancelation of 
carrier current. 

The thermal conductivity (κ/τ) of the material is another significant 
parameter that provides information on heat conduction across crystal 
lattices in terms of electron and phonon energy. Materials with high 
thermal conduction values are typically used for heat sink applications, 
whereas materials with low thermal conduction values are suitable for 
thermal insulation [53]. The phononic contribution is derived from 
mechanical elastic waves produced by lattice vibration as temperature 
rises, while the electronic contribution is derived from the contribution 

Fig. 4. (a) DOS of cubic bulk of PTO, (b) DOS of each layer for PbO terminated 
surface (type-I) (c) DOS of each layer for TiO2 terminated surface (type-II) 
of PTO. 

Fig. 5. (a) DOS of cubic bulk of SnTO, (b) DOS of each layer for SnO terminated 
surface (type-I) (c) DOS of each layer for TiO2 terminated surface (type-II) 
of SnTO. 
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of the free carrier. Since the phononic contribution is very small in 
semiconductors, thus it is ignored to simplify the calculation. Fourier’s 
law which can be described as q = − k∇T is the heat efflux with tem-
perature is used to explain κ/τ. In Figs. 7 and Fig. 9κ/τ against tem-
perature for PTO and SnTO has been plotted. Since SnTO electric 
bandgap is smaller than PTO, the slope of the SnTO curve is higher. The 
smaller the band distance, the easier it is for electrons to move from the 
valence band to the conduction band and transfer heat. 

The Wiedemann-Fraz theorem describes the ratio of thermal to 
electrical conductivity, LT = κ/σ. For the best thermoelectric materials, 
the value should be having the lowest value of LT. The PF can describe 
the thermoelectric efficiency of the device. The value of S in our study 
semiconductor compounds is increasingly proving the hole as the 
dominant carrier. Furthermore, the values of PF for both PTO and SnTO 
increase with increasing temperature, reaching 3.11 × 1011 W/mK2 s 
and 3.40 × 1011 W/mK2s at 800 K, respectively. Since the effect of S is 
greater, the slope of PF for SnTO is higher than that of PTO. 

The increase in Seebeck coefficient and thermal conductivity also 
influence the peak of figure of merit (ZT). In order to estimate thermal 
efficiency to obtain the optimum thermal performance, ZT is also used. 

Via the relationship ZT = S2σT/κ, the ZT increases with increasing σ/τ 
and S2 while decreasing with κ/τ. Lower thermal conductivity will give 
higher ZT values. Thermal conductivity is contributed by the electronic 
thermal conductivity and lattice thermal conductivity (κ = κe + κL) 
[54–56]. The calculated ZT values are still underestimated since in the 
transport theory, the lattice thermal conductivity is not included. 
Therefore, the ZT values are higher. The results of the calculation are 
shown in Figs. 7 and 9. It is shown at 300 K the ZT peak is contributed by 
a higher value Seebeck coefficient which is − 2040 μV/K and lower 
thermal conductivity. However, it can be seen highest ZT peak occurred 

Fig. 6. Seebeck coefficient (S), electrical conductivity (σ/τ) and power factor 
(PF) of cubic (001) PTO against Fermi energy. The peak value of PF is repre-
sented by dotted lines of each temperature from 300 K to 800 K. 

Fig. 7. Seebeck coefficient (S), thermal conductivity (κ/τ) and figure of merit 
(ZT) of cubic (001) PTO against Fermi energy. The peak value of PF is repre-
sented by dotted lines of each temperature from 300 K to 800 K. 

Fig. 8. Seebeck coefficient (S), electrical conductivity (σ/τ) and power factor 
(PF) of cubic (001) SnTO against Fermi energy. The peak value of PF is rep-
resented by dotted lines of each temperature from 300 K to 800 K. 

Fig. 9. Seebeck coefficient (S), thermal conductivity (κ/τ) and figure of merit 
(ZT) of cubic (001) SnTO against Fermi energy. The peak value of PF is rep-
resented by dotted lines of each temperature from 300 K to 800 K. 

Table 3 
Thermoelectric properties parameters for electrical conductivity (σ/τ), power 
factor (PF) and figure of merit (ZT) of cubic surface (001) PTO and SnTO at room 
temperature (300 K) and 800 K.   

Electrical conductivity, σ/τ 
(S/ms)at 300 K: 

Power factor, PF (W/ 
mK2 s)at 800 K: 

Figure of merit, ZT 
at 300 K: 

PTO 1.7 × 1017 3.11 × 1011 0.93 
SnTO 4.09 × 1018 3.40 × 1011 0.97  
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at 400 K to 500 K. PTO and SnTO have ZT values of 0.93 and 0.97 at 300 
K, respectively. Table 3 below summarizes all thermoelectric properties 
that have been discussed. It shows that thermoelectric properties of 
SnTO are higher as compared to PTO. 

4. Conclusion 

In this study, the theoretical calculation shows that the thermo-
electric performance of ATiO3 can be enhanced through surface modi-
fication such as surface (001). The DFT calculation of structural, band 
structure and DOS is enhanced at AO terminated surface while sup-
pressed at TiO2 terminated surface (001). AO termination also increases 
the electronic properties and overall thermoelectric performance 
compared to bulk PTO and SnTO. Bulk PTO and SnTO have higher PF 
while surface (001) PTO and SnTO have higher ZT. Higher electrical 
conductivity is contributed by larger DOS and smaller electronic band 
gap. PF is enhanced as the electrical conductivity increases with the 
reducing Seebeck coefficient while ZT can be enhanced by increasing the 
Seebeck coefficient and reducing the electrical conductivity with ther-
mal conductivity. We found that PTO and SnTO are significantly 
enhanced thermoelectric performance through the surface (001) 
termination. Furthermore, SnTO has higher PF and ZT which indicates a 
higher overall thermoelectric performance than that of PTO. These 
interesting strategies show SnTO as a promising nontoxic material to 
develop high-performance thermoelectric material to reduce the con-
sumption of lead for future thin-film applications. 
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