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ABSTRACT 

Nanostructured Thermoelectric Oxides for Energy Harvesting Applications 

Anas Ibrahim Abutaha 

 

As the world strives to adapt to the increasing demand for electrical power, 

sustainable energy sources are attracting significant interest. Around 60% of energy 

utilized in the world is wasted as heat. Different industrial processes, home heating, and 

exhausts in cars, all generate a huge amount of unused waste heat. With such a huge 

potential, there is also significant interest in discovering inexpensive technologies for 

power generation from waste heat. As a result, thermoelectric materials have become 

important for many renewable energy research programs. While significant 

advancements have been done in improving the thermoelectric properties of the 

conventional heavy-element based materials (such as Bi2Te3 and PbTe), high-

temperature applications of thermoelectrics are still limited to one materials system, 

namely SiGe, since the traditional thermoelectric materials degrade and oxidize at high 

temperature. Therefore, oxide thermoelectrics emerge as a promising class of materials 

since they can operate at higher temperatures and in harsher environments compared 

to non-oxide thermoelectrics. Furthermore, oxides are abundant and friendly to the 

environment. Among oxides, crystalline SrTiO3 and ZnO are promising thermoelectric 

materials. 

The main objective of this work is therefore to pursue focused investigations of 

SrTiO3 and ZnO thin films and superlattices grown by pulsed laser deposition (PLD), with 

the goal of optimizing their thermoelectric properties by following different strategies. 
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First, the effect of laser fluence on the thermoelectric properties of La doped epitaxial 

SrTiO3 films is discussed. Films grown at higher laser fluences exhibit better 

thermoelectric performance. Second, the role of crystal orientation in determining the 

thermoelectric properties of epitaxial Al doped ZnO (AZO) films is explained. Vertically 

aligned (c-axis) AZO films have superior thermoelectric properties compared to other 

films with different crystal orientations. Third, additional B-site doping of A-site doped 

SrTiO3 films leads to a prominent reduction in the lattice thermal conductivity without 

limiting the electrical transport, and hence an improvement in the figure of merit is 

noticed. Fourth and last, the enhancement of thermoelectric properties of thermally 

robust, high quality SrTiO3-based superlattices is discussed. Beside the randomly 

distributed oxygen vacancies and extrinsic dopants, the structure of SrTiO3-based 

superlattices increases the scattering of phonons at the interfaces between the 

alternative layers, and hence reducing the thermal conductivity, which leads to a 

notable enhancement in the figure of merit. 
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Chapter 1.  

Introduction       

The huge increase in the global energy consumption, and the negative effects 

on environment caused by many current energy conversion technologies, have led to 

significant research interests in developing alternative energy conversion systems. 

One of the untapped, low-cost, and sustainable energy sources is heat. More than half 

of the primary energy utilized in many areas is wasted in form of heat. Thermoelectric 

(TE) devices can be used to convert waste heat into useful electrical power with no 

harmful emissions compared to traditional power generators, which operate on fossil 

fuel. Furthermore, TE devices have long lifetime, no moving parts, reliable use, and 

low operation cost. Potential applications include recovery of waste heat from power 

plants, industrial processes, melting furnaces, engine exhaust streams, space 

applications, and many others. 

So far, TE devices have been fabricated by utilizing heavy metal alloys, such as 

Bi2Te3 and PbTe, due to their relatively high efficiencies. However, these materials 

are composed of toxic, naturally rare, and heavy elements and can melt or be oxidized 

at high temperatures in air. Therefore, these materials can be used in limited 

environments, such as deep space exploration missions. To overcome these 

challenges, alternative TE materials should be explored. Metal oxides represent a 

promising solution from this point of view. 
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Metal oxides are considered as interesting candidates for high-temperature TE 

applications due to their stability, lack of toxicity, and low cost. Furthermore, by 

doping these oxides, high electrical conductivity and Seebeck coefficient can be 

obtained compared to traditional TE materials. Nevertheless, oxides are known with 

their relatively high lattice thermal conductivity due to the strong bonding between 

cations and anions, and the small mass of oxygen. So, the real challenge that 

encounters researchers in oxide TEs is to reduce the lattice thermal conductivity of 

oxides without deteriorating their decent electrical transport. 

The main objective of this research work is to understand the TE properties of 

n-type metal oxides, namely SrTiO3 (STO) and ZnO thin films and superlattices (SLs), 

and to discover different approaches for optimizing the TE performance. All films and 

SLs are studied by several characterization tools in order to explore their crystal 

structures, and to interpret their related TE properties accordingly. 

The dissertation is organized as follows: 

Chapter 2. Theoretical background and recent progress in TEs are presented. The 

chapter presents the definition of TE figure of merit (ZT). Fundamentals of electrical 

and thermal transports are discussed in this chapter. Introduction to crystal and 

electronic band structures of STO and ZnO is presented. The chapter concludes with 

the recent progress achieved in state-of-the-art TE materials, as well as 

comprehensive reviews on best reported ZT values for STO and ZnO based materials. 

Chapter 3. This chapter discusses the experimental procedures used in the 
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fabrication and characterization of thin films and SLs. The operation principles of the 

experimental setup used for measuring the electrical conductivity and Seebeck 

coefficient are also discussed. The chapter presents also the 3ω method used for 

measuring the thermal conductivity of the specimens. Finally, the characterization 

techniques used in this work are reviewed. 

Chapter 4. The effect of the laser fluence on high-temperature thermoelectric 

properties of the La3+ doped SrTiO3 (SLTO) thin films is clarified. In this chapter, it is 

confirmed that films are epitaxially grown on the substrate. Furthermore, it is shown 

that oxygen vacancies can be tuned by varying the fluence of the ablating laser. 

Depending on the measured physical properties, the oxygen vacancies play a vital role 

in determining the thermoelectric properties of the films. Film grown at the highest 

laser fluence shows the best TE properties. 

Chapter 5. This chapter shows how the thermoelectric properties of highly oriented 

Al3+ doped zinc oxide (AZO) thin films can be improved by controlling their crystal 

orientation. The crystal orientation of the AZO films can be changed by changing the 

temperature of the laser deposition process on LaAlO3 <001> substrates. The change 

in surface termination of the LaAlO3 substrate with temperature controls the 

orientation of AZO films. The anisotropic nature of electrical conductivity and 

Seebeck coefficient of the AZO films shows a favored thermoelectric performance in 

c-axis oriented films.  
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Chapter 6. The chapter demonstrates that the thermoelectric properties of epitaxial 

strontium titanate (STO) thin films can be improved by additional B-site doping of A-

site doped STO. The additional B-site doping results in increased electrical 

conductivity, but at the expense of Seebeck coefficient. However, doping on both sites 

of the STO lattice significantly reduces the lattice thermal conductivity of STO by 

adding more densely and strategically distributed phononic scattering centers that 

attack a wider phonon spectra. The additional B-site doping limits the trade-off 

relationship between electrical conductivity and total thermal conductivity of A-site 

doped STO, leading to an improvement in room-temperature thermoelectric figure of 

merit, 𝑍𝑇. 

Chapter 7. This chapter discusses the TE properties of metal oxide superlattices, 

composed from alternative layers of Pr3+ doped SrTiO3-δ (SPTO) and Nb5+ doped 

SrTiO3-δ (STNO). Excellent stability is established for these superlattices by 

maintaining the crystal structure and reproducing the TE properties after long-time 

(20 hours) annealing at high temperature (~1000 K). The introduction of oxygen 

vacancies as well as extrinsic dopants (Pr3+ and Nb5+), with different masses and ionic 

radii, at different lattice sites in SPTO and STNO layers, respectively, results in a 

substantial reduction of thermal conductivity via scattering a wider range of phonon 

spectrum without limiting the electrical transport and thermopower, and hence 

leading to an enhancement in 𝑍𝑇. 

Chapter 8. The main conclusions, remaining challenges, and future perspectives for 

optimizing the TE properties of oxide thin films are addressed in this chapter. 
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Chapter 2.  

Theoretical Background and Literature Review 

2.1. Thermoelectric Effects 

The most fundamental phenomenon in thermoelectricity is the Seebeck effect. 

In 1821, Thomas Seebeck observed that a compass needle would be deflected by two 

different metals joined at two different places in a closed loop, with a temperature 

difference between the junctions, due to a flowing current in the loop. This effect was 

called later as Seebeck effect. In other words, if the two junctions are held at different 

temperatures (T and T + ΔT), then the high-thermal-energy electrons flow to the 

colder edge (Figure 2.1(a)). This flow of electrons establishes an electric field (�⃗� ), and 

hence a voltage difference (ΔV) builds up proportional to the temperature difference 

(ΔT), to oppose the flowing electrons (Figure 2.1(b)) [1]. The ratio ΔV/ΔT is related to 

an intrinsic property of the materials called Seebeck coefficient (S), or the 

thermopower. S is very low for metals (a few microvolts per degree Kelvin) and is 

much higher for semiconductors (a few hundred microvolts per degree Kelvin) [2]. 
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Figure 2.1. Illustrations of Seebeck effect when a material is subjected to an external temperature 

gradient (∇⃗⃗ 𝑇). (a) Longer mean free path for the more energetic electrons. (b) To oppose the diffusion 

of the energetic electrons, an electric field (�⃗� ) is developed from the hot edge (TH) to the cold one (TC). 

Since the electrons are negatively charged, �⃗�  will be established in the opposite direction of ∇⃗⃗ 𝑇, and 

hence S will have a negative sign as it is included in the relation: �⃗� = 𝑆 ∇⃗⃗ 𝑇 [1]. 

 

The real TE device consists of a pair of n-type and p-type semiconductors 

connected electrically in series and thermally in parallel as shown in Figure 2.2(a) 

and (b). In Seebeck effect, if a thermal gradient is maintained between the two metal 

junctions (top and bottom), the electrons in the n-type leg and the holes in the p-type 

leg will diffuse to the cold junction, creating a potential difference, which can be used 

to power an external load (Figure 2.2(a)). On the other hand, when the same system 

is connected to a power supply, an electric current will flow through its legs by 

pushing electrons and holes from the top metal junction to the bottom one. The 

moving electrons and holes will carry heat away from the top junction keeping it 

colder than other one, and this effect is called Peltier effect, discovered by Jean Peltier 
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in 1835 (Figure 2.2(b)). For each material, the cooling effect is represented by the 

Peltier coefficient (Π) which relates the heat carried by the charge carriers to the 

electrical current (𝐼) through 𝑄 = 𝛱 × 𝐼 [3]. In 1851, Thomson (Lord Kelvin) found 

the fundamental relationship between the Seebeck and Peltier coefficients by 

considering an experiment in which a closed-loop thermocouple is under a thermal 

gradient. The resulting Seebeck voltage induced currents in the circuit, and Peltier 

cooling at junctions should result in a self-consistent description. 

 

Figure 2.2. Schematic diagrams for (a) power generation mode (Seebeck effect) and (b) refrigeration 
mode (Peltier effect) [4]. 
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2.2. Figure of Merit and Transport Properties 

The performance of a TE material can be measured by the dimensionless 

figure of merit, ZT. ZT is defined by the equation [5]: 

𝑍𝑇 =
𝜎𝑆2𝑇

𝜆𝑙+𝜆𝑒
 ,     (2.1) 

where 𝜎 is the electrical conductivity, 𝑆 is the Seebeck coefficient, 𝑇 is the absolute 

temperature, and 𝜆𝑙 and 𝜆𝑒 are the lattice and electronic contributions to thermal 

conductivity, respectively. From the equation above, we can easily see that high ZT 

values can be achieved with a high S and high σ with low 𝜆𝑙 and 𝜆𝑒. Unfortunately, all 

of the physical parameters that describe ZT cannot be treated independently and the 

correlations between them are complicated. Many researchers in the field of TE 

research are striving to get ZT 3 in order to involve the TE materials in a wider range 

of applications. The efficiency (η) [6] of TE materials for power generation is defined 

as the output of electrical power (P) divided by the thermal power (Q) supplied: 

𝜂 =
𝑃

𝑄
= 

𝑇𝐻− 𝑇𝐶

𝑇𝐻
= 

√1+𝑍𝑇−1

√1+𝑍𝑇+ 
𝑇𝑐
𝑇𝐻

 ,    (2.2) 

where TH and TC are the temperatures of the hot and cold sides of the sample, 

respectively.  

Figure 2.3 reviews some possible heat sources for TE applications, such as 

industrial waste, solar geothermal, nuclear and coal, along with the efficiency of 

several thermal-to-electric conversion technologies, such as organic Rankine, Kalina 

cycle, Stirling, Brayton and steam Rankine. Figure 2.3 states that the existing, practical 

mechanical systems are much more efficient than TEs. For instance, the maximum 
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reported ZT [7] for n-type TE materials is 2.6 so far, provides less efficiency than 

traditional energy-conversion technologies regardless of what temperature range is 

of interest. Nevertheless, obtaining ZT3 can notably expand the range and enhance 

the performance of niche applications, which is an important goal that the TE 

community is now striving to achieve. 

 

Figure 2.3. Efficiency of several heat engines compared with an estimate of TE performance at 
different values of ZT [8]. 

 

In the following sections, the optimum conditions of the physical quantities (σ, 

S, and λ) that describe ZT are discussed. It is important to note that these conditions 

are inferred from the best TE materials, and they can be regarded as reasonable 

guidelines in optimizing novel TE materials. However, due to the immanent trade-off 

relationship between those physical parameters, some of these guidelines are not 

valid for all TE materials. Several reviews published in the past decade highlighted 
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the possible approaches for enhancing the TE performance of many materials [1, 3, 

9-14]. 

2.2.1. Electronic Transport 

Boltzmann transport theory establishes a general understanding of the 

electronic and thermal transport properties in a vast majority of solids by connecting 

between the band structure calculations and transport coefficients [15]. Applying 

Boltzmann transport formulas under the relaxation time approximation, the σ and S 

can be expressed as [3]: 

𝜎 = ∫𝜎(𝐸) (−
𝜕𝑓

𝜕𝐸
)  𝑑𝐸,     (2.3) 

𝑆 = −
𝑘𝐵

𝑒
 
∫𝜎(𝐸) 

(𝐸−𝐸𝐹)

𝑘𝐵𝑇
 (−

𝜕𝑓

𝜕𝐸
) 𝑑𝐸

∫𝜎(𝐸) (−
𝜕𝑓

𝜕𝐸
) 𝑑𝐸

,    (2.4) 

where the transport distribution function (differential conductivity), 

𝜎(𝐸) = 𝑒2 𝜏(𝐸) 𝑣𝑥
2(𝐸) 𝑔(𝐸).    (2.5) 

Here 𝑒 is the electronic charge, 𝐸𝐹  is Fermi energy, 𝑘𝐵 is Boltzmann coefficient, 𝑇 is 

the absolute temperature, 𝑣 is the carrier velocity, 𝜏(𝐸) is the momentum relaxation 

time, and 𝑔(𝐸) is the density of states (DOS). 𝜎(𝐸) defines the electrical conductivity 

of electrons with energy E to the total electrical conductivity. For metals or 

degenerate semiconductors, S can be approximated by Mott’s formula with respect to 

the transport distribution function at E=EF as the following: 
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𝑆 =
𝜋2𝑘𝐵

2𝑇

3𝑒
 

1

𝜎(𝐸)
 
𝑑𝜎(𝐸)

𝑑𝐸
 .     (2.6) 

During the past decades, different approaches were proposed to suppress the 

strong correlation between S and σ, which provided several clues on ideal crystal and 

band structure for selecting the TE candidates of materials. For example, Figure 2.4(a) 

and (b) illustrate two hypothetical electronic DOS diagrams. In Figure 2.4(a), the DOS 

varies rapidly near EF unlike the one in Figure 2.4(b) where almost no change. Based 

on Equation 2.6, the system in Figure 2.4 (b) with rapidly changing DOS is expected 

to have a larger TE power factor (PF). In other words, S of a material is a measure of 

the asymmetry of electronic structure near Fermi level.  

 

Figure 2.4. Hypothetical density of states with (a) large slope (derivative in Equation 2.6) and (b) 
small slope at Fermi level [13]. 

 

On the other hand, one can optimize the TE performance of a material by 

introducing complexities in DOS within a small energy interval (a few keV) at Fermi 

level. For instance, compounds with complex structures and compositions are 

expected to possess complex electronic structures, and hence good TE performance 
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[13]. Figure 2.5(a) and (b) show two examples of semiconductors having simple and 

complex electronic structures, respectively. It can be expected that materials with 

complex structures can have higher PF than those with simpler electronic structures 

at the same carrier concentration in both types. In other words, the degeneracy of 

band valleys needs to be high in order to have high PF since each band valley, if 

populated by electrons, contributes a certain S and σ. The presence of a huge number 

of such valleys in a material band structure could result in increased ZT because the 

total PF derives from the total contributions from all valleys [13]. 

 

Figure 2.5. Hypothetic electronic band structures of (a) single-valley and (b) multi-valley systems. 
When system in (b) is n-doped, more valleys will be populated by electrons.  The PF depends on the 
number of populated valleys, and hence system in (b) will have higher PF [13]. 
 

2.2.2. Thermal Transport 

Thermal conductivity (λ) is the ability of a material to conduct heat, which has 

two contributions, one from the electrical charge carriers (λe) and the other from the 

lattice vibrations (λl). The total thermal conductivity is the summation of both 

contributions: 
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𝜆 =  𝜆𝑒 + 𝜆𝑙 .      (2.7) 

Metals possess high λ, which is attributed to the contribution of large number 

of electrons. Hence, λe has the major impact on λ in metals while λl has smaller effect. 

According to the Wiedemann-Franz relation, λe is proportional to σ for metals at a 

certain temperature (L = 2.45×10-8 W Ω Κ−2) [16]: 

𝜆𝑒 = 𝐿 𝜎 𝑇.      (2.8) 

On the other hand, λl is given by [16]: 

𝜆𝑙 = 
1

3
 𝑣𝑠  𝐶𝑉 𝑙,     (2.9) 

where 𝑣𝑠 is the velocity of sound, 𝐶𝑉 is the specific heat at constant volume, and  𝑙 is 

the mean free path of the phonons (quantized vibrations of lattice). In 

semiconductors, 𝜆𝑙 is usually much greater than λe. Since the best TE materials are 

predicted to be semiconductors with small band gaps, one challenge is to reduce λl 

without reducing PF. One possible approach is to introduce a wide range distribution 

of nano-, meso- and microstructures that can effectively scatter wide range of phonon 

spectra, which leads to a substantial reduction in λl without limiting PF, and hence 

enhancing ZT. Figure 2.6 shows a schematic diagram of possible mechanisms of 

phonon scattering in a TE material along with electronic transport of hot and cold 

electrons. Atomic defects (e.g. extrinsic dopants) can actively scatter short-

wavelength phonons, but larger embedded defects, such as interfaces and grain 

boundaries, are needed to scatter mid- and long-wavelength phonons. 
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Figure 2.6. Schematic diagram illustrating various phonon scattering mechanisms within a TE material, 
along with electronic transport of hot and cold electrons. Atomic defects are effective at scattering 
short wavelength phonons, but larger embedded nanoparticles are required to scatter mid- and long-
wavelength phonons effectively. Grain boundaries can also play an effective role in scattering these 
longer-wavelength phonons [10]. 

Figure 2.7 shows the contribution of different phonon modes to the 

accumulative λl of PbTe system. Around ~25% of λl value of PbTe is contributed by 

phonons with mean free paths of less than 5 nm, which can be mainly attributed to 

scattering by extrinsic dopants (atomic scale) or dislocations, and about 55% of λl is 

given by phonon modes with mean free paths between 5–100 nm, which can be 

scattered by nanoparticles embedded in PbTe lattice. The remaining ~20% of λl is 

contributed by phonon modes with mean free paths of 0.1–1 μm. Grains in meso- and 

microscale structures can scatter a considerable percentage of these additional 

phonons. Consequently, introducing structures with different length-scales (atomic, 
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nano-, meso-, and microscale) in one material could substantially scatter a broad 

spectrum of phonons [17]. 

 

Figure 2.7. The accumulative lattice thermal conductivity as a function of phonon mean free path for 
PbTe at different temperatures. Atomic-scale dopants and nanoscale particles can effectively scatter 
short-wavelength phonons while mesoscale grains can scatter long-wavelength phonons [17]. 

 

In this work, wide size distribution of phonon scattering centers were 

introduced in the films and SLs in order to attack a wide range of phonon spectra, and 

hence reducing λl. For instance, various extrinsic dopants, having different ionic radii 

and atomic masses, were embedded at different lattice sites of STO films, and notable 

reduction in λl was observed as it will be discussed in Chapter 6. Another approach is 

to create clusters of oxygen vacancies in the films and SLs during the growth process. 

These clusters have size of few nanometers, which can effectively scatter mid-
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wavelength phonons [18]. Furthermore, fabricating superlattices with tunable 

number of interfaces could scatter long-wavelength phonons, especially in the in-

plane direction [19]. 

2.2.3. Concentration of Charge Carriers 

As the doping concentration increases, σ increases and the S decreases. 

Therefore there exists an optimum PF versus doping concentration at relatively high 

doping concentrations and Fermi levels close to, or inside the conduction band 

(degenerate limit). Ioffe addressed that good TE materials have a sweet spot of carrier 

concentration in the range of 1018–1020 cm-3, corresponding to degenerate 

semiconductors or semimetals [2].  

Figure 2.8(a) shows ZT as a function of carrier concentration (n). Since σ and 

λ have a trade-off relationship with S, ZT maximizes at a certain value of n depending 

on the materials to be studied. The best ZT materials are found in doped 

semiconductors [3]. Insulators have poor σ while metals have relatively low S. In 

addition, λ of a metal, which is dominated by electrons, is proportional to σ, as 

dictated by the Wiedemann-Franz law. It is thus hard to attain high ZT in conventional 

metals. In semiconductors, λ is dominated by 𝜆𝑙. Therefore, 𝜆𝑙 can be reduced without 

causing too much reduction of σ [20]. A reduced 𝜆𝑙 directly improves ZT, and 

additionally allows re-optimization of the carrier concentration for additional ZT 

improvement (Figure 2.8(b)). 
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Figure 2.8. (a) Maximizing ZT needs a compromise of λ (plotted on the y axis from 0 to a top value of 
10 W m–1 K–1) and S (0 to 500 μV K–1) with σ (0 to 5000 S cm–1). Good TE materials are typically heavily 
doped semiconductors with n between 1019 and 1021 carriers per cm3. Trends shown were modelled 
from Bi2Te3, based on empirical data in Reference [21]. (b) Reducing 𝝀𝒍 leads to a two-fold benefit for 
ZT. An optimized ZT of 0.8 is shown at point (1) for a model system (Bi2Te3) with a 𝝀𝒍 of 0.8 W m–1 K–1 
and 𝝀𝒆 that is a function of n (purple). Reducing 𝝀𝒍 to 0.2 W m–1 K–1 directly increases the ZT to point 
(2). Additionally, lowering 𝝀 allows n to be re-optimized (reduced), leading to both a decrease in  𝝀𝒆 
and a larger S. The re-optimized ZT is shown at point (3). This figure was reproduced from Reference 
[22]. 
 

2.3. Oxides and Literature Review 

Traditional TE materials, such as Bi2Te3, PbTe, are composed of naturally rare, 

toxic, and heavy elements that can melt or be oxidized at high temperatures in air. 

Thus, these materials cannot be employed for extensive applications for waste heat 

recovery in air. To solve these problems, novel TE materials with high ZT composed 

of nontoxic, naturally abundant, light, and cheap elements should be developed. Metal 

oxides possess these requirements, and they are highly promising candidates from 

this point of view [23-25]. Nevertheless, metal oxides exhibit relatively low 𝑍𝑇 
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compared to traditional TE materials because of their relatively high 𝜆. Reduction of 

𝜆 without limiting PF is very crucial to improve ZT. Among metal oxides, crystalline 

STO and ZnO are attractive materials for waste heat recovery, particularly at high 

temperatures. In this work, different approaches were followed to improve the TE 

performance of doped STO- and ZnO-based thin films. In the following sections, brief 

backgrounds of STO and ZnO are presented. Recent progress made in TE research 

done for traditional TE materials, STO, and ZnO is also presented. 

2.3.1. Strontium Titanate 

The room-temperature crystal structure of STO is a cubic perovskite (ABO3) 

with 𝑃𝑚3̅𝑚 space group, a lattice constant of a = 3.905 Å, and a theoretical density of 

5.11 g cm-3. Sr2+ ion occupies the corner position (A-site) of the perovskite structure 

and is surrounded by twelve O2- ions located at the centers of the cubic faces as shown 

in Figure 2.9(a). Ti4+ ion occupies the center of the cube (B-site), surrounded by six 

O2- ions, and hence forming a TiO6 octahedral unit. STO is an indirect band-gap 

material as shown in Figure 2.9(b). The indirect and direct band gaps were 

experimentally determined as 3.25 and 3.75 eV, respectively [26]. The conduction 

bands in STO are mainly composed of Ti 3d orbitals consisting of triply degenerate 

orbitals (3dxy, 3dyz, and 3dxz) while the upper valence band is composed of O 2p states, 

hybridized with Ti and Sr states [26]. 
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Figure 2.9. (a) A perovskite crystal structure of STO unit cell. (b) Electronic band structure of 
undoped STO [27]. 

The effective mass (m*) of electrons in STO is relatively large [28], possibly due 

to the d-band nature, which should be responsible for the large S in STO. As a result 

of the possibly achievable, high σ and S, PF of a doped STO single crystal is high 

enough to compete with that of conventional TE materials like Bi2Te3 [29, 30]. 

Another attractive feature that makes STO a promising candidate for high-

temperature TE applications is its high melting point of 2353 K. Furthermore, σ of 

STO can be easily tuned from insulating to metallic by substitutional doping of Sr2+ 

and Ti4+ cations with extrinsic dopants in A-site and B-site, respectively. Like other 

oxides, STO has high λ which is the main reason behind its low ZT, and hence more 

efforts should be investigated in this direction in order to enhance the TE 

performance of STO. 
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2.3.2. Zinc Oxide 

ZnO possesses a wurtzite crystal structure with space group of P63mc 

symmetry and a theoretical density of 5.606 g cm-3. The lattice constants of ZnO 

crystal are 5.2098 Å and 3.2539 Å along c-axis and a-axis, respectively. In ZnO, both 

O2- and Zn2+ ions form hexagonal-close-packed type sublattices (Figure 2.10(a)). The 

oxygen and zinc planes are stacked alternatively on each other along c-axis in lattice. 

Since ZnO lacks symmetry in its structure, it is a polar crystal with either O2- or Zn2+ 

terminated surfaces [31].  

 

Figure 2.10. A wurtzite crystal structure of ZnO. (b) Electronic band structure of ZnO [32]. 

ZnO is a well-studied conductive oxide with a direct band gap of 3.3 eV (Figure 

2.10(b)). Due to the small electronegativity between Zn2+ and O2- ions, ZnO has a more 
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covalent character compared to other metal oxides. According to this characteristic 

of ZnO, m* of the free electrons is relatively low (0.38 m0, where m0 is the free electron 

mass), and comparable to those of Ge (0.55 m0) and Bi2Te3 (0.58 m0) [33]. Small m* 

of electrons in ZnO systems could help in getting high values of mobility, and hence 

higher σ, but lower S, as it will be discussed later in Chapter 5. 

2.3.3. Literature Review 

2.3.3.1. Literature Review on Traditional TE materials 

In the 1950s, alloys of Bi2Te3 were discovered to have ZT ∼1 near room 

temperature [10], and they have played a vital role in the field of TEs. While each 

physical quantity that describes ZT (S, σ, and κ) can individually be tuned by several 

orders of magnitude, the strong coupling between these properties has made it 

extremely challenging to increase ZT > 1 despite five decades of active research (See 

Figure 2.11). The TE community is widely targeting ZT ≥ 3 to make these solid-state 

systems competitive with traditional energy conversion systems. Recently, promising 

ZT values have been achieved for chalcogenide crystals, such as SrTe (ZT~2.2) and 

SnSe (ZT~2.6) [7, 34]. Despite these attractive results, for instance, SnSe does not 

seem to be utilized for real-life applications since it has displayed its high ZT only 

along one crystallographic direction at high temperature [35].  
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Figure 2.11. The improvement of the maximum ZT over time. Blue circles represent data for materials 
used in TE refrigeration, and red triangles represent data for materials used in TE power generation. 
The black dashed line is an eye-guide. This figure was reproduced from Reference [36]. 

 

2.3.3.2. Literature Review on TE Oxides 

ZT of oxides is still lagging behind the current state-of-the-art TE materials [17, 

22]. Nevertheless, oxides possess several distinguished characteristics from 

fundamental and application points of view as discussed previously. For instance, 

oxides can sustain at high temperature gradients due to its high chemical and thermal 

robustness (See Figure 2.12(a)), which is beneficial for a high Carnot efficiency [1]. In 

addition, oxides are known by their chemical versatility, and diversity of crystal 

structures, which allows a flexibility of compositional and structural tailoring. Finally, 
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oxides are not costly in terms of raw materials and nontoxicity compared to heavy-

metal-alloy TE materials, such as Te based materials as shown in Figure 2.12(b).  

 

Figure 2.12. (a) Schematic representation for comparing various TE materials for applications of 
waste-heat recovery and refrigeration, in terms of the temperature of operation and the abundance 
and environmental friendliness of constituent elements. (b) The abundance of elements used in TE 
materials, the elements shown in purple-colored columns are less than 1 ppm (part per million). [24] 
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Figure 2.13 (a) and (b) summarize the ZT evolution of STO and ZnO based TE 

materials known up to date. As discussed earlier, the crucial challenge that 

encounters research in TE oxides is to reduce 𝜆𝑙 without limiting the decent 𝑃𝐹. 

Different approaches were followed to reduce 𝜆𝑙 by using nano-structures, such as 

superlattices (SLs) [20, 37], nano-cubes [38], and nano-inclusions [39], while 

maintaining the high 𝑃𝐹 of the final structures. The maximum achieved ZT (~0.42) at 

1190 K, for STO based materials, was reported by Kovalevsky et al. [40], by 

introducing rare-earth dopants to A-site. On the other hand, the best achieved ZT 

(~0.65) at 1247 K, for ZnO based materials, was reported by Ohtaki et al. [41], by 

dually doping bulk ZnO with Al3+ and Ga3+. 
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Figure 2.13. (a) Literature reviews of maximum ZT values obtained for STO [29, 30, 37, 40, 42-61] 
and (b) ZnO materials known up to date [41, 62-93]. 
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Chapter 3. 

Experimental Procedures 

This chapter is dedicated to review all experimental procedures used in this 

work. Most of the experimental tasks were performed at Prof. Husam N. Alshareef’s 

Functional Nanomaterials and Devices Laboratory, including the growth of thin films 

and superlattices by pulsed laser deposition (PLD), TE transport measurements, and 

thermal conductivity measurement. The specimens were characterized using the 

facilities at KAUST core labs. The chapter is divided into three main sections: Growth 

of Thin Films and Superlattices, Transport Measurements, and Materials 

Characterization. 

3.1 Growth of Thin Films and Superlattices 

3.1.1. Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is one type of physical vapor deposition (PVD) 

methods. Due to its capability in growing stoichiometric, uniform, and multilayered 

films, PLD was selected to grow the thin films and SLs in this work. The first ever PLD 

experiment was carried out by smith and Turner in 1965, shortly after the invention 

of the pulsed ruby laser, in order to grow thin films of semiconductors and dielectrics 

[1]. However, twenty years later, PLD received more attention and came into 

widespread use in the applications of thin film technology. The stimulant finding was 

the discovery of high-quality superconducting films grown by low oxygen pressure 
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PLD without the necessity of further processing steps [2].  

The main components of the PLD system are shown in the schematic 

representation in Figure 3.1. An ultraviolet (UV) laser pulses, with a specific energy 

density, are focused by external lenses onto a rotating target. The external lenses 

should satisfy the condition of optical transparency to ultraviolet light before 

reaching the ceramic targets inside the main chamber. Two main events can take 

place when one laser pulse reaches the target surface. First event is the rapid heating 

and vaporization of the target surface by a portion of the laser pulse, and second, the 

absorption of the remainder of the laser pulse to heat and accelerate the plasma, 

which contains neutral atoms, molecules, ions, and clusters. These ablated 

components undergo collisions in the high density region near the target to create 

highly directional plume perpendicular to the target surface with high velocities 

around 106 cm s-1. The ablated constituents propagate with gradually decreasing 

velocity toward the substrate, which is typically 5–10 cm away from the target, on 

which the growth occurs. The crystalline quality (amorphous, polycrystalline, or 

epitaxial single-crystal) of the grown film depends mainly on the substrate material 

and its temperature [3]. The uniqueness of PLD is that the energy source is outside 

the chamber, which facilitates a large range of operating pressures (10-10–100 Torr) 

during film growth. By controlling the pressure and temperature, a variety of 

nanostructures and nanoparticles can be synthesized with unique functionalities. 
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Figure 3.1. Schematic representation of PLD [4]. 

At the Functional Nanomaterials and Device Laboratory, PLD is performed in a 

Pioneer-240 model system from Neocera (Beltsville, MD) [5]. The system has a 

spherical (24” diameter), stainless steel chamber equipped with a load lock chamber. 

High vacuum (<10-8 Torr) can be achieved inside the chamber using a turbo pump, 

with a maximum six targets (1” diameter) can be installed inside which enable us to 

grow SLs of different materials at the same time. Three independent mass flow 

controllers (MFC) allow gas flowing of Ar, N2, or O2 to the chamber with specific flow 

values measured in units of standard cubic centimeters per second (sccm). The target 

to substrate-holder (4˝ diameter) distance is ~8 cm. In each deposition, the substrate 

rotates at speed of 29 revolutions per minute (rpm) to ensure a uniform growth for 

1˝×1˝ substrates. The substrate holder can be placed directly in front of a radiant 
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heater which can heat up to 1300 K. A KrF excimer laser (λ=248 nm, pulse duration 

~20 ns, repetition rate =1–20 Hz) is installed outside the chamber to emit laser pulses 

directed and focused into the main chamber using a setup of optical lenses and 

mirrors. A clean laser window can be used before every deposition to eliminate run-

to-run variation in laser fluence at the target due to coating on the laser window. The 

laser fluence is monitored regularly by a power meter to ensure a stable and reliable 

pre-set laser fluence at the source. 

3.1.2. Magnetron Sputtering 

Sputtering is a physical vapor deposition (PVD) technique which depends on 

bombarding ions in order to eject atoms from a solid material. Atoms or molecules 

are physically removed from the target to be deposited in a substrate after being 

transported through a vacuum or an ambient gas. The atoms are ejected from the 

target surface as a result of collisions and momentum transfer from the impinging 

highly energetic ions, created during the ionization of a gaseous species, to target 

materials. The sputtered constituents are directed to the substrate by an electric field 

to grow a thin film [6]. 

The process starts with two electrodes installed in a vacuum chamber. The 

electrodes are the target (cathode) and the substrate (anode). An inert gas (usually 

Argon) flows to the chamber and an electric field applied to the electrodes. Under the 

applied electric field, electrons are accelerated towards the anode (+) colliding with 

the atoms of the gas and making them ionized. Ions can be accelerated towards the 
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cathode leading to the ejection of atoms from the source material (target). Secondary 

electrons are emitted from the surface, allowing the glow discharge to be sustained, 

as a result of the ions striking the cathode. When a direct current (dc) is used in the 

ionization process, the process is called a dc magnetron sputtering. It is the simplest 

method, as a dc voltage is applied between the cathode and the anode, nevertheless 

it is restricted to conductive targets, as insulating targets are not able to supply 

enough secondary electrons to sustain the glow discharge. To overcome this issue, 

radio frequency (rf) magnetron sputtering can be employed. In this process a high 

frequency voltage is supplied to the target to attract electrons from the glow 

discharge during the positive pulse of the rf signal. Both conductive and insulating 

materials can be deposited by rf magnetron sputtering [6]. 

The rf magnetron sputtering tool (ESCRD4, Equipment Company Ltd., 

Cambridge, England) at KAUST core labs was used to deposit SiNx insulating film. To 

prepare samples for the thermal conductivity measurement, SiNx layers were 

employed to separate the metal microheaters and the conductive oxide films, and also 

they used as buffer layers between the Si substrate and conductive oxide films, as it 

will be discussed later. SiNx films (100 nm) were deposited at room temperature by 

applying 100 W rf electrical power with frequency of 13.56 MHz. Argon was used in 

the deposition under pressure of 10 mTorr. The distance between the target and the 

substrate was maintained at 180 mm, while rotating the substrate to ensure a 

uniform deposition. The target was pre-sputtering for 60 seconds to clean the target 

surface prior the real deposition. 



52 
 

3.2 Transport Measurements 

Reliable and accurate measurements of transport properties are critically 

important in order to improve research in TEs. This section is dedicated to review all 

transport measurement techniques used in this work. The typical physical 

parameters are needed, to fully characterize any TE materials are electrical 

conductivity (𝜎), Seebeck coefficient (𝑆), thermal conductivity (𝜆), and carrier 

concentration (𝑛). All of these physical quantities were measured at the Functional 

Nanomaterials and Devices Laboratory except Hall measurement which was 

performed at KAUST core labs.  

3.2.1. Electrical Conductivity 

The 𝜎 measurement of many materials can be achieved straightforward. The 

simplest way to measure 𝜎 is to send a constant current through two electrical probes 

and measure the voltage across them. By using this two-probe method, we cannot 

isolate the sample resistance from other resistances in the circuits, such as contact 

resistance and the intrinsic resistance of the probes. To overcome these issues, four-

probe method can be used to determine 𝜎 [7]. In this method, a separate pair of 

probes is used to measure the voltage with a high impedance, so that the parasitic 

resistances are negligible since small current flows along the voltage probe pairs. For 

bulk samples, metal foils can be used at the two sides of the sample to ensure uniform 

current flow along the sample and the two voltage probes can be placed on the sample 

surface with a known distance between them along the current direction. For thin 
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films, however, all four probes are placed on the surface of the film. Figure 3.2(a) 

illustrates the linear four-probe configuration for thin film measurements used in this 

work. 

 

 

Figure 3.2.  (a) Linear four-probe measurement system for in-plane 𝝈 and S of thin films (RZ2001i, 
Ozawa Science, Nagoya, Japan). (b) Cross sectional schematic diagram of the linear four probes along 
with film on substrate. 

 

Ohm’s law describes 𝜎 by the following equation: 

𝜎 =
𝑙

𝑤𝑑

𝑉

𝐼
 ,     (3.1) 

where 𝑉, 𝐼, 𝑙, 𝑤, and 𝑑, are voltage measured between probes 2 and 3 (Figure 

3.2(b)), electrical current flowing in the length direction of the film (from probe 1 to 

4), length, width, and thickness of the film, respectively. In this work, we used a 

commercial system to measure 𝜎 of the films and SLs (RZ2001i, Ozawa Science, 

Nagoya, Japan). Using this system, σ can be measured from 300–1273 K under an 

ambient gas. All measurements done in this work were performed under Ar/H2 (96% 
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Ar and 4% H2) ambient as it induces the creation of oxygen vacancies in oxide films. 

At any temperature, σ (s cm-1) is extracted using Equation 3.1 after measuring the 

slope (ΔV/ΔI) of the I-V curve which is customized to have five values of 𝐼 (from -0.5 

to 0.5 mA) with their corresponding voltage values. The measurement of σ is then 

repeated at a higher sample temperature, thereby enabling studies on change in σ 

during heating. It is important to note that, in order to measure the intrinsic σ of thin 

films or SLs, insulating substrates should be used to eliminate any parasitic 

contribution to the measured σ.  

3.2.2. Seebeck Coefficient 

S is an intrinsic property of a material, which is strongly dependent on the 

electronic band structure. Measurement of S-T dependence, with the help of other 

measurements, provides us with information on electronic transport properties, such 

as type of charge carriers, scattering parameter, and effective mass. S can be 

measured, on the same sample used in σ measurement, allowing us to fairly correlate 

both measurements. There are two main methods to measure S: the integral and the 

differential (Figure 3.3(a) and (b), respectively). In integral method (large ΔT), one 

end of the specimen is maintained at a fixed temperature T1 while the other end is 

varied through T2=T1+ΔT. S can be extracted at any temperature, with respect to 

thermocouple used in the measurement, by using the equation: 𝑆(𝑇) = (𝑑𝑉 𝑑𝑇⁄ )𝑇 as 

shown in Figure 3.3(a) [8]. Integral method overcomes the problem of having voltage 

offsets due to the large thermal gradients, and hence larger voltage signals. However, 
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it is difficult to maintain the large thermal gradients at high temperatures, especially 

for small samples [9].   

 

Figure 3.3. Illustrations of integral and differential methods of S measurement [9]. 

 
On the other hand, the differential method (small ΔT), which is used in the 

majority of high temperature characterizations of S, can overcome most difficulties 

encountered by the integral method. For example, the small thermal gradients 

required to perform the measurements are easily achievable even at high 

temperatures unlike the integral method where maintaining the high thermal 

gradients are quite challenging, especially at high temperature regimes. In the 

differential method, a small thermal gradient ΔT applied across the specimen is 

maintained at an average temperature of interest 𝑇𝑎𝑣 = (𝑇1 + 𝑇2) 2⁄ , where 𝑇1 =

𝑇𝑎𝑣 − Δ𝑇 2⁄  and 𝑇2 = 𝑇𝑎𝑣 + Δ𝑇 2⁄ . Afterwards, S can be extracted from the slope of a 

linear fit composed of multiple voltage/temperature difference data points rather 

than one (Figure 3.3(b)).  
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At the Functional Nanomaterials and Devices Laboratory, S was measured in 

the range of 300–1000 K by using the differential method under Ar/H2 (96% Ar and 

4% H2) ambient using the commercial setup same as used in σ measurement 

(RZ2001i, Ozawa Science, Nagoya, Japan). Pt−Pt/Rh thermocouples were used as 

probes which simultaneously served the purpose of voltage and current probes as 

well as temperature sensors. To have small temperature gradients (ΔT), one edge of 

the specimen is cooled by flowing air through quartz tube installed inside one of the 

sample holders (see arrow in Figure 3.4(a)). The automated setup allows 

simultaneous measurement of σ and S at any given temperature, enabling studies on 

the evolution of the physical properties during annealing of the sample in the selected 

ambient. Some measurements (see Figure 3.4(b)) were performed right after the 

system installation in order to calibrate S measurements using a high purity Ni sheet 

in the temperature range 300-850 K in flowing Ar. The measured curves match well 

with those reported for Ni [10, 11]. 
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Figure 3.4. (a) TE measurement system used to measure S by differential method. Air flow is applied 
through a quartz tube on one specimen edge to make small temperature gradients (ΔT).  (b) Seebeck 
coefficient calibration runs carried out using a high purity Ni sheet in the temperature range 300-850 
K in flowing Ar. Measured data matches well with those reported for Ni [10, 11]. 

 

3.2.3. Thermal Conductivity 

We used the differential 3ω method [12, 13] to measure the cross-plane 

thermal conductivity of the films. In this method, an alternating current passes 

through metal lines (Au microheaters), patterned on a reference sample and one with 

additional film (Figure 3.5(a) and (b), respectively). The Au microheater act as both a 

heater and a thermometer. The alternating current with angular frequency ω creates 

Joule heating at 2ω (𝐼2(ω)𝑅, where 𝐼 is the current and 𝑅 is the resistance). This 

heating causes the temperature of the Au microheater to oscillate at 2ω, and hence 

its resistance oscillates at 2ω. Therefore, a small voltage component (𝐼(ω) × 𝑅(2ω)) 

is produced at 3ω [13]. The temperature rise of the Au microheater can be expressed 

by [12]: 
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Δ𝑇 = 2𝑅(
𝑑𝑅

𝑑𝑇
)−1 𝑉3𝜔

𝑉1𝜔
,      (3.2) 

where 𝑅 is the resistance of the Au microheater, 𝑑𝑅 𝑑𝑇⁄  is the temperature dependent 

coefficient of resistance of the Au microheater, 𝑉1𝜔 and 𝑉3𝜔  are the amplitudes of the 

first and third harmonic voltage drops along the Au microheater, respectively. 

 

 

Figure 3.5. Schematic representations for the (a) reference sample and a (b) sample with additional 
film (doped STO), used in the differential 3ω method, and (c) optical micrograph of 10 μm wide Au 
microheater. 

 

In order to pattern Au microheater on the electrically conductive film, an 

insulating layer is needed to prevent any leakage current. Therefore, SiNx film was 

deposited on doped STO films (Figure 3.5(b)) and bare Si substrate (Figure 3.5(a)) 

using sputtering, and we measured the temperature rise from both samples. An 

algorithm was used to extract the temperature drops across the functional film from 

the rise in temperature across the two samples, using the differential 3ω method. 

Since the differential 3ω method allows the measurement of the thermal conductivity 

of the additional film, it removes uncertainties in the thermal properties of other 

layers [12]. 
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Since the width of the Au microheater is 10 μm (Figure 3.5(c)) which is much 

larger than the thickness (~500 nm) of the film, the heat flow can be described as one 

dimensional, and the additional film has a frequency-independent temperature rise 

given by [14]: 

Δ𝑇𝑓 =
𝑃𝑙 𝑡𝑓

𝑤 𝜆𝑓
,     (3.3) 

where 𝑃𝑙 , 𝜆𝑓, 𝑡𝑓 , and 𝑤 are the heating power unit length, the thermal conductivity of 

the additional film, the thickness of the film, and the width of the microheater, 

respectively. For the anisotropic thermal properties of the films, the combination 

between 𝑤 and 𝑡𝑓 determines the measurement sensitivity to the in-plane and cross-

plane heat flows in the film [12]. If 𝑤»𝑡𝑓 , the measured Δ𝑇 is mainly assumed to be 

sensitive to the cross-plane 𝜆𝑓. On the other hand, if 𝑤~𝑡𝑓 , the heat generated by Au 

microheater spreads in the film, and the measured Δ𝑇 is influenced by both cross-

plane and in-plane 𝜆𝑓. Hence, by using a pair of Au microheaters with different widths 

and applying the two-dimensional heat flow model, the cross-plane and in-plane 𝜆𝑓 

can be determined [12]. Due to the limited measurement capability of using the ‘two-

microheater’ method, the cross-plane 𝜆𝑓 can be measured only.  

3.2.4. Hall measurement 

Hall measurement is usually performed to determine the resistivity, majority 

carrier polarity, carrier concentration, and mobility [7]. The Hall effect studies the 

behavior of charge carriers in the presence of magnetic and electric fields. In this 
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condition, the charge carriers will be influenced by two forces, magnetic and electric, 

which are governed by Lorentz force:   

𝐹 = 𝑒(�⃗� + 𝑣 × �⃗� ),     (3.4) 

where 𝑒 is the charge of the electron, �⃗�  is the electric field, 𝑣  is the velocity, and �⃗�  is 

the magnetic field. In Hall measurement, four electrodes are connected to the 

specimen, so a current (𝐼), driven by �⃗� , flows in a direction perpendicular to �⃗�  by two 

non-adjacent electrodes (Figure 3.6). The Lorentz force deflects the carriers toward 

one side of the sample, creating an electric field in the remaining electrodes that is 

perpendicular to both �⃗�  and �⃗� . 

 

Figure 3.6. Schematic representation illustrates Hall effect. 

The Hall voltage can be derived as [7]: 

𝑉𝐻 =
𝐵𝐼

𝑒𝑛𝑡
 ,     (3.5)  

where 𝑛 is the carrier concentration, and 𝑡 is the film thickness. 

All the Hall measurements presented in this work were performed in a 

physical properties measurement system (PPMS) (Quantum Design, Inc., USA) at 

KAUST core labs. Each film was measured in a magnetic field from -5 to +5 Tesla at 
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room temperature in the dark. All values of carrier concentrations reported in this 

work were extracted from the 𝑉𝐻-𝐼 curves (see Equation 3.5) after applying the 

magnetoresistance correction. 

3.3 Materials Characterization 

This section describes the materials characterization techniques used in this 

work. The techniques were used to explore the crystal structure and orientation, 

surface morphology and roughness, and the composition of elements in the films and 

superlattices. 

3.3.1. X-ray Diffraction 

X-ray Diffraction (XRD) is a fundamental characterization technique widely 

used in many research areas to reveal the crystal structure quality of materials under 

study. Since the wavelength of X-rays is comparable to the planar and atomic 

distances, they are very convenient for exploring the crystal structure of many classes 

of materials. The energetic X-rays can penetrate deep into the materials, and can be 

diffracted from the periodic arrays of atoms. XRD is based on the constructive 

interference of monochromatic X-rays diffracted from the crystals (Figure 3.7). 

Constructive interference occurs when the diffracted rays obey Bragg’s condition 

which is given by: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃,     (3.6) 
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where 𝑛 is an integer, 𝜆 is the wavelength of X-rays, 𝑑 is the distance between lattice 

planes, and 𝜃 is the angle of incidence of X-rays. 

 

Figure 3.7. Diffraction of X-rays from lattice planes illustrating Bragg’s law [15]. 

 

XRD patterns in this work were obtained using a high-resolution Bruker D8 

Discover diffractometer, using CuKα1 (λ=1.5406 Å) radiation, at KAUST core labs. XRD 

was primarily used to identify the growth quality, the lattice constant, and the 

crystallite size of the oxide thin films with respect to their relative substrates. Two 

experimental configurations were performed in this dissertation: Bragg-Brentano 

and Ф-scan.  

Figure 3.8 shows a schematic diagram of XRD scan experiment for thin film on 

a substrate. In Bragg-Brentano geometry, all rotation angles of the system parts are 

fixed in their initial positions (usually 0˚) except the X-ray source and the detector (θ 

angles) move simultaneously at the same rotation speed allowing diffraction from 
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planes parallel to the film-substrate interface only. In Ф-scan, ψ and θ are fixed to 

specific values where other lattice planes can cause the diffraction of X-rays which is 

not achievable in Bragg-Brentano geometry. Ф-scan allows the study of the in-plane 

epitaxial relationships between the film and substrate, and it reveals the quality of 

film texturing. 

 

Figure 3.8. Schematic diagram of XRD scan experiment for thin film on a substrate. 

3.3.2. Additional Characterization Techniques 

This section reviews the additional characterization techniques used in this 

work in order to comprehensively study oxide thin films and superlattices. The basic 

principles of these techniques can be found elsewhere [16, 17]. 

3.3.2.1. Scanning Electron Microscope 

Scanning electron microscopy (SEM) was used in this work to study the 

structure and surface morphology of oxide films. It was primarily used for top view 
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imagining of doped SrTiO3 films in Chapter 6. Exploring the microstructure and the 

surface morphology of the films is crucial in explaining the scattering events that 

dominates the electrical transport. SEM images were observed by FEI Nova NanoSEM 

at KAUST core labs. 

3.3.2.2. Atomic Force Microscopy 

Atomic Force Microscope (AFM) is a technique which enables us not only to 

study the surface morphology and microstructure of the films but also it is capable of 

measuring the roughness and identifying the individual surface atoms. At KAUST core 

labs, Agilent 5400 SPM AFM was used to discover the surface microstructure of doped 

SrTiO3 and ZnO films studied in Chapter 4 and 5, respectively. 

3.3.2.3. Transmission Electron Microscope 

Transmission Electron Microscope (TEM) was used to confirm the epitaxial 

growth of SrTiO3 superlattices which were studied in Chapter 7. At KAUST core labs, 

FEI high base Titan TEM was used to characterize the superlattices. Special 

experimental procedure was followed to perform proper TEM characterization, and 

it is discussed in Chapter 7. 

3.3.2.4. Rutherford Backscattering Spectroscopy 

The composition of the films was measured by high-resolution Rutherford 

backscattering spectrometry (HRBS-500, Kobelco, Japan), after depositing identical 
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films with thickness less than 100 nm, on Al2O3 substrates, since accurate 

measurement of composition of films on LaAlO3 (LAO) substrates was difficult due to 

the high atomic number of La. For the HRBS studies, He+ ion beam with energy 400 

keV was used and the backscattered ions were collected at an angle of 169˚. 

Simulations were performed using a custom-built code (Kobelco, Japan). 
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Chapter 4.  

Crystal orientation dependent thermoelectric 

properties of highly oriented aluminum-doped zinc 

oxide thin films 
 

(Reproduced with permission from Appl. Phys. Lett. 102, 053507. Copyright 2013, AIP Publishing LLC) 
 

4.1 Abstract 

We demonstrate that the thermoelectric properties of highly oriented Al-doped zinc 

oxide (AZO) thin films can be improved by controlling their crystal orientation. The 

crystal orientation of the AZO films was changed by changing the temperature of the 

laser deposition process on LaAlO3 <001> substrates. The change in surface 

termination of the LaAlO3 substrate with temperature induces a change in AZO film 

orientation. The anisotropic nature of electrical conductivity and Seebeck coefficient 

of the AZO films showed a favored thermoelectric performance in c-axis oriented 

films. These films gave the highest power factor of 0.26 W m-1 K-1 at 740 K.   
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4.2 Introduction 

Zinc oxide (ZnO) has attracted considerable attention in many applications as 

a semiconductor oxide due to its abundance, non-toxicity, and low cost. ZnO is a wide 

band gap semiconductor with a direct band gap of 3.3 eV at room  temperature [1]. 

The electrical properties of ZnO can be changed from insulator through n-type 

semiconductor to metal by controlling its doping level, while maintaining optical 

transparency, which makes it useful for transparent electrodes in flat-panel displays 

and solar cells. In addition, ZnO, has better stability at high temperature than the 

conventional thermoelectric (TE) materials (such as Bi2Te3 and PbTe), which can 

readily oxidize in such atmospheres. Owing to its superior stability compared to those 

heavy metal based compounds, ZnO has potential for high temperature TE energy 

conversion. ZnO-based oxide TE materials show a relatively high TE power factor, PF, 

(power factor in units of W m-1 K-1 is taken as the numerator of the figure of merit ZT, 

ZT=(σS2T)/λ, where σ is the electrical conductivity, S is the absolute Seebeck 

coefficient, T is the absolute temperature, and λ is the thermal conductivity), which is 

competitive to the conventional TE materials. Undoped ZnO is an n-type 

semiconductor. However, by doping with Al3+, σ can be increased by more than three 

orders of magnitude at room temperature, changing the conduction behavior from 

semiconducting to metallic [2]. However, the overall TE performance of AZO is 

relatively low because of its high λ [3]. Therefore, enhancing the electronic transport 

is crucial for improving the TE properties of AZO films. Unfortunately, possible 

improvement in electron transport properties is often limited by the trade-off 
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between σ and S. For example, high σ up to 7× 103 S cm-1 was reported for Ga-doped 

ZnO epitaxial films prepared by pulsed laser deposition (PLD) , but with a low S 

around  -11 μV/K [4],  whereas a high S of -140 μV K-1 was reported for PLD-grown 

amorphous ZnO films, but with a low σ of 100 S cm-1 [5]. Optimizing the growth 

conditions is hence important to improve the TE power factor of ZnO-based thin films.  

It is known that ZnO has an anisotropic electrical transport because of the 

ionic nature of the Zn–O bond and because of its wurtzite crystal structure, which 

lacks inversion symmetry. Thus, it may be possible to obtain better electrical 

transport and TE properties using ZnO-based films with specific crystal orientations. 

It has been reported that the in-plane electrical transport in the c-axis oriented ZnO 

films is enhanced compared to the a-axis oriented ones [6-8]. A number of methods 

can be used to change the crystal orientation of ZnO. For example, SrTiO3 single 

crystal substrates with different orientations can be used to alter the crystal 

orientation of PLD-grown ZnO films [6]. The crystal orientation of AZO ceramics can 

also be controlled by applying a high magnetic field [7].  

 In this work, we have altered the crystal orientation of AZO films on LaAlO3 

(LAO) substrates, by changing the substrate temperature (Ts) and for doing so, we 

have used a well-known effect whereby the surface termination of LAO substrates 

change at different temperatures [9]. In this approach, the same substrate material 

can be used, which has the advantage that any variations in the TE properties of the 

AZO films are largely driven by the change in the film orientation itself, and not by 

interactions with the substrate material. 
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4.3 Experimental Section 

AZO films were deposited by PLD (Neocera, Beltsville, MD) using a KrF 

excimer laser (λ=248 nm, pulse duration ~20 ns, repetition rate =10 Hz). Films 

were deposited by ablation of a 4N purity Al2O3 (2 wt.%) doped ZnO target at 

laser fluence of 3 J cm-2 pulse-1. The target was held on a rotating carousel to 

ensure a uniform ablation. In order to create sufficient oxygen vacancies and 

increase carrier concentration in the films, 20 mTorr of Ar was introduced as a 

reducing gas, using a mass flow controller. Films were deposited on <001> 

oriented LAO substrates (MTI corporation, USA) of dimensions 10x10x0.5 mm3 

with aLAO= 3.82 Å, held at different Ts values of  300, 425, 600, 800 and 1000 K 

and are denoted as films A, B, C, D and E, respectively. The thickness of the films 

was around 100 nm as measured by a spectroscopic ellipsometer. The phase 

purity of the films was determined from the analysis of θ-2θ (Bragg-Brentano) 

scan using an x-ray diffractometer (D8 Bruker, AXS System, Germany). Ф-scan 

was done for an asymmetric (110) and (001) diffraction of the LAO substrate 

and AZO film, respectively. When ψ, the tilt angle of the surface normal of the 

film, was 45˚ and 2θ was fixed at 33.4˚, and when ψ was 30˚ and 2θ was fixed at 

31.77˚, the respective Ф-scans for LAO and AZO were obtained by rotating the 

film (0˚–360˚) around the surface normal. σ and S were measured, on the same 

sample, from 300–740 K by using respectively the linear four-probe and the 

differential methods, under Ar/H2 (96% Ar and 4% H2) ambient using a 

commercial setup (RZ2001i, Ozawa Science Co Ltd., Nagoya, Japan). At any 
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temperature, σ was measured first, followed by S by introducing a ΔT of ~4–10 

K, between the voltage probes. The measurements of σ and S were then 

repeated at a higher sample temperature, thereby enabling studies on change 

in transport properties during heating. Room temperature Hall effect 

measurements were carried out using a physical property measurement 

system (PPMS) (Quantum Design, Inc., USA). The surface morphology of the 

films was obtained by using an atomic force microscope (AFM) (Agilent, 5400, 

USA). 

4.4 Results and Discussion 

Figure 4.1 shows θ-2θ x-ray diffraction (XRD) patterns for the AZO films. The 

patterns confirm that AZO films with a wurtzite crystal structure (Figure 4.1(a)) are 

formed irrespective of Ts. The diffraction peaks of the {001} planes from the LAO 

substrate (marked ‘S’) and two reflections from AZO planes can be seen. Small 

diffraction peaks (marked by asterisk) are observed in all patterns at 52.55˚ which 

can be attributed to small concentration of secondary phases (Al2O3 (024)). However, 

since the intensity of this reflection is small and similar for all the films, the effect of 

the secondary phases in determining the properties is neglected. Film A has a very 

small peak corresponding to the (002) reflection compared to film B (marked by the 

arrow), indicating that the growth direction is preferentially oriented along the c-axis 

(c-AZO) and film A is less crystallized compared to film B. This should not be 

surprising since film A was deposited without substrate heating (at 300 K). On the 

other hand, films C and E have a single peak corresponding to (110), which indicates 



72 
 

a growth along the a-axis (a-AZO).  Film D exhibits both (002) and (110) orientations. 

The dependence of crystal orientation of the AZO films on Ts can be attributed to the 

change in surface termination of the LAO substrate with temperature. LAO has a 

layered crystal structure with alternating La–O and Al–O planes. It has been clearly 

demonstrated [9] that depending on temperature, the surface termination of LAO 

varies. From 300 K to ~423 K, the surface is terminated by the Al–O plane while at 

temperatures above ~523 K, the termination is by the La–O plane. Mixed 

terminations containing Al, La, and O have been reported in the intermediate region 

of 423–523 K. The O–O bonding distances in the Al–O and La–O terminated planes on 

LAO (100) are 2.68 and 5.36 Å [10], respectively, while the  lattice constants of AZO 

are aAZO = 3.25 Å and cAZO = 5.2 Å. If the O sites on LAO surface provide the base for Zn 

atoms of ZnO, one expects that the La–O terminated surface provides better match 

(3–5% lattice mismatch) for the growth of a-AZO at temperatures above 550 K 

(Figure 4.2(b)) as compared to the Al–O terminated surface because of the large 

lattice mismatch (94%). Also, growth of c-AZO is favored on Al–O surface, which 

occurs below 450 K (Figure 4.2(c)) [10]. The mixed orientation in film D is related to 

the formation of oxygen vacancies in the films at Ts >600 K (an effect which will be 

discussed in detail later), which tends to relax [11] the lattice causing the occurrence 

of both types of growth directions. The lattice constants obtained from XRD analysis 

are shown in Table 4.1. However, it has been reported [10, 12] that mixed orientation 

of PLD-grown ZnO films can be obtained at different ranges of Ts. In these reports, the 

ambient gas used (20–30 mTorr of O2) was different compared to ours (20 mTorr of 

Ar). The physical properties of our films must hence be expected to be different 
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compared to the reported ones, since ambient gas for the PLD process is a crucial 

parameter that changes the physical properties of oxide films [13]. 
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Figure 4.1. θ-2θ XRD pattern for AZO thin films grown on LAO substrate at different temperatures Ts 

= 300, 425, 600, 800, and 1000 K which are denoted as films A, B, C, D, and E respectively. 

 

Figure 4.2(d) shows the Ф-scan patterns for LAO substrate and films C, E (both, 

a-AZO), wherein four peaks with almost equal intensity, and spaced by 90˚ can be 

observed, indicating a highly textured growth. The shift in peak positions of the Ф-

scan patterns corresponding to a-AZO {100} and LAO {110} is 45˚, indicating that 

these two families of planes intersect the substrate surface with an angular difference 

of 45˚. Therefore, the epitaxial relationships for a-AZO are [001] AZO || [110] LAO and 

[001] AZO || [-110], as shown in Figure 4.2(b). It is evident that films C and E, which 

were grown respectively at 600 and 1000 K, have the same in-plane epitaxy. 
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However, the respective full width at half maximum (FWHM) values of the peaks of 

Ф-scan patterns of films C and E are 5.3˚ and 4.35˚, indicating that film E is more 

textured than film C. For the c-AZO films, the Ф-scans, despite repeated attempts at 

different tilt angles, did not show any peaks, indicating that the crystallites are 

randomly distributed in the plane of the LAO substrate while maintaining their c-axis 

perpendicular to the substrate surface (Figure 4.2(c)). The presence of a single (002) 

peak in the θ-2θ scan and the absence of any peaks in the Ф-scan indicate that film B 

is fibre-textured. Fibre-texture arises when the c-axis of the film is fixed 

perpendicular to the substrate, but the in-plane axes are randomly rotated [14]. 

However, a ring pattern expected for fibre-textured films was not observed in the 

pole figures for {101} poles, which occur at ψ of 61.6˚, which may be attributed to the 

low crystallinity of the films. 
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Figure 4.2. (a) ZnO wurtzite crystal structure with the (002) and (110) planes highlighted. (b) Lattice 
arrangement at the interface between (b) a-AZO film and La–O terminated LAO surface and (c) c-AZO 

film and Al–O terminated LAO surface. (d) XRD Ф-scan for {100} of film C and film E (a-AZO) and 
{110} of LAO substrate. 

 

The σ-T dependence of AZO films deposited at different Ts is plotted in Figure 

4.3. Since the LAO substrate is insulating even after the film deposition (as measured 

from the rear side), its contribution to σ of AZO films can be neglected. Thus, the two 

possible sources for electronic charge carriers in the films are oxygen vacancies in 

AZO and the substitutional doping of Al3+ ions on the Zn2+ sites. Due to the presence 
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of the charge carriers in the conduction band, all films exhibit semiconductor 

characteristics, with σ increasing with temperature. The most prominent feature seen 

in Figure 4.3 is the dependence of σ on the crystal orientation. Compared to the a-AZO 

films, the c-AZO film (film B) shows higher σ in the entire range of temperature. 

However, film A, though also c-oriented, exhibits the lowest σ at 300 K, as shown in 

Figure 4.3, possibly due to significant electron scattering, owing to the incomplete 

crystallization, as may be expected for room temperature laser deposition. 

Furthermore, film A has the lowest electrical mobility (Table 4.1) which is also 

expected. It is well known that the electron effective mass is strongly dependent on 

the conduction direction in anisotropic crystals. For example, electrons have higher 

effective mass along c-axis than along a-axis in ZnO crystals [8]. The origin of this 

anisotropy is the lack of inversion symmetry and the ionic nature of the Zn–O bond, 

which results in a strong spontaneous bound polarization [15] along c-axis, the 

direction along which the Zn and O atoms are stacked alternately. This polarization 

can generate bound positive and negative charges on (001) Zn-polar and (00-1) O-

polar surfaces, respectively. These bound polarization charges induce a Schottky 

barrier potential at every Zn-polar surface which reduces effective mass and σ along 

the c-axis [6, 16]. It has also been found [17] that though both c-polar planes and a-

planes in ZnO accumulate electrons, owing to the spontaneous polarization the 

former accumulates more electrons. Since σ and Hall effect in our films were 

measured in-plane, the relevant effective mass that determines the transport is the 

in-plane effective mass, i.e., along directions in the c-plane of c-AZO film (film B) and 

along directions in the a-plane of a-AZO films (films C and E). Hence, one expects 
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higher carrier concentration in c-AZO films compared to the a-AZO films, which is 

indeed observed (Table 4.1). Due to the combined effect of spontaneous polarization 

and the resultant increase in carrier concentration, c-AZO film (film B) exhibits a 

higher effective in-plane σ. Film C (a-AZO) has significantly lower values of σ not only 

due to the polarization effect along the c-axis and a resultant drop in carrier 

concentration, as discussed above, but also due to its small oxygen vacancy 

concentration, since it was deposited at Ts= 600 K. Compared to film C, film E was 

deposited at higher Ts (1000 K, which is much higher than the temperature at which 

oxygen vacancies are created in AZO, as explained later) and hence the contribution 

of oxygen vacancies to its carrier concentration is higher, resulting in a higher σ for 

the entire range of temperature. Film D has lower electrical mobility (and hence lower 

σ) than film E since it has mixed crystal orientations (i.e., both c-AZO and a-AZO), 

which increases the scattering of the electrons. It may be noted that for a given crystal 

orientation, the carrier concentration increases with Ts, due to the increase in oxygen 

vacancy concentration of the films. From Table 4.1, it is also evident that the 

crystallite size and carrier concentration of the films increase after annealing. It may 

be noted that it is possible for two films with extreme crystalline qualities to have 

similar carrier concentration, but other transport properties will be significantly 

different (compare for instance, the mobility and electrical conductivity of films A and 

E). 
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Figure 4.3. Electrical conductivity of AZO films grown at different substrate temperatures. 

 

Another interesting feature observed in Figure 4.3 is the gradual increase in σ 

for all films, in the temperature range 550–700 K, irrespective of their crystal 

orientations. This change in σ is commonplace in oxide thermoelectrics, especially 

when measured in a reducing ambient such as Ar/H2, and can be attributed to the 

creation of additional oxygen vacancies in the AZO films [18]. To prove this argument, 

we measured the carrier concentration (Table 4.1) for the as-grown films and the 

films subjected to TE measurements (annealed) up to 740 K in Ar/H2. All of the 

annealed films have higher carrier concentration compared to the as-grown ones, as 

a direct consequence of oxygen vacancy creation during the annealing process, with 

each oxygen vacancy contributing two electrons towards conduction. It is also 



79 
 

observed that above ~700 K, σ decreases with temperature since the films start to 

deteriorate at this temperature. We have observed a drastic drop (not shown here) 

in σ (from 830 to 430 S cm-1), for an AZO film annealed up to 900 K. 

Table 4.1 Measured and calculated transport properties of AZO thin films at 300 K for different 

substrate temperatures. The films were grown at different substrate temperatures, Ts = 300, 425, 600, 

800, and 1000 K and are denoted by A, B, C, D, and E, respectively. Except in columns 5 and 7, the values 

shown are for the as-grown films. The calculated crystallite size for film D is reported respectively for 

c-AZO and a-AZO, for both as-grown and annealed films. 

 

In TE thin films, the transport properties also depend critically on the 

microstructure. In order to differentiate between the effect of crystal orientation and 

the possible effect of microstructure on the electrical transport, AFM images of the 

films were obtained.  Figure 4.4(a-e) show AFM phase images for all films.  Evidently, 

the surface morphology of the films is different. The rms surface roughness of the 

films is however nearly identical (~4 nm). To correlate the microstructure with the 

electrical transport, films B, D, and E can be selected as examples. These films have 

grain sizes around 40, 65, and 80 nm, respectively. Assuming that microstructure 

plays a predominant role on the transport, one would expect film B to have lower σ 

Sample 

Lattice 

constant 
Crystallite Size 𝒏 𝒏 𝝈 𝝁 𝑺 𝑷𝑭 

a c 

(Å) (Å) (cm-3 × 1020) (cm-3 × 1020) (S cm-1) (cm-2 v-1 s-1) (μV K-1) (W m-1 K-1) 

(Å) (Å) 

A - 5.205 220 250 7.90 8.85 154 1.22 -30 0.004 

B - 5.202 250 290 12.3 28.8 941 4.78 -25 0.018 

C 3.244 - 190 210 1.74 4.82 207 7.43 -33 0.007 

D 3.259 5.214 200, 160 210, 180 5.33 7.84 387 4.54 -30 0.011 

E 3.252 - 150 170 5.26 5.56 461 5.48 -33 0.015 
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compared to films D and E, because of its smaller grain size, which enhances 

scattering and decrease mobility. But film B has the highest σ (Table 4.1), indicating 

that the scattering of the free electrons is not dominated by grain boundaries. Hence 

it is clear that crystal orientation of the AZO films, and not the microstructure, plays 

predominant role in determining the electrical transport properties of AZO.   

 

Figure 4.4. AFM phase images for AZO  films: (a) film A, (b) film B, (c) film C, (d) film D, and (e) film E. 
(f) Grain size of films as a function of substrate temperature (Ts). 

 

The temperature dependence of 𝑆 is shown in Figure 4.5(a). All films have 

negative 𝑆 coefficient indicating n-type conduction as a consequence of Al and oxygen 

vacancy doping of ZnO. The films (except film A) also exhibit a linear dependence of 

S on temperature up to around 550–600 K. Above T ~600 K, this linearity is no longer 

obeyed. A plausible explanation for the deviation from linearity is a change in the 

scattering mechanism of the free electrons. Above 600 K, oxygen vacancies are 

created in these oxides, as discussed earlier, which act as additional scattering 

centers. Film A has a different S-T dependence compared to other films, which can be 
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explained by the enhanced electron scattering due to the low crystalline quality. Film 

C (a-AZO) has the highest S across the entire temperature range compared to the 

other films, a result which is consistent with the fact that it also had the lowest σ. It 

may be noted here that the electron effective mass is higher [8] along a-plane of AZO 

and the measurement of S was also done in-plane. On the other hand, film B (c-AZO) 

has the lowest S because of the lower electron effective mass along c-plane. In 

contrast, film D has lower S (lower σ) than film E (higher σ). Since film D has both 

types of crystal orientations, a-AZO and c-AZO, and the total electronic effective mass 

is a combination of the respective c-axis and a-axis components of effective mass. 

Therefore, the a-axis component reduces the total electron effective mass in film D, 

and hence results in a lower S. 
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Figure 4.5. The temperature dependence of (a) Seebeck coefficient and (b) power factor (𝑷𝑭) for AZO 
films grown at different substrate temperatures.  
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The temperature dependence of the derived PF is plotted in Figure 4.5(b). Film 

B exhibits the best 𝑃𝐹 compared to other films (0.26 W m-1 K-1) at 740 K.  The obtained 

value  is higher than those reported for undoped ZnO film (0.12 W m-1 K-1) [5] at 650 

K, and Ga doped ZnO films (2.5 × 10-4 W m-1 K-1) at 300 K [4]. The improved PF is 

mainly due to the enhanced electronic conductivity of the c-axis oriented film. 

4.5 Conclusions 

In summary, we showed the direct dependence of the thermoelectric 

properties of AZO films on crystal orientation. The crystal orientation of the AZO films 

can be controlled by changing the substrate temperature during deposition. To 

induce a change in the AZO crystal orientation, we used a well-established effect 

wherein LAO substrates change their surface termination at different temperatures. 

The c-AZO film (grown at 425 K) shows the best thermoelectric PF (0.26 W K-1 m-1 at 

740 K), which is attributed mainly to the improvement of electrical conductivity 

brought in by the spontaneous polarization along the c-axis, which also increases the 

carrier concentration. The critical dependence of thermoelectric properties on the 

controllable crystal orientation offers a pathway for the design of thin film 

thermoelectric devices using optimized AZO films. 
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Chapter 5.  

Laser energy tuning of carrier effective mass and 

thermopower in epitaxial oxide thin films   
 

(Reproduced with permission from App. Phys. Lett. 100, 162106. Copyright 2012, AIP Publishing LLC) 
 

5.1 Abstract 

The effect of the laser fluence on high temperature thermoelectric properties of the 

La3+ doped SrTiO3 (SLTO) thin films epitaxially grown on LaAlO3 <001> substrates by 

pulsed laser deposition is clarified. It is shown that oxygen vacancies that influence 

the effective mass of carriers in SLTO films can be tuned by varying the laser energy. 

The highest power factor of 0.433 W K-1 m-1 has been achieved at 636 K for a film 

deposited using the highest laser fluence of 7 J cm-2 pulse-1.  
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5.2 Introduction 

SrTiO3 (STO) is a promising n-type oxide suitable for high-temperature 

thermoelectric applications [1-5]. The melting point [6] of STO is 2353 K making it 

applicable at high temperatures, unlike the heavy metal based materials such as 

Bi2Te3 and PbTe, which are not stable at temperatures in excess of 1000 K. Moreover, 

the constituents of STO are all naturally abundant compared to other conventional 

thermoelectric materials. The electrical conductivity of STO can be easily varied from 

insulating to metallic by the substitutional doping with La3+ or Nb5+ and also by 

creating oxygen vacancies [2, 4]. In spite of all the attractive features, the figure of 

merit ZT (ZT=σS2T/λ, where 𝜎 is the electrical conductivity, 𝑆 is the Seebeck 

Coefficient, 𝑇 is the absolute temperature, and 𝜆 is the thermal conductivity) of STO 

is smaller than that of the heavy metal based materials since STO has a relatively high 

thermal conductivity (3–10 W m-1 K-1) [1]. Recently, several research groups reported 

relatively high ZT for STO with La3+ doping (0.21 at 750 K) [7], Dy3+ and La3+ doping 

(0.36 at 1045 K) [8]. Considerable improvement in 𝑍𝑇 is required to make STO a 

practical thermoelectric material and one way to do so is to reduce the thermal 

conductivity by nano structuring or doping with elements that enhance mass-

fluctuation scattering. On the other hand, enhancing the electron transport properties 

is often limited by the trade-off relationship between 𝜎 and 𝑆 in terms of electrical 

mobility (μ). For example, with increasing 𝜇, 𝜎 increases while 𝑆 decreases. 

Optimizing the growth conditions of the thin films is hence important to achieve the 

best power factor. The oxygen content and hence the carrier concentration (𝑛) play a 
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vital role in detemining the physical properties of the films. The usual sources of 

oxygen in oxide films grown by pulsed laser deposition (PLD) are the background gas 

and the substrate [9, 10]. It has been reported that Hall mobility of carriers at room 

temperature decreases as oxygen pressure increases, and hence oxygen partial 

pressure strongly affect the electrical transport properties of the PLD grown SLTO 

thin films [9]. Another approach to improve the power factor is by forming high 

density two-dimensional electron gas confined in a very thin layer of STO to produce 

a large value of |𝑆| (850 μV K-1) without reducing 𝜎 [1]. The effective mass (𝑚∗) of 

electrons is an important physical quantity that the electrical properties depend on. 

By changing the dopant concentration, 𝑚∗ can be varied. In STO single crystals, 𝑚∗ 

has been reported to vary in the range 6–6.6 m0 and 1.1–1.6 m0 for La3+ [3, 4] and in 

the range 7.3–7.7m0 for Nb5+ [4] dopants. 

In this work, we report the role of laser fluence in determining the oxygen 

content in STO based thermoelectric thin films. X-ray diffraction (XRD) and Atomic 

Force Microscopy (AFM) have been used to characterize the thin films. The 

temperature dependence of 𝜎 and 𝑆 has been measured for three different laser 

fluences. The electrical transport properties at 300 K have been determined by using 

a physical property measurement system (PPMS). The observed results are explained 

based on the dependence of 𝑚∗ on the oxygen content of the films.    
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5.3 Experimental Section 

Sr0.98La0.02TiO3-δ (SLTO) films were deposited by PLD (Neocera, Beltsville, MD) 

using a KrF excimer laser (λ=248 nm, pulse duration ~20 ns, repetition rate =10 Hz). 

Films were deposited by ablation of a 4N purity SLTO target (Testbourne Ltd., 

England) at three different laser fluences (7, 6, and 5 J cm-2 pulse-1) and are denoted 

as films I, II and III respectively. The target was held on a rotating carousel to ensure 

a uniform ablation from the target surface. In order to create sufficient oxygen 

vacancies, 20 mTorr of Ar was introduced as a reducing gas. The gas flow was 

regulated by a mass flow controller. Films were deposited on (001) oriented LaAlO3 

(LAO) substrates (MTI corporation, USA) of dimensions 10x10x0.5 mm3 with aLAO= 

3.82 Å, held at a temperature of 875 °C. The thickness of the films is around 500 nm 

as measured by a spectroscopic ellipsometer. The phase purity of the thin films was 

determined from the analysis of θ–2θ (Bragg-Brentano) and Φ (phi) scans using an 

X-ray diffractometer (D8 Bruker, AXS System, Germany). Φ-scan was done for an 

asymmetric (110) diffraction of the SLTO thin film on LAO substrate. When ψ, the tilt 

angle of the surface normal of the film, was 45˚ and 2θ was fixed at 32.42˚, Ф-scan 

result was obtained by rotating the film (0˚ –360˚) around the surface normal. 𝜎 and 

𝑆 were measured from 300–1000 K by using respectively the linear four-probe and 

the differential methods, under Ar/H2 (96% Ar  and 4% H2) ambient using a 

commercial setup (RZ2001i, Ozawa Science Co Ltd., Nagoya, Japan). Room 

temperature Hall Effect was measured by using the PPMS (Quantum Design, Inc., 
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USA). The surface morphology of the films was obtained by using AFM (Agilent, 5400, 

USA).  

5.4 Results and Discussion 

Figure 5.1(a) shows θ-2θ XRD patterns for the films. The diffraction peaks of 

the {001} planes from LAO (marked ‘S’) and SLTO can be seen and reflections from 

other crystalline orientations are of negligible intensity, indicating a preferential 

epitaxial growth of the films on the substrate. Figure 5.1(b) shows the Ф-scan for 

SLTO on LAO wherein four peaks with almost equal intensity spaced by 90˚ can be 

observed. The full width at half maximum (FWHM) of the peaks is 0.69˚, indicating a 

low mosaic spread and a high quality of the epitaxial thin film growth. Fine scans in 

the θ-2θ geometry were done for (002) reflection from SLTO (inset to Figure 5.1(a)) 

to detect any change in lattice constant with laser fluence in the films. The observed 

lattice constants of the films are presented in Table 5.1. All films possess a higher 

lattice constant compared to stoichiometric STO (3.905 Å). The ionic radius of La3+ 

(1.5 Å) with co-ordination number 12 is smaller than that of Sr2+ (1.58 Å) which it 

substitutes. Hence, a decrease in lattice constant should be expected in SLTO films 

and hence the observed increase in lattice constant indicates the presence of oxygen 

vacancies in the films. In STO, oxygen binds the cations together in SrO and TiO2 

planes and hence for films with oxygen vacancies, the cation-cation overlap 

decreases, leading to an increase in lattice constant [2, 11]. The systematic shift in 

(002) peak position indicates that the unit cell parameters of the films vary with laser 
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fluence. The decrease in lattice constant with increase in laser fluence can be 

explained in terms of a decrease in oxygen vacancy concentration in the films. As the 

laser fluence increases, the oxygen content in the film increases. The plasma plume 

generated from the surface of the SLTO target has different ionic elements and 

clusters. The velocity of the plume species depends on different factors such as the 

mass, electrical charge of the species, laser fluence of the ablating laser, and partial 

pressure of the background gas [12]. Oxygen ions have the lowest mass compared to 

other species of the plume and possess a low magnitude (-2) of the electrical charge 

and hence have the highest velocities. Evidently oxygen ions reach the substrate first. 

At high laser fluence, more oxygen ions are  bombarded towards the substrate where 

the nucleation takes place [12], enabling growth of films with lower oxygen vacancy 

concentration. From the FWHM of the (002) peaks of the films I, II and III an average 

crystallite size of 55 nm was calculated by applying Scherrer’s equation after taking 

into account the instrument broadening. For film III, the fine scan reveals a broader 

shoulder (denoted by ‘C’), which is indicative of a small cation non-stoichiometry 

[13]. However, from the shift of the (002) peak position, it is clear that oxygen vacancy 

concentration is highest in this film and hence the cation non-stoichiometry will have 

negligible influence in the transport properties of the films. On the contrary, if one 

assumes that the oxygen concentration in the films are the same, the deficiency of 

La3+, that can also explain the observed shift in the peak position, should lead to a 

marked reduction in carrier concentration in the n-type SLTO films, since each La3+ 

ion contributes an electron to the conduction band and the deficiency of La3+ may be 

treated as hole doping. However, as shown in Table 5.1, the carrier concentrations of 
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the films I, II and III are respectively 3.635, 8.312 and 11.27 (1020 cm-3) implying 

that the film with largest shift in the (002) peak has the highest carrier concentration 

and hence La3+ deficiency can be ruled out. Moreover, if contribution from oxygen 

vacancies is ignored, using a simple calculation using the unit cell volume and 

assuming that all La atoms are ionized, with each La3+ ion contributing an electron to 

the conduction band, it can be shown that approximately 2.1, 4.9 and 6.7 at.% of La3+ 

is required to account for the observed carrier concentrations in films I, II and III 

respectively. Such large variations in La3+ concentration is not probable since the 

concentration of La3+ in the target is only 2 at.%. Also, such an increase in La3+ content 

should result in a decrease in lattice constant whereas the observed trend is the 

opposite. It must be noted that the observed carrier concentrations can be easily 

accounted for if we assume Sr0.98La0.02TiO3-δ with δ= 0.0008, 0.015 and 0.024 

respectively for films I, II and III respectively and these values of δ can be easily 

achieved in the PLD growth in 20 mTorr of Ar.  
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Figure 5.1. (a) θ-2θ XRD pattern for SLTO thin films grown by different laser fluences on LAO 
substrate. The inset shows the fine scan for (002) reflection revealing the lattice expansion with 

decrease in laser fluence. (b) Ф-scan for film II. 
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The Rutherford Backscattering Spectroscopic (RBS) spectrum of the as-grown 

SLTO film on Al2O3 substrate is shown in Figure 5.2 along with the simulated curve. 

The edges corresponding to the elements of the film are marked. Since the substrate 

is thick, signal from Al extends to lower energies and the oxygen peaks from the film 

as well as the substrate are superimposed on the Al plateau. The composition of the 

film is estimated to be 21.5% Sr, 0.5% La, 21.4% Ti, and 56.6% O. Since the La3+ ions 

substitute for the Sr2+ ions in SLTO films, the film is best represented as 

Sr1.07La0.025Ti1.07O3-δ, δ being 0.17. The small deviation from target stoichiometry is 

evidently due to the presence of Ar gas during film growth, which can affect the 

growth process by introducing oxygen vacancies. 
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Figure 5.2. RBS spectra of the SLTO film. The symbols correspond to the experimental data, and the 
solid line to the simulated curve. The high energy edges corresponding to the constituent elements of 
the film are marked. 
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Figure 5.3(a-c) shows AFM height retrace images of the films. The dependence 

of rms roughness on the laser fluence is plotted in Figure 5.3(d). The roughness 

generally increases with increasing the laser energy [14]. Films I, II, and III have rms 

roughness 3.47 nm, 2.18 nm, and 1.55 nm respectively. Clearly, as the laser fluence 

increases, large ionic clusters will be ablated from the target. These bombarded 

constituents will not decompose completely before they arrive at the substrate 

surface because of their high velocity. At the same time, many incident atoms and ions 

will be re-sputtered from the substrate, which makes the surface rough during the 

nucleation process. The measured roughness values are approximately the same, and 

hence the difference in electron scattering in the films by surface roughness will be 

minimal. 

 

Figure 5.3. AFM height retrace images of (a) film I (b) film II and (c) film III together with the 
dependence of rms roughness of the films (d) as a function of laser fluence. 
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The temperature dependence of 𝜎 is plotted in Figure 5.4. All the films behave 

as degenerate semiconductors in the temperature range of 300–1000 K. The 

contribution of the LAO substrate to 𝜎 of SLTO is negligible because it is electrically 

insulating. At any temperature, film I has the highest 𝜎 due to lowest 𝑚∗ of electrons 

as compared to the other films. In other words, 𝑚∗increases with lattice constant and 

𝑛 [3]. This is an obvious indication of the dependence of 𝑚∗ of the electrons on laser 

fluence. In SLTO films, every La3+ ion that substitutes for Sr2+ ion contributes an 

electron each to the conduction band, provided all the dopant atoms are ionized. 

Similarly, each doubly ionized oxygen vacancy contributes two electrons to 

conduction. Hence 𝑛 of SLTO increases. Table 5.1 shows the electrical transport 

properties at 300 K of the SLTO thin films grown with different laser fluences. The 

Hall mobility was estimated by using the equation 𝜎 = 𝑛𝑒𝜇 [15]. From Table 5.1, it is 

evident that film III with the highest concentration of oxygen vacancies has the 

highest 𝑛. However, since oxygen vacancies act as point scatterers, 𝜇 of film III is 

adversely affected, leading to a reduction in 𝜎. 
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Figure 5.4. Electrical conductivity for the films grown with different laser fluences. 

 

The temperature dependence of Seebeck coefficient and power factor (𝑃𝐹 =

𝑆2𝜎𝑇), are shown in Figure 5.5(a) and (b) respectively. All films have negative 

Seebeck coefficient indicating n-type conduction as a consequence on La3+ and oxygen 

vacancies doping of STO. The effective masses of the electrons in the films were 

estimated from the Seebeck coefficient around the room temperature, using the 

following equation [15, 16]: 

𝑆 =  
8 𝜋8/3 𝑘𝐵

2  𝑚∗   

35/3 𝑒 ℎ2 𝑛2/3 
 (𝑟 + 1) 𝑇 ,    (4.1) 

where 𝑘𝐵, 𝑚∗, ℎ, 𝑛, 𝑟, 𝑎𝑛𝑑 𝑇 are the Boltzmann’s Constant, effective mass, Planck’s 

constant, carrier concentration, carrier scattering parameter of the relaxation time, 

and absolute temperature, respectively.  
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Figure 5.5. The temperature dependence of (a) Seebeck coefficient and (b) power factor (PF) for 
SLTO thin films grown by different laser fluences. The inset to (b) shows the power factor 

dependence on carrier concentration at 300 K. 
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From the slope of the 𝑆–𝑇 curve at temperatures below the Debye temperature [17] 

of the SrTiO3 (θD=513 K), 𝑚∗ of the films can be extracted by assuming r=2 (ionized 

impurity scattering). This assumption is valid near room temperature since 

scattering by acoustic phonons can be neglected below θD. Above θD, the slope of the 

𝑆–𝑇 curve changes, and this is attributed to changes in electron scattering 

mechanism. Electrons are scattered predominantly by acoustic phonons above θD.  

Table 5.1 Measured and calculated transport properties of SLTO films at 300 K. m*/m0 is the effective 
mass of the carriers with respect to the rest mass of electron (m0) 
 

Sample 
No. 

Lattice 
constant 

(Å) 

Electrical 
conductivity 

(S cm-1) 

Carrier 
concentration 
(× 1020 cm-3) 

Hall mobility 
(cm2 V-1 s-1) 

Effective mass 
m*/mₒ 

Seebeck 
coefficient 
|S| (μV K-1) 

Power 
factor 

(W K-1 m-1) 

I 3.918 212 3.635 3.64 1.88 217 0.30 

II 3.924 140 8.312 1.05 2.93 222 0.21 

III 3.932 81 11.27 0.45 3.86 257 0.16 

 

The temperature dependence of the derived 𝑃𝐹 (W K-1 m-1) is plotted in Figure 

5.5(b). Film I exhibits the best 𝑃𝐹 within the whole temperature range (0.433 W K-1 

m-1) at 636 K which compares well with those reported for 0 % La doped STO (0.23 

W K-1 m-1), 5 % La doped STO  (0.93 W K-1 m-1) [2] at 375 K, and 10 % Nb doped STO 

(0.6 W K-1 m-1) [5] at 1000 K. Inset to Figure 5.5(b) shows the variation of 𝑃𝐹 with 𝑛 

for the SLTO films. It is seen that the film with the lowest 𝑛 has the highest 𝑃𝐹. 

Recently, it has been reported that oxygen vacancies in STO lead to a decrease in the 

thermal conductivity [18]. Hence, by tuning the oxygen vacancies, large increase in 

𝑍𝑇 may be achieved since oxygen vacancies, if controlled, can increase the electronic 

contribution with a simultaneous reduction in thermal conductivity.  
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5.5 Conclusions 

In summary, we showed the effect of laser energy on the thermoelectric 

response of SLTO thin films in the temperature range 300–1000K. In PLD process, the 

coating of laser window by the ablated species, with sequential depositions is a source 

of uncertainty of actual laser energy falling on the target. For wide band-gap materials 

such as SLTO, this coating effect results in a significant drop of laser energy falling on 

the target, but often goes undetected to the bare eye. As demonstrated in this work, 

the variation in laser energy affects the dynamics of film growth. As the laser fluence 

increases, the oxygen concentration increases, resulting in a reduction in carrier 

concentration and electron effective mass which determines the thermoelectric 

power factor of the films. The best power factor obtained in this work is 0.433 W K-1 

m-1 at 636 K for 7 J cm-2 pulse-1 which agrees well with those reported in literature.  
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Chapter 6.  

Doping site dependent thermoelectric properties of 

epitaxial strontium titanate thin films 
 
(J. Mat. Chem. C, 2, 9712 (2014) - Reproduced by permission of The Royal Society of 
Chemistry) 
 
 

6.1 Abstract 

We demonstrate that the thermoelectric properties of epitaxial strontium 

titanate (STO) thin films can be improved by additional B-site doping of A-site 

doped ABO3 type perovskite STO. The additional B-site doping of A-site doped 

STO results in increased electrical conductivity, but at the expense of Seebeck 

coefficient. However, doping on both sites of the STO lattice significantly 

reduces the lattice thermal conductivity of STO by adding more densely and 

strategically distributed phononic scattering centers that attack a wider 

phonon spectra. The additional B-site doping limits the trade-off relationship 

between electrical conductivity and total thermal conductivity of A-site doped 

STO, leading to an improvement in room-temperature thermoelectric figure of 

merit, 𝑍𝑇. The 5% Pr3+ and 20% Nb5+ double-doped STO film exhibits the best 

𝑍𝑇 of 0.016 at room temperature. 

 

 

http://pubs.rsc.org/en/Content/ArticleLanding/2014/TC/C4TC01723D#!divAbstract
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6.2 Introduction 

Metal oxides have recently attracted significant attention for thermoelectric 

(TE) power generation at high temperatures due to their greater chemical and 

thermal stability over heavy metal alloys [1-3]. Furthermore, metal oxides are 

naturally abundant and non-toxic, unlike heavy metal alloys whose use is limited to 

specific applications such as in space exploration. Among metal oxides, crystalline 

SrTiO3 (STO) is a promising TE material, which crystallizes in the cubic perovskite 

structure (lattice parameter a = 3.905 Å, space group pm3m). Electrical conductivity 

of STO can be easily varied from insulating to metallic by substitutional doping on 

different sites [4] (A-site and B-site) in the lattice or by creating oxygen vacancies [5]. 

Generally, the performance of TE materials is evaluated in terms of the dimensionless 

figure of merit 𝑍𝑇 (𝑍𝑇 = 𝜎𝑆2𝑇/(𝜆𝑒 + 𝜆𝑙), where 𝜎 is the electrical conductivity, 𝑆 is 

the Seebeck coefficient, 𝑇 is the absolute temperature, and 𝜆𝑙 and 𝜆𝑒 are the lattice 

and electronic contributions to thermal conductivity, respectively). STO has relatively 

low 𝑍𝑇 compared to the conventional TE materials (𝑍𝑇 >2) [6, 7], which is mainly 

attributed to its high thermal conductivity (~7 W m-1 K-1 for reduced bulk STO [8] and 

~10 W m-1 K-1 for bulk La3+ doped STO [4]). These high thermal conductivity values 

of STO are predominantly attributed to 𝜆𝑙, nearly one order of magnitude higher than 

that of conventional TE materials, since the perovskite structure of STO is relatively 

simple and lacks effective phononic scattering centers [3]. Nevertheless, STO has a 

high power factor (𝑃𝐹 = 𝜎𝑆2𝑇) comparable to the best TE materials. Considerable 

improvement in 𝑍𝑇 is required to make STO a practical TE material and one way to 
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do so is to reduce the thermal conductivity by introducing nano-structures, such as 

superlattices [9, 10], nano-cubes [11], and nano-inclusions [12]. Another approach is 

to create point defects such as oxygen vacancies [13] and extrinsic doping of elements 

that enhance mass-fluctuation scattering [14-17]. Extrinsic dopants, of different mass 

and ionic radius compared to Sr and Ti, that occupy A and B sites can be effectively 

used for scattering phonons. In singly doped STO, either Sr (A-site) or Ti (B-site) gets 

substituted with elements such as La, Y, Pr etc. or Nb, Ta etc. respectively that help in 

reducing 𝜆𝑙 [15]. Maximum enhancement in phonon scattering is possible with high 

density and strategic distribution of these dopants. Doping on both A and B- sites is 

hence a promising approach to reduce 𝜆𝑙 and optimize 𝑍𝑇, which needs to be 

investigated. 

In this work, we report the role of additional B-site doping in enhancing the 

TE properties of A-site doped epitaxial STO films. Additional doping on B-site 

improves the TE power factor by increasing 𝜎 through adding electrons to the 

conduction band with lower effective mass [18]. We also report the role of double-

doping on both sites (A-site and B-site) in reducing 𝜆𝑙 of STO films, and hence 

improving the room-temperature 𝑍𝑇. In order to correlate the TE properties with the 

structure and morphology of the films, x-ray diffraction (XRD) and high resolution 

scanning electron microscopy (SEM) studies have been carried out. A notable 

dependence of structure and morphology on doping site in STO films is observed. The 

temperature dependence of 𝜎 and 𝑆 has been analyzed for the films. The observed 

results are explained based on the improved room-temperature 𝑍𝑇 brought in by a 

simultaneous enhancement of 𝑃𝐹, by tuning the carrier density, and reduction of 𝜆𝑙 
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of the films by adding efficient phononic scattering centers distributed effectively via 

double-doping route. 

6.3 Experimental Section 

All films were deposited by pulsed laser deposition (PLD) system (Neocera, 

Beltsville, MD) using a KrF excimer laser (λ=248 nm, pulse duration ~20 ns, 

repetition rate =10 Hz). Sr0.95Pr0.05TiO3-δ (SPTO) and Sr0.98La0.02TiO3-δ (SLTO) films 

were deposited by ablation of Sr0.95Pr0.05TiO3 and Sr0.98La0.02TiO3 targets, while 

Sr0.98La0.02Ti0.8Nb0.2O3-δ (SLTNO) and Sr0.95Pr0.05Ti0.8Nb0.2O3-δ (SPTNO) films were 

deposited by ablation of the double-doped Sr0.98La0.02Ti0.8Nb0.2O3 and 

Sr0.95Pr0.05Ti0.8Nb0.2O3 targets at a laser fluence of 4 J cm-2 pulse-1. The targets were 

held on a rotating carousel to ensure uniform ablation. In order to create sufficient 

oxygen vacancies, 20 mTorr of Ar was introduced as a reducing gas, using a mass flow 

controller. Films were deposited on (001) oriented LaAlO3 (LAO) substrates (MaTeck 

GmbH, Germany) of dimensions 10x10x0.5 mm3 with aLAO= 3.82 Å, held at a 

temperature of 973 K. The thickness of the films was around 270 nm as measured by 

a spectroscopic ellipsometer. The phase purity of the films was determined from the 

analysis of θ-2θ scan using an x-ray diffractometer (Bruker D8 Discover, AXS System, 

Germany). Φ scan was done for asymmetric (110) diffraction of the films on LAO 

substrate. When ψ, the tilt angle of the surface normal of the film, was 45˚ and 2θ was 

fixed at 32.42˚, Ф scan result was obtained by rotating the film (0˚–360˚) around the 

surface normal. In-plane 𝜎 and 𝑆 were measured, quasi-simultaneously on the same 
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sample, in the range 300–1000 K by using respectively the linear four-probe and the 

differential methods, under Ar/H2 (96% Ar and 4% H2) ambient using a commercial 

setup (RZ2001i, Ozawa Science Co Ltd., Nagoya, Japan). At any temperature, 𝜎 was 

measured first, followed by 𝑆 by introducing a Δ𝑇 of ~4–10 K, between the voltage 

probes. The measurements of 𝜎 and 𝑆 were then repeated at a higher sample 

temperature. We used the 3ω method [19] to measure the cross-plane thermal 

conductivity of the films. In this method, an alternating current passes through a 

metal line patterned on the film, and the amplitudes of the first and third harmonic 

voltage drops along the line are measured in order to extract the thermal conductivity 

of the films. For the metal line which acts as both a heater and a thermometer, a 200 

nm thick Au film, with 20 nm thick Cr as an adhesive layer, were deposited on the 

films using sputtering. The Au films were patterned to linear heaters using 

photolithography and lift-off. The width (~10 μm) of Au heaters is much larger than 

the film thickness (~500 nm) which allows us to measure the cross-plane thermal 

conductivity by applying one dimensional heat flow model. In order to pattern the 

metal line on the electrically conductive STO films, an insulating layer is needed to 

prevent any leakage current. Therefore, an insulating layer of SiNx (thickness of 100 

nm) was deposited on doped STO films and bare Si substrate using sputtering, and 

we measured the temperature rise from both samples. An algorithm was used to 

extract the temperature drops across the doped STO films from the rise in 

temperature across the two samples, using a comparative method [20]. Room 

temperature Hall effect measurements were carried out using a physical property 
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measurement system (PPMS) (Quantum Design, Inc., USA). Surface morphology and 

microstructures were observed by a SEM system (FEI Nova NanoSEM, USA). 

6.4 Results and Discussion 

Figure 6.1(a) shows θ-2θ XRD patterns for the films. The out-of-plane 

diffraction peaks of the {001} planes from LAO (marked ‘*’) and films can be seen, 

while reflections from other crystalline orientations are of negligible intensity, 

indicating a preferential epitaxial growth of the films on the substrate. To verify the 

in-plane epitaxial relationship between the films and LAO substrate, Ф scans were 

obtained. Figure 6.1(b) shows typical Ф-scan XRD patterns for the off-axis {011} 

reflections from the films and substrate. Four peaks with almost equal intensity 

spaced by 90˚ can be observed for both substrate and films indicating that the films 

and the substrate have four-fold symmetry about an axis normal to the substrate. The 

peak positions of the Ф-scan patterns corresponding to films and substrate indicate 

that the films are in-plane textured and epitaxially aligned on the substrate with 

epitaxial relationships of [100] STO || [100] LAO and [001] STO || [001] LAO. High-

resolution XRD scans in the θ-2θ geometry were done for (002) reflection from all 

films (Figure 6.1(c)) to detect any change in lattice constant depending on the 

extrinsic dopants in the films. The observed lattice constants of the films are plotted 

in Figure 6.1(d). All films possess higher lattice constants compared to stoichiometric 

STO (3.905 Å) although the ionic radii [21, 22] of Pr3+ (1.144 Å) and La3+ (1.36 Å) are 

smaller than that of Sr2+ (1.44 Å) which they substitute. The observed increase in 
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lattice constant is hence attributed to the presence of oxygen vacancies in the films. It 

has been reported that doped STO films grown under identical conditions are oxygen 

deficient [18]. In STO, oxygen binds the cations together in SrO and TiO2 planes and 

hence for films with oxygen vacancies, the cation-cation overlap decreases, leading to 

an increase in lattice constant [23]. Furthermore, it may be noted that oxygen vacancy 

creation induces the formation of Ti3+ (0.67 Å) from Ti4+ (0.605 Å), adding to the 

increase in lattice constant [24]. On the other hand, SLTNO and SPTNO films have 

higher lattice constant than stoichiometric STO which is attributed to both oxygen 

vacancies and the difference in the ionic radii [22] of Nb5+ (0.640 Å) compared to Ti4+ 

(0.605 Å) which it substitutes [25]. 
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Figure 6.1. (a) θ-2θ XRD patterns for doped STO thin films grown on LAO substrate. Peaks of (001) 
reflections are seen along with substrate peaks (*) indicating the preferential epitaxial growth of the 
films on the substrates, (b) Ф scan for {011} planes of the films and the substrate, showing four evenly 
spaced (90⁰) peaks that confirm a four-fold symmetry about an axis normal to the substrate, (c) high 
resolution scan for (002) reflection revealing a shift in (002) peak position, depending on the dopants, 
and (d) dependence of lattice constant on the dopant concentration. 

 

High resolution SEM images reveal the surface morphology of the films (Figure 

6.2). It is evident that the surface morphology of A-site doped films (Figure 6.2(a) and 

(b)) is quite different from that of films with additional B-site doping (Figure 6.2(c) 

and (d)). For instance, the morphology of SLTO film (Figure 6.2(a)) consists of the 

highest density of randomly distributed nano-features (~50–90 nm) on the surface 
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whereas SPTO film (Figure 6.2(b)) has lower density of such nano-features. On the 

other hand, SLTNO and SPTNO films (Figure 6.2(c) and (d), respectively) have 

densely arranged grains with less grain size distribution (~40 nm) than the A-site 

doped films. Although SLTNO and SPTNO films have lower grain sizes, which may 

reduce the mobility (𝜇) of free electrons as a result of scattering at grain boundaries, 

they exhibit higher 𝜎 (as explained later) than SLTO and SPTO films indicating that 

the scattering of free electrons is not dominated by grain boundaries. 

 

Figure 6.2. Topographic SEM images showing the microstructures of (a) SLTO, (b) SPTO, (c) SLTNO, 
and (d) SPTNO films. 
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Figure 6.3(a) and (b) show schematic representations of perovskite lattice for 

SLTO and SPTO films where La3+ and Pr3+ substitute Sr2+ ions, respectively. ln (𝜎)-1/𝑇 

relationship of SLTO and SPTO films is plotted in Figure 6.3(c). Since LAO substrate 

remains insulating (as measured from the rear side), even after deposition of the 

films, its contribution to 𝜎 of the films can be neglected. Both films show a typical 

degenerate semiconductor behavior. The possible sources of free electrons in the 

films are the substitutional dopants (La3+ and Pr3+) and the oxygen vacancies (δ). At 

any temperature, SPTO film has higher 𝜎 than SLTO due to the higher carrier 

concentration (𝑛) (Table 6.1). At 𝑇 ~600 and 750 K, the slopes of ln (𝜎)-1/𝑇 plots 

change for SLTO and SPTO films, respectively, which is likely due to changes in the 

scattering mechanism around these temperatures [4]. At 𝑇 < 600 K, free electrons are 

believed to be predominantly scattered by ionized impurities embedded in the STO 

lattice, as previously reported [26]. The scattering centers are the randomly 

distributed oxygen vacancies [13] (usually doubly ionized) [5] and the ionized 

dopants that substitute at the A-sites [14]. For doped STO films with lower ionized 

impurity and hence carrier densities, polar optical phonon scattering has also been 

reported as an important mechanism that limits carrier mobility around 300 K [4, 27]. 

However, in our films, which have high ionized dopant and carrier densities, the 

scattering at 300 K is most likely due to ionized impurities, with possible contribution 

also from polarons. It is interesting to note that in many wide band-gap degenerate 

oxides, scattering by ionized impurities has been reported as the dominant scattering 

mechanism at room temperature [28, 29]. As temperature increases, scattering by 

lattice vibrations increases and start to dominate around 600 and 750 K for SLTO and 
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SPTO films, respectively, leading to a change in the slope of the ln (𝜎)-1/𝑇 plots. At 𝑇 

~750 and 900 K, 𝜎 of SLTO and SPTO films, respectively, starts to increase with 𝑇 as 

the lightly reduced regions can be reduced more at these temperatures, because the 

measurements are done in the highly reducing Ar/H2 ambient. It may be noted that 

similar changes in curvatures are noticed for the temperature variation of 𝑆 of the 

films (to be discussed later), confirming the changes in scattering mechanisms. 

 

Figure 6.3. Schematic representations showing substitutional doping of La3+ and Pr3+ for Sr2+ (A-site) 
in (a) SLTO and (b) SPTO films. (c) ln (𝝈) vs 𝟏/𝑻 plot, and the temperature dependence of (d) Seebeck 
coefficient and (e) power factor of SLTO and SPTO films. 

 

The temperature dependence of 𝑆 and 𝑃𝐹 of SLTO and SPTO films are shown 

in Figure 6.3(d) and (e), respectively. Both films have negative 𝑆 indicating n-type 

conduction as a consequence of Pr3+, La3+ and oxygen vacancy doping of STO. Both 

films also exhibit a typical degenerate semiconducting behavior with a linear 
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dependence of 𝑆 on temperature up to ~600 K and ~750 K for SLTO and SPTO films, 

respectively. Above these temperatures, this linearity is no longer obeyed. This 

deviation from linearity can be attributed to the change in the scattering mechanism 

of the free electrons as discussed earlier, since we observe similar changes in 𝑆-𝑇 

curves as in ln (𝜎)-1/𝑇 [4]. The effective masses of the electrons in the films were 

estimated from the linear 𝑆-𝑇 relationship around room temperature (Table 6.1), 

using the following equation described by the degenerate Fermi gas model [30, 31]: 

𝑆 = 𝐶𝑛𝑛
−2/3𝑚∗(𝑟 + 1)𝑇 ,        (6.1) 

where the constant 𝐶𝑛 includes only the basic physical constants, 𝐶𝑛 =  8 𝜋8/3 𝑘𝐵
2  /

(35/3 𝑒 ℎ2); 𝑘𝐵 is the Boltzmann’s Constant; ℎ is the Planck’s constant; 𝑒 is the 

electronic charge; 𝑟 is the carrier scattering parameter of the relaxation time. From 

the slope of the 𝑆-𝑇 curve at around 300 K, 𝑚∗ of the films can be extracted by taking 

r=2, assuming ionized impurity scattering for these films, as discussed earlier. It may 

be noted here that, scattering from grain boundaries can be ignored at room 

temperature since the mean free path [32] (𝑙 = (3𝜋2)1 3⁄  (ℎ 2𝜋⁄ )(𝜎 𝑒2𝑛2 3⁄⁄ )) of 

electrons (𝑙<0.7 nm), considering degenerate conduction, are much smaller than the 

grain sizes (~40–90 nm) of the films suggesting that most scattering mechanisms 

take place in the in-grain domain. As evident from Table 6.1, 𝑚∗ in A-site doped STO 

films (SLTO and SPTO) increases with 𝑛 as previously reported [33]. 

In Figure 6.3(d), 𝑆 tends to saturate to asymptotic values at 𝑇 ~700 and 850 K, 

for SLTO and SPTO films, respectively. Such a non-monotonic change of 𝑆-𝑇 curve at 

high temperature is usually explained by Heikes theory [34]. It has been reported [35, 
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36] that the temperature at which 𝑆 saturates increases with dopant concentration, 

which is indeed observed for our films. However, 𝑆 of SLTO and SPTO films deviates 

above 𝑇 ~750 K and ~900 K respectively, from the saturation value, and hence Heikes 

theory cannot be used to interpret such a temperature dependence of 𝑆. One possible 

reason why Heikes theory cannot account for the observed variation of 𝑆 at high 

temperatures is the presence of randomly distributed oxygen vacancy clusters [13], 

which is a common to STO films grown by PLD [37]. These clusters are in different 

degrees of reduction [5], and the lightly reduced regions can be reduced more at very 

high temperatures during measurements in a reducing ambient (Ar/H2 in the present 

case), leading to a slight decrease in the absolute value of Seebeck coefficient (|𝑆|) as 

observed in Figure 6.3(d). The increase in 𝜎 (Figure 6.3(c)) of these films above ~750 

K and ~900 K respectively, confirms the reduction of lightly reduced regions in the 

films. Although SLTO and SPTO films have relatively high |𝑆|, their 𝜎 is low resulting 

in poor 𝑃𝐹 values as shown in Figure 6.3(e). One way to improve 𝑃𝐹 is to increase the 

dopant concentration in STO, and it would be reasonable if this additional doping is 

applied to a different site in STO lattice, such as B-site, which can help reducing 𝜆𝑙 by 

increasing the density and randomness of the phononic scattering centers in the 

lattice. 

The dependence of 𝑆 on 𝑇and 𝑛 can be understood from the fundamental 

theoretical treatment of transport in degenerate semiconductors. For a single band 

degenerate system, the Seebeck coefficient may be expressed as [38]: 

𝑆𝑖 =
∫𝑔𝑖(𝐸)𝐸(𝐸−𝐸𝐹)

𝜕𝑓0
𝜕𝐸

𝑑𝐸

𝑒𝑇 ∫𝑔𝑖(𝐸)𝐸
𝜕𝑓0
𝜕𝐸

𝑑𝐸
,                                                       (6.2) 
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where 𝑔𝑖(𝐸), 𝐸𝐹 , 𝑓0, and 𝑇 are the electronic density of states (DOS), Fermi energy, 

Fermi distribution, and the absolute temperature, respectively. For multiband 

systems, the total Seebeck coefficient is given by 

𝑆 =
∑ 𝑆𝑖σ𝑖𝑖

∑ σ𝑖𝑖
 ,                                                                  (6.3) 

where σ𝑖  is the conductivity due to the ith band and the summation runs over all the 

bands. 

It is clear from Equation 4.2 that 𝑆 depends on the product of 𝑔𝑖(𝐸) and 
𝜕𝑓0

𝜕𝐸
  

which brings in an asymmetry of DOS around 𝐸𝐹 . The broadening or shifting of the 

function, 
𝜕𝑓0

𝜕𝐸
 brought in respectively by changes in 𝑇 or 𝑛 leads to marked observed 

variation in 𝑆, as illustrated in Figure 6.4(a) and (b). For instance, for a degenerate 

system with fixed 𝑛, with increase in 𝑇 the asymmetry increases (Figure 6.4(a)), 

leading to an enhanced |𝑆|, which explains the temperature variation of 𝑆 of our films. 

Similarly, at any given 𝑇, the asymmetry is more pronounced for systems with lower 

𝑛 (Figure 6.4(b)). Hence, 𝑆 follows an inverse relation with 𝑛, which again is observed 

in our films (Table 6.1).  
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Figure 6.4. Schematic diagram representing asymmetry in density of states due to (a) broadening of 
the Fermi distribution function with increase in temperature and (b) shifting of the Fermi level (𝑬𝑭) 

due to increase in carrier density. The asymmetry of the area, described by the product 𝒈𝒊(𝑬) 
𝝏𝒇𝟎

𝝏𝑬
 , 

above and below 𝑬𝑭 is marked by the shaded regions in (a). For a fixed carrier density, with increase 
in temperature, due to broadening of the Fermi function, the asymmetry with respect to 𝑬𝑭 increases, 
leading to increase in absolute Seebeck coefficient. When carrier density increases, due to shift of 
𝑬𝑭 further into the conduction band, as shown in (b), the asymmetry decreases, leading to a decrease 
in absolute Seebeck coefficient.  
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Table 6.1. Lattice constant along with measured and calculated transport properties of the films at 
room temperature. 

Sample 
A 

(Å) 

σ 

(S cm-1) 

|S| 

(μV K-1) 

n 

(× 1021 cm-3) 
m*/mₒ 

μ 

(cm2 V-1 s-1) 

eτ 

(fs) 

𝝀𝒕 

)1-K 1-m (W 

𝝀𝒆 

(Wm-1 K-1) 

𝝀𝒍 

(Wm-1 K-1) 
𝒁𝑻 

SLTO 3.907 5 318 0.79 1.9 0.04 0.04 3.77 0.005 3.76 0.004 

SPTO 3.906 18 221 1.03 2.0 0.11 0.13 3.28 0.01 3.26 0.008 

SLTNO 3.946 815 48 3.93 1.6 1.30 1.18 3.42 0.6 2.82 0.014 

SPTNO 3.950 1420 44 4.51 1.4 1.97 1.57 3.75 1.04 2.71 0.016 

 

To study the effect of additional B-site doping to the already A-site doped STO 

films (i.e. SLTO and SPTO), Nb5+ ions are chosen to be the substitutional dopants to 

Ti4+ ions (B-site) as shown in the schematic representations in Figure 6.5(a)and (b) 

for SLTNO and SPTNO films, respectively. ln (𝜎) of SLTNO and SPTNO films as 

function of 1/𝑇 is shown in Figure 6.5(c). A change in the slopes of ln (𝜎) vs 1/𝑇 plots 

is seen at 𝑇 ~750 K, indicating a change in scattering mechanisms of free electrons at 

this temperature as discussed earlier. 𝜎 of the double-doped films is enhanced 

compared to single-doped films as a consequence of the introduction of more free 

electrons to the conduction band by the additional B-site dopants to the already A-

site doped STO. For instance, SPTNO film has 𝜎 two orders of magnitude higher than 

that of SPTO film. It is obvious that, at any 𝑇, SPTNO film possesses higher 𝜎 than 

SLTNO due to higher 𝑛 (Table 6.1). The improvement in 𝜎 brought in by the additional 

B-site doping is opposed by a decrease in |𝑆| (Figure 6.5(d)), as |𝑆| decreases with 𝑛 

in degenerately doped semiconductors, as explained before. It is worthy to note that 

the saturation behavior of 𝑆 observed for A-site doped films is not seen for SPTNO 
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and SLTNO films, most probably due to the much higher dopant concentration in 

these films. 

 

Figure 6.5. Schematic representations showing substitutional doping of Nb5+ for Ti4+ (B-site) in (a) 
SLTNO and (b) SPTNO films. (c) ln (𝝈) vs 𝟏/𝑻 plot, and the temperature dependence of (d) Seebeck 

coefficient and (e) power factor of SLTNO and SPTNO films. 

 

Unlike A-site doped STO films, 𝑚∗ of double-doped STO films (SLTNO and 

SPTNO) decreases with 𝑛 (Table 6.1). To understand this discrepancy, it is important 

to consider the role of lattice constant in determining 𝑚∗. In STO films, the bottom of 

conduction band is mainly composed of Ti 3d orbitals [39] and an increase in lattice 

constant enhances orbital overlapping between adjacent Ti ions. It was predicted [23] 

that Nb doping of STO increases the lattice constant and induces a tetragonal 

distortion of the Ti sublattice, changing the degeneracy of the conduction band from 

6-fold to 4-fold one, resulting in a higher band curvature and hence, a lower 𝑚∗, as 
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observed for SLTNO and SPTNO films. For SLTO and SPTO films, where the lattice 

constant is close to the stoichiometric STO (3.905 Å), the tetragonal distortion can be 

neglected and 𝑚∗ increases with 𝑛 as previously reported [33]. As evident from Table 

6.1, single-doped films possess lower 𝜇 than double-doped films which is attributed 

to the difference in 𝑚∗, i.e. the higher 𝑚∗, the lower 𝜇. From 𝑚∗ and 𝜇 values, the 

relaxation time (𝜏𝑒) can be found by using equation: 𝜏𝑒 = 𝜇𝑚∗/𝑒. A quick perusal of 

the table reveals that 𝜎 increases with 𝜏𝑒 .  

One possible reason for the large 𝑆 of STO, and hence high 𝑃𝐹, is the nature of 

the d-band which makes the 𝑚∗ relatively large compared to other TE materials [3]. 

The temperature dependence of 𝑃𝐹  for SLTNO and SPTNO films is plotted in Figure 

6.5(e). The double-doped films exhibit 𝑃𝐹  higher than single-doped films. SPTNO film 

exhibits the best 𝑃𝐹 (0.23 W K-1 m-1) within the whole temperature range at 656 K, 

although it has a low 𝑆. The improvement in 𝑃𝐹 is attributed to the superior 𝜎 of 

SPTNO film brought in by the additional B-site doping. 

The cross-plane thermal conductivity (𝜆𝑡, where 𝜆𝑡 = 𝜆𝑒 + 𝜆𝑙) of the films was 

measured at room temperature (Table 6.1). We assume that the in-plane thermal 

conductivity is the same as the cross-plane one since the films are cubic and the 

properties are isotropic. All films have lower 𝜆𝑡 than stoichiometric bulk STO (11 W 

m-1 K-1) [13] and La doped bulk STO (9 W m-1 K-1) [33]. This reduction in 𝜆𝑡 can be 

attributed to the phonon scattering due to the randomly distributed nature of oxygen 

vacancy clusters [13] as well as phonon scattering from point defects caused by the 

extrinsic dopants (Figure 6.6(a)) [16, 40]. Maximum reduction in 𝜆𝑙 is attributed to 

oxygen vacancy clusters, whose feature size compares well with the phonon mean 
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free path (order of nm) [13]. Nevertheless, it can be shown that extrinsic dopants are 

responsible for the change in 𝜆𝑙 of the films. If we assume that all extrinsic dopants 

are fully ionized, each one of them will donate one electron to the conduction band. 

By knowing the unit cell volume of STO ([3.905 Å]3), it can be shown that the carrier 

concentration, donated only by extrinsic dopants, of SLTO, SPTO, SLTNO, and SPTNO 

films are 0.34, 0.84, 3.7, and 4.2×1021 cm-3, respectively, which are lower than the 

measured ones (see Table 6.1). This difference in carrier concentrations, between 

measured and calculated ones, is attributed to the presence of oxygen vacancies in 

our films as each oxygen vacancy can donate two electrons to the conduction band. If 

the electron doping via oxygen vacancies is considered, it is possible to find that the 

concentrations (δ) of oxygen vacancies in SLTO, SPTO, SLTNO, and SPTNO films are 

0.013, 0.006, 0.007, and 0.009, respectively. To understand the real effect of such 

change in concentrations of imperfections on the lattice thermal conductivity, one 

may calculate the relaxation time (𝜏) of phonon scattering from different 

imperfections in the lattice using the equation [41]: 

 𝜏 =
1

𝜑𝜂𝜐
,           (4) 

where 𝜑, 𝜂, and 𝜐 are respectively the phonon scattering cross section (𝜑 α 

(imperfection radius)2), the number of scattering sites per unit volume, and the speed 

of sound. The calculated 𝜏𝑖 values due to different imperfections are listed in Table 

6.2. It can be shown that the effective relaxation time (𝜏𝑒𝑓𝑓) is lower than the lowest 

relaxation time due to individual scattering events, by using Matthiessen’s rule (
1

𝜏𝑒𝑓𝑓
=

∑
1

𝜏𝑖
𝑖 ), since the individual scattering events under consideration are all elastic in 
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nature and the orders of magnitude of the individual relaxation times (𝜏𝑖) match, as 

evident from Table 6.2. The 𝜏𝑖 values of La3+ and Pr3+ are lower than those of oxygen 

vacancies, indicating that phonon scattering from extrinsic dopants is more effective 

than scattering from oxygen vacancies due to the difference in their relative 

concentrations. 

 

Figure 6.6. (a) Schematic diagram illustrating possible phonon scattering events with lattice defects 
resulting from extrinsic dopant ions and oxygen vacancies in the films, (b) schematic representation 
depicting possible scattering of wider phonon frequencies due to extrinsic doping at both A and B sites 
as compared to A-site doping alone. Assuming that A-site dopants can scatter phonons of frequency f, 
simultaneous doping at both A and B sites can scatter phonons of frequencies f, 2f and 3f, making it a 
more effective approach in reducing lattice thermal conductivity. (c) Direct dependence of lattice 
thermal conductivity on the site dependence of the extrinsic dopant concentrations which are 2%, 5%, 
22%, and 25% for SLTO, SPTO, SLTNO, and SPTNO films, respectively. Inset to (b) shows ZT 
dependence on carrier concentration, at room temperature. 

 

It has been reported [42] that 𝜆𝑙 is dominant in heavily doped STO systems 

(20% Nb or 20% Pr doped STO). It is very important to understand the significance 

of doping STO on different lattice sites in reducing 𝜆𝑙. Figure 6.6(b) shows a schematic 

representation depicting how double-doping helps scatter wider phonon spectra as 

compared to single-doping. The phonon mean free path is usually of the order of nm 

in STO based films [13] and hence strategic positioning, density and distribution of 

efficient phononic scattering centers in the lattice bring in additional reduction of 𝜆𝑙. 
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Figure 6.6(c) shows the direct dependence of 𝜆𝑙 on extrinsic dopant concentration 

and positioning of the scatterers. For instance, SPTNO film has the highest 

concentration of the largest phonon scattering centers distributed across two 

different sites (5% Pr3+ and 20% Nb5+ ions), and hence, it has the lowest 𝜆𝑙 (2.71 W 

m-1 K-1) compared to other films. On the other hand, SLTNO film has slightly higher 𝜆𝑙 

(2.82 W m-1 K-1) than SPTNO film and this is attributed to the smaller mass and the 

lower concentration of La3+ ions than Pr3+ ions. On the other hand, single-doped 

(SLTO and SPTO) films have the highest 𝜆𝑙 (3.76 W m-1 K-1 and 3.26 W m-1 K-1, 

respectively) due to the lowest concentration of point defects in the lattice compared 

to double-doped films. 𝜆𝑒 was calculated by using Wiedemann-Franz law (𝜆𝑒 = 𝐿𝜎𝑇, 

where 𝐿 is the Lorentz number which is taken as [43] 2.45×10-8 W Ω K-2). It is 

observed that 𝜆𝑒 does not become negligible when 𝑛 exceeds 3×1021 cm-3 (Table 6.1) 

[44]. For instance, 𝜆𝑒/𝜆𝑡 of SPTNO (𝑛 = 4.51×1021 cm-3) and SLTO (𝑛 = 0.79×1021 cm-

3) films is 0.28 and 0.001, respectively. The room-temperature 𝑍𝑇 is plotted as a 

function of 𝑛 in the inset to Figure 6.6(c). The 𝑍𝑇 value increases with n as a result of 

the superior enhancement of 𝜎 over the small increase in 𝜆𝑡 of the double-doped STO 

films (SPTNO and SLTNO). It is clear that the approach of reducing 𝜆𝑙 via additional 

B-site doping in A-site doped STO films allows one to limit the trade-off relationship 

between 𝜎 and 𝜆𝑡, and hence improving 𝑍𝑇. SPTNO film possesses the best 𝑍𝑇 of 0.016 

at room temperature compared to other films. This 𝑍𝑇 value compares well with 

those reported at room temperature for 10% La doped bulk STO (0.015) [45], 5% La 

and 3% Nb double-doped bulk STO (0.025) [46], and 18% La and 2% Yb double-

doped bulk STO (0.02) [15]. 
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Table 6.2. Relaxation rime due to Phonon scattering from different imperfections in the films.  

Imperfection 
τi 

(×10-7 s) 

2% La3+ 1.45 

5% Pr3+ 1.35 

20% Nb5+ 8.9 

1.3% Oxygen Vacancy (SLTO) 1.96 

0.6% Oxygen Vacancy (SPTO) 4.25 

0.7% Oxygen Vacancy (SLTNO) 3.64 

0.9% Oxygen Vacancy (SPTNO) 2.83 
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6.5 Conclusions 

We show the direct dependence of thermoelectric properties of STO films on 

additional B-site doping on A-site doped STO. Additional B-site doping plays a 

significant role in enhancing the thermoelectric power factor and reducing the lattice 

thermal condcutivty of A-site doped STO, and hence improving their room-

temperature 𝑍𝑇. Our approach of reducing the lattice thermal conductivity by adding 

more phononic scattering centers that are strategically distributed, via additional B-

site doping of A-site doped STO films, allows us to limit the trade-off relationship 

between the electrical conductivity and the total thermal conductivity, leading to an 

improvement in 𝑍𝑇. The 5% Pr3+ and 20% Nb5+ double-doped (SPTNO) film exhibits 

the best 𝑍𝑇 of 0.016 at room temperature which compares well with those reported 

for STO based thermoelectrics at room temperature. The critical dependence of 

thermoelectric properties on double-doping approach can offer a pathway for the 

design of thin film thermoelectric devices using optimized STO films. 
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Chapter 7.  

Enhanced Thermoelectric Figure of Merit in Thermally 

Robust, Nanostructured Superlattices based on SrTiO3  
 
(Reprinted with permission from Chemistry of Materials, 27, 2165. Copyright 2015, American Chemical 
Society) 

 

7.1 Abstract 

Thermoelectric (TE) metal oxides overcome crucial disadvantages of traditional 

heavy-metal-alloy based TE materials, such as toxicity, scarcity, and instability at high 

temperatures. Here, we report the TE properties of metal oxide superlattices, 

composed from alternative layers of 5% Pr3+ doped SrTiO3-δ (SPTO) and 20% Nb5+ 

doped SrTiO3-δ (STNO) fabricated using pulsed laser deposition (PLD). Excellent 

stability is established for these superlattices by maintaining the crystal structure and 

reproducing the TE properties after long-time (20 hours) annealing at high 

temperature (~1000 K). The introduction of oxygen vacancies as well as extrinsic 

dopants (Pr3+ and Nb5+), with different masses and ionic radii, at different lattice sites 

in SPTO and STNO layers, respectively, results in a substantial reduction of thermal 

conductivity via scattering a wider range of phonon spectrum without limiting the 

electrical transport and thermopower, and hence leading to an enhancement in the 

figure of merit (𝑍𝑇). The superlattice composed of 20 SPTO/STNO pairs, 8 unit cells 

of each layer, exhibits a 𝑍𝑇 of 0.46 at 1000 K, highest among SrTiO3-based 

thermoelectrics. 

http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.5b00144
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7.2 Introduction 

The rapid increase in global energy consumption and the inability of 

conventional energy conversion technologies, such as combustion of fossil fuels, to 

reduce their negative impact on environment, have led to significant activities in 

developing alternative energy conversion technologies. One of these promising 

technologies is thermoelectrics (TE), which possess sustainable, reliable, and scalable 

characteristics in converting waste heat into electricity. Currently, TE devices cannot 

replace the traditional power generation systems due to their relatively low 

conversion efficiencies. The performance of TE materials is evaluated in terms of a 

dimensionless figure of merit 𝑍𝑇 = 𝜎𝑆2𝑇/𝜆, where 𝜎 is electrical conductivity, 𝑆 is 

Seebeck coefficient, 𝑇 is the absolute temperature, and 𝜆 is the total thermal 

conductivity [1]. The total thermal conductivity consists of contributions from 

electronic (𝜆𝑒) and lattice (𝜆𝑙) thermal conductivities (i.e. 𝜆 = 𝜆𝑒 + 𝜆𝑙). Unfortunately, 

all of the physical quantities describing 𝑍𝑇 are strongly correlated, which makes 

enhancement of 𝑍𝑇 extremely challenging [2]. The TE community has been 

intensively targeting to achieve 𝑍𝑇 3 in order to make the performance of TE solid 

state devices competitive with traditional energy conversion systems. Although 

heavy-metal-based alloys, such as SnSe (~2.6) [3] and  PbTe (~2.2) [4], exhibit high 

𝑍𝑇, they are not attractive for wide range of applications because they are toxic, 

decomposable, and their constituents are not naturally abundant. For these reasons, 

metal oxides, which do not have the above said disadvantages of traditional TE 

materials, emerge as reasonable and viable alternatives. Among metal oxides, SrTiO3 
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(STO) is a promising TE material, particularly at high temperatures, as it has a high 

melting point (2353 K) and naturally abundant constituent elements [5]. STO, with a 

cubic perovskite crystal structure (a=3.905 Å), is one of the well-studied oxides [6] 

and has a wide band gap [7], high 𝑆 [8], and huge electron mobility at 𝑇 < 10 K [9]. 

Furthermore, 𝜎 of STO can be tuned from insulating to metallic by substitutional 

doping in Sr2+ (e.g. with La3+) [10] and Ti4+ sites (e.g. with Nb5+) [11] or by creating 

oxygen vacancies [12] but at the expense of 𝑆, limiting the power factor (𝑃𝐹 = 𝜎𝑆2𝑇). 

However, STO exhibits a reasonably high 𝑃𝐹 (~1.5 W m-1 K-1) [11], which is 

comparable to those of the best known TE materials. Nevertheless, STO possesses 

relatively low 𝑍𝑇 compared to traditional TE materials because of its high 𝜆 at room 

temperature (~11 W m-1 K-1) [13]. Considerable improvement in 𝑍𝑇 is required to 

make STO a practical TE material and one way to do so is to reduce 𝜆 by using nano-

structures, such as superlattices (SLs) [14, 15], nano-cubes [16], and nano-inclusions 

[17], while maintaining the high 𝑃𝐹 of the final structures. For instance, Ohta et al. 

reported [14] that stoichiometric STNO/STO superlattices may exhibit a relatively 

high and effective 𝑍𝑇 of 0.24 at 300 K, by exploiting the phenomenon of 2D electron 

gas in STO. Despite all the attractive properties of superlattices, the stability at high 

temperatures comprises a crucial challenge in terms of having sustainable 

nanostructured TE devices. One crucial challenge regarding nanostructured TE 

devices, such as SLs, is the stability at high temperatures. These devices may be 

operated under high thermal gradients, for long duration at high operating 

temperatures, and structural stability, without compromising TE performance 

assumes great significance. Previous studies have shown that the thermal stability of 
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some SLs is limited to operating temperatures below a threshold value beyond which 

the SLs structures are destroyed, for example, STO-based SLs at 900-950 K [18, 19], 

and Bi2Te3-based SLs at 423 K [20]. 

In this work, we report the TE properties and the excellent high temperature 

stability of SLs composed of 5% Pr3+ doped SrTiO3-δ (SPTO) and 20% Nb5+ doped 

SrTiO3-δ (STNO) layers (Figure 7.1(a)), represented as [(SPTO)a|(STNO)b]20, where a 

and b are the number of unit cells of SPTO and STNO layers, respectively, and the total 

number of SPTO/STNO pairs is 20 for all SLs. The SLs are labeled depending on the 

relative thickness ratio of SPTO to STNO layers, 𝑎/𝑏 (see Table 7.1). Epitaxial cube-

on-cube growth of SPTO and STNO unit cells in SLs, confirmed by x-ray diffraction 

(XRD) and scanning transmission electron microscope (STEM), facilitates the 

electrical transport. Continuum analysis is used to calculate the in-plane 𝜆 of SLs from 

the measured 𝜆 values of SPTO and STNO single layers. The introduction of 

alternating, oxygen-deficient SPTO and STNO layers (Figure 7.1(a)) reduces 𝜆 of SLs 

via scattering of a wider range of phonon spectrum. In other words, short-wavelength 

phonons can be scattered by the presence of different extrinsic dopants (Pr3+ and 

Nb5+), at different lattice sites (A-site and B-site), while longer-wavelength phonons 

can be scattered by the clusters of oxygen vacancies (few nanometers) [21, 22] in each 

layer as well as from interfaces between the layers [23]. The high-temperature 

stability of [(SPTO)a|(STNO)b]20 SLs, as confirmed from the stable crystal structure 

and reproducible TE properties, even after 20 hours of operation at 1000 K, makes 

the STO-based SLs extremely attractive for high temperature applications.  
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7.3 Experimental Section 

Films and SLs were deposited by PLD (Neocera, Beltsville, MD) using a KrF 

excimer laser (λ=248 nm, pulse duration ~20 ns, repetition rate =10 Hz, and fluence 

of 3 J cm-2). Samples were deposited by ablation of 5% Pr3+ and 20% Nb5+ doped STO 

targets, for SPTO and STNO layers, respectively. Prior depositions, the surfaces of the 

targets were cleaned by laser ablation using 1000 pulses. Each target was held on a 

rotating carousel to ensure a uniform ablation. The PLD chamber was evacuated to a 

high vacuum level (~10-9 Torr) before each deposition. In order to create sufficient 

oxygen vacancies, a mass flow controller was used to introduce 20 mTorr of Ar as a 

reducing gas. Films were deposited on single-side polished <001> oriented LAO 

substrates of dimensions 10x10x0.5 mm3 with aLAO= 3.82 Å, held at substrate 

temperature of 973 K. Before each deposition, the substrates were cleaned 

ultrasonically in deionized water and isopropyl alcohol, and dried using high purity 

nitrogen gas. 

The phase purity of the SLs was determined from the analysis of θ-2θ (Bragg-

Brentano) scan using an x-ray diffractometer (D8 Bruker, AXS System, Germany). 

STEM was performed on an FEI high base Titan STEM operated at 300 kV with a probe 

spherical aberration (Cs) corrector and a monochromator (not turned on). The 

camera length was set at 145 mm, which corresponded to a STEM signal collection 

angle between 40 and 200 mrad for the high angle angular dark field (HAADF) 

detector. Under such a condition, the STEM image contrast is dominated by atomic 

number (Z-contrast). The specimen was oriented at the <001> zone axis.  For this 
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orientation the electron beam saw three atomic column configurations, pure Sr 

columns, pure O columns, and Ti and O mixed columns. The Sr, Ti and O atoms have 

an atomic number of 38, 22, and 8 respectively. The high angle angular dark field 

imaging condition will make Sr atomic column brighter in contrast than Ti/O mixed 

atomic column. The pure O column will not show up due to the weak intensity of 

scattered electron. 

σ and S were measured in the temperature range of 300 ̶ 1000 K by using 

respectively the linear four-probe and the differential methods, under Ar/H2 (96% Ar 

and 4% H2) ambient using a commercial setup (RZ2001i, Ozawa Science Co Ltd., 

Nagoya, Japan). At any temperature, σ was measured first, followed by S by 

introducing a Δ𝑇 of ~4–10 K, between the voltage probes. The measurements of σ and 

S were then repeated at a higher sample temperature, thereby enabling studies on 

change in transport properties during heating. Room temperature Hall effect 

measurements were carried out using a physical property measurement system 

(PPMS) (Quantum Design, Inc., USA).  

3ω method [24] was used to measure the cross-plane thermal conductivity of 

SPTO and STNO films. In this method, an ac current passes through metal line 

patterned on a film, and the amplitudes of the first and third harmonic voltage drops 

along the line were measured in order to extract the thermal conductivity of the films. 

A 200 nm thick Au film, with 20 nm thick Cr as an adhesive layer, were deposited on 

the films using sputtering. The Au films were patterned to linear heaters using 

photolithography and lift-off. The width (~10 μm) of Au heaters is much larger than 

films thickness (~500 nm) which allows us to measure the cross-plane thermal 
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conductivity by applying one-dimensional heat flow model. In order to pattern the 

metal line on the electrically conductive STO films, an insulating layer is needed to 

prevent any leakage current. Therefore, a 100 nm of SiNx was deposited on doped STO 

films and bare Si substrate using sputtering, and we measured the temperature rise 

from both samples. An algorithm was used to extract the temperature drops across 

the doped STO films from the rise in temperature across the two samples, using a 

comparative method [25]. 

7.4 Results and Discussion 

The epitaxial growth of all samples is evident from the dominant {001} peaks 

in the out of plane (c-axis) XRD patterns in the θ-2θ geometry shown in Figure 7.1(b). 

The diffraction peaks of the {001} planes from LAO (marked ‘S’), SLs, and films can be 

seen, while reflections from other crystal orientations are of negligible intensity, 

indicating a preferential epitaxial growth of SLs and films on the substrate. Small 

satellite peaks (marked ‘*’) are observed due to the periodic structure of SLs. High 

resolution XRD patterns in the θ-2θ geometry were done for (002) reflection from all 

samples and substrate (Figure 7.1(c)) to detect any change in lattice constant. The 

observed lattice constants are presented in Table 7.1. All samples possess lattice 

constants larger than that of stoichiometric STO (3.905 Å). However, it was reported 

[26, 27] that the unit cell volume of Pr3+ doped STO shrinks due to the substitution of 

Pr3+ (1.144 Å) with Sr2+ (1.44 Å). Another factor that should be taken into account is 

oxygen vacancies, which can play an important role in determining the lattice 
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constant of STO. It has been reported by Luo et al. [28] that Ti–Ti bond is larger than 

Ti–O–Ti and this effect leads to a tetragonal distortion of the lattice and results in a 

larger lattice constant. Furthermore, it may be noted that creation of oxygen 

vacancies induces the formation of Ti3+ (0.67 Å) from Ti4+ (0.605 Å), adding to the 

increase in lattice constant [12]. On the other hand, STNO film has the largest lattice 

constant (3.960 Å) among the samples due to the substitution of Nb5+ (0.64 Å) for Ti4+ 

(0.605 Å) [29] as well as the presence of oxygen vacancies in the film. For SLs(1–5), 

the effective lattice constant decreases monotonically with 𝑎/𝑏 ratio. In other words, 

as 𝑎/𝑏 ratio increases, the contribution of the SPTO layers (lower lattice constant) to 

(002) XRD peak becomes more prominent compared to STNO layers (higher lattice 

constant), and hence the effective lattice constant of SLs decreases.  
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Figure 7.1. (a) Schematic diagram of epitaxial perovskite [SPTOa|STNOb]20 SLs on LAO substrate. The 
unit cells of LAO substrate, STO, and the extrinsic dopants (Pr3+ and Nb5+) in each layer are shown with 
arbitrary atomic sizes for illustration purpose. (b) θ-2θ XRD patterns for doped STO thin films grown 
on LAO substrate, peaks of {001} reflections are seen along with substrate peaks (marked by ‘S’) 
indicating the preferential epitaxial growth of the films and SLs on the substrates. (c) High resolution 
scan for (002) XRD peak revealing a shift in (002) peak position, depending on 𝒂/𝒃 thickness ratio of 
the forming layers of SLs. (d) High resolution STEM image of SL3 confirms a cube-on-cube epitaxial 
growth with alternating dark and bright layers of SPTO and STNO, respectively. (e) HAADF intensity 
profile of B-site of SL3 proves that Nb5+ ions substitute Ti4+ ions as STNO layers are brighter than STNO 
layers since Nb5+ (Z=41) ions are heavier than Ti4+ (Z=22). (f) EELS spectra obtained from SPTO and 
STNO layers confirming that dark layers are SPTO as Pr M4,5-edge is found in the range 900–1000 eV 
while other edges (Ti L2,3 and O K) are also observed for both SPTO and STNO layers (430–560 eV). 

 

Figure 7.1(d) shows STEM image of as-grown SL3 which confirms the high 

quality of epitaxial layer-by-layer growth of both SPTO and STNO layers. The STEM 

image shows alternating bright and dark regions, both of which are about 8 unit cells 

thick, with very sharp interfaces, as confirmed by the intensity of high angle annular 
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dark field (HAADF) line profile of B-site, across the layers (Figure 7.1(e)). The 

alternating change in contrast is due to the replacement of Ti4+ atoms by Nb5+ ions. 

As Nb5+ ions (Z=41) are heavier than Ti4+ ions (Z=22), the replacement will make Ti4+/ 

Nb5+/O2- columns in STNO layers brighter in contrast than Ti4+/ O2- columns in SPTO 

layers. It is also deduced from B-site HAADF intensity profile that Pr3+ (Z=59) ions do 

not substitute Ti4+ (Z=22) ions. Our deduction is further supported by the analysis of 

the electron energy loss spectroscopy (EELS) spectra shown in Figure 7.1(f), obtained 

from both dark and bright layers. The spectrum obtained from the dark layer clearly 

shows the presence of Pr M4,5-edge, as shown in inset of Figure 7.1(f) (900–1000 eV) 

[30], confirming that the dark regions represent SPTO layers. Other edges (Ti L2,3 and 

O K) are also observed for both SPTO and STNO layers (430–560 eV) [31]. 

The temperature dependence of 𝜎 is plotted in Figure 7.2(a). In all samples, 𝜎 

decreases with temperature showing a degenerate semiconducting behavior in the 

entire temperature range as a consequence of electrons excited to the conduction 

band by oxygen vacancies and the substitution of Ti4+ and Sr2+ with Nb5+ and Pr3+ in 

STNO and SPTO layers, respectively. SPTO film has lower 𝜎 than STNO film which is 

attributed to the difference in carrier concentrations resulting from different doping 

levels (nSPTO=9.1×1020 cm-3 and nSTNO=2.78×1021 cm-3), as 𝜎 = 𝑛𝑒𝜇, where 𝑛, 𝑒, and 𝜇 

are carrier concentration, electronic charge, and electrical mobility, respectively. 

Furthermore, it was reported [32] that the effective mass (𝑚∗) of free electrons in 

STO is influenced by lattice constant, i.e. the smaller the lattice constant, the higher 

𝑚∗, and hence the lower 𝜇 leading to lower 𝜎 as observed for SPTO film. On the other 
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hand, the in-plane electrical conductivity (𝜎‖) of SLs can be described by treating 

SPTO and STNO layers as parallel non-interacting conductors, 

𝜎‖ =
𝑎𝜎𝑆𝑃𝑇𝑂+𝑏𝜎𝑆𝑇𝑁𝑂

(𝑎+𝑏)
=

(𝑎 𝑏)⁄ 𝜎𝑆𝑃𝑇𝑂+𝜎𝑆𝑇𝑁𝑂

(𝑎 𝑏)⁄ +1
,    (7.1) 

where 𝜎𝑆𝑃𝑇𝑂 and 𝜎𝑆𝑇𝑁𝑂 are electrical conductivity of SPTO and STNO layers, 

respectively [33]. At any temperature, 𝜎‖ of SLs decreases as 𝑎/𝑏 ratio increases since 

𝜎𝑆𝑃𝑇𝑂<𝜎𝑆𝑇𝑁𝑂. 
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Figure 7.2. (a) Electrical conductivity (b) Seebeck coefficient, and (c) power factor of the films and 
SLs as a function of temperature. 
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Figure 7.2(b) shows the temperature dependence of 𝑆. All samples exhibit 

negative 𝑆 indicating n-type conduction. As a consequence of different doping levels 

in SPTO and STNO films, SPTO film has the highest absolute Seebeck coefficient (|𝑆|) 

while STNO film has the lowest |𝑆| in the whole temperature range, as |𝑆| decreases 

with n and increases with 𝑚∗ of electrons in degenerate semiconductors 

(𝑆 α 𝑚∗𝑛−2/3).[1] In addition, SPTO is expected to have higher 𝑚∗in the in-plane 

direction as discussed earlier [32], and hence higher |𝑆| which is indeed observed for 

SPTO film (Table 7.1). In SLs, the in-plane Seebeck coefficient (𝑆‖) is determined from 

the contribution of SPTO and STNO layers as they can be treated as parallel 

conductors (𝑆‖ = ((𝑎 𝑏)⁄ 𝑆𝑆𝑃𝑇𝑂𝜎𝑆𝑃𝑇𝑂 + 𝑆𝑆𝑇𝑁𝑂𝜎𝑆𝑇𝑁𝑂)/((𝑎 𝑏)⁄ 𝜎𝑆𝑃𝑇𝑂 + 𝜎𝑆𝑇𝑁𝑂)).[33] So, 

as 𝑎/𝑏 ratio increases, |𝑆‖| increases since |𝑆𝑆𝑃𝑇𝑂|>|𝑆𝑆𝑇𝑁𝑂| at any temperature. All 

samples have linear 𝑆-𝑇 relationship indicating a typical degenerate semiconducting 

behavior, except for SPTO film and SL1, this linearity is no longer obeyed at ~750 K. 

This deviation from linearity can be attributed to the change in the scattering 

mechanism of the free electrons as they are scattered predominantly by acoustic 

phonons at high temperatures [34]. Above ~900 K, |𝑆| of SPTO and SL1 decreases 

with temperature because of the presence of randomly distributed oxygen vacancy 

clusters [21], which is common in STO films grown by PLD [22]. These clusters are in 

different degrees of reduction [31], and the lightly reduced regions can be reduced 

more at very high temperatures during measurements in a reducing ambient (Ar/H2 

in the present case), leading to a slight decrease |𝑆| as observed in Figure 7.2(b).  
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Figure 7.2(c) shows the 𝑃𝐹 as a function of temperature. STNO film has the highest 

𝑃𝐹 (1.05 W m-1 K-1) at 1000 K. It is interesting to note that the 𝑃𝐹 of SLs(3–5) is not 

reduced much by the presence of SPTO layers (lowest 𝑃𝐹) which gives the 

opportunity to these SLs to have higher 𝑍𝑇 than STNO film because of their expected 

lower 𝜆 due to the higher phonon scattering, which is indeed confirmed and to be 

discussed later. 

Our SLs exhibit excellent stability of TE properties at high temperatures 

(~1000 K). To demonstrate this stability, TE properties of SL3 was measured in Ar/H2 

ambient up to 𝑇 ~1000 K, which was maintained for 20 hours, before cooling down 

to room temperature (Figure 7.3(a)). 𝜎 (blue curve) and 𝑆 (purple curve) were 

measured during heating, soaking and cooling. In the heating regime (0 hours ≤ 𝑡 ≤5.4 

hours), SL3 shows a typical degenerate semiconductor behavior, i.e., as temperature 

increases, 𝜎 decreases, while |𝑆| increases, as previously discussed. During the 

soaking at 1000 K for 20 hours (5.4 hours ≤  𝑡 ≤25.4 hours), 𝜎 and |𝑆| of SL3 show a 

stable and constant performance with time. During this period, small temperature 

variations (Δ 𝑇 ~10 K) were applied to make the measurement of 𝑆 possible. (It may 

be noted that for measuring 𝑆, a temperature gradient is inherently necessary and 

hence the sample cannot be, in principle and practice, maintained strictly at 1000 K). 

When cooled to room temperature (25.4 hours ≤ 𝑡 ≤30 hours), both 𝜎 and 𝑆 returned 

to their initial room-temperature values, suggesting an excellent reproducibility of TE 

properties. θ-2θ XRD patterns of as-grown and annealed SL3 are plotted in Figure 

7.3(b). It is evident from these patterns that the epitaxial nature of SL3 on LAO is 

preserved after annealing as observed from {001} peaks of SL3 and LAO substrate. 
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Small satellite peaks (marked by ‘*’) are observed also in both patterns resulting from 

the diffraction by SLs, as discussed earlier. Furthermore, TEM images were obtained 

(Figure 7.4(a) and (b)) for the two samples showing no change in the atomic 

structure.  Furthermore, no inter-diffusion of atoms between SPTO and STNO layers 

is observed before and after annealing, confirming the robustness of the SLs. 

 

Figure 7.3. The temperature dependence of the electrical conductivity and Seebeck coefficient of SL3 
which show excellent stability and reproducible TE properties after 20 hours of continuous annealing. 
(b) XRD patterns of as-grown and annealed SL3, the patterns show no difference before and after 
annealing suggesting that the epitaxial crystal structure of SL3 is preserved. 
 

 

Figure 7.4. TEM images for (a) as-grown and (b) annealed SL3. 
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It is worthy to note that the TE properties of STO-based films behave 

differently, if the ambient used for TE measurements is changed. For example, when 

measured in air up to 1000 K, a reduction in 𝜎 during cooling has been observed for 

STNO films, which can be attributed to the refilling process of oxygen vacancies 

during the measurement [35]. Since ubiquitous use of TE devices demand continuous 

operation in air, the SLs need to be prevented from exposure to air. Hence, a 

protective barrier coating may be provided to the TE generator after integrating them 

in real devices. Another issue that TE devices based on thin films and SLs encounter 

is the difficulty in maintaining high temperature gradients in the cross-plane 

geometry. Alternative approaches have been developed to overcome this problem, by 

allowing the heat and electrical fluxes to be in the in-plane direction rather than the 

cross-plane one [36]. For instance, two different SLs (p-type and n-type) could be 

grown on both sides of an insulating substrate (e.g. LAO) while metal contacts are 

connected to the lateral edges of the epitaxial SLs and the substrate to facilitate the 

in-plane heat and electrical fluxes. One possible metal contact that can be used in such 

devices is Ag since it is compatible with oxides and shows good stability at high 

temperatures as discussed elsewhere [37]. 

In 3ω method, the cross plane thermal conductivity (𝜆⊥) can be extracted from 

temperature rise (Δ𝑇) on the microheaters due the ac current I(ω). Figure 7.5(a) and 

(b) show the temperature rise of the Au microheaters as a function of current 

frequency (ω) at 100 K and 300 K, respectively. Δ𝑇𝑆𝑃𝑇𝑂 and Δ𝑇𝑆𝑇𝑁𝑂 are the frequency-

independent temperature rises due to the presence of SPTO and STNO films, 

respectively. Since the width of the Au microheater is 10 μm which is much larger 
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than the thickness (500 nm) of the film, the heat flow can be described as one 

dimensional, and the additional film has a frequency-independent temperature rise 

given by [25]: 

Δ𝑇𝑓 =
𝑃𝑙 𝑡𝑓

𝑤 𝜆𝑓
,     (7.2) 

where 𝑃𝑙 , 𝜆𝑓, 𝑡𝑓 , and 𝑤 are the heating power unit length, the thermal conductivity of 

the additional film, the thickness of the film, and the width of the microheater, 

respectively. It is evident that Δ𝑇 resulted from SPTO film is higher than Δ𝑇 resulted 

from STNO film, which is attributed to lower 𝜆𝑓 of SPTO film compared to STNO film 

(Equation 7.2). 
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Figure 7.5. Temperature rise of the Au microheaters as a function of current frequency (ω) at (a) 100 
K and (b) 300 K. 𝚫𝑻𝑺𝑷𝑻𝑶 and 𝚫𝑻𝑺𝑻𝑵𝑶 are the frequency-independent temperature rises due to the 

presence of SPTO and STNO films, respectively. 
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The cross-plane thermal conductivities (𝜆⊥) of the individual SPTO (𝜆𝑆𝑃𝑇𝑂) and 

STNO (𝜆𝑆𝑇𝑁𝑂) films were measured in the temperature range 100< 𝑇<300 K as shown 

in Figure 7.6(a). We assume that the in-plane thermal conductivity (𝜆‖) is identical to 

𝜆⊥ since the films have cubic lattice structure, and hence the properties are isotropic. 

The room-temperature 𝜆⊥ of both films is lower than those reported for 

stoichiometric bulk STO (11 W m-1 K-1) [21] and La3+ doped bulk STO (9 W m-1 K-1) 

[38]. This reduction in 𝜆⊥ is caused by scattering of phonons with different 

frequencies [39, 40] due to the randomly distributed scattering centers embedded in 

the lattice such as oxygen vacancy clusters (few nanometers) [21] and  the extrinsic 

dopants located at A-site and B-site in SPTO and STNO layers, respectively [41, 42]. 

The peak value of 𝜆⊥ at low temperature is typical for crystalline materials [21, 43], 

and it occurs when the mean free path of phonons is comparable to the crystallite 

size. The peak value of 𝜆⊥ separates the low temperature region, where phonon 

scattering is dominated by surfaces and lattice imperfections, from the high 

temperature region, where phonon-phonon scattering is dominant.  
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 Figure 7.6. (a) The temperature dependence of the cross-plane thermal conductivity of SPTO and 
STNO films, and the inset to (a) shows a schematic diagram of the sample used in 3ω measurement. 
(b) A schematic representation of in-plane heat flow in SLs where continuum analysis is used to extract 
the in-plane thermal conductivity of SLs by treating SPTO and STNO layers as resistors thermally 
connected in parallel. (c) Calculated in-plane thermal conductivity of SLs at room temperature. 
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We estimate 𝜆‖ of SLs using continuum analysis [44] from the room-

temperature 𝜆⊥ of SPTO and STNO films. In this analysis, if the alternative SPTO and 

STNO layers in SLs are assumed to be continuous and perfectly contacted, they can be 

regarded as thermal resistances which are thermally connected in parallel as 

illustrated in Figure 7.6(b). Then, one can calculate 𝜆‖ of SLs using the equation [44-

46]: 

𝜆‖ = 
(𝑎 𝑏⁄ )𝜆𝑆𝑃𝑇𝑂+𝜆𝑆𝑇𝑁𝑂

(𝑎 𝑏⁄ )+1
.    (7.3) 

The calculated room-temperature 𝜆‖ of SLs as a function of 𝑎 𝑏⁄  ratio is plotted 

in Figure 7.6(c). 𝜆‖ of SLs decreases with 𝑎/𝑏 as 𝜆𝑆𝑃𝑇𝑂 < 𝜆𝑆𝑇𝑁𝑂. If the electronic 

contribution (𝜆𝑒) to 𝜆 is calculated using Wiedemann-Franz relation 𝜆𝑒 = 𝐿0𝜎𝑇, 

where 𝐿0 is Lorenz number (taken as 2.45×10-8 W Ω K-2) [47], it is possible to calculate 

the lattice contribution (𝜆𝑙) to 𝜆 using the relation 𝜆𝑙 = 𝜆 − 𝜆𝑒. The calculated values 

of 𝜆𝑙 show that STNO film (0.82 W m-1 K-1) has lower 𝜆𝑙 than SPTO film (2.28 W m-1 K-

1) which can be attributed to the higher dopant concentration in STNO than SPTO, 

which act as phonon scattering centers. Usually, 𝜆𝑙 of crystalline films decreases at 

temperatures above Debye temperature (θD=513 K for STO) [48], and hence, by 

applying 𝜎 values to Wiedemann-Franz law and using the room-temperature 𝜆𝑙, one 

can extract a higher estimate to the total thermal conductivity of all samples at high 

temperatures. In fact, the actual 𝜆𝑙 will be even lower, if the scattering of the long-

wavelength phonons [39, 40] at the interfaces of the alternative SPTO and STNO 

layers in SLs structure is also taken into account [44]. It has been reported [23] that 
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even flat interfaces in SLs can induce more scattering events in the in-plane heat flow 

compared to perfect epitaxial films or single crystal bulk materials without interfaces. 

Therefore, a lower estimate of 𝑍𝑇 dependence on 𝑇 can be found, by taking the 

calculated values of 𝜆‖, and it is plotted in Figure 7.7(a). It is worthy to note that SLs 

(3–5) exhibit 𝑍𝑇 values higher than STNO film, which demonstrates the advantage of 

using SLs over single films (SPTO and STNO) in enhancing the TE performance of STO 

system. A maximum 𝑍𝑇 of 0.46 was obtained, for SL3, at 1000 K. Figure 7.7(b) shows 

a timeline of the maximum reported 𝑍𝑇 of STO-based materials (including bulk, thin 

films, and SLs) in the past decade along with the present value we obtained. 

  

Table 7.1. Measured and calculated transport properties along with the lattice constants of SPTO, STNO 
films, and [SPTOa|STNOb]20 SLs. All properties are found at 300 K unless it is stated.  

Sample Structure 

Layers 

ratio 

a/b 

Lattice 

constant 

(Å) 

𝝈 

(S cm-1) 

|𝑺| 

(μV K-1) 

𝑷𝑭 

(W K-1 m-1) 

λ 

(W K-1 m-1) 
ZT ZT1000 K 

SPTO film - 3.906 18 221 0.03 2.29 0.01 0.01 

SL1 [SPTO8|STNO2]20 4 3.925 160 112 0.06 2.48 0.02 0.06 

SL2 [SPTO8|STNO5]20 1.6 3.937 1806 75 0.21 2.67 0.08 0.26 

SL3 [SPTO8|STNO8]20 1 3.942 2586 61 0.29 2.85 0.11 0.46 

SL4 [SPTO5|STNO8]20 0.63 3.951 2776 60 0.31 3.04 0.1 0.44 

SL5 [SPTO2|STNO8]20 0.25 3.956 2983 58 0.32 3.23 0.1 0.43 

STNO film - 3.960 3504 52 0.29 3.42 0.09 0.43 
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Figure 7.7. (a) Thermoelectric figure of merit of films and SLs as a function of temperature. (b) A 
timeline of the maximum values of figure of merit for STO systems known up to date,[11, 14, 34, 38, 

49-68] SPTO-STNO SLs exhibit the best 𝒁𝑻 of 0.46 as compared to other STO systems. 
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7.5 Conclusions 

We report the thermoelectric properties of epitaxial Pr3+ and Nb5+ doped 

SrTiO3-δ superlattices on LaAlO3 substrate. Excellent thermal stability of the 

superlattices is demonstrated by preserving the crystal structure and reproducing 

the thermoelectric properties after 20 hours of measurements in Ar/H2 ambient at a 

high temperature of 1000 K. An upper limit of in-plane thermal conductivity of 

superlattices is calculated from the thermal conductivities of SPTO and STNO single 

films by applying the continuum analysis. The superlattice which is composed of 20 

Sr0.95Pr0.05TiO3-δ/SrTi0.8Nb0.2O3-δ pairs, 8 unit cells of each layer, exhibits the best 𝑍𝑇 

of 0.46 at 1000 K compared to other SrTiO3-based materials. The strategy of 

introducing oxygen vacancies as well as different extrinsic dopants (Pr3+ and Nb5+), 

with different masses and ionic radii, at different lattice sites in SPTO and STNO 

layers, respectively, results in a substantial reduction of thermal conductivity via 

scattering a wider range of phonon spectrum without limiting the electrical transport 

and thermopower, and hence leading to an enhancement in the figure of merit 

(𝑍𝑇).Our work demonstrates the importance of nano-structuring and rational design 

of SLs in improving 𝑍𝑇 of metal oxides which are useful for high temperature energy 

harvesting applications. 
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Chapter 8.  

Summary and Future Perspectives 
 

In this chapter, the main conclusions and achievements of this work are 

summarized. There are some remaining challenges that need to be studied and solved 

in order to establish a complete understanding of TE properties of oxide thin films, 

and to improve research in this direction. Furthermore, the chapter discusses the 

future perspectives that could be done to enhance the TE properties of oxide thin 

films. This dissertation highlights the potential of TE oxides in energy harvesting 

applications from waste heat recovery at high temperatures. After optimizing their 

TE performance, oxides are expected to replace the heavy-metal-alloys, the 

traditional TE materials, since oxides are non-toxic, abundant, and stable in high 

temperature regimes. A comprehensive study of oxide (STO and ZnO) thin films and 

superlattices by PLD has been done, and several approaches were followed in order 

to improve their TE performance. 

The fundamentals of TEs and recent progress in the field were presented. All 

physical parameters which describe ZT were discussed to understand the main 

factors lead to higher TE efficiency. Time-evolution of ZT in the past six decades was 

presented, and a comprehensive literature review on TE research done on STO and 

ZnO was collected. Afterword, the experimental procedures used in the fabrication 

and characterization of thin films and superlattices were discussed. The experimental 

setup used for measuring the electrical conductivity, Seebeck coefficient, thermal 
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conductivity, and carrier concentration was also discussed. The main 

characterization tools used in this work were presented. 

It was shown that the laser fluence in PLD process determine the TE properties 

of the La3+ doped SrTiO3 (SLTO) thin films. XRD patterns obtained from these films 

confirm that the films are epitaxially grown on LAO substrate. Furthermore, it was 

concluded that oxygen vacancies can be tuned by varying the fluence of the ablating 

laser. The concentration of oxygen vacancies plays a vital role in determining the TE 

properties of the films. Film grown at highest laser fluence (7 J cm-2 pulse-1) exhibits 

the highest TE power factor. 

It was also demonstrated that the TE properties of highly oriented Al3+ doped 

zinc oxide (AZO) thin films can be improved by controlling their crystal orientation. 

The crystal orientation of the AZO films is changed by changing the temperature of 

the laser deposition process on LAO <001> substrates. The change in surface 

termination of the LAO substrate with temperature induces a change in AZO film 

orientation. The anisotropic nature of electrical conductivity and Seebeck coefficient 

in different crystal orientations of the AZO films shows a favored TE performance in 

c-axis oriented films.  

The effect of additional B-site doping to A-site doped STO on the TE properties 

of epitaxial STO films was presented. The additional B-site doping enhances the 

electrical conductivity, but at the expense of Seebeck coefficient. However, 

introducing different dopants on both sites of the STO, with different masses and ionic 
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radii, reduces the lattice thermal conductivity of STO significantly by adding more 

densely and strategically distributed phononic scattering centers that attack a wider 

phonon spectra. The additional B-site doping limits the trade-off relationship 

between electrical conductivity and total thermal conductivity of A-site doped STO, 

leading to an improvement in room-temperature thermoelectric figure of merit, 𝑍𝑇. 

Finally, the TE properties of STO superlattices, composed from alternative 

layers of Pr3+ doped SrTiO3-δ (SPTO) and Nb5+ doped SrTiO3-δ (STNO) fabricated by 

PLD, were presented. Excellent stability is established for these superlattices by 

maintaining the crystal structure and reproducing the TE properties after long-time 

(20 hours) annealing at high temperature (~1000 K). The introduction of oxygen 

vacancies as well as extrinsic dopants (Pr3+ and Nb5+), with different masses and ionic 

radii, at different lattice sites in SPTO and STNO layers, respectively, results in a 

substantial reduction of thermal conductivity via scattering a wider range of phonon 

spectrum without limiting the electrical transport and thermopower, and hence 

leading to a prominent enhancement in 𝑍𝑇. 

Several investigations can be performed in the future to further improve the 

TE properties of STO- and ZnO-based materials. For STO-based materials, one 

possible approach is to study the effect of double-doping on one lattice site of a doped 

STO material (e.g. Pr and La doped SrTi0.8Nb0.2O3-δ), and measure the corresponding 

change in the TE properties of STO films and superlattices. Introducing more extrinsic 

dopants may reduce the thermal conductivity more, and may improve the electrical 

conductivity at the same time, and hence improving ZT. For oxide superlattices, it 
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would be interesting to study the effect of introducing different thicknesses of the 

constituting, alternative layers. Tuning the thicknesses of these layers controls the 

density of the interfaces, and hence more phonon modes could be scattered compared 

to the case of using one thickness value. In this approach, one may tune the total 

thermal conductivity of the superlattices as a function of interface density, and find 

the optimum condition for the lowest thermal conduction. Moreover, in oxide 

superlattices, it would be also motivating to discover the effect of incorporating more 

than one lattice type. For instance, (0001) oriented oxides with hexagonal lattice can 

be grown epitaxially with (111) oriented oxides with cubic lattice, which can facilitate 

the electrical transport due to epitaxy, and reduce lattice thermal conductivity by 

scattering phonons due to the presence of  inhomogeneous lattices. Finally, 

investigating the above perspectives in oxide TE research requires suitable 

capabilities and instruments to properly measure all of the physical parameters 

needed for a good estimate of ZT. 
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