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Abstract 15 

Nb-doped SrTiO3 bulk materials with high quality are fabricated using a facile process. The 16 

doping level in SrTiO3 is controlled in a doping range of 0-20 mol%. Thermoelectric response 17 

including electrical conductivity σ, Seebeck coefficient S, and thermal conductivity k has been 18 

investigated in high-temperature regime above 300 K. The ZT values show obvious 19 

doping-level dependences, in which the largest value as high as 0.37 at 1000 K and 0.40 at 20 

1100 K is realized in the optimized doping range of 10-15 mol%. This is the first time such a 21 

remarkable thermoelectric performance was accomplished in electron-doped SrTiO3 ceramics. 22 
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1. Introduction 1 

Performance in thermoelectric (TE) materials is determined using the thermoelectric 2 

figure-of-merit Z with definition ZT = S2σT/k, where S, σ, and k represent the Seebeck 3 

coefficient, electrical conductivity and thermal conductivity, respectively. To gain a high 4 

performance in TE material, efforts have been paid on increasing the so-called power factor 5 

(PF = S2σ) as well as decreasing the thermal conductivity. S and σ are coupled via the charge 6 

carrier concentration: a high charge carrier concentration usually increases σ but decreases S. 7 

It is essential to find a balance point to achieve a large value of PF. A way to increase S is to 8 

increase the effective mass m
*
of carrier as typically observed in 4f heavy-Fermion system 

1
, 9 

in which the strong electrons correlation results in the enhancement of m
*
 

2
. However, the 10 

carrier with heavy m* will move slowly and therefore in turn leads to a low σ due to the small 11 

mobility. On the other hand, k can be effectively suppressed by introduction of nanostructure 
3
 12 

and second phase 4 which can enhance phonon scattering at grain boundaries.  13 

Because of the good stability at high temperatures, TE oxides have shown considerable 14 

potential as high-temperature TE materials. Corresponding to the large ZT value observed in 15 

p-type oxide semiconductor NaCo2O4 
5, extensive researches have been carried out on one 16 

promising candidate of n-type oxide insulator SrTiO3 (STO), which shows direct band gap 17 

energy of 3.75 eV 6 with very low σ. The valence and conduction bands in SrTiO3 correspond 18 

to the bands composed of O 2p state and Ti 3d-t2g state, respectively. To enhance σ, foreign 19 

atomic doping is generally adopted. For example, Dehkordi et al 
7
 reported that Pr-doped 20 

SrTiO3 ceramics show improved carrier mobility, and then a recorded ZT of 0.35 at 500 oC 21 

was obtained. Besides, other common elements are also selected to effectively optimize the 22 
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electrical properties, such as Nb and La 8, 9. Upon doping Nb on Ti site, additional electrons 1 

can be induced by the replacement of Ti
4+

 with Nb
5+

 in SrTiO3. In previous studies, Nb-doped 2 

STO epitaxial film exhibited high ZT value of ~0.37 and large PF value of 1.5 mW m-1K-2 at 3 

1000 K 
8
, and a ZT~2.4 at room temperature was also estimated for a high-density 4 

two-dimensional electron gas confined within a unit cell layer thickness in STO, which is the 5 

highest value reported on STO materials 10. However, carrier-doped STO bulk materials could 6 

not show comparable TE performance. For example, ZT of La-doped STO bulk single crystal 7 

was found to be as low as 0.06 at room temperature, although its large PF value of 2.8-3.6 8 

mW m
-1
K

-2
 that is comparable to that of Bi2Te3. It is because of a high thermal conductivity 9 

(k > 90 mW/K cm) 
9
. 10 

Very recently, several research groups have reported an enhanced ZT in nano-structured 11 

bulk alloy material such as BiSbTe 
11

 and PbTe 
12

 upon reduction in thermal conductivity. 12 

This strategy was also successfully applied on STO based TE ceramics 13, 14, in which 13 

nano-structured LaxSr1-xTiO3 shows a ZT = 0.37 at 973 K with low k. To the best of our 14 

knowledge, this is the largest value ever obtained in STO-based bulk materials. However, due 15 

to some technical problems on synthesis of nano-particles, an enhanced ZT has not been 16 

realized in Nb-doped STO yet, in spite that the ZT was improved upon the introduction of 17 

additional nano-wires 4 and nano-inclusions 15 to the carrier doped STO system. In this paper, 18 

rather than solid-state reaction 
16, 17

 or molten salt synthesis method 
14

 well used in previous 19 

studies, we design a facile process to prepare Nb doped STO (Nb-STO) bulk samples within 20 

micro-size grains. Note that this approach is not only simple and low cost, but can also be 21 

employed to prepare large-scaled ceramic TE materials. More importantly, to the best of our 22 
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knowledge, the ZT observed in our materials is as high as 0.40 at 1100 K, which is the highest 1 

value obtained in electron-doped STO bulk materials. 2 

2. Experimental 3 

Samples of STO doped with 0 mol%, 5 mol%, 10 mol%, 15 mol% and 20 mol% Nb were 4 

prepared by a hydrothermal method using tetrabutyltitanate [Ti(OBu)4], strontium nitrate 5 

[Sr(NO3)2], sodium hydroxide NaOH, ethylene glycol, and Niobium pentahloride (NbCl5). In 6 

a typical synthesis process, to obtain a doping level of 20 mol%, 8 mmol of Ti(OBu)4 and 2 7 

mmol of NbCl5 were dissolved in 30 mL of ethylene glycol, followed by adding 6.4 mol/L 8 

NaOH. Then, 10 mmol of Sr(NO3)2 were dissolved in 15 mL of deionized water. The two 9 

solutions were mixed together to obtain a microemulsion, which was immediately transferred 10 

to a 100 mL Teflon lined stainless-steel autoclave and kept at 180 oC for 24 hours. To remove 11 

the byproduct, the obtained powders were washed with diluted acetic acid, which is followed 12 

by deionized-water washing. The final products were dried at 60 oC. The dried powders were 13 

preformed into disk under 4 Mpa, and further pressed by Cold Isostatic Pressing (CIP) under 14 

250 Mpa. The samples were then embedded into carbon powder placed in corundum crucibles 15 

and sintered at 1300 oC for 5 hours in a muffle furnace, during which oxygen vacancy should 16 

generate to contribute excess electrons, so that the electrical conductivity of n-type SrTiO3 17 

would be further enhanced 18. All the specimens were characterized by the scanning electron 18 

microscopy (SEM), X-ray diffraction (XRD), and transition electron microscope (TEM). The 19 

SEM images results were collected on a FEI Quanta FEG-650 scanning electron microscope. 20 

The powder XRD patterns and TEM images were obtained using Rigaku D/Max-25000 21 

diffractometer and FEI Tecnai G
2
 F20S-TWIN, respectively. Electrical conductivity and 22 
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Seebeck coefficient were measured from 300 to 1100 K under helium atmosphere using 1 

thermoelectric apparatus (LSR-3, Linseis Germany). Thermal conductivity was calculated 2 

using thermal diffusivity, specific heat, and density. Thermal diffusivity was measured by a 3 

laser flash analysis (LFA 457, Netzsch). The specific heat was measured by differential 4 

scanning calorimeter (DSC, STA 449F3, Netzsch, Germany)   5 

3. Results and discussion 6 

Figure 1a shows XRD patterns of hydrothermally synthesized 5 mol%, 10 mol%, 15 mol% 7 

and 20 mol% Nb doped STO together with pure STO. The Nb-STO samples obtained in the 8 

present study show high quality with single phase of cubic perovskite structure, which is 9 

comparable with pure STO. The slightly broadened diffraction peak implies that the particle 10 

size is significantly small. The diffraction angle decreases with increasing lattice constants, 11 

e.g., [110] peak shifts to lower diffraction angles monotonically with increasing doping up to 12 

20 mol% as shown in Fig. 1b. In the meanwhile, the unit-cell volumes estimated from XRD 13 

data increase with doping level. Such an increase in cell volume is related to the replacement 14 

of small-sized Ti
4+

 ions (60.5 pm) in the B site of the perovskite structure with the larger Nb
5+

 15 

ions (64.0 pm). Note that the single-phase XRD patterns and the linear doping dependence of 16 

unit-cell volume clearly suggest the bulk nature of carrier-doped STO with actually controlled 17 

doping levels. 18 

 In XRD patterns of as-sintered samples as shown in Fig. 1d, some unexpected weak peaks 19 

are found around 2θ = 28 and 35 degree, implying the presence of second rutile phase (TiO2 20 

or Nb-doped TiO2). According to the defect chemistry model, the donor compensation 21 

mechanism should shift from the cation vacancy to the electronic type 
19

. Thus, a possible 22 
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mechanism of the precipitation to form a second phase at low oxygen partial pressure and 1 

high temperature may take place as 
20

, 2 

Sr���
�
Ti��	Nb	O → Sr���

�
Ti��	��Nb	��O��� + �TiO� + yNbO� ,  (1) 3 

where y<x≤0.2.  4 

In Figure 2a and b, we display the SEM image and high-resolution TEM (HRTEM) image 5 

of 15 mol% Nb-doped powder samples. The SEM images for Nb-STO disk samples with 6 

different doping level are shown in Fig. 2c-f. These images demonstrate the obtained 7 

nano-size particle with different doping levels is as large as up to 20 nm with an average size 8 

of ~10 nm. The HRTEM image shows that the lattice fringes of typical (110) facets is 0.278 9 

nm, which is slightly larger than that of pure STO (0.275 nm). This also supports the increase 10 

of unit-cell volume upon replacement of small-size Ti4+ ion with large Nb5+ ion as previously 11 

discussed. Moreover, the HRTEM image confirms again that the nano-particle contains 12 

several nano-grains (> 5 nm) in different orientation (Fig. 2b). Besides the [110] peak, some 13 

other diffraction peaks of [111], [200], [211], and [310] peaks are also observed in electron 14 

diffraction (Fig. 2b inset), which suggests the presence of grains with different orientation in 15 

nano particles. On the other hand, the SEM images for sintered samples (Fig. 2c-f) show that 16 

the bulk samples even contain micro-scale crystals, indicating that a significant grain growth 17 

occurs in sintering process. This corresponds to the sharp diffraction peak observed in XRD 18 

results for as-sintered samples (Fig. 1d). More interestingly, one can see the clear growth 19 

steps on the crystal surface, which is likely to suggest that the growth mechanism may reduce 20 

interface scattering of electrons, enhance carrier mobility, and hence increase the electrical 21 

conductivity as discussed later 
21, 22

. 22 
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The electrical conductivity of un-doped STO samples is too small to measure that is not 1 

discussed hereinafter. The temperature dependence of electrical conductivity of Nb-doped 2 

STO samples is shown in Fig. 3a. σ(T) of all obtained samples have values in the range of 3 

150-600 Scm
-1
 at all temperature and show a similar temperature dependence with a broad 4 

peak around 450 K, which is also observed in bulk La-doped STO samples with actual doping 5 

level of 9.0% by Park et al. 13. Such a peak behavior is related to the semiconductor-like 6 

nature at low temperatures, suggesting that some excess electrons trend to be localized and 7 

can be thermally excited. This phenomenon may be due to the distortion of local structures 13 8 

or the generation of second phase. When the temperature exceeds 450 K, the electron 9 

concentration should be temperature independent because all excess electrons are reasonably 10 

excited. As a result, the σ(T) decreases proportionally to T-1.5 for all doping levels (Fig. 3a 11 

inset), which agree well with temperature dependencies of µ (T
-1.5

) 
23

, indicating the phonon 12 

scattering plays a dominant role in carrier scattering mechanism. At a fixed temperature above 13 

500 K, σ increases with increasing doping level due to the higher carrier concentration at 14 

higher doping level. Electrical conductivity show no clear difference for 15-20 mol%, which 15 

could be related the second phase in 20 mol% resulting in a similar carrier concentration as in 16 

15 mol%. Furthermore, the presence of TiO2 or Nb-doped TiO2 can cause some restricting 17 

effect to σ as found in Y-doped STO polycrystalline samples 24. 18 

Figure 3b shows the temperature dependence of the value of Seebeck coefficient, which 19 

increases with increasing temperature. Moreover, S decreases with increasing doping level of 20 

Nb (Fig 3b inset), which is in good agreement with the result of Ohta et al. 8. Such a result is 21 

exactly opposite to the doping dependence of σ and can be explained by the model proposed 22 
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for metals or degenerate semiconductors 25. 1 

� = 	 ��
����

��� �∗�  �
!"

�
#
 ,    (2) 2 

where kB is Boltzmann constant, e is electronic charge, and n is the electron concentration of a 3 

doped semiconductor. The temperature and doping concentration dependence of S observed in 4 

our samples are in good agreement with other carrier doped STO materials 
8, 13, 16, 23

. Usually, 5 

S depends on carrier concentration, effective mass of carrier, chemical potential, and Hall 6 

mobility 
16

. In this study, samples with doping level of 5-15 mol% show larger S value 7 

compare with reported bulk STO materials (Fig. 3b), we consider the enhanced S obtained in 8 

bulk material in another possible mechanism, in which the growth steps on the crystal surface 9 

contributes to the improvement of S upon the introduction of meso-scale to micro-scale grain 10 

boundaries in the Nb-doped STO ceramics. A detailed study of the correlation between crystal 11 

growth and S will be the focus of future work. As can be seen in the definition of S (Eq. 2), 12 

the increase of carrier concentration can decrease Seebeck coefficient whereas a heavy 13 

effective mass m
*
 will correspondingly enhance the S value. The m

*
 appears to increase with 14 

increasing doping level, which could be mainly due to an increase in the lattice parameter or 15 

an increase in the distance between two neighboring Ti ions in the unit cell (Fig. 1c) as 16 

experimentally and theoretically found in carrier-doped STO system 
8, 26

. The monotonic 17 

decrease of S with increasing doping level is consistent with the common understanding that 18 

the carrier concentration plays a dominant role in S rather than the contribution from slightly 19 

enhanced m
*
. 20 

Based on the measured S and σ, we show the temperature dependence of the calculated 21 

PF (S
2
σ) in Fig. 3c. The rapid increase below 500 K is due to the peak found in σ(T) that 22 
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corresponds to semiconductor-like nature. Interestingly, the PF above ~650 K is independent 1 

on temperature for doping level of 5, 15 and 20 mol%, while that for 10 mol% decreases 2 

slightly with increasing temperature from 600 to 1100 K. The PF value for 5 mol% in whole 3 

temperature range is rather lower than the other doping levels due to its considerably small 4 

electrical conductivity although the biggest S is obtained in this doping level. The maximum 5 

of PF value at the highest temperature (1100 K) is obtained as 1.15 mW/mK2 in both 10 mol% 6 

and 15 mol%, which is even two times larger than the previously reported value in Nb-doped 7 

STO materials 15. Such a huge enhancement is realized due to the improved Seebeck 8 

coefficient while electronic conductivity is kept in a comparable level. The PF values, 9 

however, are slightly smaller than the value at same doping level of the thin film published 10 

earlier 8, due to the fact that electrical conductivity of our bulk samples are smaller than that 11 

of the thin film resulting from the scattering of carriers by the second phase and grain 12 

boundary, in spite of our Seebeck coefficients are slightly larger than that of the thin film. On 13 

the other hand, grain boundaries are essential for the reduction of thermal conductivity in 14 

polycrystalline bulk materials. 15 

The temperature dependence of thermal conductivity is shown in Fig. 3d. In general, the 16 

total thermal conductivity is composed with two independent components ktotal = ke + kL, 17 

where ke and kL represent the contribution from electron and lattice, respectively. The ke is 18 

estimated using the Wiedemann Franz law ke = LTσ where L is the Lorenz number (2.44 × 19 

10
-8
 V

2
 K

-2
). The inset shows the obtained temperature dependence of kL, which appears to 20 

play a dominant role in total thermal conductivity. With increasing the concentration of Nb, 21 

no obvious doping dependence was found in kL of the doped STO system, implying again that 22 
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the lattice contribution is dominant rather than the changing carrier density in different doping 1 

levels as found in other electron doped STO materials. The total thermal conductivity 2 

observed in this study is in good agreement with results from Park et al. 13 and Kikuchi et. 3 

al.
27

, and significantly smaller than that of single crystalline SrTiO3 
9
. 4 

The ZT value calculated using the measured Seebeck coefficient, electrical and thermal 5 

conductivity is shown in Fig. 4. Due to the lack of some thermal conductivity measurement, 6 

ktotal above 1000 K is estimated as the same as 1000 K and ktotal for 5 mol% in whole range is 7 

considered to be the same as other doping levels. Such a conservative estimation will not 8 

affect our discussion on the value of ZT. For all doping levels, ZT increases with increasing 9 

temperature and reaches the values of 0.11, 0.37, 0.37 and 0.30 at 1000 K and the maximum 10 

values of 0.12, 0.40, 0.40 and 0.32 at 1100 K for 5, 10, 15 and 20 mol% Nb-doped samples, 11 

respectively, including the highest value ever observed in carrier doped STO system 
13, 27, 28

. 12 

More importantly, note that the non-linear doping dependence of ZT value at 1000 K shows 13 

extreme similarity to that found in Nb-doped STO epitaxial film 
8
. We reasonably conclude 14 

that the dome-like doping dependence of ZT reflects the nature in electron-doped STO, 15 

although the nominal doping level is used in our discussion.  16 

Like ZT, the thermoelectric compatibility factor, $ = %√1 + (� − 1* +��,⁄ , is essential 17 

thermoelectric property for designing a thermoelectric device 29. Therefore, the thermoelectric 18 

compatibility factors are calculated and their temperature dependences are shown in Fig. 4 19 

inset. There are no obvious temperature dependences in thermoelectric compatibility factor 20 

above 500 K, which indicate present samples could be suitable for thermoelectric device. 21 

 22 
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 1 

 2 

 3 

4. Conclusion 4 

In summary, we synthesized Nb-doped SrTiO3 nano-particles with different doping level 5 

using a facile method. Bulk materials were obtained by a pressure-less sintering process. A 6 

remarkable thermoelectric performance with ZT= 0.40 (0.37) at 1100 K (1000 K) is realized 7 

on 10 and 15 mol% doping, which is the highest value found in carrier doped bulk STO 8 

materials. With increasing doping level, no apparent doping dependence of thermal 9 

conductivity was observed, while reasonable balance point between Seebeck coefficient and 10 

electrical conductivity appears to present in the most optimized doping level 10-15 mol%. 11 

Note that the synthesis of powders and preparation of bulk materials used in this study could 12 

be one potential candidate to be used for further TE application. 13 
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 1 

Fig.1 (a) X-ray diffraction patterns, (b) [110] diffraction peak of STO with different doping 2 

level of Nb, (c) Unit cell volume derived from the lattice parameter refinement plotted as a 3 

function of Nb content of powder samples synthesized from hydrolysis method and (d) X-ray 4 

diffraction patterns of disk samples. 5 

 6 

 7 
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 1 

Fig. 2 (a) SEM image and the inset of TEM image, (b) HRTEM image and the inset of STO 2 

nanoparticles with 15% Nb doping concentration. SEM images of different doping 3 

concentration STO ceramics, (c) 5%, (d) 10%, (e) 15%, (f) 20%, respectively. 4 

 5 

 6 

 7 

 8 
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 1 

Fig. 3 Temperature dependence of (a) Electrical conductivity (σ), (b) Seebeck coefficient (S), 2 

(c) Power factor (PF) and (d) Total thermal conductivity and Lattice thermal conductivity. (a) 3 

inset, the σ decreasing proportionally withT
-1.5

 from 473K to 1100K, (d) inset, The 4 

temperature dependence of lattice thermal conductivity. 5 

 6 

 7 

 8 

 9 
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 1 

Fig.4 Temperature dependence of ZT and thermoelectric compatibility factors (inset) for 2 

Nb-doped STO samples with different Nb concentration 3 
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