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1. General Introduction 

 

1.1 Introduction to thermoelectrics 

 

Securing a reliable source of energy always has been the primary concern for 

humankind since the first industrial revolution. However, even in modern society, most 

of energy resources are wasted in forms of heat, which can even reach to 60% of the 

primary energy. Therefore, there are increasing attentions on thermoelectric energy 

conversion since it can directly convert waste heat to electricity1,2. In general, 

thermoelectric effect can be divided into “Seebeck effect”, “Pielter effect” and “Thomson 

effect”. 

The principle of thermoelectric energy conversion was first discovered by T.J. Seebeck 

in 18213. He found that the two ends of a metal bar at different temperatures exhibit a 

voltage difference. Thus, when electric loads are connected at both ends of the metal bar, 

electric current can be obtained. This phenomenon is now known as the Seebeck effect. 

As shown in Fig.1.1(a), when a temperature difference (T) is introduced to both ends of 

a thermoelectric material, the charge carriers will be pushed away from the hot side to the 

cold side. Correspondingly, a potential difference (V) will be generated. V is 

proportional to T, and their ratio is called thermopower (Seebeck coefficient), 

𝑆 =
∆𝑉

∆𝑇
 (1-1) 

 

In 1834, J.C.A. Peltier discovered that applying electric current to the heterogeneous 

metal circuit heated or cooled the junction. He named this phenomenon as Peltier effect, 

which utilize electricity to control the flow of heat. This has been commercially applied 
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for electronic refrigerators [Fig. 1.1(b)]. Pielter effect could be quantified by the Pielter 

coefficient, 

Π =
𝑞

𝐼
 (1-2) 

where Π is Pielter coefficient, q is the heating/cooling rate and I is current. The Pieltier 

coefficient is also regarded as the energy carried per unit charge.  

 

 

Figure 1.1. Schematic illustrations of (a) Seebeck effect and (b) Pielter effect.  

 

  Although the Seebeck effect and Pielter effect can be defined in a single material, they 

were all firstly discovered in a circuit connected by two conductors. However, in a single 

semiconductor, if there is a temperature difference along the trajectory of electrical 

current, there will be a continuous Pielter effects gradient as the thermopower depends 

on the temperature. This effect was discovered by William Thomson in 1854 and is now 

called the Thomson effect. The heating/cooling rate of Thomson effect can be express as:  

𝑞 = 𝜏T ∙ 𝐼 ∙ ∆𝑇 (1-3) 

where T is Thomson coefficient. 
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Seebeck effect, which realizes the power generation from waste heat, is the main focus 

for the thermoelectrics research. Generally, the maximum power generation efficiency 

(max) of thermoelectric materials could be calculated by: 

𝜂max =
𝑇h − 𝑇c

𝑇h

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 + 𝑇c/𝑇h

 (1-4) 

where ZT is a dimensionless figure of merit, Th is the temperature of the hot side and Tc 

is the temperature of the cold side. Usually we use the ZT value to indicate the overall 

performance of a thermoelectric material. The ZT is expressed as: 

𝑍𝑇 =
𝑆2 ∙ 𝜎 ∙ 𝑇

𝜅
 (1-5) 

where T is the absolute temperature, S is the thermopower ( Seebeck coefficient), σ is 

electrical conductivity and κ is thermal conductivity. Therefore, a good thermoelectric 

material should have large S, which is required to obtain high voltage, high σ, which is 

required to maintain high current, and low κ, which is required to create a large 

temperature difference between the ends of the material. The |S| of a thermoelectric 

material can be expressed by the Mott equation 4, 

2 22 2[ln( ( ))] 1 ( ) 1 ( )

3 3
F F

B B

E E E E

k T k Td E dn E d E
S

e dE e n dE dE

   


 

  
       

 
 

(1-6) 

where kB, e, n, EF, and μ are the Boltzmann constant, electron charge, carrier 

concentration, Fermi energy, and carrier mobility, respectively. As shown in Fig. 1.2, the 

ZT value of a thermoelectric material must be maximized by means of n because of the 

commonly observed trade-off relationship between S(n) and σ(n): |S| decreases rapidly 

with increasing n while σ increases almost linearly (σ = neμ). In addition, κ is a very 

important factor for enhancing the ZT value. κ is comprised of two major components: 

the electron thermal conductivity (κele) and lattice thermal conductivity (κlat). κele is closely 
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related to σ by the Wiedemann-Franz law5,  

κele = LσT = LneμT (1-7) 

where L is the Lorenz number. As indicated by equation (1-7), the κele increases linearly 

with n. κlat is the only one factor that does not depend strongly on n. For these reasons, 

most studies are focused on maximizing power factor (PF = S2σ) and minimize κlat.  

 

 

Figure 1.2. Schematic diagram of relationship between ZT value, thermopower (S), 

electrical conductivity (), power factor (PF = S2) and thermal conductivity [, sum of 

electron thermal conductivity (ele) and lattice thermal conductivity (lat)].  

 

The ZT values of practical thermoelectric materials such as Bi2Te3 and PbTe are ≈1, 

which is now considered as the lowest requirement for practical applications.6,7 Examples 

of high-performance thermoelectric materials are summarized in Fig. 1.38.  
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Figure 1.3. Current representative state-of-the-art thermoelectric materials8. The 

thermoelectric figure of merit ZT is plotted as a function of temperature and year (Green 

cylinders represent the p-type materials, while red cylinders represent the n-type ones). 

CsBi4Te6
9, BiSbTe10, AgPbmSbTe2+m

11, Ba8Ga16Ge30
12, Tl−PbTe13, In4Se3

14, CuxBiTeSe15, 

(BaLaYb)xCo4Sb12
16, MgAgSb17, BiSbTe+Te arrays18, PbTe−SrTe19, DDyFe3CoSb12

20, 

Mg2Si0.3Sn0.7
21, Cu2−xSe22, Na2+xGa2+xSn4−x

23, GeTe−Bi2Te3
24, Pb(Te,Se,S)25, PbS−CdS26, 

SnSe27, Cu2−xS
28, PbTe−PbS29, SnTe−CdS30, and Pb1−xSbxSe31. 

 

As traditional thermoelectric materials, Bi2Te3 and PbTe based compounds play 

important roles in the thermoelectric devices10,11,13,19,25,26,29,31-33. However, the low 

abundance and high toxicity of Pb/Te create demands for developing other harmless 

compounds showing comparable or higher performance at low-cost. Many alternative 

materials have been investigated, including MgAgSb17, skutterudites16,20, and copper/tin 

chalcogenides22,27,28,30. Particularly, single crystalline SnSe shows record high ZT values 

of 2.6 in p-type and 2.8 in n-type27,34. However, since most of the thermoelectric devices 

are designed to be used at high temperature ( 500 oC), even though they showed high ZT 
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value, these are not so attractive because decomposition, vaporization or melting of the 

constituents can easily occur at high temperatures. Therefore, even today, there are 

ongoing debates on the reliability and practicality of these materials in device applications.  

 

1.2 Oxide thermoelectrics  

 

Based on this background, recently, metal oxides are attracting increasing attentions 

for thermoelectric power generations at high temperatures on the basis of their advantages 

over heavy metallic alloys in chemical and thermal robustness35-37. In fact, there is a long 

history for the developments in oxide thermoelectrics. During 1950’s and 1970’s, the 

pioneering studies were performed on thermoelectric properties of simple conducting 

oxides, such as CdO38, NiO39, ZnO40, In2O3
41, SrTiO3

42, rutile-TiO2
43, SnO2

44, Cu2O
45 and 

Fe3O4
46. In 1986, the discovery of cuprous oxide based high Tc superconducting oxide 

created another wave of studies on the thermoelectric properties of superconducting 

oxides, such as La2CuO4
47, La-Ba-Cu-O48, YBa2Cu3O7−δ

49 and Tl-Ca-Ba-Cu-O50. Most 

recently, the discovery of CaMnO3
51, Al-doped ZnO52, NaxCoO2

53, Ca3Co4O9
54,55 and 

SrTiO3
56-58 has attracted even more interest in thermoelectric oxide research, and these 

materials are also regarded as the most promising oxides to replace their heavy metal 

based counterparts.  

 

1.2.1 Layered cobaltites 

   

For p-type thermoelectric oxides, layered cobaltites show very high potential for 

replacing heavy metal based thermoelectric materials. The most popular NaxCoO2 and 
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Ca3Co4O9 were reported by Terasaki et al. and Funahashi et al.53,59. Due to the low spin 

state of Co3+, these materials show very high thermopower60. As shown in Fig. 1.4, these 

two materials are all composed of layer structure. CoO2 plane can provide a path for p-

type charge transport while layer structures can effectively scatter phonons and reduce 

the lattice thermal conductivity. This kind of materials is a good example of “phonon-

glass, electron-crystal” in thermoelectric materials design61. The highest ZT values of 

these materials could reach to 0.15−0.5 at 1000 K for Ca3Co4O9 and 0.3−0.9 at 950 K for 

NaxCoO2. 

 

 

Figure 1.4. Schematic structure of (a) Ca3Co4O9 and (b) NaxCoO2
62.  

 

1.2.2 CaMnO3 

   

CaMnO3 is one of the most widely known perovskites for its electrical and magnetic 

properties at room temperature or below63-66. CaMnO3 is an n-type semiconductor which 

could be doped either at A site or B site. In 1995, Ohtaki et al. reported its high 

temperature thermoelectric performance after different dopings at A sites51. It was found 
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ytterbium doping could increase both electrical conductivity and thermopower, enhancing 

the ZT value67,68. In addition, if ytterbium is co-doped with dysprosium, the electrical 

conductivity could be increased while thermal conductivity could be reduced. The 

optimal ZT value could reach to 0.1-0.2 at 1000 K, which makes CaMnO3 a good 

candidate for high temperature applications.  

 

1.2.3 ZnO 

  

 ZnO is another very promising oxide thermoelectric material at high temperatures. ZnO 

is a wide bandgap semiconductor. To make it into a thermoelectric material, adequate 

doping is required to introduce n-type conduction, and Aluminum is the most widely 

adopted doping element. Doping appropriate amount of Al introduces conduction 

electrons and refines the grains, which suppresses the thermal conductivity. Other dopings 

such as nickel, titanium, tin and antimony, are also used to modulate electron and phonon 

transports of ZnO69-72. At 1073 K, ZT value of ZnO could be optimized to 0.5.  

 

1.2.4 SrTiO3 

   

SrTiO3 is known for its special behaviors in superconductivity and ferroelectricity. It is 

also a famous single crystal substrate for epitaxial growth of other materials with similar 

lattice structures, such as SrRuO3, LaAlO3, FeSe, etc.. As shown in Fig. 1.5, pure SrTiO3 

(space group Pm3̅m, cubic perovskite structure, a = 3.905 Å ) is an insulator with a 

bandgap of 3.2 eV, of which the bottom of the conduction band is composed of triply 

degenerate, empty Ti 3 d-t2g orbitals while the top of the valence band is composed of 
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fully occupied O 2p orbitals73. The electrical conductivity of SrTiO3 can be easily 

controlled from insulator to metal by substitutional doping of La3+ or Nb5+.  

 

 

Figure 1.5. (a) Crystal structure and (b) band structure of pure SrTiO3.  

 

  In 2001, Okuda et al. reported large thermoelectric power factors from (2.83.6 mW 

m1 K2) Sr1−xLaxTiO3 (0 ≤ x ≤ 0.1) single crystals fabricated by floating-zone method56. 

After that, Ohta et al. clarified thermoelectric transport properties of Nb- and La-doped 

SrTiO3 single crystals (ne ~ 1020 cm−3) at high temperatures (~1000 K)57, and the 

experimental data indicated that ZT value could be further optimized by heavily Nb 

doping. However, due to the solubility limit of Nb5+ in SrTiO3, it was very difficult to 

fully clarify the enhancement using bulk crystals. Therefore, using epitaxial films, Ohta 

et al. further increased ne by doping Nb to ~2  1021 cm3 and got an enhanced ZT value 

of 0.37 at 1000 K58.  

  Although lots of promising oxide based thermoelectric materials have been examined 

to date, their ZT values are compared low compared to the minimum applicable level (ZT 

 1). These studies suggest that it is almost impossible to further improve the ZT value of 

thermoelectric oxides in the conventional three-dimensional (3D) bulk states.  
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1.3 2D electron system in SrTiO3  

   

In optoelectronic devices, two-dimensional (2D) structures usually show exotic 

electron transport properties compared with their bulk counterparts due to the increased 

density of state (DOS) near the conduction band or the valence band edges with 

decreasing quantum well thickness. In 1993, Hicks and Dresselhaus theoretically 

predicted similar 2D enhancement effects in thermoelectric materials. In other words, 

two-dimensional thermoelectric figure of merit, Z2DT, of quantum well can dramatically 

be enhanced compared to the ZT of 3D systems if the well thickness is narrower than the 

de Broglie wavelength (𝜆D = (
2𝜋ℏ

𝑚∗∙𝑘B∙𝑇
)

1/2

, where ℏ, m* and kB are reduced Planck’s 

constant, effective mass of conductive electron or hole, and Boltzmann constant, 

respectively)74. The increased DOS only enhances S without sacrificing electrical 

conductivity, resulting in the rise of PF.  

The 2D enhancement effect in the thermoelectric performance was first calculated 

assuming that the electrons were in simple parabolic bands and occupied the lowest 

subband of the quantum well. The 2D electron dispersion relations is given by:  

휀2D(𝑘𝑥, 𝑘𝑦) =
ℏ2𝑘𝑥

2

2𝑚𝑥
+

ℏ2𝑘𝑦
2

2𝑚𝑦
+

ℏ2𝜋2

2𝑚𝑧𝑑𝑊
2  (1-8) 

where dW is the width of quantum well, and mx, my and mz are the effective mass tensor 

components of the constant energy surfaces. According to the Mott equation (1-6), S is 

proportional to the slope of DOS(E) at the Fermi level (EF): [
𝜕𝐷𝑂𝑆(𝐸)

𝜕𝐸
]

𝐸=𝐸𝐹

. As shown in 

Fig. 1.6(a), by the 2D confinement electronic, the DOS will be modified from 3D state to 

2D state, resulting in an infinite slope along the z direction75. This will increase the density 

of states per unit volume and per unit energy (g(E)) and therefore the energy-dependence 
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of n(E) = g(E)f(E) in the Mott relationship, where f(E) is the Fermi function. This concept 

can also be expressed in terms of the effective mass md
* by the following equations13, 

𝑆 =
8𝜋2𝑘B

2𝑇

3𝑞ℎ2
𝑚𝑑

∗ (
𝜋

3𝑛
)

2/3

 
(1-9) 

where md
* is given by 

𝑚𝑑
∗ = (

𝑔(𝐸)ℏ3𝜋2

√2𝐸
)

3/2

 
(1-10) 

By increasing the md
* from g(E), S can be enhanced accordingly. In this case, D plays a 

very important role in dividing the 3D state and 2D state. Furthermore, as shown in Fig. 

1.6(b), in addition to x-z plane, the 2D effect will also increase the thermoelectric 

performance along the x-y plane. In 1996, Hicks et al. fabricated PbTe/Pb0.927Eu0.073Te 

multiple quantum wells (MQWs) and confirmed that decreasing the well thickness from 

55 to 17 Å for Pb1−xEuxTe/PbTe MQWs increased the ‘S2n’ value by a factor of ~ 3 

compared with that of bulk PbTe [Fig. 1.6(c)]76.  

 

 

Figure 1.6. (a) Electronic density of states for a 3D bulk semiconductor (black curve) and 

a 2D quantum well (red curve). (b) ZT of quantum well as a function of the layer thickness. 

S2n of PbTe/Pb0.927Eu0.073Te quantum wells as a function of carrier concentration at 300 

K74-77.  

Similar experiments were also conducted in SrTiO3 based materials, such as SrTiO3 

based superlattices, heterostructures and field effect transistor structures, which 
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successfully observed similar 2D enhancement effects in the thermoelectric performance.  

 

1.3.1 Electron doped SrTiO3 superlattices 

 

In 2007, Ohta et al. adopted this hypothesis and fabricated SrTiO3 based superlattices 

using highly conductive Nb doped SrTiO3, which is sandwiched by insulating SrTiO3 

barrier layers78. As shown in Fig. 1.7(a) in Cs-corrected high-angle angular dark-field 

scanning transmission electron microscope (HAADF-STEM), Nb doping was indeed 

confined perfectly in the single SrTi0.8Nb0.2O3 layer. In Fig. 1.7(b), a dramatic increase in 

thermopower was observed when the SrTi0.8Nb0.2O3 layer thickness was below 4 unit 

cells. |S| value of one unit thick cell 2D electron gas (2DEG) reached to 480 μV K−1, 

which is ~4.4 times larger than that of SrTi0.8Nb0.2O3 bulk value (|S| = 108 μV K−1), and 

the electron transport property remained constant. This resulted in a largely increased ZT 

value in 2DEG of ~2.4 at room temperature.  

 

 

Figure 1.7. (a) HAADF-STEM image of [(SrTiO3)24/(SrTi0.8Nb0.2O3)1]20 superlattice and 

intensity profiles across Ti and Sr atomic column. Stripe-shaped contrast is clearly seen. 
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Furthermore, the intensity of Ti column in one unit cells thickness of SrTi0.8Nb0.2O3 shows 

higher intensity than that of SrTiO3 barrier layer, confirming that the doped Nb5+ ions are 

exclusively confined in the SrTi0.8Nb0.2O3 layer. (b) Room temperature thermopower of 

SrTiO3/SrTi0.8Nb0.2O3/SrTiO3 superlattices as a function of SrTi0.8Nb0.2O3 layer 

thickness78.  

 

1.3.2 SrTiO3 based heterostructures 

   

In 2004, Ohtomo et al. reported the presence of 2D electron gas (2DEG) at the interface 

of LaAlO3/SrTiO3 interface, which exhibits amazingly high Hall mobility (Hall) over 

10000 cm2 V1 s1 at low temperature79. This kind of 2DEG exhibits a large phonon drag 

effect in |S| at low temperature80. Similarly, in TiO2/SrTiO3 heterostructures, a 2DEG was 

also observed by Ohta et al.78. As shown in Fig. 1.8(a), TiO2 films were deposited on 

SrTiO3 and LaAlO3 substrates, respectively. At the interface of TiO2/SrTiO3 

heterostructure, an increase in carrier concentration (ne ~7.0×1020 cm−3) was observed 

within a thickness of ~0.3 nm (approximately one unit cell of SrTiO3), and phonon drag 

peaks were clearly confirmed in TiO2/SrTiO3 heterostructure, which is much more intense 

than that of SrTiO3 single crystal, indicating the formation of 2DEG [Fig. 1.8(b)].  
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Figure 1.8. 2DEG localized at the TiO2/SrTiO3 heterointerface. (a) Depth profile of 

carrier concentration around the interface between a 56-nm-thick TiO2 epitaxial film and 

the SrTiO3 substrate (blue). That for the interface between a 126-nm-thick epitaxial layer 

and insulating LaAlO3 is also plotted for comparison (red). An intense carrier 

concentration peak (ne ~1.4×1021 cm−3) with a full-width at half maximum of ~0.3 nm is 
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seen at the TiO2/SrTiO3 heterointerface. (b) Temperature dependence of |S| and for the 

TiO2 epitaxial films grown on (100)-SrTiO3 (blue) and (100)-LaAlO3 (green). Solid-lines 

are guides for the eyes78.  

 

1.3.3 SrTiO3 based field effect transistor 

   

As the fabrication of superlattices can be complicated, Ohta et al. developed an simpler 

alternative technique to confine 2DEG in SrTiO3, which was the utilization of filed effect 

transistors (TFTs)81. The configuration of TFT structure is shown in Fig. 1.9(a), where a 

gate insulator is deposited on SrTiO3 single crystal substrate. Due to the n-type 

characteristic of SrTiO3, when positive voltage is introduced, 2DEG will accumulated at 

the interface between the gate insulator and SrTiO3. As the thickness of 2DEG (teff) is 

narrower than the critical thickness, 2DEG enhanced |S| could be observed [Fig. 1.9(b)]. 

The TFT structure could realize an ultimate modification of DOS, which decides the 

dimensional crossover of |S|-ne behaviors. This approach based on the electric field 

induced 2DEG simply and effectively verified the effectiveness of quantum effect in 

enhancing |S|, which may accelerate the development of nanostructures for high 

performance thermoelectric materials.  
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Figure 1.9. (a) Configuration of the field effect transistor structure on an n-type 

thermoelectric material. A 2DEG layer is formed at the gate insulator/semiconductor 

interface by a positive Vg. S of the 2DEG layer (effective thickness: teff, sheet carrier 

concentration: nsheet) is measured by introducing a temperature gradient at both ends of 

the 2DEG layer. (b) Electric field modulation of |S|, nsheet and teff. As the applied electric 

field increases, nsheet (blue) of the 2DEG layer monotonically increases and the teff (green) 

becomes thinner. When teff is thinner than the critical thickness, unusually large 

enhancement of |S| is observed81.  
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1.4 Outline of thesis 

 

Due to the energy crisis, thermoelectric materials are attracting increasing attentions 

because of their exotic ability to directly convert waste heat into electricity. With the 

developments in design philosophy and synthesis techniques, many thermoelectric 

materials with high ZT value have been developed to date. However, most of these high 

performance materials are composed of heavy metals with low thermal stability, making 

it really difficult to apply them in devices operating at high temperatures. To solve this 

problem, we need alternative thermoelectric materials with higher thermal stability. In 

this regard, recently discovered oxide based materials are attracting the attentions of 

thermoelectric scientists and engineers. Among the various oxides, crystalline SrTiO3 is 

one of the most promising candidate due to its high PF, which is comparable to that of 

commercial Bi2Te3. However, difficulties in suppressing the high thermal conductivity 

hinders the practical device application of SrTiO3 based materials. Therefore, further 

improvements in PF is required to enhance the thermoelectric performance of SrTiO3.  

As described earlier, 2DEG in electron doped SrTiO3 system is an effective method to 

enhance the thermoelectric performance, and its effectiveness has already been proven in 

SrTi0.8Nb0.2O3|SrTiO3 based superlattices. However, high ZT value could only obtained 

in thin layers of 2DEG systems. If the presence of the insulating SrTiO3 barrier layers, 

which are essential for the 2D confinement, is taken into consideration, the effective ZT 

value is only ~0.24 at room temperature. This value is insufficient for practical 

applications. Due to the solubility limit of Nb5+ in SrTiO3, few studies have managed to 

reach heavily Nb doped region. Therefore, clarification of thermoelectric performance for 

the full range Nb doped SrTiO3 system (including bulk-like films and superlattices) is 



1. General Introduction 

18 

 

required to further improve the performance of SrTiO3 based materials. In this study, 

using pulsed laser deposition (PLD), we successfully fabricated high quality SrTi1xNbxO3 

(0  x  1) epitaxial films and artificial superlattices. This thesis is mainly composed of 

two sections:  

 

1. Thermoelectric phase diagram of SrTiO3-SrNbO3 full range solid solutions82.  

In this study, SrTi1xNbxO3 (0.05  x  1) solid solution thin films were epitaxially 

grown on (001) LaAlO3 substrates, and a thermoelectric phase diagram for SrTi1xNbxO3 

(0  x  1) solid solution system was obtained. We observed two thermoelectric phase 

boundaries in the system, which originate from the step-like decrease in carrier effective 

mass at x ~ 0.3 and a local minimum in carrier relaxation time at x ~ 0.5. These phase 

boundaries are related to the isovalent/heterovalent B-site substitution: parabolic Ti 3d 

orbitals dominate electron conduction for compositions with x < 0.3, whereas the Nb 4d 

orbital dominates when x > 0.3. At x ~ 0.5, a tetragonal distortion of the lattice, in which 

the B-site is composed of Ti 3d and Nb 4d ions, leads to the formation of tail-like impurity 

bands, which maximizes the electron scattering. These results provide a foundation for 

further improving the thermoelectric performance of SrTi1xNbxO3.  

 

2. Double thermoelectric power factor of a 2D electron system (2DES)83.  

Based on the thermoelectric phase diagram, we found two different λD in the SrTiO3-

SrNbO3 full range solid solution system, which are due to the conduction band transition 

at x = 0.3 (x > 0.3: λD ~ 5.3 nm; x < 0.3: λD ~ 4.1 nm). Therefore, SrTi1xNbxO3 is an ideal 

system to clarify the effectiveness of utilizing two-dimensionality to enhance the 

thermoelectric PF in superlattice structures. Using superlattices of [N unit cell SrTi1-
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xNbxO3|11 unit cell SrTiO3]10 (0.1  x  0.9), we successfully enhanced the effective PF 

to ∼5 mW m−1 K−2, which doubles the value of optimized bulk SrTi1−xNbxO3. The present 

2DES approach, the use of longer λD, is epoch-making and is fruitful for designing good 

thermoelectric materials.  

 

This study provides the a fundamental contribution for the developments in SrTiO3 

based thermoelectric materials as well as direct experimental evidences for the 

effectiveness of 2D quantum wells in enhancing the thermoelectric performance.  
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2. Experimental Methods   

 

2.1 Synthesis method of thermoelectric materials 

  

  Recently, most of the popular thermoelectric materials are fabricated in forms of bulk 

materials like polycrystalline ceramics and single crystalline ingots. In bulk materials, hot 

processing and spark plasma sintering (SPS) are usually used to synthesize 

polycrystalline specimens, whereas Bridgman crystal growth, zone melting, Czochralski 

process, etc. are usually used for growing single crystals. With the developments in film 

growth technologies, 2D materials are attracting increasing attentions due to their unique 

performances at quantum size scales. For the growth of high quality epitaxial films, 

molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) are among the most 

popular fabrication techniques. 

 

2.1.1 Bulk ceramic synthesis 

 

  In thermoelectrics, polycrystalline ceramics are the most commonly used due to the 

low fabrication cost and simple fabrication process. By controlling grain size and 

boundary density, the thermal conductivity by polycrystalline ceramics can be effectively 

optimized.  

  Hot pressing method is the most traditional synthesis technique for bulk ceramic 

fabrication. As shown in Fig. 2.1(a), raw powders are sealed into a mould, which is 

usually made of graphite. During the sintering process, high temperature and high 

pressure are exerted on both side of the specimen, ensuring highly dense specimens with 
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low porosity. However, as this process takes place at extreme environments (high 

temperature + high pressure), the synthesis usually long and it is difficult to obtain 

samples with small grains.  

  In order to overcome these disadvantages, researchers looked into the spark plasma 

sintering (SPS). In contrast to the hot pressing, heating modules of SPS are changed to 

self-heating of specimen by introducing a large DC current (110 kA). As show in Fig. 

2.1(b), along the pressure direction, a high DC power is applied, which can induce a large 

amount of Joule heating within a short time (the maximum heating rate can reach to 1000 

K min1). As sintering time is short, most of micro/nano morphologies of raw powers 

could be conserved into bulk states. Therefore, through SPS technique, bulk materials 

with very fine grains and textures can be prepared. This is very meaningful for 

thermoelectric materials design, especially for nano-textured bulk materials.  

 

 

Figure 2.1. Schematic illustrations of (a) pressing sintering and (b) spark plasma sintering. 

 

2.1.2 Bulk single crystal synthesis 
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Single crystal based bulk materials are also important in thermoelectrics. Macro-scale 

single crystalline bulks have perfect lattice structures, which can remove effects from 

grain boundaries and other defects. Therefore, they are essential for clarifying intrinsic 

properties of materials. Many single crystalline thermoelectric materials with good 

performances have been developed. For example, La/Nb doped SrTiO3 single crystals 

show very high PF at room temperature, which is attributed to the high electron transport 

property of single crystal phase1,2. In addition, a record high ZT value was achieved in 

single crystalline SnSe3,4. However, the growth of bulk single crystals is a very difficult 

and time-consuming. Therefore, cost-effective single crystal fabrications are always of 

great interest in the community. Nowadays, the most famous single crystal synthesis 

methods include Czochralski process, Verneuil method, Bridgman–Stockbarger 

technique, and more.  

Czochralski process was firstly developed by Jan Czochralski in 1916, which is now 

widely used for producing silicon ingots in modern semiconductor devices5. As shown in 

Fig. 2.2, during the growth of Si ingots, polycrystalline Si is first melted and doped with 

specific elements to make Si into n- or p-type. Then a precisely oriented rod-mounted 

seed crystal is dipped into the molten silicon. The seed crystal rod is slowly pulled 

upwards and rotated simultaneously. By precisely controlling the temperature gradients, 

rate of pulling and speed of rotation, it is possible to extract a large single-crystal 

cylindrical ingot from the melt. Currently, many high performance thermoelectric 

materials such as Ba8Ga16Ge30
6 and SiGe alloy7, which is promising for application at 

high temperature, are fabricated by Czochralski process.  
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Figure 2.2. Schematic illustration of Czochralski process. 

 

The Verneuil method, also called flame fusion, was firstly developed by Auguste 

Verneuil in 1902 to manufacture artificial gemstones. This method is still widely used for 

the synthesis of single crystal Al2O3 and SrTiO3 substrates. As shown in Fig. 2.3, this 

process involves melting a finely powdered substance using an oxyhydrogen flame and 

crystallizing the melted droplets into a boule. The Verneuil method is considered to be the 

founding step of the modern industrial crystal growth technology. In 2005, Ohta et al. 

used La and Nb doped SrTiO3 single crystals prepared by Verneuil method and clarified 

their thermoelectric properties at high temperatures1.  
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Figure 2.3. Schematic illustration of Verneuil technique. 

 

  Another single crystal synthesis method is Bridgman-Stockbarger method, which is 

proposed by Percy Williams Bridgman and Donald C. Stockbarger. As shown in Fig. 2.4, 

in the Bridgman-Stockbarger method, raw powders were mixed and sealed into ampoules. 

By heating, the raw powder will be melted into liquid phase. At one end of the ampoule, 

a seed crystal is attached. With the other end of the ampoule slowly cooling down, the 

liquid mixture will crystallize around the seed crystal into a single crystal ingot. The 

Bridgman-Stockbarger method is usually used to produce semiconductor single crystals 

such as SiAs, SnAs, CsMnBr, AuTe2, etc., and the SnSe single crystals which exert record 

high ZT values were also synthesized by this method4,8.  
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Figure 2.4. Schematic illustration of Bridgman-Stockbarger method. 

 

2.1.3 Epitaxial films 

   

Although the fabrication technologies of bulk thermoelectrics have been extensively 

examined, they are not perfect sample fabrication processes in all aspects. For example, 

to fulfil the objectives of this study, we need to prepare a full range of SrTiO3-SrNbO3 

solid solutions. However, due to the solubility limit of Nb5+ in SrTiO3, it is almost 

impossible to synthesize uniform bulk ceramics or single crystals of SrTi1xNbxO3 at x > 

0.29. An effective way to solve this problem is film fabrication, especially since epitaxial 

films have electron transport properties closed to the bulk single crystals. Nowadays, the 

most popular film epitaxy methods are MBE and PLD.  

  MBE, which stands for molecular beam epitaxy, is an ultra-high vacuum (< 108 Pa) 

film fabrication technique, which is widely used in fabrications of single crystalline 

epitaxial films and transistors. It was firstly invented by K. G. Günther in 1958 and 
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improved by J. R. Arthur and Alfred Y. Cho in the late 1960s10,11. As shown in Fig. 2.5, 

in a typical MBE facility, ultra-high pure elements constituting the targeting films are 

heated in effusion cells and sublimed onto the substrate where they can react with each 

other into the targeting films. Usually the deposition rate is controlled at very low level, 

which allows a high quality layer by layer epitaxial growth. If the MBE is equipped with 

reflection high-energy electron diffraction (RHEED) system, in-situ deposition status of 

films can be observed. By adjusting the atomic float rate of each material source, one can 

precisely control the composition of targeting films. Special atmosphere such as oxygen 

can also be introduced during the deposition. MBE is widely used in fabrication of high 

quality oxide based films, including BaSnO3 and SrTiO3. 

 

   

Figure 2.5. Schematic illustration of molecular beam epitaxy (MBE).  
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  PLD, which stands for pulsed laser deposition, is another technique widely used in 

epitaxial growth of films. As show in Fig. 2.6, PLD is composed of an excimer laser and 

a high-vacuum film growth chamber. During the deposition, high power pulsed laser will 

be directed by mirrors and ablate the surface of targets. Ablation will excite plasma plume 

with highly energetic ions, electrons as well as neutral atoms, which will be deposited on 

the heated substrate and form the film. The details on the PLD method are very complex, 

but it can generally be simplified into two stages: (1) laser ablation of target surface and 

creation of a plasma plume; (2) Film growth on the substrate. During the irradiation of 

laser, the surface part of target will be heated up and vaporized. The plasma will move 

towards the substrate due to Coulomb repulsion and recoil from the target surface. The 

shape and color of plume is dependent on laser power, ablation area and background 

pressure. By controlling these parameters, one can control the stoichiometric ratio during 

the vaporization. After vaporization, ions from the target will be accumulated on the 

surface of substrates. At the same time, ions striking the substrate with high energy can 

also sputter off atoms from the substrate surface. However, as the condensation rate is 

sufficiently high, film growth will occur on the substrate surface. The quality, composition, 

and phase of the film are strongly related to the deposition parameters mentioned above, 

and various types of films including amorphous, single crystals, and even 

nonstoichiometry can be achieved. In contrast to MBE, the targets used in PLD can be 

prepared easily. Even though the quality of films prepared by PLD sometimes is lower 

than those prepared by MBE, due to the low cost and easy maintenances, PLD is widely 

used by researchers all around the world.  

 



2. Experimental Methods 

33 

 

  

Figure 2.6. Schematic illustration of pulsed laser deposition (PLD) system.  

 

  In this study, PLD equipped with RHEED was used to fabricate SrTiO3-SrNbO3 solid 

solution films and artificial superlattices. By precisely controlling of deposition 

conditions, high quality epitaxial films and superlattices were successfully prepared on 

(001) surface of LaAlO3 single crystalline substrates. As shown in Fig. 2.7, during the 

deposition RHEED oscillation diagram can be used to check the coverage of every unit 

cell of films, which was utilized for in-situ film quality and growth rate controls12,13.  
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Figure 2.7. RHEED intensity oscillation and control of layer coverage.  

 

2.2 Structure characterizations 

   

The crystal structures of films are characterized by high-resolution X-ray diffraction 

(HRXRD) and scanning transmission electron microscope (STEM). The HRXRD was 

used to check the thickness and rough information on crystallinity while the STEM was 

used to reveal the local microstructures with a high resolution.  

In HRXRD, the X-ray reflectometry (XRR) was used to measure the thickness and 

density of as-prepared films, which is based on oscillation pattern from the interference 

of the reflected beam at the interface and surface. Fig. 2.8(a) shows XRR pattern of Nb 

doped SrTiO3 film on (001) LaAlO3 single crystal substrate. The XRD scan range was 

0.3-3o. Due to the density difference in film and substrate, the incident X-ray beam was 

reflected at film/substrate interface and interfere with the reflected beam at film surface. 

For this reason, the XRR contains the information of film thickness and density. Fig. 
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2.8(b) shows the out-of-plane patterns of Nb doped SrTiO3 film, which is used to confirm 

epitaxial film growths on the substrates. Similar to XRR, the interference fringes 

originating from the thickness oscillation can be observed, which indicates a flat interface 

and surface. In out-of-plane XRD pattern, the film orientation can be confirmed. The 

(002) peaks of the film and substrate were detected, which suggests an epitaxial growth 

along the c-axis. In Fig. 2.8(b), the reciprocal spacing mapping (RSM) is presented, where 

the x-axis and y-axis of the plot correspond to the c-axis and a-axis of the film, 

respectively. Therefore, we can obtain both the in-plane and out-of-plane lattice 

characteristics of the film, and our films show incoherent growth on LaAlO3 substrate, 

which indicates strain-free film behaviors.  

 

 

Figure 2.8. (a) X-ray reflectometry (XRR) and (b) out-of-plane XRD pattern for Nb 

doped SrTiO3 film. Inset of (b) shows the reciprocal space mapping (RSM) image of (-

103) diffraction spot of Nb doped SrTiO3 film. 

 

From the STEM micrographs, we can directly observe the microstructure of samples 
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in an atomic scale. STEM is a special type of conventional TEM, which observes fine 

atomic scale features using an electron beam passing through very thin samples (< 100 

nm). In case of STEM, the electron beam focused on the specimen is also scanned over 

the specimen. The atoms in the specimen could be detected with different contrast 

depending on the atomic number (Z-value). As shown in Fig. 2.9(a), the STEM 

observation has two modes, which are annular dark-field (ADF) mode and annular bright-

field (ABF) mode. For ADF mode, the contrast is directly related to atomic number, 

where heavy atoms can be easily distinguished. ABF mode is more sensitive to the light 

elements such as oxygens. STEM also has an important characterization method known 

as the electron energy loss spectroscopy (EELS). As the electron beam transmit through 

the sample, due to the inelastic scattering of the electrons by the ions in the sample, the 

electrons in the beam will lose some energy, which could be measured by an electron 

spectrometer. Using the EELS spectra, elemental ionization edges can be identified, 

allowing us to confirm the valence state of elements in the samples. As shown in Fig. 

2.9(b), Ohta et al. used EELS to check the Ti valence state in SrTi0.8Nb0.2O3|SrTiO3 

quantum well structures, where a good confinement of Nb doping in the effective layers 

was confirmed. This study also used EELS to observe the valence state of Ti and Nb 

atoms in SrTi1xNbxO3 thin films and artificial superlattices.  
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Figure 2.9. (a) Annular dark-field (ABF) and annular bright-field (ADF) images of 

SrTiO3. In ABF image, oxygen with low atomic number can be observed14. (b) (left to 

right) High-resolution HAADF-STEM image, Ti-L2,3 edge EELS profile, and integrated 

intensity profile of the Ti-L2,3 edge EELS across a SrTiO3/SrTi0.8Nb0.2O3/SrTiO3 

quantum well. Ti in the SrTi0.8Nb0.2O3 layer exhibits a +3/+4 mixed valence state15.  

 

2.3 Band calculations 

 

  To validate the experimental results with theory, ab-initio electronic band structure 

calculation was performed for both SrTi1xNbxO3 (x = 0, 0.25, 0.5, 0.75 and 1) full range 

solid solutions and [1 uc SrNbO3|10 uc SrTiO3] superlattice. The band structure was 

calculated using density functional theory (DFT) based on the projector augmented-wave 

(PAW) method,16 using VASP code17,18. We adopted the Heyd–Scuseria–Ernzerhof hybrid 

functionals19-21 and a plane-wave cutoff energy of 550 eV.  
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  For the SrTi1xNbxO3 solid solutions, a 666 k-point mesh was employed in the total-

energy evaluation and geometry optimization for the unit cells. In case of SrTiO3 and 

SrNbO3 cubic-perovskite were implemented while special quasi-random structures 

(SQSs) were used in the case of SrTi1−xNbxO3 (x = 0.25, 0.5, and 0.75). The SQSs with 

eight Sr or Ti sites were constructed by optimizing the correlation functions of seven types 

of independent pairs using the CLUPAN code22,23.  

  For [1 uc SrNbO3|10 uc SrTiO3] superlattice, 6×6×6 and 6×6×2 k-point meshes were 

employed in the total-energy evaluations and geometry optimization for the perovskite 

unit cells of SrTiO3 and the superlattice cell, respectively. The in-plane lattice constant of 

the superlattice cell was fixed at the optimized value of SrTiO3 while the out-of-plane 

lattice constant and the atomic coordinates were fully relaxed. 
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3. Thermoelectric phase diagram of the SrTiO3–SrNbO3 solid solution system  

 

3.1 Introduction 

   

Thermoelectric energy conversion, in which waste heat is transformed into electricity 

by the Seebeck effect, is attracting significant research attention as a potential energy 

harvesting technology1,2. Generally, the performance of thermoelectric materials is 

evaluated in terms of a dimensionless figure of merit, ZT = S2·σ·T·κ−1, where ZT is the 

figure of merit, S is the thermopower (Seebeck coefficient), σ is the electrical conductivity, 

κ is the thermal conductivity, and T is the absolute temperature. Although the ZT values 

of several commercialized thermoelectric materials such as Bi2Te3 (ZT ~ 1 @400 K) and 

PbTe (ZT ~ 0.8 @600 K) are roughly 13,4, these heavy metal–based materials present 

environmental risks due to the toxicity of their constituent elements and their chemical 

and thermal instability. Recently, transition metal oxides (TMOs) including NaxCoO2 (x 

~ 0.75)5,6, Ca3Co4O9
7,8, and SrTiO3

9-11 have drawn a high volume of research as high-

temperature thermoelectric power generation materials: this group of materials are 

considered to be particularly suitable for these applications due to their chemical and 

thermal robustness, as well as the their comparatively low environmental risk12.  

Among the available TMOs, electron-doped SrTiO3 has been one of the most 

extensively studied materials for thermoelectric applications13,14. In 2001, Okuda et al.9 

synthesized Sr1−xLaxTiO3 (0 ≤ x ≤ 0.1) single crystals by the floating-zone method, and 

reported that they yielded a large power factor (S2·σ) of 2.8–3.6 mW m−1 K−2 at room 

temperature. After this, Ohta et al. reported the carrier transport properties of Nb- and La-

doped SrTiO3 single crystals (carrier concentration, n ~ 1020 cm−3) at high temperatures 
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(~1000 K) to clarify the intrinsic thermoelectric properties of these materials10. 

Furthermore, the experimental discovery of unusually large thermopower outputs from 

superlattices and two-dimensional electron gases in SrTiO3
15,16 spurred substantial 

research efforts into SrTiO3 superlattices17,18 and heterostructures19-21 for thermoelectric 

applications; for example, a superlattice composed of 1 unit cell (uc) SrTi0.8Nb0.2O3 and 

10 uc SrTiO3 exhibited giant thermopower, most likely due to an electron confinement 

effect. Although electron confinement is strongly correlated with the electronic 

structure22,23, a full understanding of the fundamental electronic phase behavior of the 

SrTi1−xNbxO3 solid solution system has not yet been developed.  

In this chapter, we clarified the thermoelectric phase diagram for the full range of the 

SrTiO3–SrNbO3 solid solution system (hereafter referred to as the SrTi1−xNbxO3 ss, 0.05 

 x  1), and analyzed their crystal lattice parameters, as well as their electrical properties 

such as carrier concentration, Hall mobility, and thermopower, from which the carrier 

effective masses and relaxation times were derived. During these experiments, I observed 

that two thermoelectric phase boundaries exist within the system, which originate from 

the step-like decrease in carrier effective mass at x ~ 0.3, and from the minimum in carrier 

relaxation time at x ~ 0.5. The origin of these phase boundaries were analyzed by 

considering cases of isovalent/heterovalent B-site substitution. Parabolic Ti 3d orbitals 

were found to dominate electron conduction for compositions with x < 0.3, whereas the 

Nb 4d orbitals became more influential for compositions with x > 0.3. At x = 0.5, 

tetragonal distortion of the lattice, in which the B-site was composed of predominantly 

[Ti4+/Nb4+] ions, led to the formation of tail-like impurity bands, which maximized the 

electron scattering. The results obtained in this study may be used as a foundation for 

further work that seeks to improve the thermoelectric performance of SrTi1−xNbxO3. 
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3.2 Experimental  

   

High-quality single crystals of SrTi1–xNbxO3 species with x > 0.1 are not available due 

to the low solubility limit of Nb in the lattice24, epitaxial films of these material 

compositions can be fabricated by pulsed laser deposition (PLD)25. So in this study, 

approximately 100 nm thick SrTi1−xNbxO3 (x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 0.7, 

0.8, 0.9, and 1.0) epitaxial films were fabricated by PLD using dense ceramic disks of a 

SrTiO3–SrNbO3 mixture. Insulating (001) LaAlO3 (pseudo-cubic perovskite, a = 3.79 Å) 

was selected as the substrate. Growth conditions were precisely controlled, with a 

substrate temperature of 850 °C, oxygen pressure of ~ 10−4 Pa, laser fluence of 0.5–1 J 

cm−2 pulse−1, yielding a growth rate of 0.3 pm pulse−1. Details of the PLD growth process 

of SrTi1−xNbxO3 developed by our group have been published elsewhere11,26,27.  

Crystallographic analyses of the resultant films were performed by X-ray diffraction 

(XRD, Cu Kα1, ATX-G, Rigaku) and scanning transmission electron microscopy (STEM). 

TEM samples were fabricated using a cryo ion slicer (IB-09060CIS, JEOL). The thin film 

was observed using scanning transmission electron microscope (STEM) (JEM-

ARM200CF, JEOL Co. Ltd) operated at 200 keV. High-angle annular dark-field 

(HAADF) images were taken with detection angle of 68 – 280 mrad. The electron energy 

loss spectra (EELS) were acquired in STEM mode by an Enfinium spectrometer (Gatan 

Inc) with energy resolution of 1 eV. 

Electrical conductivity (σ), carrier concentration (n), and Hall mobility (μHall) were 

measured at room temperature by a conventional d.c. four-probe method, using an In–Ga 

alloy electrode with van der Pauw geometry. S was measured at room temperature by 

creating a temperature gradient (ΔT) of ~4 K across the film using two Peltier devices 

(while using two small thermocouples to monitor the actual temperatures of each end of 
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the SrTi1−xNbxO3 films). The thermo-electromotive force (ΔV) and ΔT were measured 

simultaneously, and S-values were obtained from the slope of the ΔV–ΔT plots. 

Band structures for SrTi1–xNbxO3 (x = 0, 0.25, 0.5, 0.75, and 1) were calculated based 

on the projector augmented-wave (PAW) method28, as implemented using VASP code29,30. 

For these calculations, Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals were adopted 

31-33, and a plane-wave cutoff energy of 550 eV and a 666 k-point mesh for cubic-

perovskite were employed in the total-energy evaluation and geometry optimization for 

the unit cells of SrTiO3 and SrNbO3, while special quasi-random structures (SQSs) were 

used in the case of SrTi1−xNbxO3 (x = 0.25, 0.5, and 0.75). The SQSs with eight Sr or Ti 

sites were constructed by optimizing the correlation functions of seven types of 

independent pairs using the CLUPAN code34,35.  

   

3.3 Results and discussion 

   

As summarized in Fig. 3.1, pure SrTiO3 (space group 3Pm m , cubic perovskite 

structure, a = 3.905 Å) is an insulator with a bandgap of 3.2 eV, in which the bottom of 

the conduction band is composed of triply degenerate, empty Ti 3d-t2g orbitals, while the 

top of the valence band is composed of fully occupied O 2p orbitals36. The valence state 

of Ti ions in crystalline SrTiO3 is 4+ (Ti 3d0). On the other hand, pure SrNbO3 (space 

group 𝑃𝑚3̅𝑚, cubic perovskite structure, a = 4.023 Å) is a metallic conductor37-39, in 

which the valence state of the Nb ion is 4+ (Nb 4d1). In between SrTiO3 and SrNbO3 in 

the SrTi1−xNbxO3 ss, there are two possible types of valence state change in the Ti and Nb 

ions, as shown in Fig. 3.1(b) and (c): in the case of isovalent substitution [Fig. 3.1(b)], 

mole fraction of Ti4+ proportionally decreases with increasing Nb4+ (x); on the other hand, 

heterovalent substitution, in which two Ti4+ or Nb4+ ions are substituted by adjacent 
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(Ti3+/Nb5+) ions, can occur as shown in Fig. 3.1(c). Based on these considerations, I 

focused on the valence state change of Ti and Nb ions in the SrTi1−xNbxO3 ss. 

 

Figure 3.1. (Color online)| Schematic crystal structure and possible valence state changes 

in the SrTiO3–SrNbO3 solid solution system. (a) Schematic crystal structure. Pure SrTiO3 

is an insulator with bandgap of 3.2 eV, in which the valence state of the Ti ions (blue, 

TiO6) is 4+ (Ti 3d0). On the other hand, pure SrNbO3 is a metal, in which the valence state 

of the Nb ions (Red, NbO6) is 4+ (Nb 4d1). (b)–(c) Possible valence state changes of Ti 

and Nb ions in the SrTiO3–SrNbO3 solid solution system: (b) isovalent substitution, where 

Ti4+ is substituted by Nb4+; (c) heterovalent substitution, where two Ti4+/Nb4+ ions are 

substituted by adjacent Ti3+/Nb5+ ions. 

 

Fig. 3.2(a) summarizes the X-ray reciprocal space mappings (RSMs) around the (1̅03) 

diffraction spot of LaAlO3 (overlaid). Intense diffraction spots from (1̅03) SrTi1−xNbxO3 

are seen together with those from the LaAlO3 substrate, indicating that incoherent hetero-
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epitaxial growth of the target materials occurred for all x compositions. The peak 

positions of the diffraction spots from each composition correspond well with the cubic 

line (qz/qx = −3), indicating that no epitaxial strain was induced in the films. It should be 

noticed that a slight tetragonal distortion was observed in the x = 0.4 (c/a = 1.0057) and 

0.5 (c/a = 1.0050) samples. From the RSMs of the SrTi1−xNbxO3 films, the lattice 

parameters were extracted using the formula a = (2π/qx∙2π/qx∙6π/qz)
1/3. Fig. 3.2(b) plots 

the lattice parameters of the SrTi1−xNbxO3 film as a function of x: an M-shaped trend was 

observed, along with a general increase in the lattice parameter with increasing x. In order 

to analyze the changes in lattice parameter, we calculated the average ionic radii in the 

crystal structure and used Shannon’s ionic radii as a comparison40: Ti4+ (60.5 pm), Ti3+ 

(67.0 pm), Nb4+ (68.0 pm), and Nb5+ (64.0 pm). In the ranges of 0.05 ≤ x ≤ 0.3 and x ≥ 

0.6, the observed lattice parameters closely followed the heterovalent substitution line, 

suggesting that two Ti4+ or Nb4+ ions are substituted by adjacent (Ti3+/Nb5+) ions41. On 

the other hand, at x = 0.4 and 0.5, the observed lattice parameter corresponded well with 

the isovalent substitution line; moreover, at x = 0.5, the B-site occupation of [Ti4+/Nb4+] 

was almost 100%, as shown in Fig. 3.2(c).  
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Figure 3.2. (Color online)| Crystallographic characterization of the SrTi1−xNbxO3 

epitaxial films on a (001) LaAlO3 single crystal substrate. (a) X-ray reciprocal space 

mappings around the (1̅03) diffraction spot of the SrTi1−xNbxO3 epitaxial films. The 

location of the LaAlO3 diffraction spot, (qx/2π, qz/2π) = (−2.64, 7.92), corresponds with 

the pseudo-cubic lattice parameter of LaAlO3 (a = 0.379 nm). Red symbols (+) indicate 

the peak positions of the SrTi1−xNbxO3 epitaxial films. (b) Changes in the lattice 

parameters of the SrTi1−xNbxO3 films (circles, left axis), with superimposed 

isovalent/heterovalent substitution lines (black line: isovalent substitution, gray line: 

heterovalent substitution, right axis), calculated using Shannon’s ionic radii40. (c) Change 

in the B-site occupation by [Ti4+/Nb4+] derived from the data in (b). 

 

In order to further clarify the occupation of B-sites by [Ti4+/Nb4+], the atomic 

arrangement and electronic structure of the x = 0.5 film were analyzed by STEM and 

EELS. Fig. 3.3(a) shows a cross-sectional HAADF-STEM image of a SrTi0.5Nb0.5O3 film. 
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Periodical mismatch dislocations with an interval of ~8.5 nm were seen at the 

heterointerfaces. If the strain in the thin-film were fully relaxed by such misfit 

dislocations, it would be possible to calculate the spacing between dislocations (d) from 

/d b , where b is the Burgers vector and δ is the lattice mismatch between thin-film 

and substrate42: using the lattice parameters obtained from XRD [ 𝛿 =  (𝑞𝑥sub −

𝑞𝑥film)/𝑞𝑥film = +0.0435], a dislocation spacing of 8.7 nm was estimated, suggesting 

that the dislocations do fully relax the strain in the film. 

Although superspots originating from (111) diffraction are often observed in 

AB0.5B’0.5O3 compositions that crystallize in B-site–ordered double perovskite 

structures43, these were not observed in the SrTi0.5Nb0.5O3 film [Fig. 3.3(b)], most likely 

due to the slight tetragonal distortion of the crystal structure. Fig. 3.3(c) and (d) shows 

the EELS spectra acquired around the Ti L (c) and O K edges (d); the reported EELS 

spectra of Ti3+/Ti4+44 and Nb4+/Nb5+45 are also plotted for comparison. In the Ti L edge 

spectrum (c), t2g and eg peak splitting was clearly observed for Ti L3, indicating that the 

dominant valence state of Ti is 4+. In the O K edge spectra (d), two intense peaks 

(assigned as A and B) were clearly seen, with the intensity of peak B being higher than A, 

which was noted to be a characteristic feature of Nb4+ in a previous study45; the peak 

intensity ratio A/B was calculated to be 0.66, which roughly corresponds with the Nb4+ 

spectrum (0.66). From these results, it could be concluded that isovalent substitution of 

Ti4+/Nb4+ dominates in the x = 0.5 composition.  
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Figure 3.3. (Color online)| Electron microscopy analyses of a SrTi1−xNbxO3 film with 

composition x = 0.5. (a) HAADF-STEM image acquired with the electron beam incident 

along the <100> direction. Periodic misfit dislocations (~ 8.5 nm interval) at the 

heterointerface are indicated by red lines. (b) Selected-area electron diffraction pattern 

acquired with the electron beam incident along the <110> direction. (c)–(d) EELS spectra 

acquired around the Ti L edge (c) and O K edge (d). EELS spectra for Ti3+/Ti4+44 and 

Nb4+/Nb5+ 45 from previous studies are also plotted for comparison. 

 

Then σ, n, and μHall were measured by Hall effect measurements. Generally, σ was 

observed to increase with increasing x, as shown in Fig. 3.4(a); additionally, it was noted 

that there was a sharp increase in σ between 0.5 < x < 0.6, suggesting the existence of an 

electronic phase boundary at x ~ 0.5. n was also measured to increase with increasing x, 

which is almost correspond with the nominal value (n = x in a unit cell) [Fig. 3.4(b)]. For 

the mobility, as shown in Fig. 3.4(c), μHall for compositions with x < 0.5 remained almost 

constant at ~ 6 cm2 V−1 s−1, which is consistent with other reported values46,47. As was 

observed for σ, a sharp increase in μHall from ~ 5 cm2 V−1 s−1 to ~ 10 cm2 V−1 s−1 was 

observed between compositions with x = 0.5 and x = 0.6, after which the values steadily 
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increased to ~ 12 cm2 V−1 s−1 at x = 1 (cf. a value of ~ 14 cm2 V−1 s−1 measured for this 

composition in a previous study38). From these results, it can be concluded that the small 

μHall dominates the electronic phase boundary at x ~ 0.5.  

In order to further elucidate the origin of the electronic phase boundary, S was measured 

across the composition range: by measuring the values of both n and S, the density of 

states effective mass (m*) could be further deduced, as outlined in equations (3-1)–(3-3) 

below. Not surprisingly, |S| was found to monotonically decrease with increasing x, as 

shown in Fig. 3.4(d). Then m* was calculated using the following relation between n and 

S48,  

𝑆 = −
𝑘𝐵

𝑒
[
(𝑟 + 2)𝐹𝑟+1(𝜉)

(𝑟 + 1)𝐹𝑟(𝜉)
] − 𝜉 (3-1) 

where kB, ξ, r, and Fr are the Boltzmann constant, chemical potential, scattering parameter 

of relaxation time, and Fermi integral, respectively. Fr is given by, 

𝐹𝑟(𝜉) = ∫
𝑥𝑟

1 + 𝑒𝑥−𝜉
𝑑𝑥

∞

0

 (3-2) 

and n by, 

𝑛− = 4𝜋 (
2𝑚∗𝑘𝐵𝑇

ℎ2
)

3
2⁄

𝐹1
2⁄ (𝜉) (3-3) 

where h and T are the Planck constant and absolute temperature, respectively. Using the 

equations (3-1)–(3-3), values of m* were obtained, which are presented in Fig. 3.4(e): a 

step-like decrease of m* was observed with increasing x value. m* for compositions with 

x < 0.3 was calculated to be ~1.1m0, which corresponds well with the values reported by 

Okuda et al.9, while for compositions with x > 0.3, m* was ~ 0.7m0. At x = 1 (SrNbO3), 

m* further decreased to 0.5m0, agreeing well with values calculated in another study using 

spin-polarized DFT calculations (0.4m0)
49. It is speculated that there is a percolation 

threshold for compositions with x ~ 0.3, and that parabolic Ti 3d orbitals dominate 

electron conduction when x < 0.3, whereas the Nb 4d orbitals determine electron 
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conduction when x > 0.3. Finally, the relaxation time, τ, was extracted from the μHall and 

m* values (= e∙τ∙m*−1): these results are shown in Fig. 3.4(f). The τ values in the range 

0.05 ≤ x ≤ 0.2 are ~ 4 fs, followed by a drop, reaching a minimum value of ~ 2 fs at x = 

0.5. After x = 0.5, τ initially increases sharply to 3.5 fs at x = 0.6, with a much more 

gradual increase with x composition in the range 0.6 ≤ x ≤ 0.9. Lastly, there was a slight 

drop in τ value to 3.2 fs for the x = 1 composition. The trend’s trough shape, in particular, 

the sharp increase of τ from ~ 2 to ~ 3.5 fs in the range 0.5 < x < 0.6, clearly indicates that 

τ dominates the electronic phase boundary at x ~ 0.5. Yamamoto et al. reported that τ of 

the SrTi0.8Nb0.2O3 epitaxial films was significantly reduced by Sr-site substitution with 

Ca or Ba, due to the occurrence of tetragonal lattice distortion26: since slight tetragonal 

distortion was observed in the x = 0.4 and 0.5 films, as shown in Fig. 3.2 (a), the tetragonal 

distortion may also minimize the τ in this set of thin-films.  
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Figure 3.4. (Color online)| Room temperature electron transport properties of the 

SrTi1−xNbxO3 epitaxial films: (a) electrical conductivity (σ), (b) carrier concentration (n), 

(c) Hall mobility (μHall), (d) thermopower (S), (e) effective mass (m*), and (f) carrier 

relaxation time (τ). Previously reported data for σ, n, and μHall are plotted for comparison 

(blue circles indicate a SrNbO3 film from38; green circles are for slightly Nb-doped 

SrTiO3
47). The gray lines are drawn as a visual guide. 

 

Then, I plotted the thermoelectric power factor (S2∙σ) of the SrTi1−xNbxO3 ss together 

with values reported in previous studies (Fig. 3.5). In the region around x ~ 0.05 where 

the observed data (red circles / red line) overlap with the reported values from Ref. 15 
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(white circles / grey line), the two data sets match well. There are two local maxima in 

S2∙σ — firstly at x ~ 0.05 (~ 2.5 mW m−1 K−2), and secondly at ~ 0.55 (~ 0.9 mW m−1 

K−2). Two thermoelectric phase boundaries were also observed in the system, occurring 

in the regions around x ~ 0.3 and x ~ 0.5, as shown in the inset. Since S is strongly 

correlated with m*, the sharp decrease in m* at x ~ 0.3 [Fig. 3.4 (e)] accounts for the 

concomitant reduction in S. In addition, the small value of τ at x ~ 0.5 (where τ was 

measured to reach a minimum) contributed greatly to the observed reduction in σ. In 

conclusion, in order to maximize the thermoelectric performance of the SrTi1−xNbxO3 ss, 

the use of compositions with x ≤ 0.2 would be the most suitable. 

 

Figure 3.5. (Color online)| Thermoelectric phase diagram for the SrTiO3–SrNbO3 solid 

solution system. The thermoelectric power factor (S2∙σ) of the SrTiO3–SrNbO3 solid 

solution system is plotted, alongside previously reported values15. The x dependence of 

S2∙σ is shown in the inset. The system’s thermoelectric phase boundaries are clearly seen 

at x ~ 0.3 and ~ 0.5. 
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Finally, the band structures for SrTi1–xNbxO3 (x = 0, 0.25, 0.5, 0.75, and 1) were 

calculated in order to elucidate the origin of the two electronic phase boundaries using 

2×2×2 supercell model structures. Fig. 3.6 summarizes the resultant total and orbital-

projected density of states (DOS) of the SrTi1−xNbxO3 compositions around the bandgap. 

The energy origin was set at the Fermi level, EF (dotted line). EF was found to increase 

gradually with the increase in x. When x > 0, the EF was located higher energy side of the 

conduction band minimum (Ti 3d – Nb 4d hybridized orbital), indicating that the 

compositions in this range are degenerate semiconductors (or metals). The similar band 

structure between x = 0 and x = 0.25 compositions is consistent with the similar m* and τ 

values recorded experimentally from films with x < 0.3. Meanwhile, both x = 0.5 and x = 

0.75 SrTi1−xNbxO3 were found to possess a tail-like feature in the DOS below the EF. The 

major component of the tail at x = 0.75 was the Ti 3d, whereas at x = 0.5, Ti 3d and Nb 

4d orbitals both made comparable contributions to the observed feature. The former 

corroborates the suggestion from the experimental results that Ti3+ ions are present [Figs. 

3.2 (b) and (c)]. However, the latter is completely different from the experimentally 

obtained fact that isovalent substitution of Ti4+/Nb4+ dominates in the x = 0.5 composition. 

As mentioned above, we did not observe any superstructure such as B-site ordered 

Sr2TiNbO6. Although we used special quasi-random structures (SQSs) in the case of the 

band calculations of SrTi1−xNbxO3 (x = 0.25, 0.5, 0.75), B-site ordering still remained due 

to the finite cell size (2×2×2 supercell of cubic perovskite). This should be the main 

reason that the calculation result of x = 0.5 does not reflect the experimentally obtained 

solid solution crystal. Moreover the characteristic decrease in τ measured for 

compositions around x = 0.5 (and was not observed when x > 0.6) may imply that the 

electrons from the Nb 4d orbitals in the tail-like DOS do not contribute to the electrical 

conductivity of the SrTi1−xNbxO3 ss. 
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Figure 3.6. (Color online)| Calculated density of states (DOS) for SrTi1−xNbxO3 ss (x = 0, 

0.25, 0.5, 0.75, and 1). (a) total DOS, (b)–(c) orbital-projected DOS. The energy origin 

was set at the Fermi level, EF, indicated by the dotted line.  

 

3.4 Conclusion 

 

In this chapter, we have clarified the thermoelectric phase diagram for the SrTi1−xNbxO3 

(0.05 ≤ x ≤ 1) solid solution system through characterization of epitaxial thin-films. Two 

thermoelectric phase boundaries were observed in the system, which originate from the 

combination of a step-like decrease in carrier effective mass at x ~ 0.3 with the local 

minimum carrier relaxation time at x ~ 0.5. The origins of these electronic phase 

boundaries were analyzed in the context of isovalent/heterovalent B-site substitution. 

Parabola-shaped Ti 3d orbitals dominate electron conduction for compositions 0 < x < 

0.3, whereas the Nb 4d orbitals dominate when x > 0.3. At x ~ 0.5, a tetragonal distortion 

of the lattice occurs, in which the B-site is composed of predominantly [Ti4+/Nb4+] ions, 

leading to the formation of tail-like impurity bands in the density of states, which 
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maximizes electron scattering.  

These findings may prove useful in further improving and optimizing the 

thermoelectric performance of SrTi1−xNbxO3. Moreover, the analyses of the B-site ion 

valence states in this study provide valuable information that could be used in the design 

of other functional materials based on transition metal oxides.  
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4. Fabrication and Thermoelectric Properties of SrTi1-xNbxO3|SrTiO3 (0.1  x  0.9) 

Superlattices 

 

4.1 Introduction 

 

Currently, more than 60% of the energy produced from fossil fuels is lost as waste heat. 

Thermoelectric energy conversion, which is the process where waste heat is transformed 

into electricity by the Seebeck effect, is attracting attention as a potential energy 

harvesting technology1-4. The performance of thermoelectric materials is generally 

evaluated in terms of a dimensionless figure of merit, ZT = S2·σ·T·κ−1, where Z is the 

figure of merit, T is the absolute temperature, S is the thermopower (≡Seebeck coefficient), 

σ is the electrical conductivity, and κ is the sum of the electronic (κele) and lattice thermal 

conductivities (κlat) of a thermoelectric material. 

There are two strategies to improve ZT of a thermoelectric material. One is to reduce 

κlat. Recently, state-of-the-art nanostructuring techniques have reduced κlat significantly 

through phonon scattering by nanosized structural defects5-8. Such techniques have 

realized high-performance thermoelectric materials with a large ZT of 1.5−2. The other 

strategy is an enhancement of the product S2∙σ, which is called the power factor (PF). 

However, it is extremely difficult to enhance PF due to the trade-off relationship between 

S and the carrier concentration (n). Therefore, PF has a local maximum value in three-

dimensional bulk systems. 

In a two-dimensional electron system (2DES) such as metal/insulator superlattices, 

carrier electrons are confined within a thin layer (thickness < de Broglie wavelength, λD). 

2DES is an efficient strategy to achieve an enhanced PF [Fig. 4.1(a)]. The effectiveness 
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of 2DES was theoretically predicted by Hicks and Dresselhaus in 1993;9 2DES in 

extremely narrow layers exhibits an enhanced S without reducing σ because the DOS near 

the bottom of the conduction band increases as the 2DES layer thickness decreases. These 

layers are narrower than the λD,  

𝜆𝐷 =
ℎ

√3 ∙ 𝑚∗ ∙ 𝑘𝐵 ∙ 𝑇
 (4-1) 

, where h, m*, and kB are Planck’s constant, effective mass of conductive electron or hole, 

and Boltzmann constant, respectively9-13.  

Many experimental studies have been made to clarify the effectiveness of 2DES to 

enhance PF using PbTe/Pb1−xEuxTe multiple-quantum-well,10 electron-doped SrTiO3 

based superlattices,14,15 SiGe based superlattices,16,17 and Bi2Te3-based superlattices18.  

These 2DES layers showed enhanced S. However, total enhancement of PF was very 

small because of the insulator layer thickness. Thus, the effectiveness of 2DES has not 

been experimentally clarified thus far. In order to enhance total PF of 2DES, two-

dimensionality should be enhanced. Use of longer λD should be effective if the carrier 

electrons are confined within a defined thickness layer [Fig. 4.1(b)]. 
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Figure 4.1. Thermoelectric effect of a 2D electron system. (a) Schematic illustration of 

thermoelectric Seebeck effect in a 2DES. Thermoelectric power output (= S·ΔT·I) can be 

obtained when ΔT is introduced. (b) The hypothesis that a 2DES with longer de Broglie 

wavelength (λD) shows a larger enhanced factor of thermopower. 

 

In the previous chapter, we observed a steep decrease in m*/me at x ~ 0.3 in SrTiO3-

SrNbO3 solid solution system, SrTi1−xNbxO3 (0.05 ≤ x ≤ 0.9) (Fig. 4.2)19. The 

SrTi1−xNbxO3 can be divided into two regions, Region A (x < 0.3) and Region B (x > 0.3). 

The origin of two regions is most likely due to the difference in the overlap population 

between the Ti 3d and Nb 4d orbitals (rTi3d = 48.9 pm and rNb4d = 74.7 pm)20. λD values 

of SrTi1−xNbxO3 (0.05 ≤ x ≤ 0.9) were calculated using the equation (4-1). The D value 

in Region B is ~5.2 nm, which is 27% longer than that in Region A (~4.1 nm). One can 

expect that S-enhancement factor in Region B is much higher than that in Region A 

because of higher two-dimensionality. Therefore, it could be hypothesized that 

SrTi1−xNbxO3 based 2DES can be used to clarify the effectiveness of 2DES to enhance PF 

experimentally. 
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Figure 4.2. SrTiO3-SrNbO3 solid-solution: A model system having two different λD. x 

dependent effective mass (m*/me, white symbols) and D (grey symbols) for SrTi1−xNbxO3 

solid solutions. m*/me exerts a decreasing tendency with x, resulting in an increased D. 

Sharp changes in both m*/me and D are detected around x = 0.3 due to the conduction 

band transition from Ti 3d to Nb 4d. SrTi1−xNbxO3 solid solutions can be divided into two 

regions based on the conduction bands (Ti 3d  Region A and Nb 4d  Region B). Inset: 

Schematic illustrations of conduction electrons at Region A and B. At Region B, D is 

~5.3 nm, while it is ~4.1 nm at Region A.  

 

In this chapter, it has been clarified that an enhanced two-dimensionality of 2DES is 

efficient to enhance thermoelectric PF. As a 2DES, we measured thermoelectric 

properties of [N uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (1 ≤ N ≤ 12, x = 0.2−0.9). 

The S-enhancement factor S2DES/SBulk of the 2DES (N = 1) for x > 0.3 were ~10, whereas 

those for x < 0.3 were 4−5. Maximum PF of the 2DES (N = 1, x = 0.6) exceeded ~5 mW 

m−1 K−2, which doubles the value of optimized bulk SrTi1−xNbxO3 (PF ~ 2.5 mW m−1 K−2). 

The present 2DES approach ‘Use of longer λD’ is epoch-making and is fruitful to design 
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good thermoelectric materials showing high PF. 

 

4.2 Experimental  

 

Fabrication and analyses of the 2DESs 

 

A series of superlattices with the chemical formula of [N uc SrTi1−xNbxO3 | 11 uc 

SrTiO3]10 (1 ≤ N ≤ 12, x = 0.2−0.9) were fabricated by a pulsed laser deposition (PLD) 

technique using dense ceramic disks of a SrTiO3–SrNbO3 mixture and a SrTiO3 single 

crystal as the targets. The substrate was insulating (001) LaAlO3 (pseudo-cubic perovskite, 

a = 3.79 Å, The surface area: 1 cm × 1 cm). The growth conditions were precisely 

controlled. The substrate temperature was 900 °C, the oxygen pressure was ~10−4 Pa, and 

the laser fluence was ~1.2 J cm−2 pulse−1. The thicknesses of different layers were 

monitored in-situ using the intensity oscillation of the reflection high-energy electron 

diffraction (RHEED) spots. Details of our PLD growth process of the superlattices are 

reported elsewhere14,21.  

Crystallographic analyses of the resultant superlattices were performed by X-ray 

diffraction (XRD, Cu Kα1, ATX-G, Rigaku Co.), atomic force microscopy (AFM, 

Nanocute, Hitachi Hi-Tech), and scanning transmission electron microscopy (STEM, 200 

keV, JEM-ARM 200CF, JEOL Co. Ltd). TEM samples were fabricated using a cryo ion 

slicer (IB-09060CIS, JEOL Co. Ltd). High-angle annular dark-field (HAADF) images 

were taken with the detection angle of 68–280 mrad. Electron energy loss spectra (EELS) 

were acquired in STEM mode with the energy resolution of 0.8 eV. 
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Measurements of the thermoelectric properties of the 2DESs 

 

Electrical conductivity (σ), carrier concentration (n), and Hall mobility (μHall) were 

measured at room temperature by a conventional d.c. four-probe method with a van der 

Pauw geometry. S was measured at room temperature by creating a temperature difference 

(ΔT) of ~4 K across the film using two Peltier devices. (Two small thermocouples were 

used to monitor the actual temperatures of each end of a superlattice.) The thermo-

electromotive force (ΔV) and ΔT were measured simultaneously, and the S-values were 

obtained from the slope of the ΔV–ΔT plots (The correlation coefficient: > 0.9999). 

Cross-plane thermal conductivity (κ) was measured by time-domain thermoreflectance 

(TDTR, Picotherm Co.) method. Mode-locked fiber pulse lasers with 1550 nm and 775 

nm wavelengths were used for heating and measuring, respectively. Both lasers are with 

the repetition frequency of 20 MHz and pulse duration of 0.4 ps. Before measurement, 

Mo film with a thickness of 100 nm was firstly deposited on the surface of the sample as 

the transducer. During measurement, time-dependent transient thermoreflectance phase 

signal of Mo transducer was measured, from which κ was further simulated. Time-domain 

thermoreflectance was measured based on amplified laser systems (5 kHz and ~200 fs 

centered at 1030 nm). Degenerate pump and probe photons were separated by the cross 

polarization, and a polarizing filter was employed before the lock-in detection. A 

mechanical delay stage was used for time scan up to 1.5 ns. Pump to probe intensity ratio 

was greater than 15, and the size ratio was around 6.  
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Energy band calculation of the 2DES 

 

Band structure for the [1 uc SrNbO3|10 uc SrTiO3] superlattice was calculated based 

on the projector augmented-wave (PAW) method,22 as implemented in the VASP code23,24. 

We adopted the Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals25-27 and a plane-wave 

cutoff energy of 550 eV. 6×6×6 and 6×6×2 k-point meshes were employed in the total-

energy evaluations and geometry optimization for the perovskite unit cells of SrTiO3 and 

the superlattice cell, respectively. The in-plane lattice constant of the superlattice cell was 

fixed at the optimized value of SrTiO3 while the out-of-plane lattice constant and the 

atomic coordinates were fully relaxed. 

 

4.3 Results and discussion 

 

We fabricated [N uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (1 ≤ N ≤ 12, x = 

0.2−0.9) by a pulsed laser deposition (PLD) technique on insulating (001) LaAlO3 

(pseudo-cubic perovskite, a = 3.79 Å) single crystal substrates using dense ceramic disks 

of a SrTiO3–SrNbO3 mixture and SrTiO3 single crystal as the targets. The thicknesses of 

different layers were monitored in-situ using the intensity oscillation of the reflection 

high-energy electron diffraction (RHEED) spots. High-resolution X-ray diffraction 

(XRD) measurements revealed that the resultant superlattices were heteroepitaxially 

grown on (001) LaAlO3 with cube-on-cube epitaxial relationship with superlattice 

structure. Atomically smooth surfaces with stepped and terraced structure were observed 

by an atomic force microscopy (AFM).  
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Fig. 4.3 shows out-of-plane XRD patterns for [1 uc SrTi1xNbxO3|11 uc SrTiO3]10 (0.6 

 x  0.9) superlattices. Diffraction peaks from (002) plane of both superlattices and 

LaAlO3 substrate could be observed. All the samples have been fully relaxed along the 

out-of-plane direction. And in addition to the main peaks from the superlattices, we can 

also observe the satellite peaks from the superlattice structures, indicating sharp interface 

between Nb substituted layer and SrTiO3 barrier layers and also the high quality of our 

superlattices.  

 

 

Figure 4.3. Out-of-plane XRD patterns for [1 uc SrTi1xNbxO3|11 uc SrTiO3]10 (0.6  x  

0.9) superlattices. All the superlattices show full relaxed lattice along the out-of-plane 

direction. Obvious satellite peaks from superlattice structure could be observed for all the 

samples indicating sharp interface between Nb substituted layer and SrTiO3 barrier layers.  
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Fig. 4.4(a) summarizes the atomic arrangements of the [1 uc SrTi0.4Nb0.6O3|11 uc 

SrTiO3]10 superlattice. Rather bright bands are observed near each SrTi0.4Nb0.6O3 layer in 

the Cs-corrected high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) image (left). In the magnified image (center), the #4 atom 

in the B-site column is brighter than nearby atoms. However, there is no obvious 

difference in the A-site column, indicating Nb substitution occurs for the #4 atom in the 

B-site column. The electron energy loss spectroscopy (EELS) signal (right) of #4 is 

broader than those of nearby atoms, implying the coexistence of Ti4+/Ti3+ in the 

SrTi0.4Nb0.6O3 layers.28 Therefore, in our superlattice fabrication, Nb ions are successfully 

confined into the 1 uc SrTi0.4Nb0.6O3 layers.29 

In order to clarify the 2DES formation, the electronic band structures of the [1 uc 

SrNbO3|10 uc SrTiO3] superlattices were calculated based on the projector augmented-

wave (PAW) method [Fig. 4.4(b)]. The EF is located on the higher energy side of the 

conduction band minimum for the 1st and 2nd nearest neighbor SrTiO3 layers (Ti 1st NN 

and Ti 2nd NN) together with the 1 uc SrNbO3 layer (Nb) (left). The carrier electrons can 

seep from the SrNbO3 layers into the SrTiO3 layer (right). Delugas et al. have also 

predicted theoretically that for lower Nb substituted samples, it is much easier for the 

electrons, especially in the dxz and dyz bands, to spill into the neighboring SrTiO3 layers 

and deteriorate the two-dimensionality.30 However, as the Nb content increases, the 

minimum barrier layer thickness may be reduced to 5 uc in the SrNbO3 case. There is no 

doubt that the electron exudation cannot be removed thoroughly in superlattice structure, 

but exudation effects can be effectively suppressed by the high Nb substitution. From the 

band calculation, 2DES in our work is mainly confined to the 1 uc SrTi1−xNbxO3 layers 

and should contribute to the S enhancement. 
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Figure 4.4. Experimental and theoretical analyses of the 2DES. (a) Cross-sectional 

HAADF-STEM image of the [1 uc SrTi0.4Nb0.6O3|11 uc SrTiO3]10 superlattice (left). 

Layer stacking sequence is also shown. Rather bright bands are seen near each 

SrTi0.4Nb0.6O3 layer. In the magnified image (center), the #4 atom in the B-site column is 
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brighter than nearby atoms, whereas no obvious difference is observed in the A-site 

column. EELS spectrum (right) of #4 is broader than that of nearby atoms, indicating the 

co-existence of Ti4+/Ti3+ in the SrTi0.4Nb0.6O3 layers. (b) Calculated partial DOS of Nb 

4d or Ti 3d in the [1 uc SrNbO3|10 uc SrTiO3] superlattice (left). Fermi energy (EF) is 

located on the higher energy side of the conduction band minimum for the 1st and 2nd 

nearest neighbor (Ti 1st NN and Ti 2nd NN) SrTiO3 layers together with 1 uc SrNbO3 layer 

(Nb) suggest that the carrier electrons can seep from the SrTi1−xNbxO3 layers into the 

SrTiO3 layers (right). 

 

In order to further confirm the superlattice structure, we measured the κ of the [1 uc 

SrTi0.4Nb0.6O3|11 uc SrTiO3]10 superlattice along the cross-plane direction by time-

domain thermal reflectance (TDTR) method. The total κ could be suppressed to ~3.3 W 

m−1 K−1, similar to the minimum value of CaTiO3/SrTiO3 based superlattices (κ ~3.2 W 

m−1 K−1) reported by Ravichandran et al.31 From these results, we judged that our [N uc 

SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (1 ≤ N ≤ 12, x = 0.2−0.9) are appropriate to 

clarify the effectiveness of 2DES to enhance PF. 

The electrical conductivity (σ), carrier concentration (n), and Hall mobility (μHall) of 

the superlattices were measured at room temperature by a conventional d.c. four-probe 

method with a van der Pauw geometry. S was measured at room temperature by creating 

a temperature difference (ΔT) of ~4 K across the film using two Peltier devices. Fig. 4.5(a) 

summarizes the n dependent S of [N uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (1 ≤ N 

≤ 12, x = 0.2, 0.3, and 0.8) along with bulk (~100-nm-thick SrTi1−xNbxO3 films with x = 

0.2, 0.3, and 0.8, respectively) values for comparison. The bulk S for x = 0.2 was −143 

μV K−1, x = 0.3 was −73 μV K−1, and x = 0.8 was −19 μV K−1, respectively. The n value 
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was measured based on the total thickness of the 2DES, which includes the insulating 

SrTiO3 layers. All the 2DESs show enhanced thermopower (−S) with a reduced N. 

Compared to the bulk samples at a similar n, a much higher −S is observed in superlattices 

as N is reduced below 3 uc. 

To confirm the increasing two-dimensionality with x, the S-enhancement factors 

(S2DES/SBulk) were plotted versus the N values [Fig. 4.5(b)]. For 2DES with x = 0.2 and 

0.3, the highest S2DES/SBulk values are around 4 and 5, respectively, whereas that for the x 

= 0.8 counterpart is ~10. As hypothesized, the enhanced S2DES/SBulk should stem from the 

increasing D with x. In our experiment, S2DES/SBulk for the x = 0.2 and 0.3 2DESs are 

saturated around 11 uc, which is consistent with D in Region A (~4.2 nm indicated by 

dashed line DA). As D increases in Region B, the saturation position for the x = 0.8 

2DES has a thickness larger than the D (~5.2 nm indicated by dashed line DB). As a 

result, an obviously enhanced two-dimensionality is achieved in the x > 0.3 Region B, 

which fits well with our hypothesis and suggests that Region B has the potential to further 

enhance the thermoelectric PF. 
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Figure 4.5. Two-dimensionality of 2DES: A key to enhance thermopower. (a) Plots of 

thermopower of the 2DESs, [N uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (x = 0.2, 

0.3, and 0.8), vs. the carrier concentration (n). Compared to bulk values (gray squares), 

all the 2DESs show an enhanced −S as N is reduced under 3 uc. (b) Enhancement factors 

in –S (S2DES/SBulk) for three sets of 2DESs. For x = 0.2 and 0.3 2DESs, the highest 

S2DES/SBulk values are obtained at N = 1, which are 4 and 5, respectively, while that of x = 

0.8 can reach 10. 

 

Based on the conclusions above, we tried to enhance the thermoelectric PF in [1 uc 

SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices by adjusting x between x = 0.2−0.9. Fig. 4.6 

summarizes the n dependences of the thermoelectric properties of [1 uc SrTi1−xNbxO3|11 

uc SrTiO3]10 superlattices at room temperature along with the reported bulk values for 

comparison.19 Following the bulk values, σ increases almost linearly with n [Fig. 4.6(a)], 

indicating that n dominates σ. In the SrTi1−xNbxO3 system, carriers are mostly due to Nb 

substitution. The high n also induces a highly Nb substituted region with a superiority in 

σ. However, σ for the superlattices remains lower than the bulk value due to the 

coexistence of 11 uc SrTiO3 insulating layers. 

μHall for lower x 2DESs (x ≤ 0.5) fluctuates around 3−5 cm2 V−1 s−1, while for higher x 

2DESs (x ≥ 0.6) values are ~6 cm2 V−1 s−1 [Fig. 4.6(b)]. Usually, μHall is controlled by the 

conduction band of materials along with the effects of crystal defects such as impurities 

and grain boundaries. In the bulk samples, μHall sharply increases due to the transition of 

the conduction band from Ti 3d to Nb 4d as x increases into the highly Nb substituted 

region.19 This pattern is also conserved in the superlattice counterparts. A higher μHall (≥ 

6 cm2 V−1 s−1) is observed in samples with x ≥ 0.6 than that for x ≤ 0.5 (3−5 cm2 V−1 s−1). 
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Compared to the bulk samples, all the superlattices exert a much lower μHall, which may 

result from an insufficient crystal quality or electron exudation into the pure SrTiO3 

barrier layers. Regardless, a conduction band transition from Ti 3d to Nb 4d is recognized 

in our superlattice systems. Due to the high overlapping population of the Nb 4d orbital, 

a superior electron transport property is realized in higher x 2DES. 

Fig. 4.6(c) plots the S values for all the superlattices versus n along with reported bulk 

values.19 The solid line depicts the overall tendency. In the diagram, the superlattices have 

an obviously enhanced –S compared to bulk samples at similar n values. As indicated by 

the solid lines, the experimental points for 2DES and bulk show different slopes of –300 

μV K−1 decade−1 and –200 μV K−1 decade−1, respectively. The relationship between –S 

and neff can be expressed by the following equation 

  −S = −kB/e·ln 10·A·(log n + B) (4-2) 

, where kB is the Boltzmann constant and e is an electron charge. A and B are the 

parameters that depend on the type of materials and their electronic band structures. Bulk 

shows a 3D electronic band structure with a parabolic shaped DOS near EF, where the A 

value is equal to 1 and the slope reflects a constant value of −kB/e·ln10 (≡ −198 μV K−1). 

On the other hand, the slope of the 2DESs may reach –300 μV K−1 decade−1, indicating 

that the A value is equal to 1.5. Therefore, the 2DESs work well to enhance the S even for 

the whole superlattice including SrTiO3 insulating layers. 

Finally, we calculated PF of the [1 uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (x = 

0.2−0.9) using the observed S and σ values [Fig. 4.6(d)]. PF is doubly enhanced for x = 

0.6 (5.1 mW m−1 K−2 at n ~ 8×1020 cm−3). Since the PF values are scattered due to the 

rather large distribution of μHall (3−6 cm2 V−1 s−1), we calculated PFs using the relationship 

between S and n (c) at constant μHall (6 cm2 V−1 s−1). The optimized PF of the 2DES should 
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be ~5 mW m−1 K−2 at n ~ 8×1020 cm−3, which doubles that of bulk SrTi1−xNbxO3 (PF ~ 

2.5 mW m−1 K−2 at n ~ 2×1021 cm−3). 

 

 

Figure 4.6. Double enhancement of the thermoelectric power factor in a 2DES. Carrier 

concentration dependences of (a) Electrical conductivity (σ), (b) Hall mobility (μHall), (c) 

thermopower (−S), and (d) power factor [PF (S2·σ)] of [1 uc SrTi1−xNbxO3 | 11 uc 

SrTiO3]10 2DESs (x = 0.2−0.9) at room temperature. Similar to the trends in the bulk 

values,  increases almost linearly with n. Hall for lower x samples (x ≤ 0.5) fluctuates 

around 3−5 cm2 V−1 s−1, while that for higher x ones (x ≥ 0.6) is ~6 cm2 V−1 s−1. Slope of 
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–S vs. log n for bulk SrTi1−xNbxO3 is –198 μV K−1, which ~1.5 times lower than –300 μV 

K−1 for the 2DESs. Double enhancement of PF is seen in x = 0.6 (5.1 mW m−1 K−2 at n ~ 

8×1020 cm−3). Since the PF values are scattered due to the rather large distribution of μHall 

(3−6 cm2 V−1 s−1), we calculated PFs using the relationship between S and n (c) at constant 

μHall (6 cm2 V−1 s−1). The optimized PF of the 2DES should be ~5 mW m−1 K−2 at n ~ 

8×1020 cm−3, which is double that of bulk SrTi1−xNbxO3 (PF ~ 2.5 mW m−1 K−2 at n ~ 

2×1021 cm−3). 

 

The present 2DES, [1 uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (x = 0.2−0.9), has 

several merits to enhance PF as compared with other 2DESs such as PbTe/Pb1−xEuxTe 

multiple-quantum-well,10 SiGe based superlattices,16,17 and Bi2Te3-based superlattices,18 

which are already commercialized thermoelectric materials. This is because SrTi1−xNbxO3 

can be deposited with 1 uc layer accuracy by PLD. Therefore, we can easily reduce the 

2DEG thickness to ~0.4 nm (1 uc layer). Further, there are two different D in 

SrTi1−xNbxO3; ~4.1 nm in the low conducting region and ~5.2 nm in the high conducting 

region. In enhancing PF, both S and σ play important roles. The present research implies 

that high conducting region is effective to enhance the thermoelectric PF in the 2DES. 

Herein highly Nb substitution realizes the coexistence of both a high electron transport 

(high n and μHall) and a high two-dimensionality (large D). 

 

4.4 Conclusion 

 

In summary, we have experimentally clarified that an enhanced two-dimensionality of 

2DES is efficient to enhance thermoelectric PF. We measured the thermoelectric 
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properties of 2DESs [N uc SrTi1−xNbxO3|11 uc SrTiO3]10 superlattices (1 ≤ N ≤ 12, x = 

0.2−0.9) because there are two different λD in this 2DES (x > 0.3: λD ~ 5.2 nm, x < 0.3: λD 

~ 4.1 nm). The S-enhancement factor S2DES/SBulk of the 2DES (N = 1) for x > 0.3 were 

~10, whereas those for x < 0.3 were 4−5. Maximum PF of the 2DES (N = 1, x = 0.6) 

exceeded ~5 mW m−1 K−2, which doubles the value of optimized bulk SrTi1−xNbxO3 (PF 

~2.5 mW m−1 K−2). The present 2DES approach ‘Use of longer λD’ is epoch-making and 

is fruitful to design good thermoelectric materials showing high PF. 
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5. Summary 

 

In this study, we have clarified thermoelectric phase diagram for SrTiO3-SrNbO3 full 

range solid solution based epitaxial films and artificial superlattices.  

In the first part, thermoelectric phase diagram of SrTiO3-SrNbO3 full range solid 

solutions was clarified. By PLD method, we successfully fabricated high quality 

SrTi1xNbxO3 (0.05  x  1) epitaxial thin films. Two phase boundaries were revealed, 

which are dominated by a step decrease in m* at x = 0.3 and a minimum in Hall at x = 0.5. 

Due to the transition of parabolic conduction band from Ti 3d to Nb 4d at x = 0.3, the m* 

decreases from ~1.1me to ~0.7me. Isovalent/heterovalent B-site substitution was found in 

SrTi1xNbxO3 with increasing x. As x ~ 0.5, the B site of SrTi0.5Nb0.5O3 is composed of 

Ti4+ and Nb4+ ions with a tetragonal distortion, which further leads to a formation of tail-

like impurity bands and maximizes the electron scattering. The thermoelectric phase 

diagram of SrTiO3-SrNbO3 full range solid solutions revealed in this study will provide 

guidance for further developments in SrTi1xNbxO3 based thermoelectric materials.  

In the second part, ascribed to the conduction band transition in SrTiO3-SrNbO3 full 

range solid solutions, D was calculated to increase from 4.1 nm to 5.3 nm at x = 0.3 in 

SrTi1xNbxO3. As a result, SrTi1xNbxO3 could be divided into two regions by the point of 

x = 0.3 (x  0.3  Region A, x > 0.3  Region B). Using [N unit cell SrTi1-xNbxO3|11 

unit cell SrTiO3]10 (1  N  12, x = 0.2, 0.3 and 0.8) superlattice structures, we observed 

a S enhancement factor of 10 in superlattices with x = 0.8, which is much higher than 

the 4 and 5 in superlattices with x = 0.2 and 0.3. Using the high enhancement factor of –

S in region B, we successfully increased the effective PF to 5 mW m–1 K–2 in [1 unit cell 

SrTi0.4Nb0.6O3|11 unit cell SrTiO3]10 at room temperature, realizing a 200% enhancement 
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compared with bulk counterparts. In this part, we experimentally proved the effectiveness 

of 2D confinement in enhancing thermoelectric performance. And using longer D 

materials is a promising way to further increase performance of thermoelectric materials.  

The research results presented in this thesis will not only provide design guidance for 

SrTiO3 based thermoelectric materials, but also suggestions for other thermoelectric 

material systems.  
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