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General introduction 

 

With increasing global energy demand, renewable energies have attracted much 

attention in the past several decades. Thermal management has become of major 

importance in microelectronic devices. Either the temperature of the device needs to be 

well controlled to obtain a high work efficiency, or the residual heat can be harvested 

and converted into useful electricity to build autonomous devices. Thermoelectric 

material is a kind of functional material that can achieve the reversible conversion 

between thermal energy and electrical energy. However, nowadays, the main 

thermoelectric materials working around room temperature are alloy semiconductors 

based on tellurides which are toxic, chemically unstable, scarce, and expensive. 

Therefore, it is necessary to develop alternative thermoelectric materials that can 

overcome these disadvantages. Oxide-based materials are good candidates, especially 

doped SrTiO3 of perovskite structure, because of its good chemical stability and 

flexibility, large thermoelectric power factor, and possible integration in single-

crystalline films on silicon, which is still the most used microelectronic platform in the 

world.  

Perovskite oxides of chemical structure ABO3 have a variety of functional 

properties (thermoelectricity, ferroelectricity, ferromagnetism...), as well as many 

advantages such as chemical stability, flexibility, tunable conductivity, and the 

possibility of integration on silicon by epitaxy, that make them extremely attractive for 

many applications, especially in the fields of cooling or thermal energy harvesting. 

Indeed, n-type thermoelectric perovskite oxides such as transparent La-doped SrTiO3 

can reach large conductivity (104 S⸱cm-1) and large power factor (40 W⸱cm-1⸱K-2) 

at room temperature. However, efficient p-type thermoelectric perovskite oxides 

remain challenging. P-type transparent conducting Sr-doped LaCrO3 is appealing in 

this context.  

In this Ph.D. thesis, we aimed to epitaxially grow p-type thermoelectric Sr-doped 

LaCrO3 films of perovskite structure on perovskite-oxide substrates using molecular 

beam epitaxy (MBE). The manuscript is divided into six chapters, as follows: 
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Chapter I. As a general introduction, this chapter presents the context of the study, the 

scientific background of thermoelectricity as well as the main 

thermoelectric materials, and the main researches in this field carried out 

during the last decades. Finally, the motivations for developing epitaxial 

thermoelectric perovskite oxide films (especially p-type) as well as the 

main parameters studied in this Ph.D. thesis are introduced.  

Chapter II. This chapter presents the main experimental techniques employed during 

this thesis. The basic scientific background of these techniques is 

introduced.  

Chapter III. This chapter is devoted to present first the stoichiometry calibrations series 

of La1+δCrO3 (|δ| ≤ 0.25) and Sr1+δCrO3 (|δ| ≤ 0.14) epitaxial films. Based 

on these calibrations, the effects of the Sr substitution ratio (x) in 

stoichiometric epitaxial La1-xSrxCrO3 solid-solution films on its structural, 

electronic, and thermoelectric properties are presented. The substitution 

range investigated is 0  x  0.4. As the outcome of this study, the 

composition yielding the largest power factor (0.33 μW⸱cm-1⸱K-2 at x = 0.25) 

is then set for the next studies.  

Chapter IV.This chapter is devoted to the study of the effects of epitaxial strain on 

structural, electronic, and thermoelectric properties of high-quality 

epitaxially-strained La0.75Sr0.25CrO3 and LaCrO3 thin films grown on four 

different perovskite-oxide substrates, leading to a wide in-plane strain value 

(-2.1%  εxx  +1.8%). The Poisson ratio as well as the bulk lattice constant 

of La0.75Sr0.25CrO3 is extracted for the first time. This study shows also that 

its electronic and thermoelectric properties can be tuned by strain, and that 

a slight in-plane tensile strain provides the largest thermoelectric power 

factor to most relaxed films.  

Chapter V. This chapter is devoted to present the effects of the deviation from cationic 

stoichiometry in epitaxially strained (La0.75Sr0.25)1+δCrO3 thin films (-0.3 ≤ 

δ ≤ 0.3) on the structural, electronic, and thermoelectric properties. This 

study shows that deviation from cationic stoichiometry strongly alters the 

properties and that slight B-site Cr-deficiency (δ  0.15) can enhance the 

thermoelectric power factor by around 70% as compared to stoichiometric 
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films.  

Chapter VI.As a conclusion and perspectives, this chapter presents the main conclusion 

of the Ph.D. thesis, as well as the works in progress and some perspectives 

for this thematic at INL. For instance, it briefly mentions the thermal 

conductivity measurements started using the 3 method, the contact 

resistance study in progress by C-TLM methods, and targeted 

microfabrication of a planar perovskite-oxide thermoelectric module. In 

particular, this chapter presents the epitaxial integration and structural 

properties of La0.75Sr0.25CrO3 film on silicon for the first time.  
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1.1. Context 

1.1.1. “More than Moore” vision in the microelectronic industry 

The microelectronic industry witnessed its growth in agreement with the empirical 

Moore’s law from decades guiding by a miniaturization strategy: the number of transistors on 

integrated circuits has doubled every two years until recently [1]. Nowadays, coming to 

physical limits [1, 2], different new strategies have been developed by the International 

Technology Roadmap for Semiconductors (ITRS) [3, 4] allowing to maintain market growth. 

In particular, the “More-than-Moore” vision has emerged as an important development 

towards diversification and heterogeneous integration of new functionalities beyond 

information processing (Figure 1. 1). Especially, the interaction with the environment, smart 

sensors, actuators, RF wireless communications or energy harvesters, has emerged as an 

important part of this vision, even more with the rapid growth of the internet of things (IoT) 

market.  

 
Figure 1. 1 Sketch of strategic trends of the microelectronic industry from the ITRS. Taken from Ref. 5. 

 

1.1.2. Internet of things and energy harvesting 

The number of small devices interconnected by wireless communication, composing the 

internet of things, is estimated to be around 50 billion around the world in 2020 (more than 6 
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devices/person on average), representing a rising market of around 500 billion US$ [6] (Figure 

1. 2). This huge rising market is sometimes described as the new industrial revolution. The 

numerous wireless sensors, composing the interconnected networks, often need only a few 

microjoules of energy as maximum to transmit the information from one sensor to another by 

RF transceiver, paving the way to the micro-energy field, energy harvesting for powering 

autonomous wireless sensor networks (WSN) of the IoT without batteries [7, 8, 9, 10].  

 

Figure 1. 2 Sketch representing the internet of things. Taken from Ref. 11. 
 

1.1.3. Efficient on-chip cooling of optoelectronic devices 

Being even more miniaturized, compact with 3D stacks, the optoelectronic devices of the 

microelectronic platforms (Figure 1. 3a) need an even more efficient cooling or thermal 

management to avoid damaging hot spots or to permit precise regulation of the working 

temperature for optimal device operations [ 12 ]. The integration of additional thermal 

management layers on microelectronic boards at the wafer-scale close to the warming devices 

is of high interest and is actively developed. For instance, it was the goal of a collaborative 

European project (H2020 TIPS 2014-2018) in which the team at INL was involved [6].  

 

Figure 1. 3 Sketches representing (a) an optoelectronic platform and (b) with an additional active thermal 

management layer. Taken from Ref. 12 and 6, respectively.  
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1.1.4. Thermoelectricity interests 

Thermoelectric materials allow a reversible conversion between thermal energy (thermal 

difference) and electric energy (electric potential). They can thus be used either for energy 

harvesting and powering applications (through Seebeck effect), or either for thermal 

management and cooling applications (through Peltier effect) [13, 14, 15]. They are considered 

with a rising interest in the scientific community for these important applications at different 

scales [ 16 ]. As the energy and the environmental crisis continues to intensify, the 

thermoelectric materials adapted to the theme of green environmental protection in the 21st 

century are of great significance in condensed matter physics, materials science, energy and 

environmental science, and industrial technology applications. Therefore, many scientists 

have been newly attracted to explore their synthesis and properties. As we will see in the 

following, the optimizations of the thermoelectric properties and devices are challenging. 

International and national scientific community networks have emerged in this field, as the 

international thermoelectric society (ITS) [17], European thermoelectric society (ETS) [18], as 

well as French research networks on thermoelectricity from 2007 (GDR TE and GIS TE) [19], 

organizing international and national conferences, meetings and schools to globally speed up 

the developments in this field and applications.  

 

1.2. Insights into thermoelectricity 

1.2.1. A brief history 

Thermoelectricity has been discovered two hundred years ago. In the first hundred years, 

the research on this phenomenon was mainly focused on metallic materials. In the meantime, 

people have been continuously exploring and developing possible industrial applications. 

However, the thermoelectric conversion efficiency of the materials obtained at that time was 

very low. At the same time, conventional power generation and compression refrigeration 

technologies have developed rapidly due to their relatively high efficiency, which has 

somehow hindered the research on thermoelectric materials. Around the 1950s, some 

high-efficiency thermoelectric alloys (e.g. Bi2Te3 [20, 21, 22]) were successively discovered, 

which greatly promoted the extensive development of thermoelectric materials. 

In 1909, the German physicist E. Altenkirch established the principles of 

thermoelectricity based on previous work and summarized that thermoelectric performance is 
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closely related to three parameters: thermoelectric potential (Seebeck coefficient), electrical 

conductivity, and thermal conductivity. These three physical parameters can be directly 

measured, and are directly related to the energy band structure and microstructure of the 

material. A good thermoelectric material must have a high thermoelectric potential to ensure 

that a significant thermoelectric effect can be produced. At the same time, high electrical 

conductivity is required, so that the Joule heat generated is small and the output power is large. 

Besides, it is also required that the thermal conductivity is small so that a large temperature 

difference can be maintained at both ends of the material.  

At that time, people's attention was focused on metallic materials, due to their good 

electrical conductivity. However, these materials have low Seebeck coefficients (i.e. ~10 

μV⸱K-1), and the resulting thermoelectric power generation device is very inefficient. With the 

development of solid-state physics, especially semiconductor physics, it has been found that 

the Seebeck coefficient of some semiconductors can be higher than 100 μV⸱K-1. Therefore, 

the research on semiconductor thermoelectric materials has begun to develop. In 1949, the 

former Soviet Union academician A. F. Ioffe proposed the thermoelectric theory of 

semiconductors. Ioffe and colleagues proved theoretically and experimentally that using two 

or more semiconductors to form a solid solution can effectively increase σ/κ, thus 

demonstrating the prospect of improving thermoelectric performance through research and 

development of new materials [23, 24] (see section 1.2.3). 

In the last few decades, due to the diversification and progress of elaboration processes, 

analysis methods and theoretical predictions, the possibility of designing and preparing 

high-performance complex thermoelectric materials has greatly increased [16, 25, 26, 27, 28, 29, 30, 

31, 32]. The emergence of high performant thermoelectric materials has made people see the 

broad prospects for the development of real thermoelectric devices and firmly believe that the 

research and development on thermoelectric materials will have a huge breakthrough in the 

next few years. 

 

1.2.2. Fundamental thermoelectric effects 

A thermoelectric device is a solid energy conversion device capable of a direct 

conversion between thermal energy (thermal difference) and electrical energy (current of 

potential difference). Its essence is the transport and interaction of electronic charge carriers 

(electrons or holes) and thermal carriers (electronic, and phononic from lattice vibration). The 
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transport of carriers in the crystal lattice and the accompanying transfer of energy is the 

source of the thermoelectric conversion. The reversible thermoelectric conversion can yield a 

temperature difference caused by a flowing current (Peltier effect) or an electrical current 

caused by a temperature difference (Seebeck effect). More completely, it includes three 

interrelated effects: Seebeck effect, Peltier effect, and Thomson effect corresponding to three 

thermoelectric coefficients: Seebeck coefficient, Peltier coefficient, and Thomson coefficient 

(Seebeck coefficient being the main reported). Only a brief introduction to these effects is 

presented, but a more exhaustive treatment can be found elsewhere [33, 34]. 

 

1.2.2.1. Seebeck effect 

Seebeck effect is the theoretical basis for directly converting thermal energy into 

electrical energy to achieve power generation. In 1821, the German physicist T. J. Seebeck 

discovered the Seebeck effect when studying the electromagnetic effects in Bi-Cu and Bi-Te 

based circuits. It shows that when the two nodes of a closed-loop composed of two different 

conductors have different temperatures, a thermal current is generated in the loop. When the 

circuit is open, a potential difference appears between the two ends of the open circuit, which 

is called the Seebeck potential. The ratio between the developed electric potential difference 

(ΔV) and the applied temperature difference (ΔT) is given by the Seebeck coefficient, or 

so-called thermopower (S = ΔV/ΔT).  

The micro-physical mechanism of the Seebeck effect can be explained by the change in 

the distribution of carriers in a semiconductor under a temperature gradient. For an isolated 

semiconductor, the carriers inside are uniformly distributed. When a temperature gradient is 

established inside the semiconductor, the carriers at the hot end have larger kinetic energy, 

tend to diffuse and accumulate at the cold end, so that the number of carriers at the cold end is 

greater than the hot end. This accumulation of charge unbalance the electrical neutrality inside 

the semiconductor and causes a self-built electric field. In this case, when the system reaches 

equilibrium, there is no directional movement of the net charge. The potential difference 

formed at both ends is the thermoelectromotive force (emf). 

 

1.2.2.2. Peltier effect 

Peltier effect was discovered by French physicist C. A. Peltier in 1834. When an electric 
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current (I) passes through a junction of two different conductors, the temperature near the 

junction will change. The heat is evolved or absorbed at each side of the junction. The Peltier 

coefficient (Π) is given by the ratio between the rate of heat evolution/absorption (dQ) and the 

current (Π = dQ/I). The reason for the Peltier effect is that the carrier concentration and the 

Fermi level of the two materials are different. When a current passes through the junction, 

carriers move from one conductor to another. To maintain energy and charge conservation, 

energy must be exchanged with the environment.  

 

1.2.2.3. Thomson effect 

In 1854, the British physicist W. Thomson analyzed the thermoelectric phenomenon 

using the energy conservation law and predicted the Thomson effect: when an electric current 

(I) passes through a uniform conductor with a temperature difference/gradient (ΔT), the 

original temperature distribution in the conductor is changed. To maintain the original 

temperature distribution, the conductor absorbs or releases heat (dQ). Thomson coefficient (τ) 

is given by dQ =  ̶ τIΔT.  

Also, it is worth noting that the Seebeck effect, the Peltier effect, and the Thomson effect 

are reversible, cross-coupling effects between thermal conduction and electrical conduction. 

Based on these three effects, the mutual conversion between thermal energy and electrical 

energy can be achieved. However, the Joule effect and the Fourier effect are irreversible 

thermal effects, which do not belong to the thermoelectric effect. The application of 

thermoelectric conversion is mainly based on two aspects: (i) temperature difference power 

generation using the Seebeck effect and (ii) thermoelectric cooling/heating using the Peltier 

effect. 

 

1.2.3. Evaluation of thermoelectric material performances 

1.2.3.1. Thermoelectric figure-of-merit 

The efficiency of thermoelectricity relies on three material-dependent parameters: the 

Seebeck coefficient (S), the electrical conductivity (σ = ρ-1), and the thermal conductivity (κ), 

summarized in the thermoelectric figure-of-merit (Z), developed by A. F. Ioffe in 1949, which 

evaluates the performance of the thermoelectric properties:  
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  (1.1) 

The thermal conductivity contains both the phononic contribution (vibrations from the atomic 

lattice) and the electronic contribution (electrons and holes transporting heat) [14, 25]. The 

thermoelectric conversion performance (S2σ) is called the thermoelectric power factor. Due to 

the different figure of merit values of materials at different temperatures, it is customary to 

use the product of Z and absolute temperature (T, in Kelvin), which is the dimensionless index 

ZT to describe the quality of thermoelectric performance. The larger the ZT value, the higher 

the thermoelectric performance of the material, and the higher the thermoelectric conversion 

efficiency. The best performant thermoelectric materials have rather complex structures 

(Clathrate, Skutterudite, half-Heusler phases, Zintl phases, two-dimensional layered materials, 

etc…) of low lattice thermal conductivity [25]. Their ZT values can be as high as 1 to 3 [16, 25, 26, 

27, 28, 35, 36], and even up to 6 as recently reported in a metastable Half-Heusler phase [37], even 

though the very high ZT (> 2) reports are subjected to controversy as seen in Ref. 38 and 39. 

 

1.2.3.2. Seebeck coefficient 

For metals and degenerate semiconductors, the Seebeck coefficient can be expressed by 

the Pisarenko relation [40]:  
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where kB is the Boltzmann constant (1.381×10-23 kg⸱m2⸱s-2⸱K-1), e is the elemental charge 

(1.6×10-19 C), ℎ is the Planck constant (6.626×10-34 kg⸱m2⸱s-1), n is the charge carrier 

concentration, and m∗ is the charge carriers effective mass. 

Theoretically, a low charge carrier concentration with a high effective mass can ensure a 

high Seebeck coefficient value. Also, there should only be one type of carrier. Mixed n-type 

and p-type conduction leads to both charge carriers moving to the cold end, canceling out the 

induced Seebeck voltages.  
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1.2.3.3. Electrical conductivity 

Similarly, the electrical conductivity is dependent on charge carrier concentration and 

effective mass.  

 ne   (1.3) 

 
1

m
   (1.4) 

where μ is the charge carrier mobility. 

The electrical conductivity and the Seebeck coefficient evolve contrariwise concerning 

those parameters. Therefore, in pursuance of a better thermoelectric conversion rate, it is more 

reasonable to work on the power factor (PF = S2σ) which balances the contradiction between 

these two important thermoelectric parameters.  

 

1.2.3.4. Thermal conductivity 

According to equation (1.1), the thermal conductivity of the material should be 

controlled as low as possible. That is to maintain a maximal temperature difference/gradient 

between the junction, thereby guaranteeing the generation of a strong potential difference.  

The total thermal conductivity (κ) of a material has a lattice thermal conductivity (κL) 

component and an electronic thermal conductivity (κe) component:  

 κ = κL + κe (1.5) 

The lattice thermal conductivity can be expressed by the relation [41]: 

 =
3

s p ph
L

v C L
  (1.6) 

where vs is the sound velocity, Cp is the lattice specific heat, and Lph is the phonon mean free 

path. 

The electronic thermal conductivity is related to electrical conductivity through 
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Wiedemann-Franz's law [42]:  

 κe = σLT = neμLT (1.7) 

where L is the Lorenz factor (2.45×10-8 J2⸱K-2⸱C-2 for free electrons). However, the Lorenz 

factor is dependent on the diffusion process of the charge carriers at the Fermi level. 

Therefore, the compounds used in thermoelectricity present a lower value, e.g. 1.5×10-8 

J2⸱K-2⸱C-2 [43]. 

 

1.2.4. Optimization of thermoelectric performances 

Thermoelectric parameters are to be tuned when possible to optimize the ZT value. 

Beyond this parameters compromise, the researches have focused on two main strategies to 

optimize the properties: (i) by tuning the band structure and increasing the power factor (the 

numerator of the ZT) and/or (ii) by phononic engineering to decrease the lattice thermal 

conductivity (κL, part of the denominator of the ZT) [16, 25, 26, 44, 45, 46].  

Quality factor (β) is proposed by Wang et al. [47] to demonstrate that thermoelectric 

performance is related to fundamental properties.  

 
*3/2
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Some approaches to improve the quality factor are described as follows. However, 

optimization is susceptible to have a positive or negative impact on different parameters. 

Therefore, the research groups try to find compromises to obtain a fully optimized ZT. 

Additionally, the potential of each strategy is strongly correlated to the nature of the material 

as well as to the control of the synthesis conditions and its consequent microstructure 

properties.  

 

1.2.4.1. Tuning the band structure 

(a) Adjusting the charge carrier concentration/bandgap 

Under constant temperature, the ZT of a semiconductor can be optimized by changing 
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the charge carrier concentration. All three main parameters of thermoelectric materials 

(electrical conductivity, Seebeck coefficient, and thermal conductivity) can be effectively 

tuned by changing the charge carrier concentration, as shown in Figure 1. 4. That indicates the 

variation of the three parameters of thermoelectric materials as a function of carrier 

concentration. With increasing carrier concentration, both the electrical and thermal 

conductivities increase but the Seebeck coefficient decreases. A compromise has to be 

encountered and the ZT optimum typically occurs at carrier concentrations around 1019 and 

1020 cm-3 (depending on the materials), which falls in the category of heavily-doped or 

degenerated semiconductors [25].  

 
Figure 1. 4 ZT value involves a compromise of electrical conductivity σ, Seebeck coefficient α, and thermal 

conductivity κ as a function of carrier concentration. The thermoelectric power factor α2σ maximizes at a higher 

carrier concentration than ZT. Taken from Ref. 25.  

 

(b) Increase the effective mass 

According to equation (1.2), the Seebeck coefficient can be enlarged by increasing the 

effective mass of the charge carriers. The principle of increasing effective mass via doping is 

to increase the band effective mass of a single valley (mb
*) as shown in Refs. 48, 49, 50, 51, 

52, 53, 54, 55, 56, 57, 58, and 59. 

 2/3
v bm N m   (1.9) 

where Nv is the band degeneracy. However, increasing mb
* will reduce μ since [60, 48]: 
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 5/21/ bm   (1.10) 

A high m* does not always lead to an overall high ZT. To practically enhance the σ of 

thermoelectric materials, it is important to tune m* to compromise with μ to obtain the 

optimized S2σ.  

 

(c) Quantum confinement and resonant states 

Because of the generation of abrupt discontinuities in the density of states (DOS), 

quantum confinement in low-dimensional structures allows to increase the Seebeck 

coefficient, and consequently, the thermoelectric power factor preserving electrical 

conductivity [26, 45].  

Low-dimensional materials offer a possibility of significantly increasing the ZT value [36, 

45, 61]. Reducing the dimension can improve the thermoelectric properties for the following 

reasons [62, 63]. Due to the confinement effect, the density of states near the Fermi level is 

increased, thereby increasing the thermoelectric potential. However, in low-dimensional 

thermoelectric materials, the thermoelectric properties are far more difficult to determine than 

in bulk materials, especially the determination of thermal conductivity and thermoelectric 

potential (see Chapter II). Other emergent low-dimensional thermoelectric materials are 2D 

structured materials with possible topological effects, as chalcogenides like MoS2 for instance 
[64], or graphene, black phosphorous, silicene… [65]. These 2D layered materials can have very 

low lattice thermal conductivity in the cross-plane direction, as in WSe2 [66] or SnSe [67] 

crystals. 

Superlattices (SLs) are periodic layered structures. If the period thickness is low enough 

(in the few nanometers range: short-period SLs), they can be viewed as 2D layered structures. 

These short-period SLs can be used for enhanced thermoelectricity for two reasons: (i) to 

enlarge the power factor via increased Seebeck coefficient through quantum confinement 

effects (see sections 1.2.4.1 and 1.3.2.3) [26], and (ii) to study the phononic transport and 

decrease the lattice thermal conductivity by adjusting the periodicity and interface density [76, 

79, 80, 81]. Ohta et al. [68] found that the Seebeck coefficient of short-period SLs made of 

electron-doped and undoped SrTiO3 layers increases significantly with decreasing the 

thickness of the electron-doped layer. Maintaining constant the thickness of the undoped layer, 
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when the thickness of the electron-doped layer is reduced to the order of 1-unit cell layer 

(0.4 nm) similarly to a 2D electron gas, the Seebeck coefficient of the SLs increases 

dramatically. If the thermal conductivity of SrTiO3 is used to estimate the thermoelectric 

properties of the 2D electron gas, the room-temperature ZT can reach 2.4. However, this 

article is subject to controversy, in particular, because Seebeck can follow simply the one on 

electron-doped “bulk” SrTiO3 without confinement effects [69, 70, 71].  

Besides, such a low-dimensional structure would decrease the lattice thermal 

conductivity by phonon scattering through the numerous interfaces, as a benefit for global ZT 

(see section 1.2.4.2).  

Also, some “resonant” states due to distortions can be created on the host band of the 

energy level of dopants (so-called resonant doping) [50, 56, 57, 72, 73, 74]. When the Fermi level 

moves close to the resonant state, m* becomes significantly increased due to the increased 

DOS [72, 74] thus, S increases according to equation (1.2) without changing n. 

 

1.2.4.2. Decrease of thermal conductivity  

Reducing the lattice thermal conductivity is one of the most effective ways to improve 

the thermoelectric efficiency of materials and is widely studied. Phonon scattering at different 

length scales from punctual defects (atomic vacancies/substitutions, inclusions…) to 

two/three-dimensional nanometric defects/inclusions (grain boundaries, dislocations, 

interfaces, nanoparticles, nanowires) allows decreasing the lattice thermal conductivity of the 

material as schematically shown in Figure 1. 5. Theoretically, for a given composition, the 

material has the lowest lattice thermal conductivity in the amorphous state like glasses [75]. 

Some emerging thermoelectric materials are mainly designed with full consideration of 

phononic engineering by intentionally reducing lattice thermal conductivity through 

nanostructurations, atomic substitutions, punctual defects introduction, etc [16, 26, 30, 76, 77, 78]. 

The propagation of phonons can also be tuned by periodic structures, as short-period 

superlattices because of the wave nature of phonons at these length scales [79, 80, 81, 82, 83]. It 

compromises the required good electronic properties (high electric conductivity, large 

thermoelectric power factor), and a low lattice thermal conductivity as much as possible to 

effectively enhance the ZT [16, 36]. Naturally, low lattice thermal conductivities are found in 

complex structures with large lattice volume [25, 43] (as shown in Figure 1. 7). 
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Figure 1. 5 Diagram illustrating various phonon scattering mechanisms within a thermoelectric 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. 

Taken from Ref. 26. 

 

 
Figure 1. 6 (a) ZT of thermoelectric materials versus temperature summarized in 2009. The dashed lines show 

the maximum ZT values for bulk materials, and the solid lines show the ZT values of bulk nanostructured 

materials. Taken from Ref. 36. (b) Currently reported ZT as a function of temperature for typical high-efficiency 

thermoelectric materials summarized in 2018. Taken from Ref. 16. 

 



Chapter I Introduction 

20 
 

 
Figure 1. 7 Lattice thermal conductivity at 300 K for a variety of thermoelectric materials. The dashed line 

shows an inverse dependence on the primitive cell volume, revealing low lattice thermal conductivity in 

compounds having large unit cell volumes. Taken from Ref. 43. 

 

1.3. State-of-the-art thermoelectric materials 

Since the middle of the last century, the development of the condensed matter physics, 

especially semiconductor physics, has promoted the studies of semiconductor thermoelectric 

materials. Today, the development of elaboration and characterization methods, as well as 

modeling tools, has brought unprecedented breakthroughs in the research of thermoelectric 

materials. The research activities on thermoelectric materials are broads from chemistry, 

physics, and engineering, and thus presents a complementary multi-polar development trend. 

The state-of-the-art representative and promising thermoelectric materials will be introduced 

as follows.  

 

1.3.1. State-of-the-art traditional thermoelectric materials 

Broadly speaking, almost all heavily doped semiconductor materials have different 

degrees of thermoelectric performance. However, currently, only a few alloys and 

semiconductor compounds have high thermoelectric performance. Previous researches have 

well summarized the typical high-performance thermoelectric materials, as shown in Figure 1. 

8. According to applicable temperature, there are mainly few fundamental systems of 

high-performance thermoelectric materials that have been widely used at present: two 

tellurides systems [(Bi, Sb)2Te3 alloys suitable for the room-temperature region, and PbTe 

alloys suitable for the medium-temperature region], and SiGe alloys suitable for the 
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high-temperature region. These thermoelectric alloys, especially the (Bi, Sb)2Te3 alloys, are 

currently widely used in commercial macroscopic thermoelectric power generation and 

refrigeration (Peltier) devices, which have to contain both n-type and p-type thermoelectric 

materials.  

 
Figure 1. 8 ZT of commercial materials for thermoelectric power generation summarized in 2008, (a) n-type and 

(b) p-type. Taken from Ref. 25.  

 

(Bi, Sb)2Te3 based alloy system is still currently the semiconductor thermoelectric 

material with the greatest ZT value near room temperature [84, 85, 86], and plays a very 

important role in thermoelectric devices [87]. This alloy was first investigated as a material of 

great thermoelectric performance in the 1950s [20, 21, 22, 88, 89, 90]. Dominantly, Bi2Te3 is an 

n-type thermoelectric material whereas Sb2Te3 is p-type [25]. The stability and the performance 

of this alloy can be improved by partial substation, as Se in the Te site [39]. The electronic 

transport properties and detailed defect chemistry of these alloys are now well-understood 

thanks to extensive studies of single crystal and polycrystalline material [91, 92]. BiTe-based 

alloys have made a pioneering contribution and an epoch-making significance. On this basis, 

people have carried out extensive research on thermoelectric materials, and have discovered 

some new high-performance alloy thermoelectric materials. However, these alloys still lack 

chemical stability under air with temperature cycling above room temperature (oxidation), 

besides that they contain scarce and toxic telluride elements in each developed alloy.  

Meanwhile, PbTe is also usually used as a thermoelectric material, especially in the 

middle-temperature range (from 300 to 900 K) [93] because of good chemical stability. By 

appropriate doping, an n-type or p-type material can be formed, thereby preparing a 

thermoelectric device. NASA's early space exploration often used doped PbTe alloys to make 

thermoelectric power generators. Until today many researchers continue to improve its 

thermoelectric performance in various ways. However, as (Bi, Sb)2Te3 alloys, these PbTe 
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alloys still lack strong chemical stability under air with medium-range temperature cycling 

(oxidation), in addition to the fact that they contain scarce and toxic telluride elements in each 

developed alloys. 

Si and Ge have high thermoelectric power factors, but their thermal conductivities are 

also large, at the detriment of their overall thermoelectric performance. However, when Si and 

Ge form an alloy, the thermal conductivity decreases drastically, as is the case for other alloys. 

Currently, SiGe-based alloys are mature high-temperature thermoelectric materials. For 

example, the ZT of n-type Si0.7Ge0.3 above 1000 K can exceed 1 [36, 94]. Vining et al. [95] have 

found that the Seebeck coefficient of the SiGe alloy reached a maximum value near the 

composition with Si ratio around 0.15. This is because the density of the state of the system 

and the effective mass of electrons are the largest. However, in applications, alloys with 

higher Si content are often used to obtain higher ZT value and more stable performance. As 

the Si content increases, the thermal conductivity of the material can be significantly 

decreased. Besides, the alloy system has a larger bandgap and a higher melting point, which 

can be effectively suitable for working at high temperatures. SiGe-based alloys are suitable 

for thermoelectric power generations provided by radioisotopes and have been widely used. 

As a remarkable example, the thermoelectric power generation device used by the Voyager 

space probe launched by the United States in 1977 is based on SiGe alloy material. 

 

1.3.2. State-of-the-art of new complex thermoelectric materials 

In recent years, with the development of elaboration methods and characterization 

techniques, the enhancement of thermoelectric materials has made rapid progress. In addition 

to further research on traditional thermoelectric materials, various new types of thermoelectric 

materials are emerging.  

 

1.3.2.1. Intermetallics 

In 1995, the phonon glass-electron crystal (PGEC) was first introduced by G. A. Slack 
[96]. The new kind of material possesses a structure that limits phonon propagation while 

having a negligible influence on charge carrier mobility [78]. 
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(a) Clathrates and skutterudites  

The Clathrate [97, 98, 99] and skutterudite [62, 97, 100] structures contain an atom or molecule 

in a weakly bound state in a cage-like super-large void composed of covalently bonded atoms. 

This kind of atom or molecule presents a localized non-simple resonance in the gap, and this 

kind of vibration is completely independent of other atoms in the crystal [101]. Since this 

vibration only reduces the lattice part of the thermal conductivity and has little effect on the 

electrical transport of the material, this type of material can achieve a high thermoelectric 

figure of merit. Their typical structures are shown in Figure 1. 9. 

  
Figure 1. 9 (a) Crystal structure of one type of clathrate. Framework atoms are shown in blue, guest atoms inside 

the tetrakaidecahedra are orange, and guest atoms inside the pentagonal dodecahedra are purple. (b) Schematic 

illustration of a skutterudite crystal, where the guest atom is inside a 12-coordinated “cage” (green) surrounded 

by yellow pnicogen atoms. The metal sites are depicted in blue. The octahedral environment surrounding the 

metal sites is shown in the lower portion of the figure, also in blue. Taken from Ref. 97. 

 

(b) Half-Heusler alloys 

The structural formula of the Half-Heusler alloy can be written as MNiSn or MCoSb (M: 

Zr, Hf, Ti). The structure consists of two face-centered cubes interspersed with each other and 

a simple cube at the center, as shown in Figure 1. 10.  

 
Figure 1. 10 Schematic representation of the half-Heusler structure XYZ, consisting of a covalent, diamond-like 

(or ZnS) substructure of the (YZ)n− Zintl chemistry framework (purple tetrahedra) formed by the tetrahedral 

coordination of Y atoms (purple) and Z atoms (blue). The electropositive Xn+ (red) fills the octahedral voids 

around the tetrahedral framework. Taken from Ref. 102. 
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Half-Heusler alloy systems have excellent electrical properties due to the narrow 

bandgap, which is about 0.1-0.5 eV. The room-temperature Seebeck coefficient is as high as 

400 μV⸱K-1 [103]. To obtain Half-Heusler alloys with better thermoelectric properties, some 

groups have conducted research on MCoSb-type alloys with large bandgaps. For example, 

Xia et al. [104] found that the Seebeck coefficient of TiCoSb at room temperature can reach 

-500 μV⸱K-1. Both the Seebeck coefficient and the resistance were decreased after doping. 

The lowest thermal conductivity is obtained at the same time. Moreover, Xing et al. [105] 

fabricated the n-type Zr0.5Hf0.5NiSn0.985Sb0.015 and p-type Zr0.5Hf0.5CoSb0.8Sn0.2 half-Heusler 

alloys. Dense dislocation arrays were introduced in both n-type and p-type materials, which 

greatly depressed their lattice thermal conductivities. At present, research on the optimal 

composition and the optimal doping amount of Half-Heusler alloy is still in progress. More 

recently, Zeier et al. [102] provided an overview of the electronic properties of half-Heusler 

compounds, which explained the basic structural chemistry and physical properties.  

 

1.3.2.2. Oxide thermoelectric materials 

 
Figure 1. 11 Schematic comparison of various thermoelectric materials for applications of waste heat harvest and 

refrigeration, in terms of the temperature range of operation and the abundance and environmental friendliness of 

constituent elements. Taken from Ref. 106. 

 

As mentioned earlier, currently, most of the thermoelectric materials with good 
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performance generally belong to heavy elements metallic alloys, such as (Bi, Sb)2Te3, PbTe, 

CoSb3, SiGe, etc. Although their ZT values are high, they still have the disadvantages of 

chemical instability, high cost, and containing toxic heavy elements (such as Te), which have 

to be limited in their applications. In contrast, oxides have obvious advantages due to their 

good thermal and chemical stability and are considered for potential thermoelectric materials 
[27, 32, 106, 107]. 

    
Figure 1. 12 The relative abundance of the principal elements in the earth’s crust, presented using a logarithmic 

scale. Taken from Ref. 108.  

 

In recent years, oxide thermoelectric materials are considered to be a promising type of 

thermoelectric material due to their thermal and chemical stability (oxidation resistance) and 

can contain elements with low toxicity, abundance, and low cost, as shown in Figure 1. 11 and 

Figure 1. 12. Research on oxide thermoelectric materials began in the 1950s. However, it has 

long been thought that oxides could not be used as high-performance thermoelectric materials, 

as the metal-oxygen bonds characteristic of such materials promote heat conduction. Oxides 

have hence larger lattice thermal conductivities than other alloys. Researchers changed their 

view on oxide thermoelectric materials until the report of thermoelectric NaxCoO2 layered 

single crystals (like Figure 1. 13) with a high thermoelectric power factor [109, 110, 111]. 
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Figure 1. 13 Schematic picture of the crystal structure of NaCo2O4. (a) Layered structure and (b) CoO2 layer. 

Taken from Ref. 109. 

 
Since then, layered Co-based oxide thermoelectric materials have been reported 

successively, and the ZT has been continuously improved [112, 113], in which spin and orbital 

degree of freedoms can play a major role [114, 115]. With the continuous research on various 

oxide thermoelectric materials, it is believed that not only their thermoelectric properties will 

be further improved, but also their physical nature will be deeply understood allowing to open 

the door to other (layered) thermoelectric oxides of different compositions and structures, as 

doped TiO2, KNbO3, ZnNb2O6, for instance, Figure 1. 14. Then, high-performance oxide 

thermoelectric materials have also been studied as an important material in thermoelectric 

power generation and refrigeration. As one of many oxide thermoelectric materials, perovskite 

oxide of general formula ABO3 has attracted much attention with its unique advantages. 

 
Figure 1. 14 Seebeck (at 1000 K) as a function of doping level on a log scale. Taken from Ref. 116. 

 

1.4. State-of-the-art thermoelectric perovskite oxides 

Perovskite structure originally refers to the calcium titanium oxide (CaTiO3), which was 

discovered by German geologist G. Rose in 1830 and named after Russian geologist C. L. 
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Perovski. Perovskite is the most abundant mineral on our planet. It is estimated that more than 

50% of the components in the crust are perovskite-type compounds.  

The general chemical formula for perovskite crystal is ABO3, which has a cubic structure 

and belongs to the space group Oh-Pm3m. A is an alkaline earth metal or lanthanide cation, 

coordinated with 12 O, and is located in the center of the cube. B is a 3d transition metal 

cation, coordinated with 6 O, and located at the center of an octahedron composed of 6 O, as 

shown in Figure 1. 15. 

 
Figure 1. 15 Crystalline structure of perovskite oxides ABO3. 

 
A tolerance factor (t) is defined as: 
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where rA, rB, and rO are the empirical radii of the corresponding ions. The material can be 

defined as a perovskite crystal for 0.7 < t < 1.1 although the perovskite structure is predicted 

nearly cubic and stable only when t is between 0.8 and 1.0 [117]. The structure is orthorhombic 

for t < 0.8, and hexagonal for t > 1. An octahedral factor (μ) is also proposed: μ = rB/rO, and it 

has to be in between 0.44 and 0.9 for ideal crystal structure [118]. Recently, Bartel et al. [119] 

developed an accurate, physically interpretable, and one-dimensional tolerance factor, which 

correctly predicts 92% of compounds as perovskite or nonperovskite.  
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where nA is the oxidation state of A, ri is the ionic radius of ion i, rA > rB by definition, and t < 

4.18 indicates perovskite.  
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1.4.1. Advantages of perovskite oxides 

Compared to the state-of-the-art metallic alloys like tellurides, which have been 

mentioned before, perovskite-type compounds have a lot of advantages, beyond high 

chemical stability and elemental abundance, chemical flexibility. The structure can host an 

impressive variety of cations. The set of elements that can occupy the A-site and B-site of the 

structure are given in Figure 1. 16. 

 
Figure 1. 16 Periodic table of atoms that can be accommodated on the A-site and B-site of the perovskite oxide. 

Taken from Ref. 120. 

 
As can be seen from Figure 1. 16, there are many different possibilities for the cations at 

A-site and B-site. Therefore, the functional properties of perovskite oxides can be easily 

controlled and tuned by doping and partial cationic substitutions. This chemical flexibility, 

which is extremely attractive for many applications, offers the perovskite-oxide family a 

variety of functional properties, such as thermoelectricity, piezoelectricity, ferroelectricity, 

ferromagnetism, etc. Based on these special physical and chemical properties, 

perovskite-oxide materials can be used for a large number of applications, such as sensors [121, 

122], bio-detectors [123], fuel cells [124], catalysis [125], non-volatile memories [126], photonic 

components [127], solar cells [128], recovery of thermal energy [129], and so on. 
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It has been reported that some tunable conducting perovskite oxides can present a large 

thermopower, as in the case of electron-doped SrTiO3 [69]. As mentioned in section 1.2.4, two 

main methods have been utilized to enhance the ZT value of thermoelectric materials. The one 

is tuning the electrical part and enhanced the thermoelectric power factor. The other one is the 

engineering of structure to decrease thermal conductivity while maintaining acceptable 

electronic transport properties.  

 
Figure 1. 17 Summary of ZT values of perovskite oxides by year. The thermoelectric ZT values of all materials 

were extracted from literature at its optimum working temperature. The three dashed lines are the ZT values of 

BiSbTe [85], AgPb18SbTe20 (LAST) [130], and SiGe [131], having a different optimum working temperature. Taken 

from Ref. 132.  

 
Perovskite oxides can thus be applied as alternative thermoelectric materials. According 

to the literature, their highest ZT value obtained experimentally is nearly 0.4 [132], as shown in 

Figure 1. 17 along with other relatively good thermoelectric perovskite oxides so far. In 

general, the n-type thin-film perovskite oxides (i.e. La-doped SrTiO3, Nb-doped SrTiO3) show 

a better thermoelectric performance than p-type. Moreover, inducing a small amount of 

oxygen vacancy can lead to a positive effect on electrical conductivity for n-type perovskite 

oxides. Therefore, the thermoelectric properties of p-type need to be developed and 

investigated in many details.  

In the following parts, the different perovskite-oxide materials are classified as n-type 

and p-type, and their thermoelectric properties are discussed. An overview of the reported 

thermoelectric data for perovskite oxides is shown in the tables below. 



 

 
 

Table 1. 1 Literature data about thermoelectric properties of n-type perovskite oxides. 

Reference Material Elaboration method 
σ S PF κ ZT T 

S⸱cm-1 µV⸱K-1 µW⸱cm-1⸱K-2 W⸱m⸱K-1   K 

[160] 1991 

Tb0.1Ca0.9MnO3 

powders 

     
0.13 

1000 Ho0.1Ca0.9MnO3 
     

0.08 

Y0.1Ca0.9MnO3 
     

0.15 

[165] 1997 
BaxSr1-xPbO3 (0 < x < 1)  ceramics  from 20 to 1585    

0.13 
673 

[166] 2003 
    

(max) 

[69] 2001 LaxSr1-xTiO3 (0 < x < 0.1) bulk single crystal floating-zone 
  

from 28 to 36 
  

343 

[133] 2001 BaNbxTi1−xO3 (0.01 ≤ x ≤ 0.05) ceramics 
  

from -50 to -650 
   

300 

[161] 2002 Bi0.04Ca0.96MnO3  polycrystalline  
     

0.086 1000 

[146] 2003 Sr0.9Dy0.1TiO3  polycrystalline  
     

0.22 573 

[134] 2003 CaMn0.96Mo0.04O3  ceramics 
 

154 
   

0.012 270 

[152] 2004 Ba0.3Sr0.6La0.1TiO3  polycrystalline  
     

0.126 420 

[162] 2004 Pr0.15Ca0.85MnO2.98 powders 
     

0.17 1100 

[135] 2004 CaMn0.96Ta0.04O3  polycrystalline  
 

29 
   

0.05 1000 

[153] 2005 

LaxSr1-xTiO3 

bulk single crystal conventional verneuil 

54 -420 9.5 12 0.02 253 

1000 -150 23 9.1 0.08 320 

SrNbxTi1-xO3 
95 -330 10 11 0.03 322 

353 -240 20 9.6 0.06 288 

[154] 2005 La0.05Sr0.95TiO3  bulk single crystal 150 -260 10 5.5 0.14 773 



 

 
 

[159] 2005 SrNb0.2Ti0.8O film pulsed laser deposition 
   

0.37 1000 

[136] 2006 Yb0.1Ca0.9MnO3  polycrystalline  
 

167 
   

0.16 1000 

[137] 2008 SrMn0.7Ru0.3O3  polycrystalline  
 

67 
   

0.01 370 

[163] 2008 CaMn0.98Nb0.02O3  polycrystalline  
 

31 -240 1.78 0.8 0.32 1070 

[147] 2009 SrTiO2.97  polycrystalline     10   300 

[138] 2009 La0.1Sr0.9TiO3-δ ceramics 
     

0.21 750 

[149] 2009 BaTiO3−δ polycrystalline  
 

11 -280 
   

300 

[139] 2009 SrTi0.9Ta0.1O3 polycrystalline  
 

300 -175 9.2 4 0.17 752 

[155] 2010 La0.15Sr0.85TiO3-δ film pulsed laser deposition 
   

0.28 873 

[158] 2010 LaxSr1-xTiO3 film molecular beam epitaxy from 0.2 to 2000 from -100 to -1000 39 (max) 
  

300 

[148] 2011 SrTiO3−δ/2 (0.0046 < δ < 0.06) polycrystalline  
 

5-1000 
 

20 
  

300 

[167] 2013 La0.002Ba0.998SnO3 polycrystalline  
     

0.1 1073 

[140] 2014 Pr0.125Sr0.875TiO3 polycrystalline  
    

1.3 0.4 773 

[156] 2015 LaxSr1-xTiO3-δ film pulsed laser deposition from -120 to  -260 
    

[164] 2015 Sr0.7Pr0.3MnO3  polycrystalline  
     

0.085 1073 

[168] 2017 La0.01Sr0.99SnO3  polycrystalline            0.05 1073 

  



 

 
 

Table 1. 2 Literature data about thermoelectric properties of p-type perovskite oxides. 

Reference Material Elaboration method 
σ S PF κ ZT T 

S⸱cm-1 µV⸱K-1 µW⸱cm-1⸱K-2 W⸱m⸱K-1   K 

[141] 1988 

La0.9Ca0.1MnO3 

single crystal arc-image floating zone 

1 300 0.09   
220 

La0.7Ca0.3MnO3 100 10 0.01   

La0.8Sr0.2MnO3 100 4 0.0016   
150 

La0.6Sr0.4MnO3 630 1 0.0006   

[169] 2000 
Gd0.9Ca0.1CoO3 

ceramics 
 21      

Pr0.9Ca0.1CoO3  210 108 2.4  0.047 358 

[170] 2001 Pr0.9Ca0.1CoO3  
ceramics   

350 
     

  
Pr0.9Ba0.1CoO3  

 
420 

     

[171] 2001 Ho0.9Ca0.1CoO3  ceramics  
 

2 210 0.088 0.75 0.051 573 

[172] 2004 La0.95Sr0.05CoO3  polycrystalline  
  

710 
 

3.7 0.18 300 

[173] 2006 
La0.9Sr0.1CoO3  

polycrystalline   
108 120 2.5 1.45 0.046 

300 
La0.8Sr0.2CoO3  

 
296 

    

[142] 2006 La0.875Sr0.125CoO3 single crystal 
     

0.035 225 

[174] 2008 La0.9Pb0.1CoO3 polycrystalline  
 

250 110 3 1.55 0.23 575 

  
La0.9Na0.1CoO3 polycrystalline  

 
33 

  
0.9 

 
575 

[143] 2012 La0.67Sr0.33MnO3/LMO film pulsed laser deposition 2.2   0.89  300 

[144] 2013 La0.67Sr0.33MnO3/LMO film pulsed laser deposition 

0.007 2560 0.04   300 

 16640 0.95  0.037 360 



 

 
 

[187] 2014 

La0.96Sr0.04CrO3 

film molecular beam epitaxy 

1.5 321 0.15 
  

300 
La0.88Sr0.12CrO3 3 281 0.24 

  

La0.75Sr0.25CrO3 15 180 0.49 
  

La0.5Sr0.5CrO3 50 80 0.32     
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1.4.2. N-type thermoelectric perovskite oxides 

To enhance the electrical conductivity, chemical doping by partial aliovalent cationic 

substitution is commonly applied. For n-type (electron-doped) thermoelectric perovskite 

oxides, oxygen vacancy, doping/substitution at A-site, and/or B-site cations are effective ways. 

The main studies are divided into the titanates and manganates.  

 

1.4.2.1. Titanates  

The reported ZT as a function of temperature is shown in Figure 1. 18. All the materials 

presented here are n-type thermoelectric materials. 

 
Figure 1. 18 ZT value of ATiO3 based oxide perovskite materials, all the materials are n-type semiconductors. 

The symbol “cal.” means the results come from the calculation. Taken from Ref. 132. 
 

(a) Polycrystalline 

One of the archetypal titanates is the band insulator SrTiO3. SrTiO3 can become 

conducting and thermoelectric when doped with partial aliovalent cationic substitution or 

oxygen vacancy [145]. N-type is obtained with partial substitution with higher valence cations 

(Nb5+ on Ti4+, or La3+ on Sr2+ for instance), and/or with oxygen vacancies.  

Almost twenty years ago, Muta et al. studied [146] the thermoelectric properties of 

polycrystalline R0.1Sr0.9TiO3 (R: Y, La, Sm, Gd, Dy). They found that Sr0.9Dy0.1TiO3 showed 

the highest ZT, reaching 0.22 at 573 K. Onoda and Goto [147] investigated the structural and 

electronic properties in the metal-band-insulator crossover of polycrystalline SrTiO3-δ/2. A 

thermoelectric power factor over 10 µW·cm-1·K-2 was obtained for SrTiO2.97 at 300 K. After 
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two years, Onoda and Tsukahara [148] studied the polycrystalline SrTiO3−δ/2 with 0.0046 ≤ δ < 

0.06. The electrical conductivity was enhanced from 5 to 1000 S·cm-1 when δ increased from 

0.0046 to 0.06. An upper limit of 20 µW·cm-1·K-2 was obtained for the thermoelectric power 

factor with a carrier concentration of 2×1020 cm-3. Moreover, Lee et al. [149] fabricated 

polycrystalline BaTiO3 inducing oxygen vacancies by using a specific process [150]. The 

electrical conductivity reached 11 S·cm-1 at 300 K with a carrier concentration of 3×1020 cm-3, 

while the single crystal BaTiO3 shows electrical conductivity of only 0.05 S·cm-1 at 300 K 
[151]. However, the Seebeck coefficient decreased from -550 (single crystal [151]) to -280 

µV·K-1 (polycrystalline [149]) at 300 K.  

Furthermore, two cations can be doped/substituted at the same time to improve the 

overall thermoelectric performance. For example, Muta et al. [152] reported that the electrical 

conductivity of La-doped BaTiO3-SrTiO3 solid solutions increased from 200 to 2500 S·cm-1 

when x increased from 0 to 0.9 at 420 K. The highest ZT value of Ba0.3Sr0.6La0.1TiO3 achieved 

is 0.126 at 420 K. 

 

(b) Bulk single crystal 

Okuda et al. [69] investigated the single crystals of LaxSr1-xTiO3 (0 < x < 0.1). They have 

found a large thermoelectric power factor 28-36 µW·cm-1·K-2 at room temperature with a 

carrier concentration of 0.2-2×1021 cm-3. This work constitutes an important reference for this 

material in this field (as shown in Figure 1. 19). Moreover, Ohta et al. [153] studied the electron 

and thermal transport properties of heavily La- or Nb-doped SrTiO3 bulk single crystals at 

high temperatures. They have found that the density-of-states effective mass of Nb-doped 

SrTiO3 was larger than that of La-doped SrTiO3. The thermal conductivity of the samples was 

similar to that of undoped SrTiO3 single crystal, namely about 11 W·m-1·K-1. In the same year, 

Muta et al. [154] indicated that La doping of single-crystalline SrTiO3 is probably attributed to 

the decrease of the mean free path of the phonons caused by lattice defects. The ZT value 

achieved for La0.05Sr0.95TiO3 was 0.14 at 773 K for a carrier concentration of about 

8×1020 cm-3 and an electrical conductivity of 150 S·cm-1. 
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Figure 1. 19 Carrier doping dependence of power factor, thermal conductivity, and the ZT value at room 

temperature in LaxSr1-xTiO3. Solid lines are guides to the eye and a dashed line represents the electronic thermal 

conductivity (κe) estimated by the Wiedemann-Franz law. Taken from Ref. 69. 
 

(c) Thin film 

Thin-film materials have also attracted widespread attention for application purposes. 

Ravichandran et al. [155] grow SrTiO3 epitaxial thin films doped with both La and oxygen 

vacancies by pulsed laser deposition. They reported that a high ZT value of 0.28 was achieved 

for the La0.15Sr0.85TiO3 film at 873 K (shown in Figure 1. 20a and b) at a carrier concentration 

of 2.5×1021 cm-3.  

Similarly, Choi et al. [156] investigated La-doped SrTiO3 thin films with controlled 

elemental vacancies by varying the oxygen partial pressure P(O2) via pulsed laser deposition. 

The carrier concentration was tuned from 4.3×1020 to 1.15×1021 cm-3 when P(O2) decreased 

from 10-2 to 10-6 Torr. The Seebeck coefficient of thin films can be largely modulated from 

-120 to -260 µV⸱K-1. The oxygen vacancy can increase the carrier concentration of the n-type 

perovskite oxides, thus improving the electrical conductivity.  
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Figure 1. 20 (a) and (b) Thermoelectric power factor and ZT of SrTiO3 epitaxial thin films doped with both La 

and oxygen vacancies as a function of temperature. Taken from Ref. 155. 

 

 
Figure 1. 21 (a) Seebeck coefficient (circles) and electrical conductivity (squares) as a function of carrier 

concentration for the La-doped SrTiO3 films and single crystals in the literature (open symbols). The literature 

data is from Refs. 157 and 69. (b) The power factor of La-doped SrTiO3 films as a function of carrier 

concentration. Taken from Ref. 158. Nb concentration dependence of (c) thermoelectric power factor and (d) ZT 

for Nb-doped SrTiO3 epitaxial films at 1000 K. Open circles are for the single crystals and solid circles are for 

the films. Taken from Ref. 159. 

 

It is worth noting that Jalan and Stemmer prepared LaxSr1-xTiO3 thin films [158]. They 

found the films showing very high Seebeck coefficients up to 980 µV⸱K-1 at low carrier 
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concentrations. Confirming the work of Okuda et al. on bulk single-crystals [69], a large 

room-temperature thermoelectric power factor about 39 µW⸱cm-1·K-2 was obtained, with a 

carrier concentration of 3×1020 cm-3 as shown in Figure 1. 21a and b, which can be compared 

with that of (Bi, Sb)2Te3 based alloy.  

Additionally, Ohta et al. [159] studied the B-site doping/substitution of titanate. They grew 

the SrNbxTi1-xO3 (0.01 < x < 0.4) epitaxial films by pulsed-laser deposition, in which 

substituted Nb5+ at Ti4+ site generates carrier electrons. The highest ZT value of 0.37 was 

obtained for the SrNb0.2Ti0.8O3 film at 1000 K shown in Figure 1. 21c and d.  

Finally, recent theoretical work shows that different n-type dopants in SrTiO3 globally 

yield similar thermoelectric properties, in agreement with experimental results [70].  

 

1.4.2.2. Manganates  

Manganates are another widely-studied thermoelectric perovskite oxide. The ZT values 

as a function of temperature are shown in Figure 1. 22, where all the materials here are n-type 

semiconductors.  

 
Figure 1. 22 ZT value of AMnO3 based oxide perovskite materials. All the materials are n-type semiconductors. 

Taken from Ref. 132. 
 

Since a few decades ago, Kobayashi et al. [ 160 ] have investigated the electrical 

conductivity of RxCa1-xMnO3 (R: Tb, Ho, Y) powders, which increased with x value from 0.1 

to 0.3 (e.g., from 100 to 182 S⸱cm-1 for TbxCa1-xMnO3, from 91 to 250 S⸱cm-1 for 



Chapter I Introduction 

39 
 

HoxCa1-xMnO3), and the highest ZT value was achieved at x = 0.13, 0.08, and 0.15, for 

Tb0.1Ca0.9MnO3, Ho0.1Ca0.9MnO3, and Y0.1Ca0.9MnO3, respectively. Similarly, Xu et al. [161] 

reported that the electrical conductivity of polycrystalline BixCa1-xMnO3 increased from 32 to 

222 S⸱cm-1 when x changed from 0.02 to 0.2. A ZT value of 0.086 was obtained at 1000 K for 

x = 0.04. Moreover, Cong et al. [162] combined the Pr-A-site doping and oxygen vacancy then 

fabricated PrxCa1-xMnO3-δ (0 < x < 0.15) powders. The electrical conductivity increased from 

40 to 125 S⸱cm-1 at 1100 K when x changed from 0 to 0.15, leading to the highest ZT value of 

0.17 at 1100 K for Pr0.15Ca0.85MnO2.98. Furthermore, Bocher et al. [163] have synthesized 

polycrystalline CaMn0.98Nb0.02O3 compounds, which have an electrical conductivity of 31 

S⸱cm-1, Seebeck coefficient of -240 µV⸱K-1, and thermal conductivity of 0.8 W⸱m-1·K-1 at 

1070 K, leading a ZT value of 0.32. This significant enhancement of ZT value to 0.32 was 

mainly attributed to low thermal conductivity, caused by phonon scattering from the 

nanosized twinned domains or the porous morphology. 

Additionally, Nakatsugawa et al. [164] synthesized polycrystalline SrxPr1-xMnO3 (0.1 ≤ x 

≤ 0.7), which can form both n-type and p-type semiconductors. They found that all the 

samples showed a negative Seebeck coefficient at a high temperature. The largest ZT was 

0.085 at 1073 K for x = 0.7. Also, they obtained the largest ZT in the p-type specimens for x = 

0.1, thus, attaining a maximum value of 0.0035 at 468 K. 

 

1.4.2.3. Other perovskite systems 

Furthermore, there are still other n-type perovskite oxides showing relatively good 

thermoelectric performance. For example, Yasukawa and Murayama [165, 166] studied the bulk 

BaxSr1-xPbO3 (0 < x < 1) since the last century. The electrical conductivity increased from 20 

to 1585 S⸱cm-1 when x changed from 0 to 1. A ZT of 0.13 was achieved at 673 K when x = 

0.4. Besides, Yasukawa et al. [167] studied the polycrystalline La-doped BaSnO3. They 

prepared LaxBa1-xSnO3 with x = 0.002, 0.005, 0.008, and 0.010. The electrical conductivity 

increased from 120 to 350 S⸱cm-1 when x changed from 0.002 to 0.01. A ZT value reached 0.1 

at 1073 K for La0.002Ba0.998SnO3. More recently, they also studied the LaxSr1-xSnO3 ceramics 

with x from 0.01 to 0.05. The electrical conductivity increased from 4 to 120 S⸱cm-1 when x 

changed from 0.01 to 0.03. A ZT value of 0.05 was achieved at 1073 K for La0.01Sr0.99SnO3 
[168].  
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1.4.3. P-type thermoelectric perovskite oxides 

A complete thermoelectric device requires two types of semiconductors, n-type and 

p-type (see section 1.5). For further applications, their thermoelectric properties must be 

matched with each other. However, the p-type thermoelectric perovskite oxides are currently 

relatively scarcer and less studied than n-types. Also, their thermoelectric properties are not as 

good as those of n-type. We can mention the main following p-type thermoelectric oxides of 

perovskite structures: cobaltates, chromates, and manganates.  

 

1.4.3.1. Cobaltates  

Cobaltates are the first p-type thermoelectric perovskite oxides that have been studied, 

following the works on NaCo2O4 [109]. The reported ZT as a function of temperature when Co 

is used as B-site perovskite oxide is presented in Figure 1. 23. All the materials here are 

p-type semiconductors. 

 
Figure 1. 23 ZT value of ACoO3 based oxide perovskite materials. All the materials are p-type semiconductors. 

The symbol “cal.” means the results come from the calculation. Taken from Ref. 132. 
 

Moon et al. [169] presented the thermoelectric properties of ceramics R0.9Ca0.1CoO3 (R: 

Gd, Sm, Nd, Pr) twenty years ago. The results showed that the electrical conductivity, which 

increased sharply with increasing the ionic radius of the rare-earth element (Pr > Nd > Sm > 

Gd), changed from 23 to 210 S⸱cm-1 when the samples changed from Gd0.9Ca0.1CoO3 to 

Pr0.9Ca0.1CoO3. A relatively high ZT value of 0.047 was achieved at 358 K for Pr0.9Ca0.1CoO3. 

Later, they observed that when the ionic radius of dopants (Ca2+ < Sr2+ < Ba2+) increased for 
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Pr0.9M0.1CoO3 (M: Ca, Sr, Ba), the electrical conductivity increased from 350 to 420 S⸱cm-1 

when varied from Pr0.9Ca0.1CoO3 to Pr0.9Ba0.1CoO3 [ 170 ]. Also, they investigated the 

thermoelectric properties of Ho1-xCaxCoO3. The electrical conductivity was enhanced from 

1×10-4 to 2 S⸱cm-1 when x changed from 0 to 0.1 at 573 K. The highest ZT value obtained was 

0.051 at 573 K for Ho0.9Ca0.1CoO3 with Seebeck coefficient of 210 µV⸱K-1 and thermal 

conductivity of 0.75 W⸱m-1·K-1 [171].  

Moreover, Androulakis et al. [172] found that the polycrystalline La0.95Sr0.05CoO3 exhibits 

a very respectable room-temperature ZT value of 0.18 with a Seebeck coefficient of 710 

µV⸱K-1 and thermal conductivity of 3.7 W⸱m-1·K-1. Similarly, Zhou et al. [173] prepared 

polycrystalline La1-xSrxCoO3 (0 ≤ x ≤ 0.2). The electrical conductivity was enhanced from 2 

to 296 S⸱cm-1 when x changed from 0 to 0.2 at 300 K. A ZT value of La0.9Sr0.1CoO3 obtained 

was 0.046 at 300 K with electrical conductivity of 180 S⸱cm-1, Seebeck coefficient of 120 

µV⸱K-1, and thermal conductivity of 1.45 W⸱m-1·K-1. Additionally, He et al. [174] used lead and 

sodium as an A-site dopant for LaCoO3 with composition La0.9R0.1CoO3 (R: Pb, Na). The 

electrical conductivity for undoped polycrystalline LaCoO3 was 25 S⸱cm-1 and was enhanced 

to 250 and 33 S⸱cm-1 at 575 K when doped with Pb (La0.9Pb0.1CoO3) and Na (La0.9Na0.1CoO3), 

respectively. The thermal conductivity of LaCoO3, La0.9Pb0.1CoO3, and La0.9Na0.1CoO3 were 

1.83, 1.55, and 0.9 W⸱m-1·K-1, respectively. A ZT value of 0.23 was achieved at 575 K for 

La0.9Pb0.1CoO3, which was attributed to both increasing the electrical conductivity and 

suppressing the lattice thermal conductivity.  

Although LaCoO3 has been studied for more than thirty years for its magnetic properties 
[175, 176, 177, 178, 179, 180, 181], its thermoelectric properties are much less studied and mainly 

based on polycrystalline ceramics. At the same time, some thermoelectric properties in 

polycrystalline samples are reduced in single crystals. Berggold et al. [142] found that, at 225 K, 

La1-xSrxCoO3 (0 ≤ x ≤ 0.3) single crystal had the highest ZT value of 0.035 (when x = 0.125), 

which was much lower than that of polycrystalline materials. Therefore, it is important to 

develop other p-type thin-film thermoelectric perovskite oxides. 

 

1.4.3.2. Chromates  

As one of the interesting perovskite-type oxide, LaCrO3 has attracted strong attention 

and motivated an increasing number of studies in the past few years due to its remarkable 

physical properties. LaCrO3 is an antiferromagnetic insulator at room temperature [182, 183] and 
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can become a p-type transparent conductor with partial substitution with divalent strontium on 

A-site for instance [184, 185]. Substituting Sr2+ for La3+ in LaCrO3 effectively dopes holes into 

the top of the valence band and results in p-type conductivity [186]. 

Zhang et al. [187, 186] investigated the transport properties of La1-xSrxCrO3 thin films. They 

first achieved the films and found that La1-xSrxCrO3 is also thermoelectric, the property which 

is tunable by the substitution ratio x (highest thermoelectric power factor nearly 0.5 

µW·cm-1·K-2 at room temperature when x = 0.25), as shown in Figure 1. 24.  

 
Figure 1. 24 (a) Room-temperature conductivity and hole concentration of La1-xSrxCrO3 films versus x. The 

La0.5Sr0.5CrO3 film is deposited on the LaAlO3 substrate, all others are deposited on the STO substrate. (b) 

Temperature dependence of the conductivity. (c) Seebeck coefficients as well as hole concentration as a function 

of Sr doping concentration. Taken from Ref. 187. (d) Room-temperature thermoelectric power factor extracted 

from (a) and (c). Not shown in reference but extracted by us. 

 

In addition to the Pisarenko relation (see section 1.2.3.2), some authors tried to analyze 

the relationship between the hole concentration (p) and the Seebeck coefficient (S) [186]. 
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Following the study from Farrell et al. [188], they determined p from S using a small polaron 

hopping model, which is appropriate for materials with extremely low mobilities.  

    2 1
lnB

ck
S c

e c

 
  

 
  (1.13) 

where kB is Boltzmann’s constant, e is the electronic charge, and c is the fraction of hopping 

sites occupied with holes. Hole creation by Sr doping at a La site thus corresponds to 

activation of an adjacent Cr site for hole hopping [186].  

 p(c) = cNCr (1.14) 

where NCr is the Cr number density, 1.7×1022 cm-3. Based on the equations (1.13) and (1.14), 

they determined the p value to range from 7.9×1020 to 7.5×1021 cm-3 with the corresponding 

mobilities [from equation (1.3) in section 1.2.3.3] of 0.009 to 0.04 cm2⸱V-1⸱s-1 for x = 0.04 to 

0.5. Although the mobility is low, the carrier concentration can easily be made high by Sr 

substitution for La. Therefore, the electrical conductivity can still be made high (up to 50 

S⸱cm-1 in Figure 1. 24a). 

Experimental measures show that the transport is due to small polaron hopping for x < 

0.65 [186]. In the metallic state, all Cr-O bond lengths lie between 1.97 and 2 Å, and there is no 

significant difference between the four Cr atoms. In the polaronic state, the bond lengths 

decrease for one of the Cr atoms, while all other Cr atoms have longer Cr-O bonds: the O 

atoms are more localized around one of the Cr atoms [189]. Figure 1. 25 [189] represents the 

band structures of the metallic and polaronic systems calculated by the ab-initio method. A 

single state appears in the forbidden band. This state is the consequence of the localization of 

the hole around one of the Cr atoms due to the crystal structure obtained with the tetrahedron 

method. It lies 0.29 eV above the valence band, and its bandwidth is 0.17 eV. Other than that, 

the two band structures have only a few differences. The metallic material has many 

degenerated (or close to being degenerated) states, while in the polaronic one these are well 

separated [189]. Based on spectroscopic measurements (XPS and XAS) combined with density 

functional theory (DFT) calculations, hole introduction from Sr substitution for La is 

explained from chemical potential shifts towards the valence band and the creation of split-off 

empty Cr 3d t2g / O 2p hybridized orbitals (Figure 1. 26) [187].  
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Figure 1. 25 Band structure of (a) metallic and (b) polaronic La0.75Sr0.25CrO3 computed with a smearing of 0.01 

Ha. Blue states are occupied at T = 0 K, and red ones are not. Taken from Ref. 189. 

 

 
Figure 1. 26 Sketch of the band diagram of LaCrO3 and La1-xSrxCrO3. Taken from Ref. 187. 
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1.4.3.3. Manganates 

As mentioned in section 1.4.2.2, manganites can be both n-type and p-type 

semiconductors (e.g. Pr1−xSrxMnO3 [164]). Decades ago, Hashimoto et al. [141] studied the 

temperature dependence of the electrical resistivity and Seebeck coefficient on single crystals 

of Lal-xCaxMnO3 (0 ≤ x ≤ 0.3) and Lal-xSrxMnO3 (0 ≤ x ≤ 0.4). All Lal-xCaxMnO3 are p-type. 

The electrical conductivity increased from 1 to 100 S⸱cm-1, however, the Seebeck coefficient 

dropped from 300 to 5 µV⸱K-1 at 200 K when increasing x from 0.1 to 0.3. Meanwhile, the 

Seebeck coefficients are 2 to 4 µV⸱K-1 in Lal-xSrxMnO3, which are as small as those of metals. 

These values change their sign at about room temperature and the absolute values increase 

with temperature. A similar tendency was also reported by Volger [190] and could be explained 

by the phonon drag effect occurring at relatively high temperatures. 

Additionally, Jha et al. [143] investigated the La0.67Sr0.33MnO3/LaMnO3 perovskite oxide 

metal/semiconductor superlattices as a potential p-type thermoelectric material. The 

superlattices exhibited a room temperature cross-plane thermal conductivity (0.89 W⸱m-1⸱K-1) 

that is significantly lower than the thermal conductivity of individual thin films of either 

La0.67Sr0.33MnO3 (1.60 W⸱m-1⸱K-1) or LaMnO3 (1.29 W⸱m-1⸱K-1). That may help overcome 

one of the major limitations of oxides as thermoelectrics. After one year, the authors [144] 

showed the cross-plane La0.67Sr0.33MnO3/LaMnO3 superlattices a giant Seebeck coefficient of 

2560 µV⸱K-1 at 300 K that increases to 16640 µV⸱K-1 at 360 K. The low resistance oxide 

superlattices exhibited a room temperature cross-plane thermal conductivity of 0.92 

W⸱m-1⸱K-1. However, the corresponding ZT values only rose from 0.001 to 0.037 in the same 

temperature range, due to the high electrical conductivity. 

 

1.4.3.4. Other perovskite systems 

There are still some other reported p-type thermoelectric perovskite oxides, for example, 

Sr-doped LaFeO3, which has been studied for several decades. The ZT value of La1-xSrxFeO3 

powders was 0.076 at 1273 K when x = 0.05 (La0.95Sr0.05FeO3) with electrical conductivity of 

21 S⸱cm-1, Seebeck coefficient of 228 µV⸱K-1, and thermal conductivity of 1.85 W⸱m-1⸱K-1 [191, 

192]. And more recently, the thermoelectric power factor of LaFeO3 based compounds has been 

further improved. It is 3.73 μW⸱cm-1·K-2 for La0.9Ba0.1FeO3 compound, and 1.61 μW⸱cm-1·K-2 

for La0.9Ca0.1FeO3 compound at 650 K [193]. 
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1.5. Thermoelectric devices 

1.5.1. Introduction 

Thermoelectric applications (power generation and heating/cooling) are achieved 

utilizing the thermoelectric device or so-called thermoelectric module. The basic unit of a 

thermoelectric module is composed of two different types of thermoelectric materials (n-type 

and p-type), so-called “legs”, which are electrically connected through a conducting contact 

material. Thermoelectric devices are made of such basic units in parallel thermally or in series 

electrically. The same module can be used for power generation or cooling/heating 

applications, as shown in Figure 1. 27. For power generation, when there is a temperature 

difference between the two ends of the semiconductors, a potential difference will occur 

according to the Seebeck effect between the two poles of the device (Figure 1. 27a). However, 

in thermoelectric refrigeration shown in Figure 1. 27b, when a current flows through the 

circuit, according to the Peltier effect, the top of the device absorbs heat for cooling. 

 

Figure 1. 27 Diagram of (a) thermoelectric power generator and (b) refrigeration. Taken from Ref. 15. (c) 

Thermoelectric module showing the direction of charge flow on both cooling and power generation. Taken from 

Ref. 25.  
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The thermoelectric device ZT, given a finite temperature difference ∆T = Th – Tc is 

defined from the maximum efficiency (η) of a single thermoelectric leg and equation [194]:  
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where the η is calculated from the temperature-dependent properties S(T), ρ(T), and κ(T) 

between hot side temperature Th and cold side temperature Tc. The η of a thermoelectric 

generation device is also traditionally characterized by the equation [194]: 
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  (1.16) 

Thus, maximizing the number of p-n leg pairs (Np-n), in an open circuit the generated 

output voltage can be calculated: 

 V = T  S  Np-n (1.17) 

And thus, minimizing also contact resistance (Rc) between thermoelectric material and 

metallic electrode to max efficiency. Rc should be < 10-10 ⸱m2, otherwise, heating by Joule 

effect instead of cooling (for cooling applications) [195]. 

 

1.5.2. Micro-modules 

Whereas thermoelectric modules are commercially available at the macroscale, micro 

thermoelectric modules are still under investigation or in development although a need is 

rising for the wide microelectronic applications. The challenge resides in the microfabrication 

process of such a module structured in 3D, with at least 3 or 4 different materials 

(thermoelectric n- and p-types, metallic electrodes, and support/substrate). Besides, 

maintaining a sufficient temperature difference at the microscale represents an additional 

challenge and pushes ever the enhancement of thermoelectric materials, especially in terms of 

low thermal conductivity limits.  

Different groups have reported the fabrications of micro thermoelectric modules (µ-TEG) 

with different geometries [196]. According to structure, the devices can be classified into three 

different types: vertical structure, lateral structure, and hybrid structure. 
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Table 1. 3 Classification of micro thermoelectric devices. 

Structure type Advantage Drawback 

Vertical structure 

µ-TEG with both vertical heat and 

current flow, as shown in Figure 1. 28a 

Simple design 

Large output power 

High conversion efficiency 

Difficulty in fabrication 

High requirement of technology 

Lateral structure 

µ-TEG with both lateral heat and 

current flow, as shown in Figure 1. 28b 

Easily realized for its compatibility 

with IC planar technology 

Comparatively poor performance 

owing to high parasitic heat flux 

through the membrane 

Difficulty in the package 

Hybrid structure 

µ-TEG with vertical heat flow and 

lateral current flow as shown in Figure 

1. 28c 

Convenient package like vertical 

structure 

In-planar thermopile can be fabricated 

by the IC-compatible technology like 

lateral structure 

Output power to be improved 

(optimization of the heat flux path 

[197]) 

 

 
Figure 1. 28 Schematic overviews of (a) typical vertical structure, (b) lateral structure, and (c) hybrid structure 

µ-TEG. Taken from Ref. 196. 
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Commercially, Micropelt proposes miniaturized standard modules based on (Bi, Sb)2Te3 

structured films that are finally assembled by flip-chip bonding. But the micro modules need a 

large heat sink to maintain the temperature differences [198]. Similarly, academic works on 

miniaturized standard modules based on (Bi, Sb)2Te3 films electrodeposited on different 

supports containing the electrodes and finally assembled by flip-chip bonding [ 199 ]. 

Additionally, planar modules based on doped silicon membranes were studied by researchers 
[200, 201]. Planar modules with silicon membranes as support with deposited (Bi, Sb)2Te3 

thermoelectric films are leading to start-up developments [202, 203]. However, no report on 

micro thermoelectric oxide modules up to now, and this is the purpose of the project ANR 

MITO (first MIcro-Thermoelectric module based on Oxides) in which this thesis is involved.  

 

1.6. Objective and significance of my subject 

This Ph.D. thesis focuses on the p-type thermoelectric perovskite oxide Sr-doped 

LaCrO3 films, which is a part of the project MITO aiming to integrate promising 

thermoelectric materials based on oxides into micrometric thermoelectric modules for thermal 

management onto micro-optoelectronic platforms. The thin films fabricated during this thesis 

are devoted to building a micrometric thermoelectric module as a demonstrator, composed of 

electrically connected p-n leg pairs.  

At the beginning of this work, the calibrations of LaCrO3 and SrCrO3 epitaxial thin films 

grown by molecular beam epitaxy were studied respectively. In order to prepare high-quality 

Sr-doped LaCrO3 films, La1+δCrO3 (|δ| ≤ 0.25) and Sr1+δCrO3 (|δ| ≤ 0.14) thin films were 

grown on SrTiO3(001) substrates. Then the impact of large cationic-stoichiometry deviation (δ) 

on structural properties has been thoroughly investigated via various characterization methods. 

Particularly, the surface structure, morphology, lattice cell parameters, and crystalline quality 

of the thin films are shown and discussed (see Chapter III). 

Having the good calibrations of undoped films, stoichiometric single-crystalline 

La1-xSrxCrO3 films in the Sr doping range between 0 and 0.4 were fabricated. The structural 

and room-temperature thermoelectric properties (electrical conductivity, carrier concentration, 

and Seebeck coefficient) were also measured and studied. Then the film with the highest 

thermoelectric power factor has been found and confirmed (see Chapter III).  

Moreover, high-quality strained epitaxial La0.75Sr0.25CrO3 and LaCrO3 thin films were 
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grown on four different perovskite-oxide substrates, leading various lattice mismatch strain 

values. The epitaxial strain effect on the in- and out-of-plane lattice parameters of the thin 

layers have been investigated, and the Poisson ratio, as well as the bulk lattice constant of 

La0.75Sr0.25CrO3, has been extracted for the first time. The parameters significantly differ from 

those measured for LaCrO3. Besides, the electrical conductivity, carrier concentration, and 

Seebeck coefficient as a function of strain have been traced. The influence of strain effect on 

in-plane room temperature thermoelectric properties has been discussed (see Chapter IV). 

Furthermore, stoichiometry-deviation was induced to decrease the thermal conductivity 

of our thin films. Epitaxially-strained (La0.75Sr0.25)1+δCrO3 films (|δ| ≤ 0.3) were grown 

SrTiO3(001) substrate. The films with different compositions were prepared by adjusting the 

Sr/Cr and La/Cr flux ratios of the effusion cells. The effect of stoichiometry-deviation on the 

structural and thermoelectric properties has been investigated (see Chapter V).  

Finally, we move to do the integration of Sr-doped LaCrO3 film on silicon. Firstly, a 

layer of SrTiO3 as a pseudo-substrate was achieved. Then the stoichiometric La0.75Sr0.25CrO3 

epitaxial film was deposed on the SrTiO3/Si(001) template for the first time. The structural 

properties were obtained and the thermoelectric performance needs to be achieved and 

optimized for its further application (see Chapter VI). 
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2.1. Introduction 

This chapter is dedicated to the presentation of the main experimental techniques used 

during my Ph.D. studies. They are classified into three main categories: elaboration (epitaxial 

growth of oxide thin films), structural characterizations, and physical property measurements. 

 

2.2. Elaboration method: molecular beam epitaxy 

2.2.1. Introduction 

Main applications in the microelectronic industry require the use of thin films rather than 

bulk materials. Besides, epitaxial thin films are often desired rather than polycrystalline thin 

films to optimize or better control their properties [1, 2, 3]. Epitaxy is an oriented growth, both 

in the out-of-plane and in-plane directions, on a single-crystalline substrate. The main epitaxial 

growth techniques that are used for oxide thin films are listed in the following. Chemical routes: 

chemical vapor deposition (CVD), atomic layer deposition (ALD), chemical solution 

deposition (CSD) with the so-called sol-gel process with dip or spin coating… Physical routes: 

pulsed laser deposition (PLD), sputtering, molecular beam epitaxy (MBE)… Among these 

techniques, the MBE technique used in this thesis is not so mature for oxides but presents many 

advantages which will be described below.  

Molecular beam epitaxy, which was used for the first time in the 1970s by A. Y. Cho and 

J. R. Arthur from Bell labs [4, 5], is an atomic layer by atomic layer crystal growth technique, 

based on the reaction of molecular or atomic beams with a heated crystalline substrate, 

performed in an ultra-high vacuum (UHV) environment [6 ]. MBE is capable of producing 

extremely high-quality crystalline heterostructures with precise control of chemical 

compositions and interfaces in the fraction of the atomic layer [7, 8, 9]. MBE has been used to 

successfully synthesize a variety of materials from semiconductors to metals, although the 

elaboration of semiconductor compounds has been the most common due to the rising demands 

from the micro/optoelectronic industry. Engineers continue to develop this technique to expand 

the range of materials and thus the scope of MBE applications. MBE has been developed for 

functional oxides only a few decades ago (from the ’90s), in particular for the growth of high 

Tc superconductors and the first epitaxial oxide buffer layers on semiconductors [3, 10, 11, 12, 13, 

14 ]. In this context, INL benefits from a collaboration with RIBER Company (international 
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leader of MBE providers) through a common laboratory to further enhance the MBE tools for 

oxide growth.  

The main advantages of MBE are the following. Because of elemental sources, MBE 

offers strong chemical flexibility, allowing the elaboration of full range solid-solutions with 

tunable doping for instance [15, 16]. Also, it provides the opportunity to control the growth at the 

monoatomic layer range (half perovskite oxide unit cell), allowing the elaboration of original 

superlattices or crystalline phases such as the Ruddlesden-Popper (RP) phases for instance [17]. 

Besides, because of the UHV environment (base pressure ≤ 10-10 Torr) and low oxygen partial 

pressure controlled in the 10-8 Torr range, MBE can ensure high purity of the deposited material 

and make it possible to manage very reactive surfaces of semiconductors such as that of silicon, 

paving the way to the monolithic integration by epitaxy of functional oxides on semiconductors 
[3, 10, 18, 19]. Finally, MBE growth is always associated with an in-situ reflection high-energy 

electron diffraction (RHEED) surface analysis providing important growth monitoring (see next 

section).  

The main challenges of oxide MBE reside in the precise tiny-flux measurements, as well 

as the flux stability (or monitoring) during growth under oxygen partial pressure (preservation 

of the metallic source against oxidation), and thus the final control of the chemical composition 

of the growing film [20, 21]. Good oxidation of the oxide films at low oxygen partial pressure 

represents another challenge that can be critical for some oxides with targeted dielectric 

properties for instance since oxygen vacancy induces n-type doping. Post-deposition oxidation 

annealing is then often required.  

 

2.2.2. Presentation of the oxide MBE chamber used at INL 

During my thesis, all samples were fabricated in a RIBER Compact 21 chamber. The main 

structure/environment of this equipment is schematically presented in Figure 2. 1. The main 

oxide MBE growth chamber is connected to a transfer tube maintained in UHV (10-8 Torr) by 

ionic pumps. This transfer tube is connected under UHV to a modutrac equipped with an 

outgazing furnace, an introduction chamber equipped with a turbomolecular pump allowing to 

quickly reach UHV pressures in the 10-8 Torr range, a III-V dedicated MBE chamber (RIBER 

32), and an X-ray photoemission spectrometer (XPS). These UHV elements are separated from 

each other by gate valves. Each main element of the growth chamber will be briefly described 

in the following.  
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Figure 2. 1 (a) Side view and (b) exploded view of the epitaxy reactor for oxides at INL. Taken from Ref. 22. 
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2.2.2.1. Pumping elements 

The main chamber is equipped with a turbomolecular pump, a cryogenic pumping (liquid 

nitrogen cooling in a cryogenic panel inside the chamber), and a titanium sublimation pumping, 

achieving an ultimate UHV base pressure down to 10-10 Torr.  

 

2.2.2.2. Elemental sources 

Knudsen effusion cells are mainly used to evaporate the elements thanks to heating 

filaments by Joule effect, of medium temperature (up to 1400 °C) for Sr, Cr, Ba, In, Ge, and Al, 

and of high temperature (up to 2000 °C) for La and Ti, with adapted crucibles made of refractory 

materials (pyrolytic boron nitride PBN, Tantalum…). The logarithm of the elemental flux is 

proportional to the inverse of the cell temperature in agreement with an Arrhenius law [8, 9]. I 

used these different Knudsen effusion cells during my thesis to grow La1-xSrxCrO3 and SrTiO3 

(see next chapters).  

An electron gun with four crucibles is also available in the lower part of this chamber. It 

is mainly used to evaporate refractory materials and has been filled with Si, Ti, HfO2, LaAlO3, 

or Gd2O3.  

The oxygen source is made of molecular oxygen introduced in a pre-chamber via a mass 

flow and a pressure regulation (in the mTorr range) with differential pumping. There is the 

possibility to produce atomic oxygen with an RF plasma box inside this pre-chamber, but I used 

only molecular oxygen during my thesis. The oxygen partial pressure inside the growth 

chamber is regulated through a regulation loop with the Bayard-Alpert ionization gauge and a 

butterfly valve (with gradual apertures positions) which is located in-between the oxygen pre-

chamber and the growth chamber. 

 

2.2.2.3. Flux measurement tools 

Before growth, the targeted fluxes from the effusion cells [beam equivalent pressure (BEP)] 

have been accurately measured using a Bayard-Alpert (BA) ionization gauge located at the 

sample position, after subtraction of the background pressure. The growth rate of the 

material/element is proportional to its flux. The details will be presented in Chapter III. 

Moreover, a cross-check can be made by measuring the flux with a quartz crystal microbalance 
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(QCM) which gives an absolute growth rate measurement, although the measurement is very 

noisy due to the high sensitivity of the QCM to temperature (see Chapter III). Other flux 

measurement tools such as a mass spectrometer or an electron impact emission spectrometer 

(EIES) are also available in the chamber, but they are dedicated to the measurements of the flux 

coming from the electron gun, and thus they were not used in my thesis. They are not exempt 

from challenges and lack of accuracy either [20].  

 
Figure 2. 2 An example of the beam equivalent pressures (BEP) of (a) Sr, (b) La, and (c) Cr fluxes, respectively, 

measured by Bayard-Alpert (BA) ionization gauge at different effusion cell temperatures, and the corresponding 

raw flux values measured before growth. 

 

In Figure 2. 2, the MBE elemental fluxes, BEP measured by BA ionization gauge at 

different temperatures, have linear trends (even there are little errors) with 1/T as expected. The 

films were grown successively in the same period, after proper calibration series. A tolerable 

uncertainty of chemical composition within 4.4% is generated by this kind of measurement. 

 

2.2.2.4. Sample holder 

The sample holder mainly consists of a tantalum heating filament, protected by a PBN slab 

which also increases heating homogeneity. Theoretically, the temperature of the substrate can 

be set up to 900 °C. It is measured from the backside of the sample using a thermocouple and 
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from its front side using a pyrometer (for T > 450-500 °C). The sample holder is made of 

molybdenum (low reactivity, refractory material). During the growth, the sample holder rotates 

with a constant angular velocity (3 rpm) around the axis perpendicular to the substrate to 

enhance uniformity. Different sample sizes can be loaded on the 2-inch diameter holder: 1×1 

cm2 substrate, 2.53 cm2 and 2-inch diameter substrates.  

 

2.3. Structural characterization methods 

The structural properties of thin films were mainly characterized after growth, even if some 

characterizations could be done in-situ during growth. The different in-situ and ex-situ 

characterization tools employed in this thesis to reveal the structural properties of the films 

(surface smoothness, thickness, crystalline quality, lattice parameters, chemical composition, 

etc.) are presented in the following.  

 

2.3.1. Reflection high energy electron diffraction 

Reflection high-energy electron diffraction (RHEED) is an in-situ non-destructive surface 

diffraction technique to characterize the surface of the substrates and films. This is the first 

characterization tool giving important information before, during, and after the growth 

(morphology, crystalline quality, in-plane lattice parameter, growth rate…).  

 

2.3.1.1. Basic principle 

 
Figure 2. 3 Schematic diagram of the principle of RHEED. Taken from Ref. 23. 
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Figure 2. 3 illustrates the basic principle of RHEED. An electron beam [accelerated by a 

high voltage of 30 kV (for our equipment)], is reflected at grazing incidence (1-3°) by the 

sample surface and diffracted, as the surface is crystalline. The diffraction patterns are formed 

on a phosphorus screen. It gives information on the surface structure. Due to this special surface 

diffraction geometry, the RHEED gathers information only from the near-surface atomic layers 

of the sample.  

 

2.3.1.2. Crystalline quality and surface morphology 

The RHEED pattern analysis is very sensitive to crystalline surface quality and surface 

morphology. In Figure 2. 4, five different cases are illustrated depending on the surface quality. 

 
Figure 2. 4 RHEED patterns obtained as a function of surface quality (this work). (a) and (f) Perfectly smooth 

single-crystalline SrTiO3 surface. (b) and (g) Smooth single-crystalline surface with a little disorder (micro-strain 

or crystalline mosaicity), e.g. stoichiometric epitaxial LaCrO3 film. (c) and (h) Rough oriented surface, e.g. non-

stoichiometric SrCrO3 film. (d) and (i) Polycrystalline surface. (e) and (j) Amorphous surface, e.g. SiO2.  

 

If the sample has a perfectly smooth surface and an ideal monocrystalline quality, the 

reciprocal network corresponds to infinitely fine ordered rods normal to the surface. 

Consequently, the intersection of the network with the Ewald sphere gives fine diffraction spots 

on the Laue circle, as shown in Figure 2. 4a and f. When it is a smooth surface but with a little 

crystalline disorder (micro-strain or crystalline mosaicity), the reciprocal network consists of 

wider rods. Thus, the intersection of these rods with the Ewald sphere results in wider and 

elongated RHEED spots as shown in Figure 2. 4b and g. In the case where the surface of the 

sample is single-crystalline but rough, the presence of small 3D islands (from 3D growth) can 

be seen because of diffraction in transmission through those 3D surface crystals, the RHEED 

presents the pattern shown in Figure 2. 4c and h. In the case of a polycrystalline surface, which 
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possesses multiple crystalline orientations (multiple orientations of the corresponding 

truncation rods in the reciprocal space), Debye-Scherrer rings can be observed on the RHEED 

pattern, as shown in Figure 2. 4d and i. The RHEED pattern of a long-range orderless 

amorphous surface shows a diffuse halo (Figure 2. 4e and j).  

 

2.3.1.3. Surface reconstruction, stoichiometry control, and in-plane lattice parameter 

 
Figure 2. 5 Surface reconstructions as a function of composition for some perovskite oxide compounds and their 

corresponding RHEED images. (a) Excess in A-site cation. (b) Excess in B-site cation. Taken from Ref. 22. 

 
In most crystalline materials, the arrangement of near-surface atoms is different from that 

of bulk. Atoms reorganize on the surface giving rise to surface reconstructions. In the study of 

perovskite-oxide structure, the homoepitaxial growth of SrTiO3 on SrTiO3(001) has been taken 

as an example. In this oxide, the surface reconstruction depends on the surface composition 

with different chemical termination (SrO or TiO2) and the excess cation type [24]. In the case of 

A-site (Sr cation) rich surfaces, the surface atoms present a double periodicity perpendicular to 

the azimuthal direction [110], compared to bulk periodicity (Figure 2. 5a). For the case of B-

site (Ti cation) rich surfaces, the surface reconstructions generate a double crystalline 

periodicity perpendicular to the azimuthal direction [100] (Figure 2. 5b). On the corresponding 

RHEED patterns, the change in atomic periodicity due to these surface reconstructions results 

in the formation of half-order reflection streaks. Thus, during the growth of SrTiO3 thin films, 

the stoichiometry can be monitored and corrected in real-time using RHEED. It should be noted 

that this type of reconstruction, clearly visible in the case of SrTiO3, is not necessarily applicable 

to all other ABO3 perovskite compounds. 



Chapter II Experimental techniques 

75 
 

Also, line profiles across the streaks can allow us to monitor in-situ the in-plane lattice 

parameters and lattice strain relaxation during growth [ 25 , 26 ]. This can be useful to 

measure/confirm the critical thickness above which a film lattice is fully relaxed depending on 

the epitaxial lattice strain/mismatch.  

 

2.3.1.4. Growth modes, growth rate, and atomic diffusion kinetics 

 
Figure 2. 6 RHEED intensity and atomic-scale surface roughness. Taken from Ref. 27. 

 
As presented previously, the global RHEED pattern indicates if the growth is two-

dimensional (spots or streaks aligned in the Laue circles) or 3D (arrays of transmission 

diffraction spots). In the case of 2D growth, monitoring the intensity of the specular spot gives 

information on the growth modes (atomic layer-by-layer or step-flow), and on the growth rate 

if the growth occurs in the layer-by-layer mode [28, 29]. The layer-by-layer mode occurs when 

the diffusion length of the adatoms is smaller than the mean terrace width whereas step-flow 

mode occurs when the diffusion length of the adatoms is larger than the mean terrace width [30].  

In the 2D layer-by-layer growth, the intensity oscillation of the specular spot as shown in 

Figure 2. 6 can be observed. The intensity depends on the film's surface reflectivity, which is a 

function of the inverse of its surface roughness at the atomic scale.  

In the initial state, the sample surface is atomically smooth with full coverage (θ = 0) and 

the reflectivity of the specular beam is maximum. When a new atomic layer begins to be formed, 

the electrons also start to be diffused by the adatoms. The intensity of the specular beam 

decreases (θ = 0.25). When the topmost atomic plane is half-covered (θ = 0.5), its roughness 
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reaches the maximum, then the intensity a minimum. The growth continues, the surface atomic 

roughness decreases and the intensity recovers gradually (θ = 0.75). When the roughness 

continues to decrease with the growth up to a full new atomic layer, the reflectivity increases 

up to a maximum of the intensity. Thus, the growth of a fraction of complete monolayer can be 

monitored by RHEED in this growth mode and the corresponding growth rate can be 

determined by the oscillation periodicity. This growth rate can be cross-checked by ex-situ X-

ray reflectivity measurements where the thickness of the grown film can be extracted (see the 

section below).  

Also, the surface diffusion kinetics or coefficients of adatoms can be estimated by 

measuring the intensity recovery after stopping the growth (or after each laser pulse in the PLD 

growth technique) [31].  

 

2.3.2. X-ray diffraction and reflectivity 

X-ray diffraction (XRD) is a non-destructive technique allowing to investigate the 

structural properties of crystalline materials. In this section, after a summary of the basic XRD 

principle, various measurements such as X-ray reflectivity, rocking curve, reciprocal space map, 

and pole figure measurements will be introduced.  

 

2.3.2.1. Principle  

 
Figure 2. 7 Principle of X-ray diffraction by a crystal. 

 
The principle of XRD consists in illuminating the material analyzed by monochromatic 

X-rays, such that the incident beam forms an angle θ with one of the reticular planes (hkl) of 

the crystal lattice (see Figure 2. 7). Thus, each atomic plane of this family (hkl) will reflect the 
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X-rays with the same angle of incidence θ. If the path difference traveled between two rays 

reflected on two successive reticular planes (hkl) is a multiple of the incident wavelength, the 

Bragg condition is satisfied and diffraction occurs (constructive interference) [32]. 

According to Bragg’s law, the condition for (hkl) planes to diffract is given by the relation: 

 2dhklsinθ = nλ, (n = 1, 2, 3…) (2.1) 

where dhkl is the inter-reticular distance of the (hkl) plane, θ is diffraction angle, and λ is X-ray 

wavelength. 

The Bragg relation makes it possible to determine the interatomic distance dhkl in the 

crystal direction perpendicular to the (hkl) planes by measuring the diffraction angle (with a 

constant X-ray wavelength). 

 

2.3.2.2. Presentation of the diffractometer and the main measurements 

 
Figure 2. 8 The goniometer of the SmartLab diffractometer from Rigaku available at INL. Taken from Ref. 33. 

 

The high-resolution “SmartLab” diffractometer from Rigaku has been used in my thesis. 

Incident parallel X-ray beam is generated by a high-power (45 kV  200 mA = 9 kW) rotating 

anode, with monochromatic Cu-k⍺1 emission (λ = 1.54056 Å) thanks to two-bounces 

monochromator [double reflections Ge(004) or Ge(220) single-crystals] installed at the output 

of the X-ray source. With a goniometer allowing various rotational movements (shown in 

Figure 2. 8) for the X-ray source (), punctual detector (2 and 2), and sample holder (, , 

and crossed cradles Rx and Ry), this diffractometer offers the degrees of freedom necessary to 

probe the crystal structure of single-crystals and epitaxial films in-plane and out-of-plane in 
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coplanar and non-coplanar (e.g. grazing incidence surface XRD) geometries with accurate 

positioning concerning crystallographic planes. In the following, the main measurements used 

with this diffractometer are presented. 

 X-ray reflectivity (XRR) can be used to analyze film thickness, density, and roughness. In 

this case, the X-ray beam arrives on the sample surface at a glancing incident angle (0-4°) 

after the alignment of the mean surface. The reflectivity scan is then a /2 scan at low 

incidence angles (typically < 10°) with narrow slits (0.5 mm). The resulting profile enables 

analysis of the structural parameters of smooth thin films such as density, thickness, and 

root-mean-square (rms) roughness of the interfaces. Figure 2. 9 shows the resulting 

structural parameters that can be extracted from the fit of the reflectivity curve, here with 

an example of LaCrO3 thin film grown on SrTiO3(001). The XRR fits are mainly performed 

using the software “RCRefSimW” developed by P. Zaumseil from IHP, Frankfurt, Germany.  

 
Figure 2. 9 Reflectivity curve (experimental data and fit) from a LaCrO3 film on SrTiO3(001) substrate (this work), 

allowing the extraction of structural parameters such as thickness, roughness, and density.  

 

 X-ray diffraction (XRD) /2 (or so-called 2/) scan is the first diffraction scan to be 

performed to have information on the crystallographic phase, the main out-of-plane 

crystalline orientations, and the out-of-plane lattice parameter of the crystal. In this case, 

the sample is aligned to the crystallographic plane of the substrate surface, and the scanned 

angle range can be large (10° < 2 < 160°) and is mainly restricted between 20° and 80° 

with a special focus on the intense (002) reflection of the perovskite oxides occurring 

between 45° and 50° (as shown in Figure 2. 10).  



Chapter II Experimental techniques 

79 
 

 

Figure 2. 10 (a) XRD 2θ/ω scan from 10º to 80º and (b) XRD scan near the (002) Bragg reflections on LaCrO3 

film grown on SrTiO3(001) substrate (this work). 

 

 Rocking curve (RC) or the so-called -scan allows measuring the distribution of the 

crystalline orientation which is called mosaicity (Figure 2. 11). For a given family (hkl), the 

atomic planes are not perfectly parallel. Maintaining 2hkl fixed at the maximum intensity 

Bragg position, the incident angle  is scanned around the maximum intensity potion. This 

measurement reflects the crystalline quality of the sample. The full width at half maximum 

(FWHM) of this curve is the value of the mosaicity. 

  
Figure 2. 11 (a) Mosaicity of textured crystalline materials. (b) Sketch of the XRD RC measurements on a thin 

film deposited on a substrate. Taken from Ref. 23. 

 

 Reciprocal space mapping (RSM) is used to analyze the diffracted intensity in single-

crystalline or epitaxial films both along the out-of-plane and in-plane directions. An RSM 

measurement acquires a two-dimensional intensity distribution by performing a series of 

2θ/ω scans at stepped values of ω. In other words, it combines the two previous 

measurements, but it is rather done on asymmetric planes (not parallel to the substrate 

surface, to have in-plane information). Measuring such intensity distributions enables to 

analyze peak distributions and positions, such as the peaks spreading/position in the ω 
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direction (orientation distribution of the lattice, in-plane lattice parameter, and in-plane 

microstrain if asymmetric planes of different orders are used) and in the 2θ/ω direction 

(dispersion of the lattice constant, out-of-plane lattice parameter), as shown in Figure 2. 12. 

During the analysis of RSM, the coordinate (ω, 2θ) can be transformed into the reciprocal 

space unit (Qx, Qz) using the following relations: 
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where a and c represent the in-plane and out-of-plane lattice parameters respectively.  

  
Figure 2. 12 (a) Scans in reciprocal space for two different reciprocal lattice points (hkl) (symmetric) and (h1k1l1) 

(asymmetric). (b) Reciprocal space construction for the asymmetric reflection (h1k1l1). ks and k0 are the wave 

vectors for the diffracted and the incident X-rays, respectively. S = k0 + ks is the scattering vector. Taken from Ref. 

34.  

 

2.3.3. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a method to measure the chemical composition 

and the valence state of the elements of the material. The core-level electrons of the atoms of 

the near-surface of the sample (< 10 nm deep generally) can be excited by X-rays and emitted. 

The electrons are photo-emitted from the material with certain kinetic energies (KE), which can 

be measured by the spectrometer (detector).  
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At INL, the XPS is equipped with an Al rotating anode X-ray source with monochromatic 

Al K radiation (hνAl Kα = 1486.6 eV), a UHV stainless steel chamber, an electron collection 

lens, an electron energy analyzer, a magnetic field shielding, and an electron detector system 
[35, 36, 37]. The XPS is directly connected to the oxide MBE providing in-situ measurements.  

For instance, the excitation process of Sr2+ cation is illustrated in Figure 2. 13. The electron 

binding energy (BE) of each emitted electron can be determined:  

 spectrometerKE h BE      (2.4) 

where h is the Planck constant, ν is the frequency of photons, and ϕspectrometer is the minimum 

energy required for an electron to penetrate the analyzer.  

 
Figure 2. 13 An electron energy diagram for an Sr2+ cation showing the absorption of a photon and resultant 

expulsion of a 3d level photoelectron. 

 

Each element composition (measured spectral intensity I) can be extracted using this 

equation: 

 atomI N   (2.5) 

where σ is the photoionization cross-section of the considered element and core-level, λ is the 

mean free path, and Natom is the number of considered atoms (within 5 nm of the film surface). 



Chapter II Experimental techniques 

82 
 

Our XPS equipment gives an error range of 5-15%, which is higher than that of flux 

measurement. In my following studies, I tend to adopt the more precise element composition 

given by flux measurement. 

 

2.3.4. Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry (RBS) can also be used to determine the chemical 

composition of the films by analyzing the energy loss of light ions at high energies (0.5-4 MeV) 

passing through the material [38]. During an RBS analysis, high-energy He2+ ions (i.e. α particles) 

are directed onto the sample, then the energy distribution amount of the backscattered He2+ ions 

at a given angle is measured. Since the backscattering cross-section for each element is known, 

it is possible to obtain a quantitative compositional depth profile from the RBS spectrum 

obtained, for films that are less than 1 μm thick. In my thesis, the stoichiometric LaCrO3 and 

SrCrO3 calibrations were measured by RBS at Institut de Physique Nucléaire de Lyon (IPNL) 

with the help of B. Canut from INL. The results were in good agreement with that of 

XRD/RHEED, even with an uncertainty of 10%. 

 

2.3.5. Atomic force microscope 

 
Figure 2. 14 Principles of AFM. A sample is probed by an ultrasharp stylus mounted on a cantilever, which scans 

over the surface. A reflected laser beam reports deflection of the cantilever to a split photodiode. Photoelectric 

circuitry then converts the deflections into height information recorded as a digital image. Taken from Ref. 39. 
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Atomic force microscopy (AFM), developed after the invention of the scanning tunneling 

microscopy (STM) in the ’80s [40], is a common near-field probe method for measuring and 

imaging the film surface at the nanoscale. Its main principle consists of lateral scanning a 

surface with a tip having a near-atomic radius. AFM can work with different modes, such as 

contact mode, non-contact mode (used for characterizing my samples). One of the most 

important elements of an AFM is the tip which should be extremely sharp for good lateral 

resolution. The corresponding stepper motors should be accurate as well for this lateral 

resolution. The tip is mounted at the end of a flexible cantilever as shown in Figure 2. 14.  

As it approaches the surface, the tip and the investigated surface interact because of Van 

der Waals's force. By monitoring the deflection of the cantilever with a feedback loop, the 

downward or upward movement of the tip gives the topography of the scanned surface. This 

deflection is measured by an optical lever mode. A laser beam is reflected on the backside of 

the cantilever, and then collected by a photodetector, which consists of closely spaced 

photodiodes. The angular displacement of the cantilever leads to one photodiode collecting 

more light than the other photodiode, producing an output signal. 

 As a new operation mode, the friction force microscopy (FFM) [41] measures the torsion of 

the cantilever when scanning, to obtain the chemical contrast at the sample surface. Along 

with other types of AFM measurements, FFM has established the AFM as an important tool 

in the emerging field of nanotribology.  

 The phase shift-imaging in tapping mode (difference in sticking coefficient depending on 

the material) [42] can also give us the surface compositional contrast. Because any change of 

the phase shift is directly related to a local change in the energy dissipated in the sample 

and independent of the topography. 

Many other derived modes have been developed for characterizing other properties, such 

as piezoelectric properties with piezoelectric force microscopy (PFM) for instance. The AFM 

images have been mainly treated using the open-source software WSxM [43]. 

 

2.4. Methods used to measure the functional properties 

In this section, all transport measurements used in my thesis for characterizing the 

thermoelectric properties are introduced, in particular the electrical conductivity and Seebeck 

coefficient.  
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2.4.1. Electrical measurement 

Resistivity (ρ) is the ability of a material to impede the flow of electrical charges under an 

applied electrical field. It is related to the electrical conductivity (σ) extracted by σ = ρ-1.  

 

2.4.1.1. Four-probe method 

The four-probe method [44], which is illustrated in Figure 2. 15a, is a simple and effective 

way to measure the ρ of thin films. This equipment is available at INL.  

 
Figure 2. 15 (a) Four-probe measurement system at INL for in-plane σ of thin films. (b) Cross-sectional schematic 

sketch of the linear four probes on a film on a substrate.  

 
The principle is to inject a current I on the surface at the external probes (1 and 4), and 

measure the induced voltage V on the internal probes (2 and 3). Then, an I-V curve can be 

plotted by sweeping the current. As shown in Figure 2. 15b, all four probes are placed on the 

surface of the thin film.  

There are two types of measurements, the resistivity of a thin film deposited on a substrate 

and a solid material. Equations (2.6) and (2.7) give the resistivity for a solid material [45] and a 

film respectively. [46]. 

 2
V

s
I

    (2.6) 

 
ln 2

d V

I

   (2.7) 

where V is the voltage between probes 2 and 3, I is the current flowing from points 1 to 4, s is 

the distance between probes, t is the thickness of the film. ρ can be extracted using the slope 

(ΔI/ΔV) of the I-V curve.  
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It is important to note that, to measure the intrinsic ρ of thin films, all samples should be 

annealed in the air to eliminate the possible impact of oxygen vacancy and conductivity from 

the substrate.  

 

2.4.1.2. Hall effect measurement 

 
Figure 2. 16 Principle of the Hall effect measurement. Taken from Ref. 47. 

 
Hall effect measurements are common to assess the electrical properties of conductive and 

semiconductor materials. A magnetic field is applied perpendicular to the direction of the 

applied current in the sample and the transverse voltage is measured in a direction perpendicular 

to both the current and magnetic field, as shown in Figure 2. 16.  

The applied magnetic field induces a Lorentz force opposing the movement of the charge 

carriers, and separating the holes from the electrons. The created potential difference is called 

Hall voltage VH, which can be related to the carrier concentration and the Hall constant RH by 

the relation [48]:  

 H H

BI BI
V R

net t
   (2.8) 

where B is the applied magnetic field, I is the applied current, n is the carrier concentration, e 

is the electronic charge, and t is the thickness of the thin film. The sign of the transverse voltage 

can be used to determine the sign of the charge carrier (electrons or holes) and hence the doping 
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type (N or P). It is also possible to estimate the mobility μ of the carriers [48]:  

 
1

H

n
eR

  (2.9) 

 HR   (2.10) 

 ne   (2.11) 

In my thesis, we prepared all the samples with squared shapes in the Van der Pauw 

geometry and ohmic metallic contacts in the four corners. The metallic contacts were Cr (∼10 

nm) followed by Au (∼100 nm) and were deposited by e-beam evaporation using a shadow 

mask.  

 

2.4.2. Seebeck measurement 

2.4.2.1. Basic principle 

As seen in Chapter I, the Seebeck coefficient (S) is a key thermoelectric parameter. When 

a thermoelectric sample is submitted to a temperature difference (ΔT), the ratio of the measured 

potential difference (ΔV), induced by ΔT, and this ΔT between any two points defines S:  

 
V

S
T





 (2.12) 

 
Figure 2. 17 Charge carrier migration of n-type (top) and p-type (bottom) thermoelectric materials during Seebeck 

measurement. 
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Figure 2. 16 represents the basic principle of S measurement. The ΔT between the two 

points (a and b) causes that the charge carriers in the thermoelectric material move from the hot 

side to the cold side, which creates a ΔV. The S of the thermoelectric material can be measured 

by precisely measure ΔV at each corresponding ΔT. In the case of n-type thermoelectrics 

(electron migration), S is negative, whereas, in the case of p-type thermoelectrics (hole 

migration), S is positive.  

Conceptually, the measurement principle is quite simple. In practice, the measurement is 

relatively tricky because of the very low measured voltage (V range) with low-temperature 

resolution (< 0.1 K). This is especially more tricky on thin films where the substrate can have 

a great impact on the measurement [49]. The removal of oxygen vacancy in the oxide substrates 

by post-deposition oxidation annealing is thus a prerequisite before the S measurements, to 

remove any contribution of the substrate to the electrical conductivity. Also, both the 

temperature and voltage measurements have to be measured exactly at the same points, and the 

contacts between the voltage leads and the sample should be ohmic [50]. The detailed description 

of different measuring methods has been explained by D. M. Rowe in the handbooks on 

thermoelectricity [51, 52].  

 

2.4.2.2. Set-up built at INL and measurement 

 
Figure 2. 18 Measurement architecture of the Seebeck set-up for films built at INL.  

 
A Seebeck set-up, dedicated to the measurement of thin films or single-crystals, has been 
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built at INL by C. Botella during my Ph.D. thesis within the project ANR MITO. Figure 2. 18 

presents the architecture of the measurement set-up. The set-up uses two Peltier modules (1 and 

2) attached to two thermally regulated supports to create the T inside the sample along the in-

plane direction. One Peltier module is cooled and the other one is heated, and the reverse can 

be done (temperature difference can be induced in the two directions). Once the temperature 

difference on the sample is stabilized, the thermocouples in contact with the sample are used to 

measure both the temperature and voltage differences between the two points. The lead wires 

used to measure the voltage are copper and the thermocouples used are T type.  

Figure 2. 19 shows the sample insertion area, inside a chamber in which a primary vacuum 

can be made. On the two sides, it can be seen that two arms thermally controlled by Peltier 

modules support the sample taped on Teflon support, which fits into the top of the 

thermocouples. Each arm can be regulated with a Pt100 thermometer. A third Peltier module (3) 

in Figure 2. 18 is used for the regulation of the electronic card at the same fixed T = 20 °C. As 

shown in Figure 2. 18c, the temperature resolution of the built equipment is less than 0.1 K and 

the voltage accuracy is about 5 V.  

 
Figure 2. 19 (a) Schematic diagram of the measured sample, arms, and thermocouples. (b) Top view of the internal 

sample position. (c) Resolution (noise) both in voltage and temperature at static T = 0 °C. 

 
The measures have been calibrated at room temperature by using a 0.7 wt% Nb-doped 

SrTiO3 (n-type, n ≈ 2.3 1020 cm-3) substrate with an S = -300 µV⸱K-1 as a reference that has 

been measured a few years ago on the ILM set-up already calibrated and in agreement with the 

literature [53, 54, 55]. The voltage difference should be set to obtain 0 µV at ΔT = 0. Then, a sweep 

in T is induced and a created curve is obtained with a fixed slope (ΔV/ΔT) at 300 µV⸱K-1 (Figure 

2. 20a). After such a calibration, measurement of p-type La0.75Sr0.25CrO3 film epitaxially grown 
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on SrTiO3(001) substrate gives a Seebeck coefficient of +180 µV⸱K-1, in perfect agreement with 

the literature [16]. The slope on p-type LSCO film is reversed with respect to n-type SrTiO3:Nb 

substrate because of the different majority carrier type.  

 
Figure 2. 20 Seebeck coefficient measurements at 300 K on (a) n-type 0.7 wt% SrTiO3:Nb substrate used as 

calibration sample, and (b) p-type La0.75Sr0.25CrO3 film epitaxially grown on SrTiO3 (001) substrate, after set-up 

calibration with (a). 

 

2.4.2.3. Set-up for high-temperature measurements at ILM 

 
Figure 2. 21 Schematic representation of the S measurement. (1) Sample. (2) N type thermocouple. (3) Illumine 

strip. (4) Mullite rod. (5) Metallic support. (6) Threaded rod. (7) K type thermocouple. (8) Heating cartridge. (9) 

Ceramic sheath. (10) Refractory steel half-cylinder. Taken from Ref. 56.  
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In addition to the Seebeck measurement done at INL, some of my samples have been 

measured in collaboration with the group of S. Pailhès (and V. Giordano) at Institut Lumière 

Matière (ILM) to verify the results and to measure the temperature dependence S(T) just above 

room temperature. The main components of the ILM set-up are sketched in Figure 2. 21. For 

each measurement, to have the most precise value, the average of four values has been 

calculated automatically.  

Temperature differences in the sample, induced by the two different supporting blocs 

maintained at different temperatures, are measured using the measured voltages across the N-

type thermocouples (2). 

 

2.5. Conclusion 

In this chapter, I presented the MBE technique as an elaboration method to grow epitaxial 

oxide films. I also introduced the structural characterization techniques used such as RHEED, 

XRD/XRR, XPS, RBS, and AFM. Finally, I presented the main techniques used for the 

characterization of the physical properties of the thermoelectric oxide films (electrical 

conductivity and Seebeck coefficient).  
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3.1. Introduction 

The purpose of this chapter is to present the structural, electrical, and thermoelectric 

properties of solid solutions La1-xSrxCrO3 (LSCO), with full composition range (0 ≤ x ≤ 0.4) 

from LaCrO3 (LCO) to SrCrO3 (SCO), grown on SrTiO3(001) substrates. After a brief literature 

review concerning the structural and related physical properties of these compounds (section 

3.2), the LCO and SCO calibration series, required to properly grow stoichiometric LSCO solid 

solutions, will be firstly presented (section 3.2). The results corresponding to LCO calibration 

are published in the reference [1]. Then, the effect of Sr-doping (or Sr substitution ratio for x < 

0.5) on the structural and physical properties of stoichiometric LSCO epitaxial films will be 

presented (section 3.3). This chapter will in particular introduce the following chapters IV and 

V which concern the study of the effects of i) epitaxial strain (Chapter IV) and ii) the deviation 

from cationic stoichiometry (Chapter V) for x = 0.25 (La0.75Sr0.25CrO3).  

 

3.1.1. Lanthanum chromate LaCrO3 

3.1.1.1. Structural properties 

 
Figure 3. 1 The lattice unit cell structure of LCO at 295 K. Taken from Ref. 3. 

 
The lanthanum chromate LaCrO3 is a perovskite oxide with an orthorhombic structure at 

room temperature [2, 3, 4, 5, 6]. Its space group is Pbnm with lattice parameters a = 5.513 Å, b = 

5.473 Å, and c = 7.759 Å at room temperature and ambient pressure [7, 8, 9, 10, 11]. However, it 

can be viewed as a pseudocubic lattice cell with lattice constant 3.885 Å [4, 7, 12], structurally 
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compatible with other functional perovskite oxides. The LCO unit cell simulated by Tseggai et 

al. [3] is represented in Figure 3. 1a and the octahedral coordination of the B cation with oxygen 

atoms is shown in Figure 3. 1b [13]. 

 

3.1.1.2. Physical properties 

LCO is a G-type antiferromagnetic insulator with a charge transfer gap of 3.3 eV [14, 15]. 

However, its electronic bandgap of 2.8 eV has also been measured by Maiti and Sarma via 

ultraviolet photoemission and Bremsstrahlung isochromatic spectroscopic measurements [16]. 

More recently, the different bandgaps have been studied in more details both experimentally 

and numerically by Sushko et al. [17] Different low-energy absorption levels are due to intra Cr 

d-d transitions (2.7 eV, 3.6 eV), while the O 2p to Cr 3d transitions happen for the energy of 5 

eV [17].  

 

3.1.2. Strontium chromate SrCrO3 

Contrasting with LaCrO3, strontium chromate SrCrO3 has not been extensively described 

in the literature so far, probably because of difficult electro-neutrality from the main valence 

states (Sr[2+]Cr[3+]O[2-]
3) which can induce structural instabilities [18].  

 

3.1.2.1. Structural properties 

  
Figure 3. 2 Lattice unit-cell of cubic SCO at room temperature.  

 
The bulk perovskite oxide SCO has mainly a cubic structure with a lattice parameter of 

3.82 Å at room temperature [19], although a tetragonal phase can be induced by lattice strain [20], 

and a rhombohedral phase can be produced by reduction conditions at low temperature in thin 
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films [18]. The space group of the cubic compound is Pm3m [8, 9, 10]. The cubic lattice unit-cell at 

room temperature is represented in Figure 3. 2. 

 

3.1.2.2. Physical properties 

Unlike insulating LCO, SCO exhibits conducting properties with metallic behavior in its 

cubic phase, and semiconducting behavior in its rhombohedral phase with oxygen vacancies 
[18]. Also, the tetragonal phase is antiferromagnetic below 35-40 K, whereas the cubic phase 

remains paramagnetic at low temperatures. Figure 3. 3 [21] shows the evolution of the electrical 

resistivity (ρ) with temperature (T) ranging from 0 to 300 K for an epitaxial oxidized film grown 

on LaAlO3(001) substrate with metallic transport behavior (dρ/dT > 0). The room-temperature 

resistivity (ρ) is 1.3×10-3 Ω⸱cm, and it lowers to 5.2×10-4 Ω⸱cm at 50 K. Zhang et al. [21] fitted 

the ρ(T) data using ρ = ρ0 + AT2 for 130-300 K (shown in the inset) with ρ0 = 4.6×10-4 Ω⸱cm 

and A = 1×10-8 Ω⸱cm⸱K-2, suggesting strong electron-electron scattering in metallic SCO. They 

also pointed out that the upturn at 50 K is common for many metallic transition metal oxides 
[22, 23] as well as for polar/nonpolar perovskite heterojunctions, such as the LaAlO3/SrTiO3(001) 

system [24, 25]. 

 
Figure 3. 3 Temperature-dependent electrical resistivity for a 50 nm SCO film grown on LaAlO3(001) substrate. 

The inset shows resistivity versus T2 and the best linearity occurs for temperature above 130 K. Taken from Ref. 

21. 

 
SCO thermoelectric properties are the object of some reports in the literature (none of these 

works report on the thermoelectric properties of epitaxial thin films). Zhou et al. [19] 

demonstrated a very small Seebeck coefficient (S) of polycrystalline SCO (~4 µV⸱K-1 shown 

in Figure 3. 4a), in agreement with high electronic conductivity. However, in this polycrystalline 
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compound, the temperature-dependence of the resistivity and Seebeck coefficient evoke that of 

a semiconductor probably because of grain boundary scattering [19]. More recently, Noor et al. 
[26 ] computed the thermoelectric properties of XCrO3 (X = Ca, Sr, Ba) using the density 

functional theory. The temperature dependence of S is shown in Figure 3. 4b and appears 

coherent with a metallic electronic transport behavior. For SCO, at room temperature, the S 

value is 32.5 µV⸱K-1 and increases linearly with temperature (64.5 µV⸱K-1 at 800 K).  

 
Figure 3. 4 (a) Temperature dependence of the resistivity and Seebeck coefficient of SrCrO3, LaNiO3, and LaCuO3. 

Taken from Ref. 19. (b) Temperature-dependent calculated Seebeck coefficient for XCrO3 (X = Ca, Sr, Ba) by 

using Boltztrap software. Taken from Ref. 26. 

 

3.1.3. Strontium doped lanthanum chromate solid-solutions: La1-xSrxCrO3 

The main structural, electrical, and thermoelectric properties of La1-xSrxCrO3 (LSCO) 

solid solutions reported in the literature are presented in this section [2, 27].  

 

3.1.3.1. Structural properties 

The unit-cell volume for different values of x in epitaxial LSCO films was measured by 

Zhang et al. [27] represented in Figure 3. 5 (red squares) where the blue and green lines represent 

the linear behavior between the two boundary values for two limiting cases: the green one 

stands for the case of bulk material, while the blue one supposes strained films and uses the 
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Poisson ratios of LCO and SCO (supposing the lattice parameter variation follows the Vegard’s 

law) deposed on LaAlO3 substrates.  

 
Figure 3. 5 Unit-cell volume of La1-xSrxCrO3 (LSCO) as a function of the Sr substitution ratio (x). The green and 

blue lines represent two limiting cases (the bulk volume, totally relaxed, and the volume of fully strained films). 

Taken from Ref. 27. 

 

3.1.3.2. Physical properties 

The effect of Sr doping in LaCrO3 (A-site substitution of La3+ by Sr2+) has been studied 

for more than 40 years [28]. Karim and Aldred have shown that increasing x in La1-xSrxCrO3 

high-density sintered powder pellets (up to x = 0.4) induces a progressive increase of electrical 

conductivity, although a semiconductor-like transport behavior has been observed whatever x 

in this range (x  0.4) [28]. The electrical conductivity increases over three decades at 300 K 

from 10-2 S⸱cm-1 (x = 0) up to 10 S⸱cm-1 (for x = 0.3-0.4). They also measure the 

corresponding Seebeck coefficient and show that it is positive and decreases accordingly with 

x from 420 V⸱K-1 (x = 0.02) to 180 V⸱K-1 (x = 0.2). They show that LSCO can be a 

relatively good p-type conducting oxide with transport properties described by small polaronic 

hopping. They also show that magnetic susceptibility follows a Curie-Weiss law between 600 

and 1100 K, with an effective magnetic moment that decreases with an increase in Sr 

concentration. Later, the studies of Weber et al., globally confirm these tendencies on the x-

dependence of electrical conductivity and thermoelectric properties [29]. Later, Marsh and Parris 

predict that LSCO can become n-type at low temperature for x > 0.6 [30], while photoemission 

spectroscopy studies from Maiti and Sarma confirm that Sr substitution leads to hole doping 

and that a bandgap remains whatever the doping level in LSCO even if it decreases with x [16]. 



Chapter III Effect of A-site Sr cationic substitution 

102 
 

The most recent studies on epitaxial films from Zhang et al. (from the Chambers group) show 

that LSCO is p-type in the full composition range and becomes a metallic conductor for x ≥ 

0.65 [27]. Interestingly, they also observed that this metallic behavior only happens when LSCO 

is deposited on LaAlO3(001) substrate under slight compressive strain, revealing that lattice 

strain can have a great impact on the transport properties of LSCO (see Chapter IV). The curves 

for x ≤ 0.5 are characteristic of semiconducting material (dρ/dT < 0), with increasing electrical 

conductivity and hole concentration with x [2]. The temperature dependence of electrical 

resistivity as well as the x-dependence of electrical conductivity (σ) and hole concentration (p) 

at room temperature from this latest work on epitaxial films grown by MBE are reported in 

Figure 3. 6.  

 
Figure 3. 6 Temperature dependence of the electrical resistivity of epitaxial LSCO films grown on LaAlO3(001) 

substrates. Taken from Ref. 27. 

 

It is worth noting that in the works of Zhang et al., hole concentration p was not directly 

measured (by Hall effect for instance). As mentioned in Chapter I section 1.4.3.2, following 

Farrell et al. [31 ] in their analysis of transport data for Mg-doped Cr2O3, Zhang et al. have 

determined the hole concentration p from S using a small polaron hopping model, which is 

appropriate for materials with extremely low charge carrier mobility (µ). Although the µ is low, 
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the p can easily be made relatively high by large Sr substitution for La. Therefore, the σ can be 

relatively high (up to 54 S⸱cm-1 with x = 0.5, La0.5Sr0.5CrO3) for p-type thermoelectric films.  

All the LSCO films exhibit positive S values, confirming p-type conductivity. According 

to the previous works, especially those of Karim et al. [28] and Zhang et al. [2], S decreases from 

321 to 80 µV⸱K-1 from x = 0.04 to 0.5, while σ increases from 1.2 to 54 S⸱cm-1 at 300 K (See 

Chapter I, Figure 1. 24). The thermoelectric power factor extracted from these measurements 

gives a maximum of about 0.5 W cm-1 K-2 at x  0.25 at room temperature (See Chapter I, 

Figure 1. 24). These values are summarized in Table 3. 1. The mobility values have been 

deduced from the equation µ = σ/ep. 

 
Table 3. 1 Room-temperature conductivity σ, hole concentration p, mobility µ, Seebeck coefficient S, and 
power factor PF of epitaxial LSCO films. Taken from Ref. 2.  

x 
σ 

S⸱cm-1 

p 

×1020 cm-3 

μ 

×10-2 cm2⸱V-1⸱s-1 

S 

μV⸱K-1 

PF 

μW⸱cm⸱K-2 

0 - - - - - 

0.04 1.2 7.9 0.95 321 0.124 

0.12 3.6 12 1.8 281 0.284 

0.25 15 34 2.7 180 0.486 

0.5 54 75 4 80 0.346 

 

3.2. LaCrO3 and SrCrO3 calibration series 

During my thesis, we first studied the growth and structural properties of La1+CrO3 (LCO) 

and Sr1+CrO3 (SCO) epitaxial thin films before to grow epitaxial stoichiometric solid solutions 

La1-xSrxCrO3 (LSCO). The results corresponding to LCO calibration are published in Ref. 1. 

The next sections will present both the growth conditions as well as the structural properties of 

these LCO and SCO calibration films.  

 

3.2.1. Growth conditions 

For composition calibration purpose, about 15 nm thick epitaxial La1+CrO3 (-0.25    
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0.25) and 60 nm thick epitaxial Sr1+CrO3 (-0.143    0.143) thin films were grown on single-

crystalline STO(001) substrates (MaTecK GmbH) by solid-source MBE in an ultra-high 

vacuum chamber with a base pressure less than 1×10-9 Torr (see Chapter II). Sr, La, and Cr were 

evaporated from effusion cells in co-deposition, with a growth rate of 0.1 and ~0.67 nm per 

minute respectively. The fluxes were measured before the growth using a Bayard-Alpert (BA) 

ionization gauge (after subtraction of the background pressure) and checked using a quartz 

crystal microbalance (QCM), as shown in Figure 3. 7.  

 
Figure 3. 7 The fluxes of Sr (a, d), La (b, e), and Cr (c, f) measured respectively by (a-c) BA ionization gauge, and 

(d-f) QCM at three different temperatures. These stars represent the corresponding temperatures used for 

stoichiometric LCO and SCO calibrations. 

 
The molecular oxygen partial pressure P(O2) was kept constant at 1×10-7 Torr during the 

growth, and the growth temperature was set to 700 °C. The STO substrates were annealed for 

15 minutes before starting the growth. All the calibration films are grown on as-received STO 

substrates, except for one additional stoichiometric LCO film ( = 0) grown on a TiO2-

terminated STO substrate. In general, the surfaces of commercial STO substrates consist of a 

mixture of TiO2 and SrO that affects the quality of the epitaxial films deposited above [32, 33, 34]. 

To have a single TiO2-termination substrate, a method was established by Kawasaki et al. [35] 

based on the hydrofluoric acid (HF) chemical etching which has become a standard treatment 

for SrTiO3(001) substrates before the growth of thin oxide films. The etching selectivity was 
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then improved by Koster et al. [33] through the formation of basic Sr-hydroxyl groups in water 

before etching. Post-etching annealing can be done for the formation of well-defined unit-cell 

high steps and terraces. This latest etching procedure is commonly used to create an atomically-

flat TiO2-terminated SrTiO3(001) substrate surface and was used for some growth in my Ph.D. 

thesis. The complete procedure consists of:  

 10 min of ultrasonic immersion in deionized water (on the SrO termination, to form basic 

hydroxide and carbon groups Sr(OH)2 and SrCO3 which increase the selectivity of the 

chemical attack). 

 20 seconds etching in buffered HF solution (15% NH4F and 5.2% HF, which selectively 

attacks the Sr(OH)2 and SrCO3 groups to have only remaining TiO2 termination). 

 rinsing abundantly in deionized water (to avoid residual etchant yielding etching pits) and 

drying with nitrogen. 

 annealing in air at 1000 °C for 1 hour (to remove residual impurities from previous 

treatments and to flatten the TiO2-terminated terraces). 

Figure 3. 8 shows the surface morphology of the STO substrate after the chemical and 

thermal treatment. A smooth surface terminated by TiO2 planes with atomic steps of ~4 Å height 

corresponding to the size of a unit cell of single-crystalline STO(001) can be observed. 

  
Figure 3. 8 (a) RHEED images along the azimuths [100] and [110] of STO substrate. Good contrast and Kikuchi 

lines are observed showing a flat surface and of high-crystalline quality. Second-order reconstructions (marked by 

white arrows) on the azimuth [100] typical of the TiO2-terminated surface is revealed. (b) AFM topography of the 

STO substrate after the chemical and heat treatment. (c) Z profile corresponding to the line on (b). 
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Figure 3. 9 RHEED intensity oscillations from the growth of stoichiometric LCO on prepared TiO2-terminated 

STO(001). The vertical arrow indicates the beginning of the growth.  

 
RHEED was used to in-situ monitor growth and surface quality. The epitaxial films were 

grown by layer-by-layer mode as shown in Figure 3. 9 (taking on stoichiometric LCO film as 

an example).  

 

3.2.2. Structural properties 

3.2.2.1. RHEED characterizations 

 
Figure 3. 10 RHEED patterns recorded along the [100] and [110] azimuths (around 200 °C, P(O2) = 1×10-9 Torr) 

after growth of the LCO and SCO films. The different corresponding δ values are marked alongside the patterns 

on the vertical scale. The vertical white arrows inside the patterns indicate second-order reflections demonstrating 

surface reconstruction in the considered azimuth.  
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RHEED patterns along both high-symmetry [100] and [110] in-plane crystallographic 

directions after the growth of the calibration thin films of both La1+CrO3 and Sr1+CrO3 are 

shown in Figure 3. 10. All the RHEED patterns present well-contrasted streak lines meaning 

that all the LCO and SCO films are epitaxial with flat surfaces within the  range (deviation 

from the cationic stoichiometry; -0.25    0.25 for LCO, and -0.143    0.143 for SCO, 

estimated after complete characterization).  

In more detail, for LCO calibration, when |δ| = 0.25, the streaks are slightly blurred and 

the background is brighter than that observed for samples with lower |δ|, revealing larger 

crystalline disorder. For δ = -0.125 (slightly Cr-rich LCO film) and δ = 0 (stoichiometric LCO 

film), the streaks are sharp along both azimuths, indicating that the surface is well ordered. 

Additionally, for both these samples, a 2nd order streaky reflection along the [110] direction 

(indicated by white arrows) is observed. A weak 2nd order streaky reflection also appears along 

the [100] azimuth for δ = -0.125 whereas only 1st order reflection is observed along this azimuth 

at δ = 0, which indicates a 2×2 and a 2×1 surface reconstruction for the slightly Cr-rich LCO 

film (δ = -0.125) and the stoichiometric film (δ = 0), respectively. In contrast, when δ = 0.1 

(slightly La-rich LCO film) only 1st order streaks are visible indicating the absence of surface 

reconstruction.  

Similarly, the RHEED patterns of SCO films show the same variation of the streaks as a 

function of δ. When |δ| ≤ 0.07, the streaks are sharp along both azimuths, revealing the well-

ordered crystalline surfaces. For |δ| = 0.143, the streaks of [110] azimuth are blurred and the 

background is brighter than that observed for others. For all SCO films, a 2nd order streaky 

reflection along the [110] direction is observed. However, a weak 2nd order streaky reflection 

also appears along the [100] azimuth for |δ| ≤ 0.07, which indicates 2×2 surface reconstructions 

for the stoichiometric film and the slightly nonstoichiometric SCO films.  

 

3.2.2.2. AFM characterizations 

AFM working in tapping mode was used to measure the surface morphology of the LCO 

films, as well as their mean roughness and chemical contrast by phase-shift imaging [34, 36, 37, 

38]. AFM images of the film surface are shown in Figure 3. 11. The left panel and the right panel 

present the topographic images and the phase-lag images, respectively. In agreement with 

RHEED patterns (Figure 3. 10) and XRR analysis (Figure 3. 14), all the topographic images 

reveal smooth surfaces with rms roughness less than 0.3 nm. Atomic steps and terraces can be 
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observed for the Cr-rich LCO films (δ < 0), and are still distinguishable for the stoichiometric 

film (δ = 0). For the La-rich LCO films (δ > 0), the ‘steps and terraces’ morphology becomes 

unclear, and completely disappears at δ = 0.25, even if the surfaces remain globally flat (rms 

roughness is about 0.25 nm at δ = 0.25). The La-rich surface could present two-dimensional 

islands of La2O3 randomly distributed on the surface, even if the XPS spectra do not show any 

evidence of the secondary phase in the near-surface region (Figure 3. 22) [3].  

 
Figure 3. 11 Tapping mode AFM: topographic (left panel) and phase-lag (right panel) images of the LCO epitaxial 

thin films grown on as-received STO(001) substrate with (a) δ = -0.25, (b) δ = -0.125, (c) δ = 0, (d) δ = 0.1, and 

(e) δ = 0.25. (f) LCO thin film grown on prepared TiO2-terminated STO substrate with δ = 0. Taken from Ref. 1. 

 
The phase-lag images reveal chemical contrasts on the flat surfaces, although phase-lag 

contrast may also appear at step edges due to sharp height differences [34, 36, 37, 38] In Figure 3. 
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11, strong persistent phase-lag contrast appears at the surface of the stoichiometric film ( = 0) 

in which the contrast is roughly half-tone. This contrast indicates a double termination (CrO2 

and LaO) at the surface of the stoichiometric film, due to the replication during the 

stoichiometric 2D growth of the double termination initially present at the surface of unprepared 

STO substrate [38]. The half unit-cell steps measured on the topographic image at the phase-lag 

contrast location is consistent with this interpretation, as detailed in the following. In Figure 3. 

12, topographic and phase-lag images of stoichiometric LCO films grown on as-received and 

treated substrate (Figure 3. 11c and f) are shown with their corresponding profiles for a detailed 

comparison.  

 
Figure 3. 12 (a-b) AFM topographic and phase-lag images of stoichiometric LCO thin films ( = 0) on (a) as-

received STO substrate and (b) prepared TiO2-terminated STO substrate. (c-d) Corresponding topographic profiles 

of LCO on (c) as-received STO substrate and (d) prepared TiO2-terminated STO substrate. (e-f) Corresponding 

phase-lag profiles of LCO on (e) as-received STO substrate and (f) prepared TiO2-terminated STO substrate. The 

horizontal blue dotted lines in (e-f) are a guide to the eyes and the blue vertical arrow in (e) indicates the phase-

lag contrast at half unit-cell step. 

 
Whereas a chemical contrast is revealed on the stoichiometric LCO film grown the as-

received substrate (Figure 3. 12a), any contrast is detected in the phase-lag image shown in 

Figure 3. 12b (right image) indicating a single-termination (most-probably CrO2) of the LCO 

film grown on the prepared TiO2-terminated STO substrate. Topographic height profiles are 
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shown in Figure 3. 12c and d, indicating that the step height between adjoining terraces is ~2 Å 

(half unit-cell on as-received STO substrate) and ~4 Å (unit-cell on prepared STO substrate), 

respectively. The corresponding phase-lag profile (Figure 3. 12e) reveals that a phase-lag shift 

is measured at half unit-cell high steps on LCO on as-received STO(001), suggesting a lateral 

chemical separation of each termination (LaO and CrO2). However, there is no appreciable 

phase-lag shift measured on LCO on TiO2-terminated STO(001) (Figure 3. 12f), revealing that 

each terrace is formed by a single chemical-termination. In this case, this single-termination is 

most probably CrO2 if no switching of chemical termination occurs during growth, which seems 

to be the case since no delay is observed in the RHEED intensity oscillations at the first stage 

of layer-by-layer growth (Figure 3. 9).  

Coherently, this chemical contrast at the film surface decreases and disappears when |δ| 

increases, revealing the dominance of one chemical termination at the surface of non-

stoichiometric films (LaO when  > 0 and CrO2 when  < 0).  

 
Figure 3. 13 AFM topographic (left panel) and phase-lag (right panel) images of the SCO epitaxial thin films 

grown on as-received STO(001) substrate with (a) δ = -0.07, (b) δ = 0, and (c) δ = 0.07. Observations done around 

three weeks after growth.  

 

AFM images of the SCO film surface observed 2-3 weeks after growth are shown in Figure 

3. 13. Due to the instability of epitaxial SCO films, XRR/XRD characterizations have been 

performed preferentially quickly after growth. Only the AFM measurement of || < 0.07 SCO 

calibration have been performed, showing relatively high rms roughness (rmsδ=-0.07 = 6.2 nm, 

rmsδ=0 = 7.1 nm, and rmsδ=+0.07 = 6.7 nm). The high surface roughness of SCO films is certainly 
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due to the high reactivity of SrO-rich surfaces with H2O and CO2 of ambient atmosphere 

forming stable SrCO3 and Sr-hydroxide complex Sr(OH)2. 

 

3.2.2.3. XRR characterizations 

XRR was used to measure the thickness, surface and interface roughness, and density of 

all the films. The XRR curves plotted in Figure 3. 14 include both the experimental raw data 

(black curves) and the fit (red curves) from a simple single-layer model. The measured 

experimental data are relatively well described by the fitted curves (especially for LCO films), 

including the interference periodic Pendellosung fringes, the overall slope, and the decay at the 

critical angle (below which is the total reflection), yielding values for the thickness (15 nm for 

LCO films and 50 nm for SCO films), and the root-mean-square (rms) surface/interface 

roughnesses, as well as densities. The extracted values from the fits are summarized in Table 3. 

2. The fit may be improved for SCO films by including a more complex multi-layer model 

taking into account some heterogeneous composition distribution across the film thickness.  

 
Figure 3. 14 XRR curves for all LCO and SCO calibration films, including the raw data (black lines) and the fitting 

curves (red lines). 
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Table 3. 2 Thickness, rms-roughness, and density for all LCO and SCO calibration films extracted from XRR fits. 

Film La1+δCrO3 Sr1+δCrO3 

δ -0.25 -0.125 0 0.1 0.25 -0.143 -0.071 0 0.071 0.143 

t (nm) 13.8 14.6 15.8 16.9 14.2 38.0 53.0 67.6 54.9 69.1 

rms surface (nm) 0.46 0.46 0.30 0.48 0.99 0.73 0.97 1.2 2.05 1.17 

rms interface (nm) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

Density (g⸱cm-3) 8.16 8.39 8.46 8.68 8.27 5.53 5.56 5.60 6.23 6.18 

 

3.2.2.4. XRD characterizations 

(a) LCO films  

 
Figure 3. 15 XRD characterizations. Wide 2θ/ω scans for all LCO films from 10º to 80º. 

 

The structural properties of all LCO films are further investigated by XRD. Wide 2/ 

scans (10-80°) reveal only diffraction peaks corresponding to the {00l} reflections of the LCO 

films and STO(001) substrates (shown in Figure 3. 15), indicating that no other orientation or 

phase than LCO (00l) are present in the epitaxial films. Cationic intermixing at the interface 

with STO and secondary phase formation, which are dependent on the growth conditions and 
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STO substrate quality, are not observed here by XRD (and XPS, see section 3.2.2.6 below) 

although a few La-rich precipitates could be present at the nanometer scale close to the interface 
[3]. The presence of Pendellosung fringes around the diffraction peaks of the films attests to their 

high-crystalline quality and abrupt interfaces.  

 
Figure 3. 16 XRD characterizations. (a-e) 2/ scans near the (002) reflections of LCO thin films and STO 

substrates for (a) δ = -0.25, (b) δ = -0.125, (c) δ = 0, (d) δ = 0.1, and (e) δ = 0.25. (f) Out-of-plane lattice cell 

parameter as a function of the . (g) -scans around the LCO (002) reflection for all the films, normalized to the 

stoichiometric film ( = 0). Taken from Ref. 1. 

 

Figure 3. 16a-e shows the XRD 2/ scans around the (002) reflections of the LCO films 

and STO substrates plotted in reciprocal space units. The LCO (002) reflection is very close to 

that of the STO substrate and appears as a shoulder of the substrate peak. Qualitatively, the 

position of the film reflection decreases in Qz while deviating from the stoichiometry, which 

means that the out-of-plane cell parameter of the LCO film (cLCO) increases with cationic-

stoichiometry deviation. Both Cr-rich and La-rich films exhibit larger cLCO than that of the 

stoichiometric LCO film, in agreement with other perovskite oxide films such as SrTiO3
 [39, 40, 

41]. This standard trend is also observed by Qiao et al. (Chambers group) [3], but with a cLCO 
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minimum shifted at slightly Cr-rich films (δ = -0.05) and not at the stoichiometry (δ = 0). This 

small composition shift (5%) with this work could be due to (i) the uncertainty in the 

determination of composition and film lattice parameter, and (ii) to the ratio and distribution of 

point cationic defects (vacancy, anti-site) in the films.  

Quantitatively, cLCO has been extracted here from fits of the XRD spectra (Figure 3. 16a-

e) and is shown as a function of δ in Figure 3. 16f, together with the bulk value and the results 

of those found in the literature on fully-strained epitaxial LCO films for comparison [2, 3, 12]. The 

values of this work range from 3.873 to 3.926 Å. The minimal value, recorded for the 

stoichiometric film, is cLCO = 3.873 Å which is in good agreement with the most recent results 

of the reference [2], although different values (from 3.871 to 3.881 Å) are reported in different 

articles from the same group (Chambers group) on fully-strained stoichiometric LCO epitaxial 

film on STO substrate. Around the stoichiometry, lattice parameters are lower than the LCO 

pseudocubic bulk value (3.885 Å, blue square), indicating reduced cLCO (-0.31%) owing to the 

in-plane tensile stress exerted by STO substrate (relative in-plane tensile strain εxx = 0.51%) [42]. 

The out-of-plane lattice cell parameter increases up to almost 3.93 Å for clearly non-

stoichiometric films: 3.92 Å for δ = -0.25 and 3.926 Å for δ = 0.25. In such cases, these high 

cLCO values, superior to the substrate lattice parameter, are partly due to the in-plane 

compressive strain of the epitaxial films, in addition to the effect of cationic-stoichiometry 

deviation it-self. For δ = 0.1 (slightly La-rich film), cLCO = 3.896 Å, in very good agreement 

with Qiao’s results [3]. For δ = -0.125 (slightly Cr-rich), cLCO = 3.886 Å, which is slightly larger 

than the Qiao’s reported value (3.873 Å for δ = -0.15).  

The -scans measured for all the films around the LCO (002) reflection are shown in 

Figure 3. 16g. The mosaicity of the films (full width at half maximum, FWHM, of these curves) 

is below 0.09°, comparable to that of the single-crystalline STO substrates, confirming the high-

quality of the films with a low level of defects.  

The in-plane lattice parameters of the LCO films (aLCO) and the associated anisotropic 

strain are measured by XRD reciprocal space mapping around the asymmetrical reflection. 

Figure 3. 17 shows the RSM acquired around the asymmetric (103) reflection of LCO films and 

the STO substrate. The shoulder of the nodes corresponding to the LCO thin films is shifted 

along Qzz depending on chemical composition consistently with the 2/ scans, confirming the 

variation of cLCO shown in Figure 3. 16. By contrast, the LCO(103) nodes are all aligned 

vertically with the substrate nodes, indicating that the aLCO is equal to the STO lattice constant 

(3.905 Å). All LCO films are thus fully coherently strained to the substrates, confirming that 
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the critical thickness (tc) from which an epitaxial strain relaxation occurs is well above the 

thickness of our thin films. This is consistent both with the relatively low lattice mismatch of 

LCO/STO(001) heteroepitaxy (0.51%) [42] and with previous experimental results (tc > 50 nm) 

[12]. 

 
Figure 3. 17 RSM around the asymmetric (103) reflection of the LCO films and STO substrates for (a) δ = -0.25, 

(b) δ = -0.125, (c) δ = 0, (d) δ = 0.1, and (e) δ = 0.25. The dotted line indicates the Qzz position of the STO substrate 

related to its out-of-plane lattice parameter. Taken from Ref. 1. 

 

 
Figure 3. 18 Dependence on δ of (a) the lattice unit-cell volume, (b) the tetragonality c/a, and (c) the density of 

LCO thin films. Taken from Ref. 1. 

 
From the measured cLCO and aLCO, the unit-cell volume can be extracted and plotted as a 

function of δ, as shown in Figure 3. 18a. The unit-cell volume is found to be in-between 59 and 

60 Å3 within the composition range. A trend similar to the evolution of cLCO with δ is observed 
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since aLCO remains constant with a minimum at stoichiometry. Cationic-stoichiometry deviation 

might generate point defects such as cationic vacancies that induce expansion of the unit-cell 

volume from electrostatic repulsions near these charged ionic defects. Around the stoichiometry, 

for δ = -0.125, 0, and 0.1, the LCO films exhibit values of a that exceed c, induced by the 

heteroepitaxial in-plane tensile stress. However, for larger stoichiometric deviation, when δ = 

±0.25, it turns to in-plane compressive stress since c is larger than a, which means that the 

corresponding bulk pseudocubic lattice parameter in such cases is larger than that of the STO 

substrate (3.905 Å). The tetragonality (c/a) is found to vary between 0.99 and 1.01 and is plotted 

as a function of δ in Figure 3. 18b. For comparison, the tetragonality of the bulk ferroelectric 

tetragonal BaTiO3 is 1.011. The density of all LCO films was extracted from unit-cell volume 

and chemical composition (by taking into account the cationic vacancy) and is plotted as a 

function of  in Figure 3. 18c. Film density has an approximate linear increasing trend with  

due to the progressive introduction of La with the larger atomic mass in the crystal lattice.  

 

(b) SCO films  

After analyzing the structural properties and calibration of LCO films, the SCO calibration 

needs to be investigated as well to perform composition controlled LSCO solid solutions. It 

should be noted that contrasting with LCO, the structure of epitaxial SCO thin films is not stable 

under air. However, according to the RHEED patterns (Figure 3. 10) and the following XRD 

and RBS results which were measured just after growth to limit the effect of SCO reaction with 

air, the stoichiometry can also be well confirmed.  

Wide 2/ scans (10-80°) are presented in Figure 3. 19. They reveal that the main 

diffraction pics correspond to the {00l} reflections of the SCO films and STO(001) substrates, 

meaning that the SCO film is (001) oriented. However, minority lower intensity pics appear in 

other positions than those of the perovskite meaning that a small secondary phase exists in the 

films. These pics could correspond to demixed phases composed of SrO and Cr2O3. Figure 3. 

20a-d show the XRD 2/ scans around the (002) reflections of the SCO films and STO 

substrates plotted in reciprocal space units. The position of the film reflection decreases in Qz 

while deviating from the stoichiometry, which means that the out-of-plane cell parameter of the 

SCO film (cSCO) increases also with δ as expected. Both Cr-rich and Sr-rich films exhibit larger 

cSCO than that of the stoichiometric SCO film. The SCO(002) reflection of the stoichiometric 

film ( = 0) is very close to that of the STO substrate and appears as a left shoulder of the 
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substrate peak. Similar to the LCO films, the presence of Pendellosung fringes around the 

diffraction peak of the films attests to their high-crystalline quality and abrupt interfaces.  

 
Figure 3. 19 XRD characterizations. Wide 2θ/ω scans for all SCO films from 10º to 80º. 

 

The out-of-plane lattice parameter cSCO is extracted from fits of the XRD spectra (Figure 

3. 20a-e) and is plotted as a function of δ in Figure 3. 20f, together with the values found in the 

literature for comparison [18]. The cSCO values of this work range from 3.917 to 4.01 Å. The 

stoichiometric value is cSCO = 3.917 Å which is in good agreement with the literature (3.92 Å) 

although in this case, the SCO epitaxial films were grown on other oxide substrates (LAO and 

LSAT) of lower lattice parameters than STO [18]. However, the lattice constant of bulk cubic 

perovskite SCO is 3.819 Å (blue square in Figure 3. 20f) which is much lower than the 

stoichiometric film value and the lattice parameter of LSAT substrate for instance. This large 

cSCO value in the stoichiometric films cannot be explained by the strain effect and is explained 

by the formation of the rhombohedral phase from oxygen deficiency in the crystal lattice [18]. 

From Zhang et al., perovskite pseudocubic phase should be obtained after annealing in air at 

250 °C for 2 hours, and they observe after annealing a decrease of the cSCO around the bulk 

cubic value, from 3.92 to 3.805 Å on LSAT, and from 3.92 to 3.84 Å on LAO substrate. These 

residual differences concerning bulk value can now be explained by the epitaxial strain effect 

with a positive Poisson ratio. However, trying to follow the Zhang’s recipe of annealing to 
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obtain oxidized SCO films with the perovskite pseudocubic phase, our films have become 

amorphous according to the XRD result (no pic has been found except that of STO substrate). 

 
Figure 3. 20 XRD characterizations. (a-d) 2/ scans near the (002) Bragg reflections of SCO thin films and STO 

substrates for (a) δ = -0.143, (b) δ = -0.071, (c) δ = 0, (d) δ = 0.071, and (e) δ = 0.143. (f) Out-of-plane lattice cell 

parameter of SCO films as a function of the δ. (g) -scans around the SCO (002) reflection for all the films, 

normalized to the stoichiometric film (δ = 0).  

 

The -scans measured for the SCO films around the (002) reflection are shown in Figure 

3. 20g. The FWHM of these curves is below 0.1° (except the one deposed on low-quality-

substrate), confirming the high-crystalline quality of the films with a low level of defects.  

 

3.2.2.5. RBS characterizations 

The film composition is further confirmed by RBS measurements (Figure 3. 21). RBS 

using a 2 MeV He+ beam incident at 6° with a 172° scattering angle was used to check the 

cationic stoichiometry of both LCO and SCO calibration films. The two stoichiometric films’ 

composition (δ = 0) are examined, in which both of the La/Cr and Sr/Cr atom ratio is 1 within 
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the instrumental uncertainty, showing a perfect agreement with the XRD results (Figure 3. 16 

and Figure 3. 20).  

 
Figure 3. 21 RBS spectra of the stoichiometric (a) LCO and (b) SCO films. 

 

3.2.2.6. XPS characterizations 

 
Figure 3. 22 XPS spectra of (a) La 4d and (b) Cr 2p core levels for all LCO films with δ ranging from -0.25 to 

0.25. 

 
XPS core-level spectra were acquired using monochromatic Al Kα radiation (hν = 1486.6 

eV) at normal emission to probe the near-surface region (≤ 5 nm) only for LCO films. To 

directly compare binding energies, the Cr 2p3/2 core-level peaks shown in Figure 3. 22b are all 

shifted to 576 eV and normalized to 1. For each specimen, the same shift is applied to La 4d 

spectra (Figure 3. 22a). Then, the intensity of the La 4d core-level spectra is normalized to the 

stoichiometric LCO film ( = 0). The La 4d and Cr 2p core-level spectra and binding energies 

are characteristics of La3+ and Cr3+ for all cationic ratios indicating that the structure of all films 

remains perovskite-type without extra phase such as the oxidized LaCrO4 phase [12, 27].  
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3.2.2.7. Conclusion 

All these characterization techniques, and especially XRD and RBS, have allowed to attest 

to the stoichiometric samples and to determine the corresponding growth conditions. The MBE 

flux can then be tuned via effusion cell temperature, within the measurement uncertainty, to 

grow stoichiometric epitaxial films of La1-xSrxCrO3 solid solutions and study the impact of the 

substitution ratio x.  

 

3.3. La1-xSrxCrO3 solid solutions: impact of substitution ratio x 

According to the previous calibration series, the high-crystalline quality p-type epitaxial 

LSCO thin films are prepared via the same method as the calibration films.  

 

3.3.1. Growth conditions 

About 30 nm thick epitaxial La1-xSrxCrO3 films (x = 0.1, 0.2, 0.25, 0.3, and 0.4) were 

grown on prepared TiO2-terminated STO(001) substrates by MBE with a growth rate of 0.15 

nm per minute. The preparation process for such a substrate surface is already described in 

section 3.2.1. The P(O2) was kept constant at 1×10-7 Torr during the growth, and the growth 

temperature was set to 700 °C. The STO substrates were annealed for 15 minutes before starting 

the growth. After deposition, the substrate temperature was lowered to 200 °C at a rate of 50 °C 

per minute while the background O2 was pumping out. All LSCO films were subjected to an 

additional anneal in the air at 300 °C for 2 hours to ensure complete oxidation.  

 

3.3.2. Structural properties 

3.3.2.1. RHEED characterizations 

RHEED patterns along both high-symmetry [100] and [110] in-plane crystallographic 

directions after the growth of the LSCO films series are shown in Figure 3. 23. The epitaxial 

quality of all films is seen. The streaks are sharp along both azimuths with clear contrast. No 

rings characteristic of polycrystalline quality nor secondary phases are present. Additionally, a 

2nd order streaky reflection is observed along the [110] direction for all the samples although 
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weak for some (indicated by white arrows), which indicates a 2×1 surface reconstruction, in 

agreement with the observations made on the LCO and SCO stoichiometric films (see Figure 

3. 10).  

 
Figure 3. 23 RHEED patterns recorded along the [100] and [110] azimuths (around 200 °C, P(O2) = 1×10-9 Torr) 

after growth of the LSCO films with (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, (d) x = 0.4, and (e) x = 0.5. The vertical 

white arrows indicate second order reflections demonstrating surface reconstruction in the considered azimuth. 
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3.3.2.2. AFM characterizations 

   
Figure 3. 24 tapping mode AFM: topographic (left panel) and phase-lag (right panel) images of the LSCO films 

grown on as-received STO(001) substrate with (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, (d) x = 0.4, and (e) x = 0.5. All 

films were grown on prepared TiO2-terminated STO(001) substrate. 

 
AFM images of the LSCO films’ surface are shown in Figure 3. 24. The left panel and the 

right panel present the topographic images and the phase-lag images respectively. The film 

surface roughness seems to increase with x with the presence of 2D islands on the terraces. 

However, all the rms roughnesses are below 0.6 nm. Moreover, because of the prepared TiO2-

terminated STO substrates, atomic steps and terraces can be observed for the films for x  0.25 

and still distinguishable for x > 0.25 (left images). The phase-lag contrast at adjacent terraces 

(right panel in Figure 3. 24b, c, and d) is probably due to the step height between adjacent 

terraces or 2D islands at the surface of the LSCO films. Any other contrast is detected in the 

right phase-lag images indicating a most probable single-termination (CrO2) of these LSCO 
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films grown on TiO2-terminated STO substrate. As an example, the topographic profile of 

LSCO with x = 0.25 is shown in Figure 3. 25. The height of the 2D islands is less than two-unit 

cells, confirming a relatively low surface roughness and a layer-by-layer growth.  

 
Figure 3. 25 AFM topographic images of LSCO film on the STO substrate, and the corresponding topographic 

profile. The local rms roughness is 0.4 nm.  

 

3.3.2.3. XRR characterizations 

  
Figure 3. 26 XRR curves for LSCO films, including the raw data (black curve) and the fit (red curve). 

 

XRR was used to measure the thickness of LSCO films. The curves are plotted in Figure 
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3. 14. The measured experimental data are well described by the fits, including the interference 

periodic fringes, decay at the critical angle, and the overall slope, yielding values for the 

thickness (30 nm), the film density, and the rms surface/interface roughnesses (shown in Table 

3. 3). It can be seen that the rms surface roughness increases with x, in agreement with the 

previous AFM observations above (see Figure 3. 27). This is also consistent with the XRR 

measurements made on stoichiometric LCO and SCO films of the calibration series for which 

SCO films presented higher roughness than LCO films (see Table 3. 2).  

 
Table 3. 3 Thickness, rms-roughness, and density of LSCO films extracted from XRR fits. 

x 0.1 0.2 0.25 0.3 0.4 

t (nm) 28.1 29.0 28.1 30.1 31.6 

rms surface (nm) 0.39 0.46 0.54 0.88 0.92 

rms interface (nm) 0.15 0.15 0.15 0.15 0.15 

Density (g⸱cm-3) 7.45 6.42 6.35 6.30 6.28 

 

 
Figure 3. 27 rms-roughness for all LSCO films from (a) AFM measurement and (b) XRR fit. 

 

3.3.2.4. XRD characterizations 

The structural properties of LSCO films are investigated by XRD. Wide 2/ scans (10-

80°), shown in Figure 3. 28a-e, reveal only diffraction peaks corresponding to the {00l} 

reflections of the LSCO films and STO substrate, indicating that no other orientation neither 

phase than LSCO (00l) are present in the epitaxial films.  
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Figure 3. 28 XRD characterizations. (a-e) Wide 2θ/ω scans for all LSCO films from 10º to 80º for (a) x = 0.1, (b) 

x = 0.2, (c) x = 0.25, (d) x = 0.3, and (e) x = 0.4. (f-j) Corresponding 2/ scans near the (002) reflections of LSCO 

films and STO substrates with fits. (k-o) -scans around the LSCO (002) reflection for all the films. 

 

Figure 3. 28f-j shows the XRD 2/ scans around the (002) reflections of LSCO films and 

their STO substrate with the fit (red curves). The presence of Pendellosung fringes around the 

diffraction peak of the films attests to their high-crystalline quality and abrupt interfaces. The 

out-of-plane lattice parameter of the LSCO films (cLSCO, marked by black inverted triangles in 

reciprocal space unit) globally decreases with increasing x. The variations of cLSCO and unit-

cell volume as a function of x are shown in Figure 3. 29. This tendency is expected from the 

bulk pseudo-cubic lattice parameters of oxidized LCO (x = 0, cLCO = 3.885 Å) and SCO (x = 1, 

cSCO = 3.819 Å). This tendency is roughly in agreement with the literature, even if some 

discrepancy can be observed. The differences between our results and the literature can be 

explained by epitaxial strain (substrate used), partial elastic relaxation (film thickness). Due to 

the in-plane tensile strain of these LSCO epitaxial films grown on STO substrates (aSTO = 3.905 

Å), the cLSCO is lowered than the corresponding bulk values. The films grown on STO substrate 
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from the other group (blue circles) are not all fully strained, and sometimes even are fully 

relaxed, which is the case of the point at x = 0.25 where cLSCO is higher by elastic relaxation.  

 
Figure 3. 29 (a) Out-of-plane lattice cell parameter and (b) unit-cell volume as a function of Sr concentration x. 

 

     
Figure 3. 30 RSM around the asymmetric (103) reflection of the LSCO thin films and STO substrate, for (a) x = 

0.1, (b) x = 0.2, (c) x = 0.25, (d) x = 0.3, and (e) x = 0.4. The dotted line indicates the Qzz position of the STO 

substrate related to its out-of-plane lattice parameter. 

 
The aLSCO and the associated anisotropic strain is measured by RSM around the 

asymmetrical reflection. Figure 3. 30 shows the RSM acquired around the asymmetric (103) 

reflection of LSCO films and their STO substrate. The node corresponding to the LSCO thin 

film is shifted along Qzz depending on chemical composition consistently with the 2/ scans, 

confirming the variation of cLSCO shown in Figure 3. 28. By contrast, the LSCO(103) node is 

aligned vertically with the substrate node, indicating that the aLSCO is equal to the STO lattice 

constant (3.905 Å). All LSCO films are thus fully coherently strained to the substrates. In Figure 

3. 30b, three visible nodes can be distinguished because of the relatively low-crystalline quality 
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of the STO substrate with different mosaic domains (Δω = 0.3°). The aLSCO, cLSCO, and unit-

cell volume values of LSCO are summarized in Table 3. 4.  

 
Table 3. 4 In-plane and out-of-plane lattice parameters and unit-cell volume extracted from RSM results, as well 

as the mosaicity of LSCO(002). 

x a (Å) c (Å) Volume (Å3) Mosaicity (°) 

0 3.905 3.873 59.059 0.09 

0.1 3.905 3.896 59.410 0.12 

0.2 3.905 3.881 59.181 0.20 

0.25 3.905 3.840 58.556 0.08 

0.3 3.905 3.825 58.328 0.08 

0.4 3.905 3.811 58.114 0.09 

 

3.3.2.5. XPS characterizations 

 
Figure 3. 31 XPS spectra of (a) La 3d5/2, (b) Sr 3d, and (c) Cr 2p core level for all LSCO films. 

 

Figure 3. 31 shows the XPS core-level spectra of LSCO films. To directly compare binding 

energies, the Cr 2p3/2 core-level peaks are all shifted to 576 eV and normalized to 1. For each 

specimen, the same shift and corresponding normalization are then applied to La 3d5/2 and Sr 

3d core-level spectra. The gradient of La 3d5/2 and Sr 3d core-level spectra is observed in Figure 

3. 31a and b, which respects the x variation as expected. Therefore, the targeted chemical 

composition of LSCO as a function of x is confirmed. The physical properties of this series 

have then been explored. Especially, the impact of x on the electronic and thermoelectric 

properties has been studied and is presented in the next section.  
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Table 3. 5 Summary of the chemical properties of the LSCO thin films. 

x 
[A/(A+B)] 

(at.%) 

[Sr] 

(at.%) 

0.1 0.56 0.11 

0.2 0.55 0.18 

0.25 0.54 0.27 

0.3 0.52 0.39 

0.4 0.53 0.49 

 

3.3.3. Physical properties 

After the structural properties, both the electronic and thermoelectric properties of the 

stoichiometric epitaxial films of La1-xSrxCrO3 (LSCO) solid-solution series have been 

investigated at room temperature in-plane. The results of these transport measurements will be 

presented in the following as a function of x (0.1  x  0.4).  

 

3.3.3.1. Electronic properties 

 
Figure 3. 32 (a) Electrical conductivity σ, (b) hole concentration p, and hole mobility μ of LSCO films obtained 

from Hall Effect measurement at 300 K.  

 

Room-temperature electronic properties of LSCO films have been measured by the Hall 
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effect. From these measurements, all the samples exhibit p-type conductivity. Figure 3. 32 

presents the measured electrical conductivity (σ), hole concentration (p), and hole mobility (µ) 

of epitaxial LSCO films as a function of x (0.1  x  0.4).  

LCO (x = 0) is an insulator, its resistivity could be measured neither from the Hall effect 

nor from the four probes method. From x = 0.1, the LSCO films are then slightly conductive in 

the range of a few S⸱cm-1, with increasing σ with x: from 2 S⸱cm-1 (x = 0.1) to 18 S⸱cm-1 (x = 

0.4), in agreement with literature [2, 27, 28]. However, there are some slight differences and the 

tendency is not as linear as that of Zhang et al. [2]. In particular, around x = 0.2, we could expect 

a slightly larger electrical conductivity. This slightly low electrical conductivity value at x = 0.2 

could be explained by the mosaic multi-domains from the substrate in these films (see multiple 

high-intensity nodes shown in RSM Figure 3. 30b) affecting the transport properties.  

Correspondingly, p is also raised from 7.22×1019 to 2.41×1020 cm-3. However, these values 

are about one order of magnitude lower than those reported by Zhang et al. However, as 

presented previously (see section 3.1.3.2 and Chapter I section 1.4.3.2), the hole concentrations 

reported by Zhang et al. are estimated from a small polaron hopping model and not directly 

measured. This could explain such an important discrepancy with our results.  

According to the equation µ = σ/pe, the hole mobility of LSCO films can be extracted, 

which rises with x as well from 0.17 up to 0.47 cm2⸱V-1⸱s-1. In that case, our mobility values 

are about one order of magnitude higher than those estimated by Zhang et al., according to the 

equation. The difference in the extraction method for transport properties (measurement in our 

case and model in the Zhang et al. case) could explain again such discrepancy. For comparison, 

these LSCO mobilities are roughly about one order of magnitude lower than n-type 

thermoelectric Sr1-xLaxTiO3 [43, 44, 45], which appears quite reasonable since p-type mobility is 

often lower, up to two orders of magnitude than their n-type counterparts, as in other 

semiconductors like ZnO [46, 47] or GaAs [48].  

 

3.3.3.2. Thermoelectric properties 

Thermoelectric properties have been investigated at room temperature. For this purpose, 

Seebeck coefficients have been measured for all films as a function of x, and the thermoelectric 

power factor (PF = S2σ) has then been estimated. The results are presented in Figure 3. 33.  
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Figure 3. 33 (a) Seebeck measurement at room temperature: ΔV as a function of ΔT in LSCO films. (b) Seebeck 

coefficient extracted from (a) together with literature values as a comparison, and (c) power factor estimated from 

the measured S and σ, together with literature values for comparison, both plotted as a function of x.  

 
Figure 3. 33a represents the raw data of ΔV as a function of ΔT measured by differential 

method at room temperature (see Chapter II). Then, the Seebeck coefficient (S = ΔV/ΔT) is 

extracted from the slope of this linear curve from a linear regression fit. It can be seen that S 

decreases with x increasing. The error bar of each measured point is introduced as well, which 

can be relatively large, especially for the most resistive films (from difficult electrical contacts). 

For these reasons, the S of La0.9Sr0.1CrO3 film could not be measured, because electrical contact 

was not possible in this film. These S values depending on x are in good agreement with 

previous studies [2]. Figure 3. 33b summarizes the S values measures in our films, which 

decreases from 312 to 98 µV⸱K-1 from x = 0.2 to 0.4, together with the literature values for 

comparison.  

Then the thermoelectric power factor (PF = S2σ) can be extracted from both electrical and 

thermoelectric measurements for all films. PF is plotted as a function of x in Figure 3. 33c, 

together with literature values for comparison. The PF plot shows a maximum value (0.34 

µW⸱cm-1⸱K-2) around at x = 0.25, in good agreement with literature [2]. LSCO with x = 0.25 

(La0.75Sr0.25CrO3) is thus the appropriate chemical composition to achieve the best 

thermoelectric performance within the stoichiometric LSCO solid solution.  
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3.4. Conclusion 

In this chapter, (00l)-oriented La1+CrO3 and Sr1+CrO3 epitaxial thin films with -0.25   

 0.25 and -0.143    0.143, respectively, were firstly grown on STO(001) substrates by MBE 

for composition calibration purpose. Despite the large stoichiometry deviation range, all films 

conserve single-crystallinity, are atomically flat, with mosaicity below 0.1°. Any secondary 

phase is observed with the different structural characterization techniques used here (RHEED, 

AFM, XRD, XPS, and RBS). The out-of-plane lattice parameter reaches a minimum at the 

cationic stoichiometry and increases when deviating from it. The diffracted intensity slightly 

decreases with δ, most probably due to the introduction of cationic vacancies in the lattice, 

which must permit to keep the high-crystalline quality structure in all cases even with such large 

cationic ratio (A/B) variations in the perovskite structure ABO3.  

Then, once both single calibration series (LCO and SCO) have been achieved, the high-

crystalline quality films of La1-xSrxCrO3 (LSCO) solid solution (0.1  x  0.4) were grown on 

STO (001) oriented substrates prepared with a single TiO2-termination. All films are epitaxially-

strained and show excellent structural properties. Transport measurements at room temperature 

show that the LSCO films have p-type thermoelectric properties. As expected, the transport 

properties can be tuned by the cationic substitution ratio (x). By increasing x in LSCO, the 

electrical conductivity increases from 2 S⸱cm-1 (x = 0.1) to 18 S⸱cm-1 (x = 0.4), and the Seebeck 

coefficient decreases from 312 µV⸱K-1 (x = 0.2) to 98 µV⸱K-1 (x = 0.4). These values are in 

good agreement with the literature [28, 2, 27]. The thermoelectric power factor obtained from these 

measurements is maximum at 25% of the Sr substitution ratio (0.324 µW⸱cm-1⸱K-2, for 

La0.75Sr0.25CrO3), again in agreement with the literature [2].  

Finally, this chapter lays the foundation for the original studies presented in the two 

following chapters, on the epitaxial strain effect (Chapter IV) and the impact of the deviation 

of the cationic stoichiometry (Chapter V) in epitaxially strained La0.75Sr0.25CrO3 thin films. 
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4.1. Introduction 

The purpose of this chapter is to present the impact of epitaxial strain on structural and 

physical properties of La0.75Sr0.25CrO3 (LSCO) thin films (and LaCrO3 as a reference) grown 

on different pseudo-cubic perovskite oxide substrates with different lattice parameters. After 

some definitions and a brief literature review on epitaxial strain effects in perovskite oxide 

films (section 4.1), structural and elastic properties of epitaxially strained LCO and LSCO 

thin film are investigated (section 4.2). In particular, the Poisson ratio and bulk lattice 

parameter of LSCO (x = 0.25, giving the maximum thermoelectric power factor in this solid 

solution) are derived for the first time. These results are published in the Ref. 1. Then, the 

electronic and thermoelectric properties of this series have also been investigated (section 

4.2.3). These corresponding results are submitted for publication [2].  

 

4.1.1. Epitaxial strain in perovskite oxide thin films 

In heteroepitaxy, the epitaxial strain can occur when the in-plane lattice parameter of a 

film (afilm) is slightly dissimilar to the lattice constant of a substrate (asub), or dissimilar but 

with coincidence site lattices (CSL). If the strain is elastic, reduction (in-plane compressive 

strain) or elongation (in-plane tensile strain) of the in-plane lattice parameter of the film can 

occur [3]. When afilm ≠ asub, the structure of the film tries to take the structure of the substrate, 

causing elastic structural changes (mainly in BO6 octahedron rotation, tilting, distortion, 

and/or the change in B-O bond length) from the bulk atomic position [4]. If the difference 

between the lattice parameters is too important, plastic strain/relaxation can occur in the films 

via the introduction of defects like dislocations, vacancies, etc. as in domain matching epitaxy 

(DME) [5]. Epitaxial strain, or so-called strain engineering, in thin films refers to elastic strain. 

Epitaxial strain engineering is an effective way to tune functionalities in epitaxial oxide thin 

films where strong coupling between lattice and spin/charge/orbital may exist [3, 6, 7, 8, 9, 10]. It 

can even create new functionalities that don’t exist in their bulk counterpart [11, 12].  

The relative epitaxial in-plane strain (εxx) induced in a film is defined here as: 

 
film bulk

bulk
xx

a a

a
 

  (4.1) 

where abulk is the bulk lattice parameter of (pseudo)cubic film. The lattice mismatch (or 
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so-called misfit, f0) between the substrate and the film is defined here as:  

 
sub bulk

0
bulk

a a
f

a


  (4.2) 

In fully strained films, afilm = asub, and thus, xx = f0. A positive sign indicates an in-plane 

tensile strain, whereas a negative sign indicates an in-plane compressive strain. If the Poisson 

ratio is positive (most of the materials, and see definition below), for the in-plane 

compressively-strained films (afilm > asub), the lattice is reduced along with the in-plane 

directions and expanded along the out-of-plane direction (Figure 4. 1a). Whereas, for the 

in-plane tensely-strained films (afilm < asub), the lattice expands along with the in-plane 

directions and reduces along the out-of-plane direction (Figure 4. 1b).  

 
Figure 4. 1 Sketch of the epitaxial strain in perovskite heterostructures. (a) Compressive and (b) tensile strain is 

induced in a film through the use of lattice-mismatched substrates. For compressive strain, afilm > asub, whereas 

for tensile strain, afilm < asub. Taken from Ref. 3. 

 

4.1.2. Substrate selection for heteroepitaxy of perovskite oxide thin films 

In most cases, for the best quality or property tuning purpose, the lattice constant and 

structure of heteroepitaxial thin films should be compatible with those of the substrate used [4]. 

For most of the perovskite oxides, their lattice constants range from 3.8 to 4 Å [3, 13]. 

Fortunately, there are many perovskite single-crystal oxide substrates available commercially 

with lattice constants ranging from 3.7 to 4.2 Å [3, 6, 7, 14, 15], as shown in Figure 4. 2. With a 

judicial choice of the substrate, high-crystalline quality thin films can be grown with various 

strain states. Among various available perovskite oxide substrates, insulating SrTiO3 (STO) is 

still the most popular one, which has a cubic structure with a lattice constant of 3.905 Å, in 

the middle range of the most functional oxides.  
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Figure 4. 2 List of cubic and/or pseudocubic substrates and thin films with their lattice parameter ranging from 

3.7 to 4 Å. Taken from Ref. 3. 

 

4.1.3. Some reports of epitaxial strain effects in perovskite oxide films 

From the structural/elastic point of view, although various studies have dealt with 

strain-dependent structural properties from films subjected to different epitaxial strains, the 

extraction of Poisson ratio (ν) and bulk lattice parameter (abulk) is mostly absent. Only a few 

previous studies report the extraction of ν from strained epitaxial perovskite-oxide thin films. 

Chen et al. [16] grew multiferroic BiFeO3 thin films on different substrates chosen to provide 

the widest possible range of lattice mismatch (from -2.8% to +6%) and measured a ν value of 

0.49 for the rhombohedral-like phase of this oxide. Adamo et al. [17] derived a ν = 0.37 for 

epitaxial La0.7Sr0.3MnO3 thin film. Choi et al. [18] grew LaxSr1-xTiO3 films with different 

doping/substitution ratios (from 5% to 25%) on different substrates resulting in lattice 

mismatch strain ranging from -2.9% to +1.1%, and although the measured ν is not given, the 

study indicates that Sr substitution by La tends to decrease the ν concerning SrTiO3. Niu et al. 
[19] evidenced the formation of two SrTiO3 phases having different ν values during the 

epitaxial growth of this oxide on silicon. Concerning the p-type Sr-doped LaCrO3, bulk lattice 

parameter as well as Poisson ratio were unknown despite its technological importance and our 

published results [1]. 

From the physical properties point of view, strain engineering has been extensively 

studied to tune ferroic properties [20, 21, 22]. As well as ferroic oxides, studies have been also 

reported about the effects of epitaxial strain on the transport properties of conducting oxides. 

Vailionis et al. [23] have studied the tensile effect on resistivity of SrRuO3 and CaRuO3 films 

grown on different substrates. They observed that the thin layers under large in-plane tensile 

strain have larger resistivities than their less strained or compressively-strained counterparts. 

Similarly, Grutter et al. [24] found that the compressively-strained SrRuO3 film has a lower 
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resistivity, while the in-plane compressive strain increases from -0.64% (SrRuO3/SrTiO3) to 

-1.58% (SrRuO3/LSAT). Smaller in-plane lattice parameters and larger out-of-plane lattice 

parameters correspond to lower resistivity values. Recently, Kan et al. [25] reported the 

influence of the epitaxial strain in compressively and tensely-strained SrRuO3 films on their 

thermoelectric properties. They demonstrated that the tensely-strained film has a higher 

Seebeck coefficient than the compressively-strained film. Besides, Adamo et al. [17] have 

investigated the effect of biaxial strain on La0.7Sr0.3MnO3 thin films deposited on different 

single crystalline substrates, varying the substrate-induced biaxial strain from -2.3% to +3.2%. 

They indicated that the La0.7Sr0.3MnO3 films with a small amount of in-plane strain (≤ 0.6%) 

have the lowest resistivity value (~1 mΩ⸱cm) at room temperature. Their resistivity increases 

significantly with tensile strain, and the films become insulating with high compressive strain. 

Likewise, Choi et al. [18] studied the structural, optical, and room-temperature electrical 

properties of La-doped SrTiO3 transparent epitaxial thin films with La substitution ratio 

varying from 5% to 25% grown on different substrates with lattice mismatch strain ranging 

from -2.9% to +1.1%. They found that the Hall mobility of fully-strained films decreases with 

increasing strain regardless of the sign of strain. Concerning p-type Sr-doped LaCrO3, no 

result has been reported yet despite its technological importance, and our results on this point 

are submitted for publication [2]. 

 

4.2. Strain effects in epitaxial Sr-doped LaCrO3 thin films 

In this section, high-crystalline quality strained epitaxial LCO and La0.75Sr0.25CrO3 

(LSCO) thin films were grown on four different (001)-oriented cubic and/or pseudocubic 

perovskite-oxide substrates: LaAlO3 (LAO), (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), STO and 

DyScO3 (DSO), with different lattice constants, as sketched in Figure 4. 3. Firstly, the 

epitaxial strain effect on structural properties (both in-plane and out-of-plane lattice 

parameters) of the thin films is investigated, and the ν, as well as the abulk of LSCO, are 

extracted. The parameters significantly differ from those measured for LCO film. These 

results are published in Ref. 1. Secondly, the room-temperature in-plane transport and 

thermoelectric properties of LSCO are also investigated. We will show that epitaxial strain is 

an efficient parameter to control the electric transport and thermoelectric properties of p-type 

LSCO thin films, which is of importance for integrated LSCO-based devices. These 

corresponding results are submitted for publication [2].  
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Figure 4. 3 Bulk lattice constants of the LSCO films and substrates involved in the study. Taken from Ref. 1. 

 

4.2.1. Growth conditions 

Four different (001)-oriented cubic/pseudocubic perovskite-oxide substrates, namely 

LAO, LSAT, STO, and DSO with lattice constants of 3.796 Å, 3.868 Å, 3.905 Å, and 3.944 Å, 

respectively [14], were used to grow in the same campaign (but different runs) the strained 

epitaxial LCO (15 nm) and LSCO (30 nm) thin films by solid-source MBE in an ultra-high 

vacuum chamber having a base pressure less than 1×10-9 Torr. La, Sr, and Cr were evaporated 

from effusion cells in co-deposition. The fluxes were measured before the growth using a 

Bayard-Alpert (BA) gauge (after subtraction of the background pressure) and checked using a 

quartz crystal microbalance (QCM) (shown in detail in Chapter III). The stoichiometry was 

calibrated using flux measurements by BA gauge and QCM, XRD, RBS, and XPS (see 

Chapter III) [26]. The growth rate was 0.1 nm/min for LCO films and 0.15 nm/min for 

LSCO films. The substrates were annealed under the growth conditions for 15 minutes to 

remove surface impurities before starting the growth at T = 700 °C and P(O2) = 1×10-7 Torr. 

After deposition, the substrate temperature was lowered to 200 °C at a rate of 50 °C/min 

while the background O2 was pumping out. All the films were grown on as-received 

substrates, except the LSCO grown on STO, for which the substrate was treated to be 

terminated by a TiO2 plane (see Chapter III). All films were subjected to an additional anneal 

in the air at 300 °C for 2 hours to ensure complete oxidation.  

 

4.2.2. Control of the microstructural quality  

The microstructural quality of both LCO & LSCO epitaxially strained thin films have 

been checked by different techniques (RHEED, AFM, XRR, XPS) before those structural 

properties (lattice parameters in particular) were investigated by XRD.  
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4.2.2.1. RHEED characterizations 

(a) LCO 

 
Figure 4. 4 RHEED patterns recorded along the [100] and [110] azimuths (around 200 °C, P(O2) = 1×10-9 Torr) 

after the growth of LCO films on (a, e) LAO, (b, f) LSAT, (c, g) STO, and (d, h) DSO substrates. 

 

RHEED was used to qualitatively check in-situ the structural quality of the films. The 

RHEED patterns recorded at the end of the growth of the LCO thin films on the four different 

substrates along the high-symmetry [100] and [110] in-plane crystallographic directions are 

shown in Figure 4. 4. All the patterns present well-contrasted streak lines showing that the 

films are heteroepitaxial with very flat surfaces.  

 
(b) LSCO 

 
Figure 4. 5 RHEED patterns recorded along the [100] and [110] azimuths (around 200 °C, P(O2) = 1×10-9 Torr) 

after the growth of LSCO films on (a, e) LAO, (b, f) LSAT, (c, g) STO, and (d, h) DSO substrates. 
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The RHEED patterns recorded at the end of the growth of the LSCO thin films on the 

four different substrates along the high-symmetry [100] and [110] in-plane crystallographic 

directions are shown in Figure 4. 5. All the patterns, except that corresponding to the film 

grown on the LAO substrate (Figure 4. 5a and e), present well-contrasted streak lines 

indicating that the films’ surfaces are very flat. For the film grown on LAO, the rather spotty 

pattern indicates that the film is slightly rougher than the others, which has been confirmed by 

AFM and XRR measurements (see below in sections 4.2.2.2 and 4.2.2.3).  

 

4.2.2.2. AFM characterizations of LSCO films 

 
Figure 4. 6 (a-d) AFM topographic images of LSCO films on (a) LAO, (b) LSAT, (c) STO, and (d) DSO 

substrates, and their corresponding topographic profiles below.  
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AFM working in tapping mode was used to measure the surface morphology and local 

rms surface roughness of the LSCO films. The rms surface roughnesses measured locally by 

AFM topographic images of LSCO films epitaxially grown on LAO, LSAT, STO, and DSO 

substrates (shown in Figure 4. 6) are very low: 0.58, 0.32, 0.38, and 0.23 nm, respectively, in 

good agreement with RHEED (Figure 4. 5) and XRR results (Table 4. 1). It is worth noting 

that the film with the highest roughness corresponds to that with the most in-plane 

compressive strain and the one with the lowest roughness to that with the most in-plane 

tensile strain. This may indicate a tendency with the strain, concordant with RHEED and 

XRR results.  

 

4.2.2.3. XRR characterizations 

XRR was used to measure the thickness of all LCO and LSCO films. The curves are 

plotted in Figure 4. 7. The measured experimental data are well described by the red fitted 

curves, including the interference fringe periodicity and the overall slope, yielding values for 

the films’ thicknesses, and the root-mean-square (rms) surface/interface roughnesses 

(summarized in Table 4. 1).  

  
Figure 4. 7 XRR curves for all (a-d) LCO and (e-h) LSCO films, including the raw data (black lines) and the 

fitting curves (red lines). 



Chapter IV Effect of epitaxial strain 

147 
 

Table 4. 1 Thickness and rms-roughness for all LCO and LSCO films from XRR fits. 

Fit parameter 
LaCrO3 La0.75Sr0.25CrO3 

/LAO /LSAT /STO /DSO /LAO /LSAT /STO /DSO 

t (nm) 16.6 14.5 13.7 13.8 27.2 29.9 28.2 29.0 

rms surface (nm) 0.63 0.61 0.54 0.62 0.72 0.58 0.54 0.49 

rms interface (nm) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

 

All the films present low surface roughness below 0.7 nm. The LSCO/LAO film 

surface has an rms roughness of 0.72 nm that is slightly larger than that of LCO films and the 

three other LSCO films on LSAT, STO, and DSO substrates, which are all below 0.6 nm 

(Table 4. 1). The rms surface roughness of LSCO films tends to decrease from compressive 

strain to tensile strain (Table 4. 1 and Figure 4. 8), in relatively good agreement with RHEED 

and AFM observations.  

 
Figure 4. 8 rms-roughness for all LSCO films from (a) AFM measurement and (b) XRR fit. 

 

4.2.2.4. XPS characterizations 

XPS was used to check the composition of LCO and LSCO thin films, as well as the 

good oxidation state of the films by fitting the Cr 2p3/2 core-level spectra components. The fit 

of the Cr 2p3/2 core-level spectra reveals 25% of Cr4+ component in LSCO films and only Cr3+ 

component in LCO films (Figure 4. 10), in agreement with the targeted composition and 

oxygen stoichiometry [27].   

To directly compare binding energies, the Cr 2p3/2 peaks (Figure 4. 9b and e) are all 

shifted to 576 eV and normalized to 1. For each specimen, the same shift and normalization 

are then applied to La 4d and Sr 3d spectra. The measured compositions are summarized in 
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Table 4. 2. Even if slight differences can be observed between samples [ 1 at.% on x, and  6 

at.% on the A/(A+B) cationic ratio], the targeted composition of all the films is reached within 

the instrumental uncertainties.  

 
Figure 4. 9 XPS measurements of (a) La 4d and (b) Cr 2p core level for all LCO films, as well as (c) La 4d, (d) 

Sr 3d, and (e) Cr 2p core level for all LSCO films. 

 
 
Table 4. 2 Chemical compositions measured by XPS in the surface region of LCO and LSCO films. 

Chemical 

composition 

LaCrO3 La0.75Sr0.25CrO3 

/LAO /LSAT /STO /DSO /LAO /LSAT /STO /DSO 

[A/(A+B)] (at%) 54.1 54.0 50.0 50.8 49.8 56.2 54.5 52.9 

[Sr/(Sr+La)] (at%) 0.0 0.0 0.0 0.0 23.8 24.8 24.5 26.0 

 

 
Figure 4. 10 Fit results of the Cr 2p3/2 line for (a) LSCO and (b) LCO films. 
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4.2.3. Tuning lattice strain: determination of Poisson ratio and bulk lattice 

parameter 

4.2.3.1. In LCO 

The structural and elastic properties of LCO films are investigated by XRD. Wide 2/ 

scans from 10° to 80°, shown in Figure 4. 11, reveal only diffraction peaks corresponding to 

the {00l} reflections of the LCO films and substrates, indicating that no other orientation nor 

other phases than LCO(00l) are present in the epitaxial films.  

 
Figure 4. 11 XRD characterizations. 2/ scans from 10º to 80º on LCO films grown on different substrates. 

 

Figure 4. 12a-d show the XRD 2/ scans around the (002) reflections of LCO films and 

their corresponding substrates in reciprocal space units. The presence of Pendellosung fringes 

around the diffraction peaks of films attests to their high-crystalline quality and abrupt 

interfaces. The out-of-plane lattice parameter of the LCO films (cLCO) decreases with 

increasing substrate lattice constant, as expected due to increasing in-plane strain, which is 

ruled by elasticity Hooke’s law with positive Poisson ratio [28]. The cLCO values are 3.951 Å, 

3.891 Å, 3.883 Å, and 3.853 Å for LCO films on LAO, LSAT, STO, and DSO substrates, 

respectively.  
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Figure 4. 12 XRD 2/ scans near the (002) reflections on LCO films grown on (a) LAO, (b) LSAT, (c) STO, 

and (d) DSO with corresponding fitting curves. The position of LCO(002) is marked by a black inverted triangle. 

(e) Normalized XRD -scans around the LCO(002) reflection for all films. (f) Mosaicity values as a function of 

the lattice constant of the substrate used. 

 

The -scans measured for all the films around the LCO(002) reflection are shown in 

Figure 4. 12e. Figure 4. 12f shows the mosaicity (full width at half maximum, FWHM, of the 

curves in Figure 4. 12e) which is below 0.1° for all films, except for LCO on LAO for which 

the mosaicity is slighter larger about 0.17°, indicating high structural quality. For the LCO 

film grown on the LAO substrate, the slightly larger mosaicity is probably partially because of 

the relatively poor crystalline quality of the substrate, the largest compressive in-plane stress, 

and partial plastic relaxation (see following Figure 4. 13a).  

The in-plane parameters of the LCO thin films (aLCO) are measured by RSM around the 

asymmetrical (103) reflections (shown in Figure 4. 13). This RSM besides confirm the 

tendency extracted from Figure 4. 12a-d for the out-of-plane lattice parameter. The main 

intensity of the LCO(103) nodes are completely aligned vertically with that of the substrates, 

indicating that the aLCO is equal to that of the substrate, and thus that the films are fully 

strained by the substrates. However, for the LCO films on LAO substrate, the node 
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asymmetry attests for the beginning of partial strain relaxation, but still far to reach its bulk 

value. This beginning of partial relaxation of LCO on LAO is most probably due to a large 

lattice mismatch (-2.29%, the largest lattice mismatch of the series, see Table 4. 3) [29]. 

 

Figure 4. 13 RSM recorded around the asymmetric (103) reflection of LCO thin films on (a) LAO, (b) LSAT, (c) 

STO, and (d) DSO substrates. The vertical dotted lines indicate the Qxx position of the (103) reflection of the 

substrates. The squares on the horizontal dotted line indicate the position of bulk LCO (relaxed films), 

considering however the low thermal expansion mismatch between the substrates and the films (inducing a slight 

thermal strain from the substrate during the cooling down from growth temperature to room temperature) [30, 31].  

 
Table 4. 3 Summary of the structural and chemical properties of the LCO thin films. 

 

Substrate 

Lattice 

mismatch 
Thickness [A/(A+B)] a c Mosaicity 

Substrate 

roughness 
Film roughness 

(%) (nm) (at%) (Å) (Å) (°) (nm) (nm) 

LAO -2.29 16.6 54.1 3.796 3.951 0.17 0.15 0.63 

LSAT -0.44 14.5 54.0 3.868 3.891 0.08 0.15 0.61 

STO 0.51 13.7 50.0 3.905 3.883 0.10 0.15 0.54 

DSO 1.52 13.8 50.8 3.944 3.853 0.09 0.15 0.62 
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Figure 4. 14 Out-of-plane lattice parameter c as a function of in-plane lattice parameter a for LCO epitaxial films 

(orange triangles) on the four different substrates. The dotted line represents the fit from a linear regression. The 

black triangle represents the lattice constant of bulk LCO derived from our fit, in very good agreement with the 

literature [32, 34]. 

 

The dependence of the out-of-plane lattice parameters (c) to the in-plane lattice 

parameter (a) is shown for LCO films in Figure 4. 14. The c(a) function is linear as expected 

from the elastic strain of pseudocubic LCO, and it can be fitted using the equation: 

 bulk

2 1

1 1
c a a

 
 


  

 
 (4.3) 

The measured Poisson ratio (ν = 0.24) and bulk lattice constant of LCO (abulk = 3.888 Å) are 

extracted from such fit, which leads to elastic and structural parameters very similar to those 

found in the literature (ν = 0.23 and abulk = 3.885 Å) [33, 34], further confirming the validity of 

this method.  

Figure 4. 15 shows a summary of the structural properties (lattice parameters and 

associated strains) of the epitaxial LCO films as a function of the substrate lattice constants 

and the structural mismatch (f0). The out-of-plane strain (εzz) is inversely equal to the in-plane 

strain (εxx), consistently with the measured ν value (Figure 4. 15a and b). The LCO thin films 

can endure a relatively large strain up to 2% and can present relatively large 

(pseudo)tetragonality (c/a) up to 1.04 (Figure 4. 15c). The unit-cell volume is found to be 

in-between 57 and 60 Å3 (Vb-LCO = 58.637 Å3) and the relative volume change vary also in the 
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2.5% range (Figure 4. 15d). Film density is found around 6.78 g⸱cm-3 (in a standard range 

from 6.44 to 6.76 g⸱cm-3 due to the transition of the perovskite phase in the literature). Hence, 

the same method is applied to epitaxial LSCO film that would have a great impact on the 

physical properties which is barely unexplored to date.  

 
Figure 4. 15 Summary of the structural properties of LCO films as a function of the substrate lattice constant and 

the structural mismatch f0. (a) Out-of-plane lattice parameter c and out-of-plane strain εzz. (b) In-plane lattice 

parameter a and in-plane strain εxx. (c) The tetragonality c/a. (d) The unit-cell volume and the relative volume 

change V/V. 
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4.2.3.2. In LSCO 

Structural and elastic properties of LSCO films epitaxially strained on the different 

perovskite oxide substrates are now presented. The structural and elastic properties of LCO 

films are investigated by XRD.  

  
Figure 4. 16 XRD characterizations. 2/ scans from 10º to 80º on LSCO films grown on different substrates.  

 

Wide 2/ scans (10°-80°, shown in Figure 4. 16a-d) reveal only diffraction peaks 

corresponding to the {00l} reflections of the LSCO films and substrates, indicating that no 

other orientation nor other phases than LSCO(00l) are present in the epitaxial films. Besides, 

the half XRD pole figure (Figure 4. 17) performed on the LSCO film on LAO (the largest 

lattice mismatch -2.06%) does not reveal any secondary crystalline phase neither other 

orientation.  
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Figure 4. 17 Half XRD pole figure of the (111) reflection of LSCO film on LAO substrate (2θ = 40.628°). 

 

 
Figure 4. 18 XRD 2/ scans near the (002) reflections on LSCO films grown on (a) LAO, (b) LSAT, (c) STO, 

and (d) DSO substrates with corresponding fitting curves. The position of LSCO(002) is marked by a black 

inverted triangle. (e) Normalized XRD -scans around the LSCO (002) reflection for all films. (f) Mosaicity 

values as a function of the lattice constant of the substrate used. Taken from Ref. 1. 

 
Figure 4. 18a-d show the XRD results around the LSCO(002) reflections and their 

corresponding substrates. The out-of-plane lattice parameter of the LSCO films (cLSCO) 

decreases with increasing substrate lattice constant, as expected due to the increasing in-plane 
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strain. As observed for LCO films, this is ruled by elasticity Hooke’s law with a positive 

Poisson ratio [28]. The cLSCO values are 3.943 Å, 3.904 Å, 3.844 Å, and 3.804 Å for LSCO 

films on LAO, LSAT, STO, and DSO substrates, respectively. Although the films are of 

similar thickness (~30 nm), the (002) peaks of LSCO films on LAO and DSO are wider than 

those of LSCO films on LSAT and STO with lower lattice mismatch, indicating a wider 

distribution of out-of-plane lattice parameter. Most probably, a beginning of strain relaxation 

occurs at this thickness with such a large lattice mismatch. For the LSCO film on DSO, two 

close secondary maxima seem to be visible, indicating the presence of two main out-of-plane 

parameters (3.795 Å and 3.815 Å), but both being much lower than the expected/measured 

bulk value (3.876 Å, see Figure 4. 21a below). A single fit with the main component leads to a 

mean out-of-plane parameter of 3.804 Å (Figure 4. 18d) in perfect agreement within the 

instrumental resolution with the maximum of the (103) node in the following RSM (Figure 4. 

20d) corresponding to fully strained component. 

The -scans measured for all the films around the LSCO(002) reflection are shown in 

Figure 4. 18e. The mosaicity (FWHM of these curves) is below 0.1° for all films except for 

LSCO on LAO, indicating high structural quality (Figure 4. 18f). For the LSCO film grown 

on the LAO substrate, the mosaicity is larger although relatively low of about 0.38°. Like that 

of the LCO/LAO film, the larger mosaicity is certainly because of the poor substrate 

crystalline quality, as observed in 2/ scans (larger substrate peak) and -scans on (002) 

substrate reflection (substrate mosaicity being large and similar to that of the film, see Figure 

4. 19). On this substrate, the in-plane (compressive) stress being the largest, from largest 

lattice mismatch, and partial plastic relaxation with 3D morphology (Figure 4. 20a) can also 

contribute to increasing the film mosaicity.  

 
Figure 4. 19 XRD -scans around the (002) reflection of the substrates. 
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Figure 4. 20 RSM recorded around the asymmetric (103) reflections of LSCO thin films on (a) LAO, (b) LSAT, 

(c) STO, and (d) DSO substrates. The vertical dotted lines indicate the Qxx position of the (103) reflection of the 

substrates. The squares on the horizontal dotted line indicate the position of bulk LSCO (relaxed films) extracted 

in this work. 

 

The RSM around the asymmetrical (103) reflections of the LSCO films are shown in 

Figure 4. 20, which confirms the out-of-plane lattice parameter variation extracted from 

Figure 4. 16a-d. For all the films the main intensity of the LSCO(103) node is aligned 

vertically with that of the substrates, indicating that the main in-plane lattice parameter of the 

LSCO thin films (aLSCO) is identical to that of the corresponding substrates. However, as 

observed with the epitaxial LCO thin film on LAO (Figure 4. 13a), for the LSCO film on the 

LAO substrate, the (103) node asymmetry also attests for the beginning of a partial strain 

relaxation, which is most probably due to a larger lattice mismatch (-2.06%) on this substrate 
[29]. Looking into more details, the (103) nodes of the LSCO films on DSO are also slightly 

asymmetric, indicating also a beginning of a partial strain relaxation because of large tensile 

strain (+1.75 %). The asymmetry broadening for these two films with the largest mismatches 

(on LAO and DSO) is elongated towards a slightly different position than the bulk position. 

Although low, thermal expansion mismatch between the film and substrates can mitigate this 

discrepancy, as in the case of LCO films [30, 31]. The remaining difference could be caused by 

slight cationic segregations, as observed with other Cr-based oxides but with spinel structure 
[35]. In the following, the Poisson ratio and bulk lattice constant of LSCO is derived from the 

fully strained part of the films.  

The dependence of the out-of-plane to the in-plane lattice parameter is shown in Figure 4. 

21a for LSCO films, together with LCO films as reference. The c(a) function is linear as 

expected from the elastic strain of pseudocubic LSCO, and it is fitted with linear regression 
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using equation (4.7). The Poisson ratio (ν = 0.32 ± 0.02), as well as the bulk lattice constant 

(abulk = 3.876 Å) and C12/C11 ≈ 0.5 of LSCO, are extracted from such fit. We showed 

previously that such method and c(a) fit applied to LCO films (Figure 4. 14) have confirmed 

the LCO bulk values found in literature: the measured ν = 0.24 versus 0.23, and abulk = 3.888 

Å versus 3.885 Å [33, 34]. These results on LSCO films show that 25% of the Sr substitution 

ratio significantly increases the ν by more than 30% concerning LCO. This change might also 

be related to the change in Cr valence state in addition to the Sr/La substitution. To well 

discriminate the cause, other LSCO films with a lower oxidation state would have to be 

elaborated to get the same Cr valence as in LCO films. Figure 4. 21b indicates that the bulk 

lattice constant of LSCO (ab-LSCO = 3.876 Å) is linearly in-between that of LCO (ab-LCO = 

3.885 Å) [34] and SrCrO3 (SCO) (ab-SCO = 3.819 Å) [36, 37], which is expected from a Vegard’s 

law and is in agreement with the literature [38]. The ab-LSCO is thus in-between of that of LSAT 

and STO substrates (closer to LSAT whose lattice constant is 3.868 Å) and reveals that the 

LSCO film with the lowest epitaxial strain is the one grown on LSAT substrate.  

   
Figure 4. 21 (a) c as a function of a for both LSCO (violet squares) and LCO (orange triangles) epitaxial films on 

the four different substrates. The dotted lines represent the fits from linear regression in both cases. The black 

square and triangle represent the bulk lattice constants of both LSCO and LCO derived from these fits. (b) Bulk 

La1-xSrxCrO3 lattice constant as a function of the A-site Sr/(La+Sr) substitution ratio (x).  
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Figure 4. 22 Summary of the structural properties of LSCO films as a function of the lattice constant of the used 

substrates and the structural mismatch f0. (a) Out-of-plane lattice parameter c and out-of-plane strain εzz. (b) 

In-plane lattice parameter a and in-plane strain εxx. (c) The (pseudo)tetragonality c/a. (d) The unit-cell volume 

and the relative volume change V/V. Taken from Ref. 1. 

 

Figure 4. 22 shows a summary of the structural properties of the epitaxial LSCO films as 

a function of the asub and the f0. The εzz is inversely equal to the εxx, consistently with the 

measured ν value (Figure 4. 22a and b). For ν = 1/3, εzz = –εxx. The LSCO epitaxial thin films 

can endure a relatively large strain up to 2% and can present relatively large 

(pseudo)tetragonality (c/a) almost up to 1.05, shown in Figure 4. 22c, much more important 
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than bulk tetragonal ferroelectric BaTiO3 film (c/a = 1.01) for instance. The unit-cell volume 

is found to be in-between 57 and 59 Å3 (Vb-LSCO = 58.231 Å3) and the relative volume change 

vary also in the 2% range (Figure 4. 22d). Film density is found around 6.45 g⸱cm-3 for all 

films consistently with the bulk density. All the (micro)structural properties of the LSCO 

films are finally summarized in Table 4. 4. With these elastic properties, the epitaxial strain 

could thus have a great impact on the physical properties of LSCO films which have not been 

studied so far (see next section 4.2.4).  

 

Table 4. 4 Summary of the structural and chemical properties of the LSCO thin films. 

 

 

4.2.4. Tuning the electronic and thermoelectric properties of La0.75Sr0.25CrO3 

The electronic transport and thermoelectric properties of these strained LSCO films were 

measured in-plane by Hall effect and Seebeck coefficient measurements (see Chapter II). The 

corresponding results of these electronic transport and thermoelectric properties at room 

temperature are shown as a function of f0 in Figure 4. 23. Based on these measurements, all 

the samples exhibit p-type conductivity, as expected.  

Substrate 

Lattice 

mismatch 
Thickness [A/(A+B)] [Sr] a c Mosaicity 

Substrate 

roughness 

Film 

roughness 

(%) (nm) (at.%) (at.%) (Å) (Å) (°) (nm) (nm) 

LAO -2.06 27.2 49.8 23.8 3.796 3.943 0.38 0.15 0.72 

LSAT -0.21 29.9 56.2 24.8 3.868 3.904 0.07 0.15 0.58 

STO 0.75 28.2 54.5 24.5 3.905 3.844 0.08 0.15 0.54 

DSO 1.75 29.0 52.9 26.0 3.944 3.804 0.09 0.15 0.49 
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Figure 4. 23 Room-temperature (a) electrical conductivity σ, hole carrier concentration p, and mobility µ of 

LSCO films on different substrates obtained from Hall Effect measurements, as well as (b) measured Seebeck 

coefficient S, and thermoelectric power factor PF as a function of lattice mismatch f0 (i.e. in-plane strain). Taken 

from Ref. 2.  

 
Figure 4. 23a presents the variation of measured σ, hole carrier concentration (p), and 

hole mobility (µ) of LSCO films with different epitaxial strain values. σ varies with strain by 

three orders of magnitude, with values ranging from 0.02 to 12.2 S⸱cm-1, and in particular 

decreases noticeably for large in-plane tensile strain. On the STO substrate, σ is around 10 

S⸱cm-1, which is in perfect agreement with previous results reported by the Chambers’ group 

[39]. The measured p of the LSCO film grown on the STO substrate is about 21020 cm-3, 

whereas it has been estimated by a small polaron hopping model by the Chambers’ group to 

be one order of magnitude higher (around 41021 cm-3) [39]. The measured p of LSCO films is 

consistent with the variation of σ, showing that the reduction of the conductivity is related to a 

reduction of the charge carrier concentration. Similarly, Vailionis et al. [23] studied the effect of 

strain on the resistivity (ρ) of SrRuO3 and CaRuO3 perovskite films grown on different 

substrates. They observed that the thin films under large in-plane tensile strain have larger ρ 
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than their less strained or compressively-strained counterparts. Confirming the tendency, the 

same trend has also been observed in LaNiO3 thin films [40, 41]. May et al. [42] found that strain 

systematically modifies both the Ni-O-Ni bond angles and Ni-O lengths in this functional 

perovskite oxide, which has a strong effect on its transport properties. The strain can strongly 

bend/shift the bands [43], yielding anisotropic band structures in anisotropically strained films. 

Such a strain must affect the density of activated charge carriers and thus the global electrical 

conductivity. Indeed, consistently with our observations, high-pressure studies on other 

thermoelectric materials in the few GPa range show that compressive strain tends to enhance 

the free-charge carrier concentration by reducing the bandgap [44]. Furthermore, as n-type 

La-doped STO films [18], the other possible reasons for the difference of activated hole 

concentration of LSCO at a relative high substitution ratio (25%) includes charge 

self-compensation [45], surface depletion layers [46], and the presence of a small number of 

residual oxygen vacancies leading to n-type charge carriers [47]. Indeed, the tetragonality is 

strongly linked with oxygen vacancies created along the elongation direction, as in SrTiO3 in 

which the Ti-O-Ti bonds are longer when oxygen vacancies are present [48, 49, 50]. In-plane 

organization of oxygen vacancies created along the tensile strain could lead to a reduction of 

the p-type conductivity by compensation of n-type carriers preferentially activated in that 

in-plane direction from anisotropic band structure. The µ was deduced from the equation: µ = 

σ/pe, where e is the hole electric charge (1.610-19 eV). The µ decreases with absolute strain, 

as already reported for n-type La-doped STO epitaxial films [18]. The µ value of LSCO films is 

found to be between 0.1 and 0.5 cm2⸱V-1⸱s-1 at room temperature depending on the absolute 

strain, which is one order of magnitude higher than those estimated by the Chambers’ group 

from the small polaron hopping model [39]. For other comparisons, it is roughly about one 

order of magnitude lower than n-type La-doped STO epitaxial films [18, 51, 52], and three 

orders of magnitude lower than high-mobility n-type La-doped BaSnO3 epitaxial films [53, 54, 

55], or p-type doped GaAs-based III-V semiconductors [56]. It is worth noting that the µ is often 

lower, up to two orders of magnitude than the electron mobility for the same core 

semiconductor materials, as in ZnO [57, 58] or GaAs [59] for instance. 

Figure 4. 23b displays the Seebeck coefficient (S) and thermoelectric power factor (PF = 

S2σ) as a function of strain at room temperature. The positive S for all samples (marked by 

black circles) confirms that holes are the dominant free charge carriers in these films. It is 

worth noting again that for the LSCO/STO film, S is found to be 180 μV⸱K-1, which is in 

perfect agreement with the most recent results of the Chambers’ group (See also Chapter III) 
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[39]. The S increases monotonously with in-plane strain from 127 (compressive) to 208 μV⸱K-1 

(tensile), consistently with other observations made on various thermoelectric materials under 

high-pressures (decreasing S with pressure) [44], and as recently reported by Kan et al. on 

SrRuO3 epitaxial films in which both in-plane resistivity (ρ) and S of the 

compressively-strained SrRuO3 film are lower than those of the tensely-strained film [25]. 

The corresponding thermoelectric power factor (PF, calculated for each film according to 

the equation PF = S2σ) slightly increases from clear in-plane compressive strain to moderate 

in-plane tensile strain, and abruptly drops at a larger tensile strain, driven by the electrical 

conductivity. Interestingly, the PF of LSCO/STO (+0.75% of in-plane tensile strain) is slightly 

higher (0.32 μW⸱cm-1⸱K-2) than that of the film on LSAT (-0.21% of in-plane compressive 

strain, 0.27 μW⸱cm-1⸱K-2), meaning that a slight in-plane tensile strain can enhance the PF 

value, though a larger absolute strain decreases it. However, although large tensile strain on 

LSCO/DSO decreases the PF value (associated with the conductivity drop), it yields the 

highest thermopower S.  

 

4.3. Conclusion 

In this chapter, high-crystalline quality thin films of LaCrO3 (LCO) and La0.75Sr0.25CrO3 

(LSCO) were epitaxially grown by MBE on four different (001)-oriented (pseudo)cubic 

perovskite-oxide substrates: LAO, LSAT, STO, and DSO, resulting in different compressive 

and tensile strain from -2.29% to +1.52% (for LCO films) and from -2.06% to +1.75% (for 

LSCO films). All the films crystallize in the perovskite structure, are fully (001)-oriented, flat, 

and epitaxially strained. The out-of-plane of LCO and LSCO films widely vary from 3.951 to 

3.853 Å, and from 3.943 to 3.804 Å, respectively. The Poisson ratio and the bulk lattice 

constant of LCO are firstly extracted from these measurements (ν = 0.24 and ab = 3.888 Å), 

which are very similar to the values found in the literature [33, 34]. Then, the elastic properties 

of LSCO are investigated via the same method (ν = 0.32 and ab = 3.876 Å), which 

significantly differs from that of LCO. The LSCO solid solutions appear to obey structural 

Vegard’s law and the relatively large Poisson ratio enables flexible tuning of its physical 

properties by elastic epitaxial strain.  

Indeed, electronic transport and thermoelectric properties of the strained LSCO films 

have been investigated and have shown substantial strain-depend trends/values. 

Room-temperature electrical conductivity ranging from 0.02 to 12.2 S⸱cm-1 and hole mobility 
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ranging from 0.08 to 0.5 cm2⸱V-1⸱s-1 is measured depending on the in-plane strain. Thanks to 

the evolution from compressively-strained film to tensely-strained film, the measured Seebeck 

coefficient increases from 127 to 208 μV⸱K-1. Both the thermoelectric power factor and 

mobility of less strained LSCO films are found to be higher than that of more strained films 

regardless of the sign of strain. These observations indicate that the epitaxial in-plane strain 

can effectively modify the room-temperature transport properties and the Seebeck coefficient 

of LCO-based p-type conductive layers, affecting their thermoelectric properties. These 

results are of importance as they provide indispensable basic information on the structural and 

physical properties of material presenting strong applicative potential. Besides, the method 

used here to extract the structural and elastic properties from epitaxial layers can be 

straightforwardly applied to other complex oxides, and the strain-depend transport and 

thermoelectric properties can inspire further studies on other thermoelectric oxides/materials.  
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5.1. Introduction 

The purpose of this chapter is to present the effect of deviations from cationic 

stoichiometry ([A/B] different from 1) on the structural and thermoelectric properties of 

p-type epitaxial La0.75Sr0.25CrO3 films which have not been reported yet in the literature. After 

a brief literature review on the impact of such deviation from cationic stoichiometry in 

perovskite oxides on the structural, electronic and thermoelectric properties (section 5.1), our 

results on p-type (001)-oriented epitaxial (La0.75Sr0.25)1+δCrO3 thin films (with || ≤ 0.3) grown 

by MBE on single-crystalline SrTiO3 substrates will be presented (section 5.2). After a brief 

presentation of the growth conditions of this series (5.2.1) and on how the microstructural 

properties of the layers can be controlled (5.2.2), the impact of  on the crystal structural 

properties (5.2.3) as well as the thermoelectric properties (5.2.4) is presented.  

 

5.1.1. Impact of the deviation from cationic stoichiometry on the structural 

properties in perovskite oxides 

 
Figure 5. 1 (a) Lattice expansion as a function of Sr/(Sr+Ti) cationic ratio. The closed circles are the calculated 
data and open squares are the reported bulk values. Taken from Ref. 4. (b) The apparent out-of-plane lattice 
constant measured by XRD for Sr1+δTiOx films versus Sr:Ti stoichiometry ratio determined by RBS. Taken from 
Ref. 5. 

 

In Chapter III, it was already presented that the deviation from stoichiometry can expand 

the mean lattice parameter and then increase the mean unit-cell volume of oxide perovskites 

because of the introduction of point defects and/or planar defects. Generally, stoichiometric 

composition in bulk perovskite oxides induces the minimum lattice parameter [1, 2, 3]. The 
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thin-film perovskite oxides also show the same properties, such as well-known SrTiO3 (STO) 

shown in Figure 5. 1 [4, 5, 6]. The out-of-plane lattice parameter always increases whatever the 

sign of deviation. 

 

5.1.2. Impact of the deviation from cationic stoichiometry on the thermoelectric 

properties in perovskite oxides 

As introduced in Chapter I (see section 1.2.4), strategies to improve the performance of 

thermoelectric materials, thus to increase the figure of merit ZT = S2σ/(κe + κL), involve band 

structure engineering as well as phonon engineering via chemical/structural composition 

control through the insertion of point defects like cationic vacancies or planar defects like 

stacking faults for instance [7, 8, 9, 10, 11, 12, 13]. Since the insertion of such defects in the 

crystalline lattice can substantially lower the lattice thermal conductivity, studies of the impact 

of the deviation from cationic stoichiometry in thermoelectric perovskite oxides (ABO3) are 

thus of high interest in this field. However, only a few studies report such on the 

thermoelectric properties of p-type perovskite oxides films. In this section, reports mentioning 

such studies in perovskite oxides are presented, not limited to epitaxial thin films, but also in 

polycrystalline ceramics and both in n-type and p-type thermoelectrics.  

 

5.1.2.1. In polycrystalline ceramics 

In addition to grain boundaries or other planar defects, point defects such as cationic 

vacancies can act as well as phononic scattering centers in polycrystalline ceramics, lowering 

the global thermal conductivity. The electronic and thermoelectric properties are also affected 

by these cationic vacancies due to changes in the band structure.  

Among the various complex perovskite oxides, Anzai et al. [14] studied the thermoelectric 

properties of p-type La1-xSrxCoO3 powders as a single phase of a rhombohedral 

perovskite-type structure containing A-site vacancies. As shown in Figure 5. 2a, they found 

that around 5 at.% A-site vacancy induces an increase in the electrical conductivity (σ). The 

Seebeck coefficient (S) is only slightly reduced with the presence of 5 at.% A-site vacancies 

(Figure 5. 2b). However, the A-site vacancies induce an increase of the thermoelectric power 

factor (PF = S2σ) with 10 Sr at.% doping only with sintering in air and produce almost no 
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change with sintering in O2 (Figure 5. 2c and d).  

 
Figure 5. 2 Temperature dependence of (a) electrical conductivity σ and (b) Seebeck coefficient S of 
La1-xSrxCoO3 and La0.95-xSrx□0.05CoO3, (c) and (d) thermoelectric power factor of La0.9Sr0.1CoO3 and 
La0.85Sr0.1□0.05CoO3, respectively. Taken from Ref. 14. 

 
Lu et al. [11] demonstrated a relatively high ZT of thermoelectric A-site-deficient 

LaxSr1-3x/2TiO3-δ ceramics (Figure 5. 3). When x ≤ 0.3, both the S and κ are significantly 

reduced (Figure 5. 3a and c respectively), σ is increased (Figure 5. 3b) via tuning the x value. 

Thus, the ZT value is improved to nearly 0.1 at 473 K (Figure 5. 3d). However, when x ≥ 0.4, 

S displays a slight increase (Figure 5. 3e), σ is decreased at 473 K (Figure 5. 3f), showing an 

opposite trend compared with x ≤ 0.3. Although ZT is enhanced by A-site vacancy (x = 0.1 at 

473 K), as x increases, both the vacancy and the [La/Sr] ratio are increased. Therefore, 

improving ZT cannot be completely attributed to the induced A-site vacancy. Because for the 

stoichiometric LaxSr1-xTiO3, the S decreases, and the σ increases as a function of x (shown in 

Chapter I).  
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Figure 5. 3 Temperature dependence of (a) Seebeck coefficient S, (b) electrical conductivity σ, (c) thermal 
conductivity κ, and (d) figure of merit ZT for x ≤ 0.3, (e) Seebeck coefficient S and (f) electrical conductivity σ 
for x ≥ 0.4 LaxSr1-3x/2TiO3-δ ceramics sintered in N2/5% H2 at 1773 K for 6 hours. Taken from Ref. 11.  

 

Moreover, Popuri et al. [15] showed that introducing A-site vacancies in STO results in a 

glass-like thermal conductivity. Figure 5. 4a reveals that κ(T) is rapidly decreased with 

increasing vacancy concentration, and becomes almost temperature independent for x = 0.8. 

Figure 5. 4b shows that, for the conducting Sr0.8La0.13□0.07Ti0.95Nb0.05O3-δ sample, the κ = 2.5 

W⸱m-1⸱K-1 approaches Cahill et al.'s minimum value for SrTiO3 (1.4 W⸱m-1⸱K-1 at 300 K and 

1.8 W⸱m-1⸱K-1 at 1000 K) [16]. 



Chapter V Effect of deviation from cationic stoichiometry 

175 
 

 
Figure 5. 4 (a) Temperature dependence of κ for the Sr1-xLa0.67x□0.33xTiO3. (b) Vacancy concentration dependence 
of the κ at 323 and 873 K for the Sr0.8La0.13□0.07Ti0.95Nb0.05O3-δ. The color gradation indicates the gradual 
transition from crystalline to glass-like behavior. Taken from Ref. 15. 

 

5.1.2.2. In epitaxial thin films 

Similarly to polycrystalline samples, if the deviation from stoichiometry is introduced 

into thin films, controllable epitaxial films may also offer the opportunity to increase ZT value 

by band structure engineering (increasing thermoelectric power factor) and by phononic 

engineering (decreasing thermal conductivity). The studies reported on epitaxial films mainly 

deal with the impact on thermal conductivity (κ) and not on global thermoelectric properties. 

A few studies have shown however an impact on electronic properties (conductivity and 

mobility) in n-type Nb-doped STO films [4, 17].  

 
Figure 5. 5 (a) The relationship between conductivity and lattice expansion of postannealed STO films. A cross 
symbol at zero lattice expansion indicates the conductivity of a 0.1 at.% Nb-doped bulk single crystal. Taken 
from Ref. 4. (b) Temperature dependence of electron mobilities of STO films with a variety of lattice expansions. 
Taken from Ref. 17. 
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Ohnishi et al. [4] studied the Nb-doped STO films lose σ as their lattice parameter 

expands. Figure 5. 5a suggests that the mobile carrier density (equivalent to the σ) gradually 

decreases in Ti-rich films and shows an abrupt drop with expanding lattice on the Sr-rich side. 

Kobayashi et al. [17] presented the electron mobility of Ti-excess STO films as a function of 

temperature for a range of lattice expansion values. In the film with the largest lattice 

expansion of 0.7 pm, the electron mobility is greater than 53000 cm2⸱V-1⸱s-1 at 2 K.  

 
Figure 5. 6 (a) The dependence of longitudinal thermal conductivity concerning film composition with Sr-excess 
STO films showing the largest decrease. Taken from Ref. 6. (b) Time-domain thermoreflectance (TDTR) results 
for STO films grown on NdGaO3(110) substrates as a function of deposition geometry and laser fluence. The 
dashed line indicates the κ of bulk STO. In general, films with excess Sr (blue circles) exhibit a drastic reduction 
of κ, those with excess Ti (red diamonds) show a somewhat diminished κ, and nearly stoichiometric (black 
triangles) show the highest κ. Taken from Ref. 18. (c) The κ of LaAlO3 films as a function of laser fluence for 
as-grown (black, open circles) and post-annealed (orange, open circle) samples. After annealing, negligible 
changes in κ are observed in La-excess and La-deficient samples (some data points overlap). Taken from Ref. 19. 

 
Brooks et al. [6] tuned the κ in homoepitaxial STO films via off-stoichiometry. As 

displayed in Figure 5. 6a, the longitudinal κ (along the direction perpendicular to the substrate 

surface) can be modified by as much as 80%, from 11.5 W⸱m-1⸱K-1 for stoichiometric 

homoepitaxial STO to 2 W⸱m-1⸱K-1 for 50 at.% Sr-excess homoepitaxial Sr1+δTiOx films by 

incorporating additional periodic SrO planar defects in the structure. It is worth noting that a 

slight stoichiometry variation of “only” 10 at.% can thus decrease a lot the global thermal 

conductivity by 50% down to 6 W⸱m-1⸱K-1. Furthermore, Breckenfeld et al. [18] reported the 

variations of the structural, dielectric, and thermal properties of nonstoichiometric STO thin 

films. In particular, they found that, with Sr-excess and Sr-deficiency, κ can be reduced by 65% 

and 35% respectively. Meanwhile, the same group [ 19 ] also studied the effect of 

growth-induced non-stoichiometry on the thermal and dielectric properties of LaAlO3 thin 

films. With only 3-5% La-excess and La-deficiency, κ is much reduced by 60-80%.  
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5.2. Impact of the deviation from cationic stoichiometry in 

La0.75Sr0.25CrO3 epitaxial films 

In this section, high-crystalline quality epitaxially-strained (La0.75Sr0.25)1+δCrO3 (LSCO) 

thin films were grown by MBE on (001)-oriented STO. The targeted stoichiometry deviation 

δ ranges from -0.3 to 0.3 is induced in LSCO films by adjusting the [Sr/Cr] and [La/Cr] flux 

ratios after the composition calibrations. The effect of this deviation on the structural and 

room-temperature in-plane electronic and thermoelectric properties of the films has been 

investigated and are presented in this section.  

 

5.2.1. Growth conditions 

This series of LSCO epitaxial thin films were prepared on single-crystalline STO(001) 

substrates (MaTecK GmbH) by solid-source MBE (same growth conditions as that described 

in Chapter III). The Sr, La, and Cr fluxes were calibrated using a Bayard-Alpert ionization 

gauge and a quartz microbalance (see Chapter III) [20]. All the films were grown at 700 °C and 

P(O2) = 1×10-7 Torr on as-received substrates, except the stoichiometric LSCO grown on 

prepared STO, for which the substrate was treated to be terminated by a TiO2 plane (Chapter 

III). After growth, they were subjected to additional annealing in air at 300 °C for 2 hours for 

complete oxidation. The insulating behavior of the substrate was checked in the backside 

afterward. Hall effect measurement was used for characterizing the electrical properties of the 

films at room temperature. For such measurement, Cr/Au bonding pads were also deposited 

on the four corners of the squared samples in this case. Hall effect as well as the Seebeck 

coefficient measurements are already introduced in detail in Chapter II and section 5.1.2.  

 

5.2.2. Control of the microstructure 

5.2.2.1. RHEED characterizations 

RHEED patterns along both high-symmetry [100] and [110] in-plane crystallographic 

directions are shown in Figure 5. 7, which presents as-grown LSCO films on STO substrates 

as a function of δ. All the patterns present streak lines, meaning that all the films are 

heteroepitaxial with flat surfaces. 
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Figure 5. 7 RHEED patterns recorded along the [100] and [110] azimuths (around 200 °C, P(O2) = 1×10-9 Torr) 
after growth of the LSCO films with (a) δ = -0.3, (b) δ = -0.15, (c) δ = 0, (d) δ = 0.15, and (e) δ = 0.3.  

 
For |δ| ≤ 0.15 (Figure 5. 7b, c, and d), the streaks are sharp and well contrasted along 

both azimuths, indicating that the surfaces are well ordered. However, for |δ| = 0.3 (Figure 5. 

7a and e), the streaks are blurred, and that along the [110] direction becomes thick and the 

background is brighter than that observed for samples with lower |δ|, revealing greater 

crystalline disorder. For |δ| > 0.3, there is a high probability that the perovskite structure 

would not be formed and the film appears amorphous. Additionally, for both |δ| = 0.15 films, 

a weak 2nd order streaky reflection along the [110] direction (indicated by white arrows) is 

observed whereas only 1st order reflection is observed along this azimuth at stoichiometry, 

which indicates a 2×1 surface reconstruction for the slightly Cr-excess and slightly 

Cr-deficient LSCO films (|δ| = 0.15). In contrast, for stoichiometric films (δ = 0) as well as 

Cr-excess and Cr-deficient LSCO films (when |δ| = 0.3), only 1st order streaks are visible 

indicating the absence of surface reconstruction.  
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5.2.2.2. AFM characterizations 

 
Figure 5. 8 AFM topographic (left panel) and phase-lag (right panel) images of the LSCO films grown on 
as-received STO(001) substrate with (a) δ = -0.3, (b) δ = -0.15, (c) δ = 0, (d) δ = 0.15, and (e) δ = 0.3. Only the 
stoichiometric film (δ = 0) is grown on a prepared TiO2-terminated STO(001) substrate.  

 

AFM images of the LSCO film surfaces are shown in Figure 5. 8. The left panel and the 

right panel present the topographic images and the phase-lag images, respectively. Atomic 

steps and terraces can be observed for the stoichiometric LSCO film which is grown on 

prepared TiO2-terminated STO substrate (Figure 5. 8c), as already shown in Chapter III and 

IV (section 3.2.1 and 4.2.2.2). The persistent contrast at adjacent terraces in the right 

phase-lag image is due to the step height between adjoining terraces at the surface, resulting 

in a higher local rms roughness ~0.4 nm. All other topographic images reveal relatively 

smooth surfaces with local rms roughnesses less than 0.25 nm. Any contrast is detected in the 

corresponding right phase-lag images of off-stoichiometric films.  
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5.2.2.3. XRR characterizations 

 
Figure 5. 9 XRR curves for all LSCO films, including the raw data (black lines) and the fitting curves (red lines). 

 

XRR was used to measure the thickness, density, and surface roughness of LSCO films. 

The curves are plotted in Figure 5. 9. The measured experimental data are well described by 

the fitting curves (red), including the interference fringe periodicity and the overall slope, 

yielding values for the thickness, the rms surface/interface roughnesses, and density, which 

are summarized in Table 5. 1.  

 

5.2.2.4. XPS characterizations 

Figure 5. 10 shows the XPS spectra of LSCO films. The Cr 2p3/2 peaks are all shifted to 

576 eV and normalized to 1. For each specimen, the same shift and corresponding 

normalization are then applied to La 4d and Sr 3d spectra. The gradual deviation of the 

cationic stoichiometry (A/B) in the series is revealed by the gradual increase/decrease of the 

normalized intensity in the La 4d and Sr 3d core-level spectra in Figure 5. 10a and b, 

respectively, depending on δ. However, it doesn’t respect the variation of the deviation from 
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stoichiometry as expected, especially for the films with |δ| = 0.3. 

 
Figure 5. 10 XPS spectra of (a) La 4d, (b) Sr 3d, and (c) Cr 2p core levels of LSCO films for each . 

 

The chemical compositions are also summarized in Table 5. 1. It can be seen that there is 

a difference between the targeted δ (according to the fluxes’ ratio) and δXPS (calculated by 

XPS spectra). The [Sr]/[Sr+La] value which supposes to be 0.25 (A-site: La0.75Sr0.25) varies 

from 0.32 (δ = -0.3) to 0.21 (δ = 0.3). Therefore, the chemical compositions of these LSCO 

films with |δ| = 0.3 are probably not those targeted (because of flux measurement 

uncertainties), even if such XPS measurements involve important uncertainties that may be 

even larger, especially on such complex oxides containing presumably point and planar 

defects. If only considering |δ| ≤ 0.15, the XPS spectra are displayed in the second line of 

Figure 5. 10. The gradual change in normalized intensity of Sr 3d and La 4d core-level spectra 

then well respects the variation of δ. The [Sr]/[Sr+La] ratio of LSCO films with δ = -0.15, 0, 

and 0.15 remains around 0.25 (from 0.26 to 0.25, shown in Table 5. 1) although the |δXPS| 

value is still higher than the targeted |δ|. However, the lattice parameters analyzed by XRD 

(see next section 5.2.3) show a coherent tendency within the all |δ| range, giving more 

confidence in the composition extracted from the flux measurement (targeted ) rather than 

from the XPS measurements (δXPS). To confirm this analysis, the composition of the films 

would have been analyzed by other spectroscopy techniques, like SIMS our RBS, although 

containing rather large uncertainties as well.  



Chapter V Effect of deviation from cationic stoichiometry 

182 
 

Table 5. 1 Summary of the thickness, rms-roughness from XRR fits, and chemical compositions of the LSCO 
films at room temperature. 

 

5.2.3. Impact on the structural properties 

 
Figure 5. 11 XRD characterizations. 2/ scans from 10º to 80º on all LSCO films. 

 
The structural properties of all LSCO films are investigated by XRD. Wide 2/ scans 

(10-80°, shown in Figure 5. 11) reveal only diffraction peaks corresponding to the {00l} 

reflections of the films, indicating that no other phases neither other orientations than 

LSCO(00l) are present in the epitaxial films.  

δ 
t [A/(A+B)] 

δXPS 
[Sr/La+Sr] 

rms interface  
roughness 

rms surface 
roughness 

Density 

(nm) (at.%) (at.%) (nm) (nm) (g⸱cm-3) 

-0.3 25.0 35.8 -0.44 0.32 0.15 0.68 6.18 

-0.15 20.0 43.5 -0.23 0.26 0.15 0.85 6.27 

0 28.2 49.9 0 0.25 0.15 0.54 6.35 

0.15 40.8 55.8 0.26 0.26 0.15 0.56 6.36 

0.3 30.5 60.3 0.52 0.21 0.15 0.72 6.61 



Chapter V Effect of deviation from cationic stoichiometry 

183 
 

 
Figure 5. 12 XRD 2/ scans near the (002) reflections on LSCO films grown on STO(001) substrates with 
corresponding fitting curves, (a) δ = -0.3, (b) δ = -0.15, (c) δ = 0, (d) δ = 0.15, and (e) δ = 0.3. The position of 
LSCO(002) is marked by a black inverted triangle. The position of bulk stoichiometric La0.75Sr0.25CrO3 is marked 
with a vertical black dotted line. (f) Measured out-of-plane lattice parameters c and calculated unit-cell volume V 
of LSCO films as a function of δ. The horizontal error bars are linked to c. 

 
Figure 5. 12a-e show the XRD 2/ scans around the (002) reflections of all LSCO films 

and their STO substrates plotted in reciprocal space units. The position of bulk stoichiometric 

La0.75Sr0.25CrO3 has been extracted by our previous study (aLSCO = 3.876 Å) [21] and is marked 

with a vertical black dotted line through Figure 5. 12a-e. From Cr-excess to (Sr, La)-excess, 

the position of the LSCO peak can be seen (marked by black inverted triangles), which 

increases from δ = -0.3 up to a maximum at the stoichiometry (δ = 0), and then decreases with 

increasing δ up to δ = 0.3. This tendency is as expected from the all targeted δ range. For δ < 

0 (Cr-excess LSCO), the LSCO(002) reflections are however close to that of the STO 

substrate and appear as a left shoulder of the substrate peak (Figure 5. 12a and b). As already 

shown in Chapter IV, the peak of the stoichiometric film appears at larger Qz values than bulk 
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stoichiometric LSCO, indicating that the out-of-plane lattice parameter of epitaxially-strained 

LSCO film (cLSCO) on STO substrate is smaller than that of bulk LSCO (tensile strain on 

STO). For |δ| > 0, the (002) LSCO reflections show a decreasing trend with Qz, revealing a 

lattice expansion with |δ|, as expected. For all the samples with |δ| > 0, the (002) LSCO 

reflection appears at lower Qz values than bulk stoichiometric LSCO, indicating that these 

epitaxial films have all a corresponding bulk lattice parameter larger than the bulk 

stoichiometric LSCO. These films are either still in tensile strain when cLSCO is lower than the 

STO substrate lattice parameter (the case of  = 0.15) or in compressive strain if larger (|δ| > 

0.3). The film with  = -0.15 appears to be almost relaxed on the STO substrate (cLSCO  cSTO). 

To properly determine the corresponding bulk lattice parameters (and the strain values) for 

each |δ| > 0, we would have to grow strained epitaxial films series for each |δ| > 0 on different 

substrates with different strain states as presented for stoichiometric LSCO films (δ =0) in 

Chapter IV. In Figure 5. 12f, the corresponding cLSCO extracted from the fits of the 2/ 

diffraction profiles, reaches a minimum at the stoichiometry and then increases with |δ|, as 

expected. The cLSCO values are summarized in Table 5. 2.  

 
Figure 5. 13 RSM recorded around the asymmetric (103) reflection of LSCO thin films for (a) δ = -0.3, (b) δ = 
-0.15, (c) δ = 0, (d) δ = 0.15, and (e) δ = 0.3. The horizontal dotted line indicates the Qzz position of the STO 
substrate related to its out-of-plane lattice parameter.  

 
To check that all the LSCO films are fully strained to their substrates, reciprocal space 

maps of the (103) asymmetric reflection are measured, as shown in Figure 5. 13. For all films 

the LSCO (103) node is aligned vertically with the substrate’s node, indicating that the aLSCO 

= aSTO = 3.905 Å. This coherently strained epitaxial growth of these LSCO films is similar to 

that of La1+δCrO3 films (shown in Figure 3. 17, Chapter III). These maps reveal as well as the 

associated anisotropic strain of the films (different Qzz positions of the film node depending 
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on δ), in agreement with the 2/ scans. The related parameters are then summarized in Table 

5. 2. The shoulder of the nodes corresponding to the LSCO films bounces along Qzz 

depending on chemical composition consistently with the 2/ scans, confirming the 

variation of cLSCO shown in Figure 5. 12f. In Figure 5. 13b and e, two visible nodes can be 

distinguished, especially for δ = 0.3, again because of the relatively low-crystalline quality of 

the commercial STO substrate having mosaic domains.  

From the measured cLSCO and aLSCO, the variation in the deduced pseudo-cubic unit-cell 

volume of LSCO films as a function of δ is shown in Figure 5. 12f. The unit-cell volume 

shows the same trend as cLSCO, because aLSCO keeps constant. As already discussed, this trend 

is expected from stoichiometry deviation, which tends to enlarge the mean unit-cell volume. 

This can be caused by (i) the formation of point defects like charged ionic vacancies in the 

lattice and/or (ii) planar defects like stacking faults (intercalation of AO or BO2 plane in the 

perovskite structure with slightly larger interatomic distance). In epitaxially-strained ABO3 

films, the mean out-of-plane lattice parameter is consequently enlarged, like in the references 

of other perovskite oxides: as STO for instance [5, 22, 23] and LaCrO3 from our previous work 
[20]. The unit-cell volume of the stoichiometric LSCO film (58.617 Å3) is the one closest to the 

standard bulk LSCO volume value (58.231 Å3).  

 
Figure 5. 14 XRD -scans around the (002) reflection for all (a) LSCO and (b) STO substrates. 

 

The mosaicity (full width at half maximum, FWHM, all normalized to 1) of the rocking 

curves around the (002) film peak is below 0.1° for all LSCO films (shown in Figure 5. 14), 

confirming the good crystalline quality of samples even with large cationic stoichiometry 

deviation. The mosaicity of the non-stoichiometric films is slightly larger than that of the 

stoichiometric one (0.07°), in agreement with the RHEED observations (Figure 5. 7). 
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Table 5. 2 Summary of the structural properties and chemical compositions of the LSCO films at room 
temperature. 

 

5.2.4. Impact on electronic and thermoelectric properties 

In this section, the effects of the deviation from cationic stoichiometry in 

(La0.75Sr0.25)1+CrO3 films on their electronic and thermoelectric properties are presented. 

These transport properties are measured along the in-plane direction and at room temperature.  

 

5.2.4.1. Electronic properties 

Results from Hall effect and Seebeck coefficient measurements done at 

room-temperature on the (La0.75Sr0.25)1+CrO3 (LSCO) films are shown in Figure 5. 15 as a 

function of cationic stoichiometry deviation (). The LSCO films with large cationic 

stoichiometry deviation (|δ| = 0.3) are too much insulating to be measured. Based on these 

measurements, all the other films with |δ| ≤ 0.15 exhibit p-type conductivity and a high hole 

concentration. Figure 5. 15a presents the variation of measured electrical conductivity (σ), 

hole concentration (p), and mobility (µ) of these LSCO films. The Sr substitution ratio on La 

site (Sr doping ratio) remains constant at 25 at.% for all films, as targeted (see Table 5. 1).  

The stoichiometric LSCO film (δ = 0) exhibits the highest σ (10 S⸱cm-1), which is 

slightly higher than that of the A-deficient film (δ = -0.15, ~9 S⸱cm-1), and clearly higher than 

B-deficient film (δ = 0.15, 6.7 S⸱cm-1). The σ of this latest B-deficient film (δ = 0.15) is 

reduced by almost a factor of two concerning that of the stoichiometric film. A higher δ value 

presumably brings a larger amount of crystalline (point and planar) defects in the perovskite 

structure, which reduces the σ of LSCO film. If the cationic stoichiometry deviation is fully 

δ [Sr]/[La+Sr] 
a c 

Strain 
Mosaicity Volume 

(Å) (Å) (°) (Å3) 

-0.3 2.12 3.905 3.923 compressive 0.1 59.823 

-0.15 2.83 3.905 3.906 relaxed 0.09 59.547 

0 3.01 3.905 3.844 tensile 0.07 58.617 

0.15 2.82 3.905 3.882 tensile 0.07 59.200 

0.3 3.78 3.905 3.944 compressive 0.09 60.142 
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converted into cationic vacancies only, LSCO films with δ = -0.15, 0, and 0.15 can be seen as 

La0.64Sr0.21□0.15CrO3 (La0.57Sr0.2□0.23CrO3 considering δXPS), La0.75Sr0.25CrO3, and 

La0.75Sr0.25Cr0.87□0.13O3 (La0.74Sr0.26Cr0.8□0.2O3 considering δXPS), respectively (see Table 5. 1). 

However, similar deviations in SrTiO3 for instance induce planar defects such as stacking 

faults [5].  

    
Figure 5. 15 Room-temperature (a) electrical conductivity σ, hole concentration p, and mobility µ of LSCO films 
obtained from Hall effect measurements, as well as (b) measured Seebeck coefficient S, and thermoelectric 
power factor (PF = S2σ) as a function of δ. 

 
It is worth noting that, from XPS measurements, the fit of the Cr 2p3/2 core-level spectra 

has revealed 25% of Cr4+ component (and 75% of Cr3+ component) for all these samples 

whatever the δ value (section 5.2.2.4, and fits for stoichiometric LSCO in Chapter IV section 

4.2.2.4). In other words, it seems that the elemental oxidation states are independent of the 

cation stoichiometry deviation, within the instrumental uncertainties. The charge carrier 

concentration very slightly decreases with the increase of δ but keeps constant around 2×1020 

cm-3. A-deficient LSCO shows a very slightly higher carrier concentration than B-deficient 

films (Figure 5. 15a). According to the equation µ = σ/pe, the hole mobility of LSCO films 
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can be easily extracted, which reduces with |δ| value. The µ measured on the stoichiometric 

LSCO film is 0.32 cm2⸱V-1⸱s-1, whereas those of A-deficient and B-deficient films are 0.27 

cm2⸱V-1⸱s-1 and 0.23 cm2⸱V-1⸱s-1, respectively. For these non-stoichiometric films, the 

presumable point and/or planar defects may hinder the migration of charge carriers in the 

lattice, resulting in a decrease of the mobility with δ.  

The observed trends depending on  can be due to two combined effects: (i) from 

differences in chemical composition (and induced crystalline defects), and (ii) from 

differences in epitaxial strain anisotropy (because of different corresponding bulk lattice 

parameters) as shown in Chapter IV. From the results of Chapter IV, the electrical 

conductivity and the hole concentration have globally the tendency to decrease with epitaxial 

strain, from compressive to tensile strain, with a large decay at the large strain on the DSO 

substrate. In this chapter on this series, from the XRD results (see section 5.2.3), the films are 

relaxed ( = -0.15), tensile ( = 0), and slightly tensile ( = 0.15). The observed trend here 

does not follow the trend to the tensile strain only, indicating that the chemical composition 

effect (crystalline defects) dominates, or is strong enough to significantly impact, the transport 

behavior here in addition to epitaxial strain effects.  

 

5.2.4.2. Thermoelectric properties 

Figure 5. 15b presents the results from the Seebeck coefficient (S) measurements 

performed in-plane at room temperature. The positive sign of S value for all samples confirms 

that the holes are dominant charge carriers in these films, as already mentioned. Also, for the 

stoichiometric LSCO film, S is 180 μV⸱K-1, which is in very good agreement with the most 

recent result of Chambers’ group, as already mentioned in Chapter III [24]. S increases 

continuously as a function of δ (from A-deficient to B- deficient LSCO films). This tendency 

is rather consistent with the Hall effect transport measurements revealing that both the 

electronic conductivity and hole concentration tend to decrease with δ within the instrumental 

uncertainties (the lowest for  = 0.15, for which the largest S is measured consistently).  

From the results presented in Chapter IV on the strain effects, S increases with the 

epitaxial strain (from compressive to tensile strain). Considering the strain state of the LSCO 

films depending on  (relaxed at  = -0.15, tensile at  = 0, and slightly tensile at  = 0.15; see 

section 5.2.3), the observed S trend cannot be only explained from strain effect only. As well 

as for the electronic properties, the chemical composition (crystalline defects) dominates or is 
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strong enough to significantly impact, the thermopower (S) here in addition to epitaxial strain 

effects.  

Referring to the S equation (1.2) introduced in Chapter I, and assuming that the effective 

mass (m*) is constant for the same type of material, S is explained to be enhanced with  due 

to the slight decrease of p. Furthermore, the corresponding thermoelectric power factor is 

calculated for each film according to the equation PF = S2σ, which also shows the same rising 

trend as S. The stoichiometric film displays a PF value of about 0.33 μW⸱cm-1⸱K-2, in 

relatively good agreement with the literature (0.49 μW⸱cm-1⸱K-2 from Ref. 24). The PF of 

Cr-deficient film is more than three times than that of A-deficient film. Although the 

Cr-deficient film has a relatively low σ, the high S value (second-order in S2σ) dominates and 

provides a higher PF of about 0.55 μW⸱cm-1⸱K-2. We show here for the first time that the PF 

of LSCO films can be improved by Cr-deficiency. This provides a new effective means for the 

enhancement of thermoelectric performance (ZT) of p-type LSCO films, especially as such 

cationic off-stoichiometry should show, besides, a reduced thermal conductivity concerning 

its stoichiometric LSCO counterpart (see next chapter conclusion and perspectives).  

 
Figure 5. 16 Measured ΔV in the function of ΔT at different temperatures for each δ. The different slopes ΔV/ΔT 
give the Seebeck coefficients S that are reported in Figure 5. 17.  

 
Figure 5. 17 Temperature-dependent Seebeck coefficient S of LSCO films for each . 
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Figure 5. 17 represents the temperature-dependent in-plane S for LSCO films with 

different δ values, extracted from the raw S measurements (S = ΔV/ΔT at different T) 

presented below in Figure 5. 16a, b, and c, for  = -0.15, 0 and 0.15, respectively. The error 

bar of each measured point in Figure 5. 16a, b, and c is shown as well, and it has a relatively 

large uncertainty for δ = 0.15 because of larger resistivity, as also shown in Chapter III 

(Figure 3. 31a). On the contrary, the stoichiometric LSCO film shows greater accuracy 

because of the relatively higher σ (Figure 5. 15a). Fortunately, the observed trend of S with 

temperature is still robust. S slightly decreases with increasing temperature (Figure 5. 17), 

consistently with the temperature-dependent resistivity curve (decreasing resistivity with T) 

reported for stoichiometric LSCO films (see Chapter III section 3.1.3.2) [25]. The slight 

decrease of S indicates that the LSCO films can still have a relatively good thermoelectric 

performance from room temperature up to 360 K which is the temperature range of most 

applications.  

 

5.3. Conclusion 

In this chapter, high-crystalline quality epitaxial (La0.75Sr0.25)1+δCrO3 thin films were 

grown by MBE on (001)-oriented STO substrates with δ varying from -0.3 to 0.3. All the 

films crystallize in the perovskite structure, are single-phase, fully (001)-oriented, flat, and 

epitaxially-strained. The mean out-of-plane lattice parameter of LSCO films decreases with 

reducing |δ| from 3.944 to 3.844 Å, while it reaches the minimum at the stoichiometry as 

expected. Different δ values presumably induce different ratios of point defects (cationic 

vacancies either on A-site or B-site), in addition to possible planar defects (stacking faults). 

Since the LSCO films with |δ| = 0.3 are insulating (with our measurement instruments), the 

characterization of the physical properties (electronic and thermoelectric) has been only 

achieved for |δ| ≤ 0.15 films.  

Room-temperature electrical conductivity and Hall mobility are maximum at the cationic 

stoichiometry (σ = 10 S⸱cm-1, μ = 0.32 cm2⸱V-1⸱s-1, respectively). However, within 

instrumental uncertainties, the electrical conductivity and charge carrier (hole) concentration 

tend to decrease when δ increases. This behavior is consistent with the Seebeck coefficient 

measurements where S increases with δ. We have shown here for the first time that the PF of 

LSCO films can be improved by Cr-deficiency. This provides a new effective means for the 

enhancement of thermoelectric performance (ZT) of p-type LSCO films, especially as such 
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cationic off-stoichiometry should show a reduced thermal conductivity concerning its 

stoichiometric LSCO counterpart.  

 

5.4. References

 
[1] J. Carrasco, F. Illas, N. Lopez, E. A. Kotomin, Yu. F. Zhukovskii, R. A. Evarestov, Yu. A. Mastrikov, S. 

Piskunov, and J. Maier. First-principles calculations of the atomic and electronic structure of F centers in the 
bulk and on the (001) surface of SrTiO3. Physical Review B, 2006, 73(6): 064106. 

[2] H. Lee, T. Mizoguchi, T.Yamamoto, S. L.Kang, and Y. Ikuhara. First-principles calculation of defect 
energetics in cubic-BaTiO3 and a comparison with SrTiO3. Acta Materialia, 2007, 55(19): 6535-6540. 

[3] T. Tanaka, K. Matsunaga, Y. Ikuhara, and T. Yamamoto. First-principles study on structures and energetics 
of intrinsic vacancies in SrTiO3. Physical Review B, 2003, 68(20): 205213. 

[4] T. Ohnishi, K. Shibuya, T. Yamamoto, and M. Lippmaa. Defects and transport in complex oxide thin films. 
Journal of Applied Physics, 2008, 103(10): 103703. 

[5] C. M. Brooks, L. Fitting Kourkoutis, T. Heeg, J. Schubert, D. A. Muller, and D. G. Schlom. Growth of 
homoepitaxial SrTiO3 thin films by molecular beam epitaxy. Applied Physics Letters, 2009, 94(16): 162905. 

[6] C. M. Brooks, R. B. Wilson, A. Schäfer, J. A. Mundy, M. E. Holtz, D. A. Muller, J. Schubert, D. G. Cahill, 
and D. G. Schlom. Tuning thermal conductivity in homoepitaxial SrTiO3 films via defects. Applied Physics 
Letters, 2015, 107(5): 051902. 

[7] L. Yang, Z. G. Chen, M. S. Dargusch, and J. Zou. High performance thermoelectric materials: Progress and 
their applications. Advanced Energy Materials, 2018, 8(6): 1701797. 

[8] K. Biswas, J. He, I. D. Blum, C. Wu, T. P. Hogan, D. N. Seidman, V. P. Dravid, and M. G. Kanatzidis. 
High-performance bulk thermoelectrics with all-scale hierarchical architectures. Nature, 2012, 489(7416): 
414-418. 

[9] J. He, M. G. Kanatzidis, and V. P. Dravid. High performance bulk thermoelectrics via a panoscopic approach. 
Materials Today, 2013, 16(5): 166-176. 

[10] C. J. Vineis, A. Shakouri, A. Majumdar, and M. G. Kanatzidis. Nanostructured thermoelectrics: Big 
efficiency gains from small features. Advanced Materials, 2010, 22(36): 3970-3980. 

[11] Z. Lu, H. Zhang, W. Lei, D. C. Sinclair, and I. M. Reaney. High-figure-of-merit thermoelectric La-doped 
A-site-deficient SrTiO3 ceramics. Chemistry of Materials, 2016, 28(3): 925-935. 

[12] F. Azough, S. S. Jackson, D. Ekren, R. Freer, M. Molinari, S. Yeandel, P. Goddard, S. C. Parker, D. 
Hernandez Maldonado, D. M. Kepaptsoglou, and Q. M. Ramasse. Concurrent La and A-site vacancy doping 
modulates the thermoelectric response of SrTiO3: Experimental and computational evidence. ACS Applied 

Materials & Interfaces, 2017, 9(48): 41988-42000. 



Chapter V Effect of deviation from cationic stoichiometry 

192 
 

 
[13] G. Ren, J. Lan, K. J. Ventura, X. Tan, Y. Lin, and C. Nan. Contribution of point defects and nano-grains to 

thermal transport behaviours of oxide-based thermoelectrics. NPJ Computational Materials, 2016, 2(1): 1-9. 

[14] M. Anzai, H. Kawakami, M. Saito, and H. Yamamura. Thermoelectric properties of p-type perovskite 
compounds LaCoO3 systems containing the A-site vacancy. IOP Conference Series: Materials Science and 
Engineering, IOP Publishing, 2011, 18(14): 142005. 

[15] S. R. Popuri, A. J. M. Scott, R. A. Downie, M. A. Hall, E. Suard, R. Decourt, M. Polletc, and J. W. G. Bos. 
Glass-like thermal conductivity in SrTiO3 thermoelectrics induced by A-site vacancies. RSC Advances, 2014, 
4(64): 33720-33723. 

[16] D. G. Cahill, S. K. Watson, and R. O. Pohl. Lower limit to the thermal conductivity of disordered crystals. 
Physical Review B, 1992, 46(10): 6131. 

[17] S. Kobayashi, Y. Mizumukai, T. Ohnishi, N. Shibata, Y. Ikuhara, and T. Yamamoto. High electron mobility 
of Nb-doped SrTiO3 films stemming from rod-type Sr vacancy clusters. ACS Nano, 2015, 9(11): 
10769-10777. 

[18] E. Breckenfeld, R. Wilson, J. Karthik, A. R. Damodaran, D. G. Cahill, and L. W. Martin. Effect of growth 
induced (non)stoichiometry on the structure, dielectric response, and thermal conductivity of SrTiO3 thin 
films. Chemistry of Materials, 2012, 24(2): 331-337. 

[19] E. Breckenfeld, R. B. Wilson, and L. W. Martin. Effect of growth induced (non)stoichiometry on the 
thermal conductivity, permittivity, and dielectric loss of LaAlO3 films. Applied Physics Letters, 2013, 103(8): 
082901. 

[20] D. Han, M. Bouras, C. Botella, A. Benamrouche, B. Canut, G. Grenet, G. Saint-Girons and R. Bachelet. 
Structural properties of strained epitaxial La1+δCrO3 thin films. Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films, 2019, 37(2): 021512. 

[21] D. Han, M. Bouras, C. Botella, A. Benamrouche, B. Canut, G. Grenet, G. Saint-Girons, and R. Bachelet. 
Poisson ratio and bulk lattice constant of (Sr0.25La0.75)CrO3 from strained epitaxial thin films. Journal of 
Applied Physics, 2019, 126(8): 085304. 

[22] B. Jalan, R. Engel-Herbert, N. J. Wright, and S. Stemmer. Growth of high-quality SrTiO3 films using a 
hybrid molecular beam epitaxy approach. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, 
and Films, 2009, 27(3): 461-464. 

[23] B. Jalan, P. Moetakef, and S. Stemmer. Molecular beam epitaxy of SrTiO3 with a growth window. Applied 
Physics Letters, 2009, 95(3): 032906. 

[24] K. H. Zhang, Y. Du, A. Papadogianni, O. Bierwagen, S. Sallis, L. F. Piper, M. E. Bowden, V. Shutthanandan, 
P. V. Sushko, and S. A. Chambers. Perovskite Sr‐doped LaCrO3 as a new p‐type transparent conducting oxide. 
Advanced Materials, 2015, 27(35): 5191-5195. 

[25] K. H. L. Zhang, Y. Du, P. Sushko, M. E. Bowden, V. Shutthanandan, S. Sallis, L. F. Piper, and S. A. 
Chambers. Hole-induced insulator-to-metal transition in La1-xSrxCrO3 epitaxial films. Physical Review B, 
2015, 91(15): 155129. 



193 
 

Conclusion and perspectives:  

Towards oxide-based thermoelectric micromodules 

 

6.1. Conclusion .......................................................................................................................................... 195 

6.2. Work in progress and perspectives .................................................................................................. 197 

6.2.1. Thermal conductivity and full ZT measurement of LSCO epitaxial films .................................. 197 

6.2.2. Measurement of the contact resistance with metallic electrodes ................................................. 198 

6.2.3. Epitaxial integration on silicon .................................................................................................... 199 

6.2.3.1. SrTiO3/Si(001) structural matching ..................................................................................... 199 

6.2.3.2. Preparation of the silicon substrate for SrTiO3/Si(001) heteroepitaxy ................................ 200 

6.2.3.3. Epitaxial growth of SrTiO3 on Si(001) ................................................................................ 201 

6.2.3.4. Epitaxial growth of La0.75Sr0.25CrO3 thin film on SrTiO3/Si(001) ....................................... 203 

6.2.4. Micro-fabrication of functional thermoelectric perovskite-oxide module .................................. 205 

6.3. References .......................................................................................................................................... 206 

  



 
 

 

  



Conclusion and perspectives: Towards oxide-based thermoelectric micromodules 

195 
 

6.1. Conclusion 

Perovskite oxides have received much attention as an alternative thermoelectric material 

due to tunable electronic properties and large Seebeck coefficients, in addition to 

chemical/thermal stability in air, as well as abundance and low toxicity of the constituting 

elements. However, contrary to n-type, there is a lack of p-type thermoelectric perovskite 

oxides, though required for the fabrication of a complete thermoelectric module. Up to now, 

the only p-type perovskite oxide showing rather good thermoelectric properties is Sr-doped 

LaCrO3 (i.e. La1-xSrxCrO3 solid solution). However, its thermoelectric properties have almost 

not been investigated so far. This Ph.D. work aimed at studying the correlation between 

structural, electronic, and thermoelectric properties of p-type Sr-doped LaCrO3 in the form of 

high-crystalline quality thin films epitaxially grown by molecular beam epitaxy (MBE) on 

(pseudo)cubic perovskite-oxide (001)-oriented substrates. This elaboration technique, offering 

control of the structure and chemical composition at the atomic scale, has allowed studying 

the effect of the following key parameters in strained epitaxial films: (i) Sr doping/substitution 

level (Chapter III), (ii) epitaxial strain (Chapter IV), and (iii) cationic stoichiometry deviation 

(Chapter V).  

Firstly, after proper composition calibrations [1], high-quality La1-xSrxCrO3 thin films 

were epitaxially grown on SrTiO3 (STO) substrate. The impacts of the Sr doping/substation 

level (x) on the structural, electronic, and thermoelectric properties were investigated, 

especially in the 0  x  0.4 range. The structural properties of La1-xSrxCrO3 solid solution 

roughly obey Vegard’s law between LaCrO3 (abulk = 3.885 Å) to SrCrO3 (abulk = 3.819 Å). The 

electronic and thermoelectric properties can be well controlled by the Sr doping/substitution 

level (x). Room-temperature electronic conductivity (σ), hole concentration (p), and mobility 

(μ) increase with x (0.1  x  0.4) in the ranges of 1-20 S⸱cm-1, 6×1019-2.5×1020 cm-3, and 

0.1-0.5 cm2⸱V-1⸱s-1, respectively. Accordingly, the Seebeck coefficient (S) decreases when x 

increases from 300 V⸱K-1 (x = 0.2) to 100 V⸱K-1 (x = 0.4). The thermoelectric power 

factor (PF = S2σ) reaches a maximum about 0.35 W⸱cm-1⸱K-2 around x = 0.25. These 

results are in good agreement with the literature [2, 3].  

Secondly, setting the composition to that leading to the largest thermoelectric PF at x = 

0.25, high-crystalline quality La0.75Sr0.25CrO3 (LSCO) thin films were epitaxially strained on 

different (pseudo)cubic perovskite oxide substrates [LaAlO3, (LaAlO3)0.3(Sr2TaAlO6)0.7 

so-called LSAT, SrTiO3, and DyScO3] having different lattice parameters (aLAO = 3.796 Å, 
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aLSAT = 3.868 Å, aSTO = 3.905 Å, aDSO = 3.944 Å, respectively) allowing to access to a wide 

range of in-plane strain from -2.06% (compressive) to +1.75% (tensile). The effects of 

epitaxial strain on the structural, elastic, electronic, and thermoelectric properties have then 

been investigated at room temperature. The Poisson ratio and bulk lattice constant of 

La0.75Sr0.25CrO3 were determined for the first time with this series (νLSCO = 0.32, and abulk-LSCO 

= 3.876 Å). They significantly differ from that of bulk LaCrO3 (ν = 0.23, abulk-LCO = 3.885 Å). 

These results have been published [4]. The relatively large Poisson ratio in LSCO (0.32) 

compared to that of LaCrO3 (0.23) has enabled flexible tuning of its physical properties by 

elastic epitaxial strain. In particular, we have shown that both in-plane electrical conductivity 

and hole concentration globally tend to slightly decrease with the epitaxial strain (in the range 

of 10 S⸱cm-1 and 2×1020 cm-3, respectively, from compressive to moderate tensile strain). A 

large decrease of about two or three orders of magnitude has been observed at high tensile 

strain (down to 0.02 S⸱cm-1 and 1018 cm-3, respectively). Hole mobility is maximum for the 

most relaxed film (on LSAT) and decreases with strain (whatever the sign), consistently with 

other observations reported in the literature [5]. Accordingly, the Seebeck coefficient (S) 

continuously increases with epitaxial strain, from 127 V⸱K-1 (compressive) to 208 V⸱K-1 

(tensile). The corresponding thermoelectric power factor (PF = S2σ) reaches a maximum of 

around 0.35 W cm-1 K-2 for the film in the tensile strain on STO larger than the more relaxed 

film (in slight compressive strain on LSAT). These interesting results showing how strain can 

be used to enhance the LSCO thermoelectric factor are submitted for publication [6].  

Finally, the effects of the deviation from cationic stoichiometry on the structural and 

in-plane electronic and thermoelectric properties were investigated in (La0.75Sr0.25)1+CrO3 

epitaxially strained thin films grown on STO substrate with -0.3    0.3. High-quality 

single-phase flat epitaxially strained thins films have been grown despite quite large 

stoichiometry deviation. As expected, large lattice expansion is observed when deviating from 

the stoichiometry, from cLSCO = 3.844 Å (at  = 0) to cLSCO = 3.944 Å (at  = 0.3), confirming 

the introduction of punctual and/or planar defects with . Since the LSCO films with |δ| = 0.3 

are insulating (within the limitations of our measurements), the characterization of the 

physical properties (electronic and thermoelectric) has been only performed for |δ| ≤ 0.15 

films. Room-temperature electrical conductivity and hole mobility are maximum at the 

cationic stoichiometry (σ = 10 S⸱cm-1, μ = 0.32 cm2⸱V-1⸱s-1, respectively). However, within the 

instrumental uncertainties, the electrical conductivity and charge carrier (hole) concentration 

tend to slightly decrease when δ increases. This behavior is coherent with the Seebeck 
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coefficient measurements where S clearly increases with δ, from 125 V⸱K-1 (at  = -0.15, 

A-deficient) to 280 V⸱K-1 (at  = 0.15, B-deficient). We have shown here for the first time 

that the corresponding thermoelectric PF of LSCO films can be improved by 50% up to 0.55 

W⸱cm-1⸱K-2 by Cr-deficiency (at  = 0.15), in comparison to 0.35 W⸱cm-1⸱K-2 (at  = 0) 

and 0.16 W⸱cm-1⸱K-2 (at  = -0.15). This provides a new effective mean for the 

enhancement of thermoelectric performance (ZT) of p-type LSCO films, especially as such 

cationic off-stoichiometry should show, besides, a reduced thermal conductivity as compared 

to their stoichiometric LSCO counterpart.  

 

6.2. Work in progress and perspectives 

The following studies are under progress as perspectives of this project:  

(a) Measurement of the thermal conductivity (by 3ω method) of LSCO with -0.3    

0.3 (from Chapter V) 

(b) Achieving low contact resistance with metallic electrodes on both p-type LSCO and 

n-type SLTO 

(c) Achieving epitaxial integration on silicon (especially intrinsic silicon) and assessing 

its impact on the thermoelectric properties 

(d) Microfabrication of a thermoelectric oxide module (ANR MITO) 

 

6.2.1. Thermal conductivity and full ZT measurement of LSCO epitaxial films 

It would be very interesting to measure the thermal conductivity of La1-xSrxCrO3 

epitaxial thin films, which remains unknown and is expected to be lower than that of LaCrO3 

and SrCrO3, as observed for other solid solutions (down to the so-called alloy limit) such as 

Si1-xGex [7] or SrxBa1-xTiO3 [8] for instance. Especially, the thermal conductivity of LSCO 

should be rather low, lower than 4.5 W⸱m-1⸱K-1 as reported for bulk LaCrO3 [9], of about 2 

W⸱m-1⸱K-1 as reported for bulk LaCrO3 as well [10] or less as reported for La0.85Sr0.15CrO3 [11]. 

This low thermal conductivity value is important for thermoelectric devices to help 

maintaining a thermal difference and to enhance the overall thermoelectric performance (ZT 

value). A thermal conductivity study would be especially interesting for the cationic 
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off-stoichiometry series, (La0.75Sr0.25)1+CrO3, for which a slight cationic stoichiometry 

deviation (Cr-deficient) induces an enhancement of the thermoelectric power factor (PF = 

S2σ), in addition to an expected reduction of the thermal conductivity (κ) by the introduction 

of point defects (Cr vacancy) and/or planar defects (stacking faults such as supplementary AO 

planes), that would enhance even more the overall figure of merit (ZT = PF/κ) (see Chapter V). 

Indeed, these thermal conductivity measurements have started with a collaboration with 

CETHIL using the 3 method [12]. This task will be continued with the Ph.D. thesis of M. 

d’Esperonnat (INL, 2019-2022).  

The thermal conductivity measurement of thin films is much more difficult than that of 

bulk materials because it is difficult to discriminate the response of the thin layer from that of 

the substrate. The electrical 3ω method [12, 13, 14, 15, 16, 17, 18], reported in the early ’90s by D. 

Cahill to measure κ in dielectric films [13] is also suitable to characterize insulating bulk 

single-crystal materials such as oxide substrates [19]. This method, involving heating by Joule 

effect through a metallic wire deposited on the sample (Figure 6. 1), can be applied to 

characterize thermoelectric thin films using an insulating layer between the conducting film 

surface and the heater. The detailed principle of this technique can be found elsewhere [12, 20, 

21].  

 
Figure 6. 1 Deposited metallic wire on top of the substrate. (a) Heater/sensor in the 3ω method. (b) 

Cross-sectional view. Taken from Ref. 20 and 21. 

 

6.2.2. Measurement of the contact resistance with metallic electrodes 

Contact resistance between the thermoelectric materials and the conductive interconnects 

is crucial in a thermoelectric module since there are many p-n leg pairs with metallic 

interconnects in-between each. For instance, contact resistance larger than 10-10 ⸱m2 would 

be detrimental for the module functionality (limited/no current flow in generator mode, and 

heating by Joule effect in targeted cooling mode) [22]. In the framework of the ANR MITO 
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project, various conductive materials have been investigated to build an oxide thermoelectric 

module with the lowest possible contact resistance: metallic Pt, Ti/Au, Cr/Au, and SrRuO3 

conductive oxide. The contact resistance is measured using top electrodes patterned by 

transmission line model (TLM) or circular TLM (CTLM) masks [ 23 , 24 , 25 ] using the 

photolithography process shown above. This task has also been handled by R. Moalla on both 

n-type La-doped SrTiO3 and p-type Sr-doped LaCrO3 thermoelectric epitaxial films. An 

article is in preparation for these measurements and corresponding results.  

 

6.2.3. Epitaxial integration on silicon 

Various p-type Sr-doped LaCrO3 epitaxial films have shown high quality and tunable 

functionalities. Since silicon is still the most used microelectronic platform, heteroepitaxy on 

Si(001) is particularly for compact integration microelectronic devices. However, this task is 

challenging because of strong dissimilarities (structural, chemical, and thermal) existing 

between perovskite oxides and silicon. As other functional perovskite oxides, one possibility 

to monolithically integrate LSCO epitaxial films on silicon is to use heteroepitaxial 

SrTiO3/Si(001) buffer layer [ 26 , 27 , 28 , 29 , 30 , 31 , 32 ]. This well-known single-crystalline 

SrTiO3/silicon platform opens the way to the design of more compact, multifunctional, and 

high-performance technological components based on functional perovskite oxides. For 

instance, an attempt to fabricate an integrated micro thermoelectric module based on 

perovskite oxides, partly constituted of LSCO p-type legs, is of interest for integrated cooler 

or thermal energy harvesters for IoT. Such a challenging achievement is the goal of the project 

ANR MITO (2018-2021) [33]. In this section, the SrTiO3/Si(001) structural matching, the Si 

surface preparation, the growth conditions of epitaxial SrTiO3 (STO) layer on Si(001) 

substrate by MBE as well as the first LSCO films epitaxially grown on SrTiO3/Si(001) are 

presented.  

 

6.2.3.1. SrTiO3/Si(001) structural matching 

The STO has a cubic perovskite structure with a lattice constant of 3.905 Å at room 

temperature, while silicon has a diamond structure with a lattice constant of 5.431 Å. An 

epitaxial relationship between STO(001) and Si(001) can be found by in-plane rotation of the 

cell lattices by 45° ([100]STO // [110]Si) allowing heteroepitaxy (as shown in Figure 6. 2). The 
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epitaxial relationship can be written as follows: [100] STO(001) // [110] Si(001). The lattice 

mismatch at room temperature is around -1.66% between STO (aSTO = 3.905 Å) and Si 

(aSi/√2 = 3.84 Å) [34].  

 
Figure 6. 2 Schematic illustrations of the epitaxial relationship between perovskite oxides and Si unit cells. The 

atomic model of the epitaxial relationship between the STO(001) layer and the Si(001) substrate. Taken from Ref. 

35 and 28. 

 

6.2.3.2. Preparation of the silicon substrate for SrTiO3/Si(001) heteroepitaxy 

First, the Si(001) substrate surface has to be prepared to be ready for the early stage of 

the epitaxial growth of SrTiO3/Si(001). In the following, the Si preparation procedure done at 

INL is presented. After embedded adsorbed carboxyl-group species by SiO2 formed in an 

ozone UV box, an HF-based acid chemical etching is realized to selectively remove the global 

SiO2 layer. Then, a 1-2 nm thick clean SiO2 layer is regrown in the ozone UV box and is 

further thermally desorbed in-situ in the MBE chamber assisted by Sr, as reported by Wei et al. 
[36]. After this thermal desorption, the Si(001) surface is passivated by half monolayer of Sr 

(from SrSi2 covalent bonds) and is then ready for the first epitaxial SrTiO3 monolayers [26, 27, 29, 

30]. Details on such stage are monitored in-situ by RHEED as shown in Figure 6. 3.  

 
Figure 6. 3 RHEED evaluation of the Si(001) surface along the [110] azimuth during Sr passivation. (a) The 

surface after chemical treatment; (b) appearance of 3×2 and 6×2 reconstructions of Sr on Si; (c) 1×2 

reconstruction after complement of the Sr monolayer under P(O2) = 5×10-8 Torr at 400 °C. Taken from Ref. 35. 
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6.2.3.3. Epitaxial growth of SrTiO3 on Si(001) 

The epitaxial growth of STO on Si has been well developed at INL for 15 years [37, 38, 

39 , 40 , 41 ]. About 10 monolayers of STO are firstly deposited on Si at relatively low 

temperatures (350-390 °C) under a low oxygen partial pressure (5×10-8 Torr) to avoid 

degradation of the interface. It is important to note that the partial pressure of oxygen P(O2) 

should not exceed about 5×10-8 Torr at the first growth stage to avoid a Si surface reaction 

with oxygen and the formation of silica which could prevent the epitaxial growth of SrTiO3. 

An excess of Sr is then necessary to guarantee the crystallization of STO at this relatively low 

temperature [30]. This layer is partially amorphous but has an abrupt interface with Si and is 

then annealed under vacuum at around 440 °C for recrystallization. The first 10 monolayers 

are used as a template for the second growth.  

  
Figure 6. 4 Schematic illustrations of the epitaxial oxide heterostructure on Si and a cross-sectional transmission 

electron microscopy image of the STO/Si interface. Taken from Ref. 30 and 31. 

 

Figure 6. 4 shows a cross-sectional transmission electron microscopy image of the 

epitaxial STO/Si interface from these growth conditions [30, 31]. A clear abrupt interface 

between the single-crystal STO film and Si can be observed without the SiO2 layer. Then, the 

optimal conditions for the subsequent stoichiometric STO layer are 420 °C and P(O2) = 

1×10-7 Torr.  

Figure 6. 5a and b show the RHEED patterns of an STO layer about 37 nm thick along 

the [100] and [110] azimuths. Well-contrasted lines reveal a good crystalline quality of a film 

having a flat surface. The absence of the 2nd order reconstruction on two azimuths proves the 

good stoichiometry [42]. Figure 6. 5c indicates only diffraction peaks corresponding to the {00l} 

reflections of the STO film and substrate. No other orientation nor other phases than STO(00l) 

are present in the epitaxial film. 
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Figure 6. 5 (a) RHEED patterns of STO/Si along the [100] and [110] azimuths. (b) XRR curve of STO/Si 

including the raw data (black line) and the fitting curve (red line). (c) XRD 2/ scans from 20º to 80º. (d) XRD 

analysis near the (002) reflection. (e) XRD -scan around the STO(002) reflection.  

 
The out-of-plane lattice parameter is extracted from Figure 6. 5d (cSTO = 3.925 Å). This 

lattice expansion can be due to either the theoretical in-plane compression or most probably to 

off-stoichiometry from Sr excess in the early stage of the growth and oxygen vacancies from 

the low oxygen partial pressures. The mosaicity, measured on the STO(002) reflection, of this 

STO epitaxial layer, is 0.23° (Figure 6. 5e), which is slightly larger than that of STO layers 

epitaxially grown on perovskite oxide substrates. Noted that the position of STO(002) 

depends on the growth conditions, such as the temperature (thermal strain), the partial 

pressure of oxygen (oxygen vacancies, interfacial SiO2 regrowth, and flux deviation), cationic 
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stoichiometry (Sr excess in the early stage), thickness (structural relaxation), etc [30, 32, 35, 41].  

 

6.2.3.4. Epitaxial growth of La0.75Sr0.25CrO3 thin film on SrTiO3/Si(001) 

The STO/Si(001) can be used as a pseudo-substrate of excellent quality for the 

subsequent epitaxial growth of functional oxides, as the p-type La1-xSrxCrO3 and n-type 

LaxSr1-xTiO3 thermoelectric perovskite oxides for instance. In this section, epitaxial 

La0.75Sr0.25CrO3 (LSCO) thin film was grown by MBE on the STO/Si(001) template presented 

above. The same growth conditions as the LSCO/STO(001) layer were used: 700 °C, P(O2) = 

1×10-7 Torr, and 0.15 nm/min (~30 nm in total).  

 
Figure 6. 6 (a) RHEED patterns of LSCO/STO/Si along the [100] and [110] azimuths. (b) XRD 2/ scans from 

20º to 80º. (c) XRD analysis near the (002) reflection. (d) XRD -scans around the STO(002) and LSCO(002) 

reflections. (e) RSM recorded around the asymmetric (103) reflection of LSCO thin film on STO/Si.  
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Figure 6. 6a shows the RHEED patterns recorded at the end of the growth of 28 nm thick 

LSCO thin films. There is no 2nd order reconstruction on two azimuths, which confirms the 

stoichiometry. Rather spotty patterns indicate that the film is slightly rougher than LSCO 

films directly grown on perovskite oxide substrates shown in Chapter IV for instance. A slight 

sign of polycrystalline (visible Debye-Scherrer rings) can be seen in Figure 6. 6a. This can be 

explained by the relatively low thermal instability of the SrTiO3/Si layer and possible cationic 

interdiffusions, probably enhanced by Sr-excess and defects in the STO layer. However, in 

Figure 6. 6b, it is not quite clear from the wide XRD scan to distinguish other phases and 

orientations from the perovskite LSCO(00l). The out-of-plane lattice parameters of 

epitaxially-strained LSCO and STO are extracted from Figure 6. 6c (cLSCO = 3.852 Å and cSTO 

= 3.921 Å), and confirmed by the RSM measurement around the asymmetrical (103) 

reflection (Figure 6. 6e). The in-plane lattice parameter of the LSCO layer (aLSCO) is about 

3.922 Å. The -scans measured around the LSCO(002) and STO(002) reflections are shown 

in Figure 6. 6d. The mosaicities are 1.54° and 0.36° respectively. Due to the crystalline quality 

and instability of the STO/Si template, the quality of LSCO is relatively lower than those 

grown on perovskite oxide substrates as shown in Chapter IV for instance (i.e. LSCO on LAO, 

LSAT, STO, and DSO commercial perovskite-type substrates). Note that the full width at half 

maxima (FWHM) of the STO(002) reflection shown in Figure 6. 6d (0.23°) is slightly larger 

than that shown in Figure 6. 5e (0.36°). Slight degradation occurs in the STO layer during the 

LSCO growth at high temperature (700 °C) which is much higher than that used for the STO 

layer growth (420 °C).  

XPS was used to estimate the chemical composition (Figure 6. 7). To directly compare 

binding energies, the Cr 2p3/2 peaks (Figure 6. 7c) are all shifted to 576 eV and normalized to 

1. For each sample, the same shift and normalization are then applied to La 4d and Sr 3d 

spectra (Figure 6. 7a and b respectively). The targeted chemical compositions within 

instrumental uncertainties of LSCO films grown on LAO, LSAT, STO, and DSO substrates 

are already summarized in Table 4.2 in Chapter IV. It can be seen that the XPS spectra of 

LSCO grown on STO/Si (green curves) coincide well with all other curves, indicating the 

good stoichiometry of this LSCO layer grown on STO/Si(001).  
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Figure 6. 7 XPS measurements of (a) La 4d, (b) Sr 3d, and (c) Cr 2p core level for LSCO films grown on 

different substrates. 

 

6.2.4. Micro-fabrication of functional thermoelectric perovskite-oxide module 

After the integration on silicon, the thermoelectric micromodule (μ-TE) has to be 

fabricated with microelectronic technology processes. However, such a fabrication requires 

various challenging selective etching steps and localized epitaxial oxide growth on 

STO/Si(001). These challenging technological developments are under progress within the 

project ANR MITO and are mainly handled by R. Moalla. These tasks are beyond the scope 

of my Ph.D. thesis.  

 
Figure 6. 8 Simplified sketch of a planar thermoelectric micromodule architecture in top- and cross-view on 

silicon-on-insulator (SOI). 

 

Figure 6. 8 shows the targeted module planar architecture of the μ-TE. Since the 

generated output voltage of the module is proportional to the number of micro p-n leg pairs 
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(Np-n) and the temperature difference (U = Np-n × T × S), the number and length of leg pairs 

can be maximized to obtain the highest output power density. The patterned leg-pairs and 

interconnects will be sequentially deposited on 2-inch SOI wafers with the previous epitaxial 

SrTiO3 layer with sequential photolithography and lift-off process.  

The final micro-module is planned to be tested in power generation mode (via Seebeck 

effect). Then, it could be judged whether the μ-TE is efficient and can be integrated close to 

microelectronic devices. With the emergence of more low-power devices and the gradual 

improvement of thermoelectric materials (ZT, low toxicity, stability, abundance…), μ-TE 

devices would be applied in more fields and achieve success in the future market.  
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1. Introduction 

1.1. Contexte global 

D’une manière générale, les énergies renouvelables et la récupération d’énergie, sans 

émission de gaz à effet de serre, jouent un rôle de plus en plus important dans notre monde 

toujours plus énergivore qui connaît une crise environnementale/climatique sans précédent. 

Plus particulièrement, à l’échelle des dispositifs microélectroniques, de nombreux petits 

capteurs sans fils composant l’internet des objets en pleine expansion peuvent être alimentés de 

manière autonome par des dispositifs de récupération d’énergie. Ces développements 

s’intègrent dans la vision « More than Moore » actuelle de l’industrie microélectronique qui 

consiste en l’intégration de diverses fonctionnalités sur puce autres que des fonctions de 

mémoire et logique. D’autre part, la chaleur dissipée par les microdispositifs opto-électroniques 

est perdue ou non contrôlée. Pourtant, il y a un besoin de contrôler efficacement la température 

des microdispositifs ou de tirer profit de cette source de chaleur (énergie thermique). La 

recherche dans le domaine de la thermoélectricité et des matériaux thermoélectriques, qui lie 

l’énergie thermique à l’énergie électrique, a connu un regain d’intérêt ces dernières décennies 

du fait de ce contexte global.  

 

1.2. Thermoélectricité et matériaux thermoélectriques 

1.2.1. Introduction 

Comme son nom l’indique, la thermoélectricité lie l’énergie thermique (flux de chaleur) à 

l’énergie électrique (courant électrique) dans un matériau. Un matériau thermoélectrique est un 

matériau fonctionnel qui permet de convertir directement l’énergie thermique en énergie 

électrique de manière réciproque. Lorsqu'une différence de température existe entre les deux 

extrémités d'un matériau, une différence de potentiel électrique se forme dans le matériau par 

effet Seebeck. A l’inverse, lorsqu’une différence de potentiel est maintenue aux bornes du 

matériau thermoélectrique, une différence de température est induite par effet Peltier. Par 

conséquent, les matériaux thermoélectriques sont particulièrement adaptés pour les applications 

de récupération d’énergie thermique (génération d’électricité) et de refroidissement (gestion de 

l’énergie thermique). Les domaines d’application peuvent être très variés, allant de l’aérospatial 

à la microélectronique, en passant par les objets du quotidien avec l’internet des objets et 
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l’alimentation de leurs capteurs communiants sans fil qui sont souhaités autonomes.  

En plus des qualités de stabilité chimique et thermique, de l’abondance, de la non toxicité 

et des faibles coûts des éléments qui composent le matériau thermoélectrique, leur performance 

thermoélectrique est définie par un facteur de mérite adimensionnel (ZT) comme suit [1] :  

 
2S

Z



  (1) 

où S, σ, κ et T sont respectivement le coefficient Seebeck (S = V/T), la conductivité électrique 

(σ = ρ-1), la conductivité thermique et la température absolue.  

 
Figure 1 La valeur ZT implique un compromis entre la conductivité électrique σ, le coefficient de Seebeck α et la 

conductivité thermique κ en fonction de la concentration de porteurs. Le facteur de puissance thermoélectrique α2σ 

est maximisé à une concentration de porteurs plus élevée que ZT. De la ref. 1. 

 

Le facteur de mérite ZT peut être vu comme un rapport de deux composantes : la 

performance de conversion thermoélectrique (facteur de puissance thermoélectrique PF = S2σ) 

et la conductivité thermique comprenant une partie électronique et une autre phononique de 

réseau (κ = κe + κL). Les matériaux thermoélectriques les plus performants (maximum de ZT) 

sont des semiconducteurs fortement dopés, ou dit dégénérés dans la gamme des 1019-1020 cm-3 

(Figure 1 [1]). L’optimisation des matériaux thermoélectriques (augmentation du ZT) repose sur 

l’ingénierie de structure de bande (optimisation du dopage, maximisation du coefficient de 
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Seebeck) afin d’augmenter le PF, et l’ingénierie phononique (nanostructuration, défauts, 

inclusions…) afin de diminuer la conductivité thermique globale.  

 

1.2.2. Principaux matériaux thermoélectriques traditionnels 

À l'heure actuelle, la plupart des matériaux thermoélectriques appliqués et ayant de bonnes 

performances sont des alliages métalliques, notamment à base de tellurures, d’antimoine et 

selenium : (Bi,Sb)2Te3, PbTe, CoSb3, SiGe, SnSe, etc., et leurs valeurs ZT peuvent atteindre 1 

à 3 en fonction de leur température de fonctionnement et leur structuration (Figure 2) [1, 2, 3, 4, 

5]. 

 
Figure 2 ZT de matériaux commerciaux pour la production d'énergie thermoélectrique résumé en 2008, (a) type n 

et (b) type p. De la ref. 1. 
 

Au cours des dernières décennies, l'émergence de certains nouveaux types de matériaux 

thermoélectriques, tels que les alliages semi-Heusler, les phases clathrates, skutterudites, zintl, 

les oxydes, en plus des différentes nanostructurations et dopages possibles, a permis 

d’augmenter les facteurs de mérites rendant possible un développement de plus grande ampleur 

et des études plus approfondies des mécanismes intrinsèques thermoélectriques.  

 

1.2.3. Oxydes pérovskites comme matériaux thermoélectriques alternatifs 

Les oxydes ont commencé à être considérés dans le domaine de la thermoélectricité depuis 

les publications des résultats sur les cobaltites de sodium NaxCoO2 ayant une structure en 

feuillets [6, 7, 8]. Quelques années plus tard, de grands facteurs de puissance, comparables à ceux 
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de Bi2Te3 de référence, ont été publiés avec le titanate de strontium (SrTiO3) dopé au La [9]. Ces 

publications ont montré que les oxydes en général, et de structure pérovskite (ABO3) en 

particulier, peuvent être utilisés comme matériaux thermoélectriques alternatifs [10]. Les oxydes 

de structure pérovskite ont l’avantage d’être très flexible chimiquement et donc d’avoir des 

propriétés accordables par substitutions cationiques partielles. Selon la littérature, leur valeur 

ZT la plus élevée obtenue expérimentalement est proche de 0.4 [11] (voir Figure 3). Cependant, 

les oxydes thermoélectriques de structure pérovskite sont principalement de type n (i.e. SrTiO3-

δ, SrTiO3 dopé La, SrTiO3 dopé Nb) et présentent des meilleures performances 

thermoélectriques que celles de type p (i.e. LaCrO3 dopé Sr, LaMnO3 dopé Sr). Les lacunes 

d'oxygène qui conduisent à un dopage n, sont un paramètre important à prendre en compte et 

contrôler. Par conséquent, il y a un besoin de développer des oxydes de structure pérovskite 

avec des propriétés thermoélectriques de type p améliorées. Cette thèse s’inscrit dans ce 

contexte particulier.  

 
Figure 3 Résumé des valeurs ZT des pérovskites oxydes par année. Les valeurs ZT de tous les matériaux ont été 

extraites de la littérature à sa température de fonctionnement optimale. Les trois lignes en pointillés sont les valeurs 

ZT de BiSbTe [12], AgPb18SbTe20 (LAST) [13], et SiGe [14], ayant une température différente. De la ref. 11.  

 

1.3. Objectifs de la thèse 

Cette thèse doctorale porte sur la croissance et l’étude de films épitaxiés thermoélectriques 
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de LaCrO3 dopé au Sr (solutions solides La1-xSrxCrO3) de type p. L’impact de différents 

paramètres (taux de dopage/substitution cationique, déformation épitaxiale, déviation par 

rapport à la stœchiométrie cationique) sur leurs propriétés structurales et thermoélectriques est 

étudié. Cette thèse s’intègre dans le projet ANR MITO (first MIcro-Thermoelectric module 

based on Oxides) [15 ] visant à intégrer des matériaux thermoélectriques prometteurs à base 

d'oxydes pérovskites dans des modules thermoélectriques micrométriques pour la gestion 

thermique efficace (refroidissement ou récupération) sur les plates-formes micro-

optoélectroniques.  

 

2. Méthodes expérimentales 

Cette section, résumant le Chapitre II, est dédiée à présenter les principales techniques 

expérimentales qui ont été utilisées lors de mes études doctorales. Elles sont classées en trois 

catégories en fonction des étapes expérimentales successives : d'abord la croissance des 

couches minces, puis les caractérisations structurales et enfin les mesures des propriétés 

physiques (électroniques et thermoélectriques).  

 

2.1. Méthode d’élaboration : épitaxie par jet moléculaire (MBE) 

L'épitaxie par jet moléculaire (MBE), qui a été utilisée pour la première fois dans les 

années 1970 par A. Y. Cho et J. R. Arthur [16, 17], est une technique de croissance cristalline de 

couche atomique par couche atomique, basée sur l’émission d’un flux atomique ou moléculaire 

sur un substrat monocristallin chauffé dans un environnement à ultra-vide (UHV) [18]. L’épitaxie 

survient lorsqu’il y a un certain accord cristallographique entre la couche et le substrat 

(orientation préférentielle de la couche hors plan et dans le plan avec le substrat). La technique 

MBE est capable de produire des hétérostructures épitaxiées de très haute qualité et haute pureté 

avec un contrôle précis des compositions chimiques et des interfaces à l’échelle de la fraction 

de monocouche atomique. Cette technique, d’abord utilisé pour les semiconducteurs, est moins 

mature pour la croissance des oxydes fonctionnels. Dans cette thèse, nous avons utilisé des 

cellules à effusion de Knudsen pour tous les éléments à évaporer par effet Joule (La, Sr, Cr, Ti) 

et de l’oxygène moléculaire (O2) comme source oxydante. Les conditions de croissance 

(température, pressions partielles d’oxygène, vitesse de croissance…) sont rappelées en début 

de chaque section pour chaque séries présentées. Cette méthode de mesure produit une 
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incertitude de composition chimique inférieure à 4,4%. 

 

2.2. Caractérisations des propriétés structurales 

Nous avons utilisés différents outils de caractérisation in-situ et ex-situ pour caractériser 

les propriétés structurales des couches minces (morphologie de surface, qualité cristalline, 

épaisseur, paramètres de maille, composition chimique, etc). Les principales utilisées sont 

décrites brièvement ci-dessous.  

 

2.2.1. Diffraction d’électrons de haute énergie en réflexion (RHEED) 

Les propriétés structurales des films minces sont caractérisées dès la croissance in-situ 

grâce à la diffraction d'électrons de haute énergie en réflexion (RHEED) qui est installé sur le 

bâti de croissance MBE. C’est une technique non destructive qui permet de contrôler la qualité 

cristalline et la morphologie qualitative des surfaces. Il s'agit du premier outil de caractérisation 

donnant des informations importantes pendant et après la croissance.  

 

2.2.2. Microscopie à force atomique (AFM) 

La microscopie à force atomique (AFM) est une technique de champ proche permettant 

de caractériser la morphologie et la rugosité de surface avec une résolution sub-nanométrique 

en hauteur sur une surface de quelques micromètres. Elle permet également de mesurer un 

contraste chimique de surface si la surface est plane par friction (déflexion latérale de la pointe) 

en mode contact (Friction Force Microscopy, FFM) ou par analyse des phases en mode 

oscillatoire (tapping).  

 

2.2.3. Réflectométrie et diffraction des rayons X (XRR et XRD) 

La diffraction des rayons X (XRD) permet d’étudier les propriétés structurales des 

matériaux. Selon la loi de Bragg, la diffraction résulte de diffusions élastiques cohérentes 

d’ondes électromagnétiques dans un réseau régulier de diffuseurs (arrangement répétitif 

d'atomes dans un cristal par exemple). L’INL est équipé d’un diffractomètre SmartLab Rigaku 
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avec une anode tournante en cuivre de haute brillance (9 kW) et monochromateur Ge(220) à 

deux réflexions (Cu K 1 = 1,54056 Å). A ces longueurs d’onde, parce que la longueur d'onde 

des rayons X émis est du même ordre de grandeur que les distances inter-réticulaires (dhkl, 

espacement entre les plans cristallins), la diffraction régie par la loi de Bragg permet de sonder 

la structure atomique (paramètres de maille, l’orientation cristalline, défauts cristallins, 

mosaïcité…). Dans cette thèse, diverses mesures telles que la réflectivité des rayons X (XRR), 

les mesures hors plan standards (2θ/ω scans), ainsi que des cartographies de l’espace réciproque 

(RSM) et des mesures de figures de pôle ont été utilisées. 

 

2.2.4. Spectrométrie photoélectronique par rayons X (XPS) 

La spectrométrie photoélectronique par rayons X (XPS) permet de caractériser le degré 

d’oxydation des éléments (leur valence), leur environnement chimique (liaisons), ainsi que la 

composition élémentaire d’un matériau. L’INL est équipé d’XPS avec une anode en Al et 

monochromateur (hAl K = 1486,6 eV). Ces énergies permettent de mesurer les électrons 

excités et photoémis par les rayons X issus des atomes se situant à 5-10 nm de profondeur. Ces 

photoélectrons sont émis avec une certaine énergie cinétique et mesurés par l'instrument, 

permettant de remonter aux énergies de liaison. La plage d'erreur de notre XPS est de 5-15%, 

au-dessus de celle de mesure du flux. Dans mes études, j'utilise des compositions d'éléments 

plus précises données par les mesures de flux. 

 

2.2.5. Spectrométrie de rétrodiffusion de Rutherford (RBS) 

La spectrométrie de rétrodiffusion de Rutherford (RBS) peut également être utilisée pour 

déterminer la composition chimique des films en analysant la perte d'énergie des ions légers à 

hautes énergies (de 0,5 à 5 MeV) traversant le matériau. Cette technique a été utilisée en 

collaboration avec B. Canut (INL) sur quelques échantillons afin de confirmer les points 

stœchiométriques en accord avec les résultats d’XPS. Les résultats concordent avec ceux de 

XRD/RHEED avec une incertitude de 10%. 
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2.3. Caractérisation des propriétés physiques 

Dans cette section, les principales techniques de mesures utilisées dans ma thèse pour 

caractériser les propriétés électroniques et thermoélectriques des couches minces sont 

brièvement présentées.  

2.3.1. Propriétés électroniques par méthode quatre pointes et effet Hall 

La résistivité (ρ) est la capacité d'un matériau à entraver le flux de charges électriques sous 

un champ électrique appliqué. La conductivité électrique (σ) est l’inverse de la résistivité (σ = 

ρ-1). En plus de la méthode de mesures par quatre pointes permettant de mesurer la résistivité 

(ρ) des couches minces par des droites I-V, l’effet Hall permet de mesurer, en plus de la 

résistivité, la densité (p) et mobilité (μ) des porteurs de charges libres sous un champ 

magnétique [19]. Les mesures par effet Hall ont été effectuées en géométrie Van der Pauw [20].  

 

2.3.2. Propriétés thermoélectriques par des mesures du coefficient Seebeck 

Le coefficient Seebeck (S) est un paramètre thermoélectrique conceptuellement simple à 

mesurer. Lorsqu'un échantillon est soumis à un gradient de température, le rapport de la 

différence de potentiel électrique mesurée (ΔV) et de la différence de température (ΔT) entre 

deux points quelconques donne S = ΔV/ΔT du matériau. Les conditions importantes à satisfaire 

sont les conditions à l’équilibre électrique (aucun flux net), les mesures de température et de 

tension aux mêmes points avec une très bonne précision (0.1 °C et 1 V) et le contact 

ohmique entre les fils de tension et l'échantillon [21]. La structure du montage utilisé à l’INL 

pendant ma thèse est présentée dans la Figure 4. La description détaillée des différentes 

méthodes de mesure a été expliquée par D. M. Rowe [22, 23].  
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Figure 4 Schéma de principe du banc de mesure du coefficient Seebeck en couche mince développé à l'INL.  

 

3. Effet de la substitution cationique (x) 

Cette section résume le Chapitre III de ma thèse qui présente les propriétés structurales, 

électriques et thermoélectriques des solutions solides La1-xSrxCrO3, après avoir pris soin de bien 

calibrer la stœchiométrie cationique avec LaCrO3 (x = 0) et SrCrO3 (x = 1). Les résultats 

correspondant à la calibration de LaCrO3 ont été publiés dans la référence [24]. 

 

3.1. Séries de calibration LaCrO3 et SrCrO3 

3.1.1. Conditions de croissance 

Des films minces épitaxiés de La1+CrO3 (LCO) de ~15 nm d’épaisseur (-0,25    +0,25) 

et de Sr1+CrO3 (SCO) de ~60 nm d’épaisseur (-0,15    +0,15) ont été crûs par MBE sur des 

substrats monocristallins de SrTiO3 (STO) orientés (001) à des vitesses de 0,1 et ~0,67 nm/min, 

respectivement, par co-évaporation de Sr, La et Cr. Les flux ont été mesurés avant la croissance 

à l'aide d'une jauge d'ionisation Bayard-Alpert (après soustraction du vide de base) et vérifiés à 

l'aide d'une microbalance à quartz (QCM).  
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3.1.2. Propriétés structurales 

Comme mentionné dans la section 2.2, différentes techniques ont été utilisées pour 

caractériser les propriétés (micro)structurales de ces couches de calibrations : RHEED, AFM, 

XRR, XRD, XPS, RBS. Nous montrerons ci-dessous les principaux résultats issus de ces 

mesures.  

La XRR a été utilisée pour mesurer l'épaisseur et les rugosités (rms) de surface/interface 

de tous les films LCO et SCO (résumées dans Tableau 1).  

 

Tableau 1 Épaisseur et rugosité-rms pour tous les films de calibration. 

Film La1+δCrO3 Sr1+δCrO3 

δ -0,25 -0,125 0 0,1 0,25 -0,143 -0,071 0 0,071 0,143 

t (nm) 13,8 14,6 15,8 16,9 14,2 38,0 53,0 67,6 54,9 69,1 

rms surface (nm) 0,46 0,46 0,30 0,48 0,99 0,73 0,97 1,2 2,05 1,17 

rms interface (nm) 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 

Densité (g⸱cm-3) 8,16 8,39 8,46 8,68 8,27 5,53 5,56 5,60 6,23 6,18 

 

 
Figure 5 Spectres RBS des films stœchiométriques LCO et SCO. 
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RBS a été utilisé pour vérifier la stœchiométrie cationique des films de calibration LCO et 

SCO. La composition des deux films stœchiométriques est examinée, dans laquelle le rapport 

atomique [La/Cr] et [Sr/Cr] est bien de 1 (voir Figure 5), montrant un très bon accord avec les 

résultats XRD (voir Figure 7).  

Les motifs RHEED le long des directions cristallographiques planes à symétrie élevée 

[100] et [110] après la croissance des couches minces d'étalonnage de La1+CrO3 sont 

représentés sur Figure 6. Tous les motifs RHEED se présentent bien des stries contrastées 

signifiant que tous les films LCO sont épitaxiés avec des surfaces planes dans la gamme (écart 

par rapport à la stœchiométrie cationique, -0,25    0,25 pour le LCO, estimé après avoir 

terminé caractérisation). 

 
Figure 6 Images RHEED le long des azimuts [100] et [110] (prises à environ 200 °C, et à P(O2) = 1×10-9 Torr) 

après la croissance des films de LCO. Les flèches verticales blanches indiquent des réflexions de 2ème ordre 

démontrant une reconstruction de surface selon l'azimut considéré. 

 

Plus en détail, pour l'étalonnage LCO, lorsque |δ| = 0,25, les stries sont légèrement floues 
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et le fond est plus clair que celui observé pour les échantillons avec un |δ| plus faible, révélant 

un désordre cristallin plus important. Pour δ = -0,125 (film LCO légèrement riche en Cr) et δ = 

0 (film LCO stœchiométrique), les stries sont nettes le long des deux azimuts, indiquant que la 

surface est bien ordonnée. De plus, pour ces deux échantillons, une réflexion striée de second 

ordre le long de la direction [110] (indiquée par des flèches blanches) est observée. Une faible 

réflexion striée de 2ème ordre apparaît également le long de l'azimut [100] pour δ = -0,125 alors 

que seule une réflexion de 1er ordre est observée le long de cet azimut à δ = 0, ce qui indique 

une reconstruction de surface 2×2 et 2×1 pour le légèrement Film LCO riche en Cr (δ = -0,125) 

et film stœchiométrique (δ = 0), respectivement. En revanche, lorsque δ = 0,1 (film LCO 

légèrement riche en La), seules des stries de 1er ordre sont visibles indiquant l'absence de 

reconstruction de surface. 

 
Figure 7 (a-e) Scans XRD 2/ près des réflexions (002) des films LCO et des substrats pour différents δ. (f) 

Paramètre de maille hors plan en fonction de δ. (g) -scans autour de la réflexion (002) pour tous les films, 

normalisés au film stœchiométrique ( = 0). (h) Intensité diffractée intégrée normalisée des scans montrés en (g) 

en fonction de . 
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La Figure 7 montre les scans XRD 2/ autour des réflexions (002) des films LCO et des 

substrats STO tracés en unités spatiales réciproques. La réflexion LCO(002) est très proche de 

celle du substrat STO et apparaît comme un épaulement du pic du substrat. Qualitativement, la 

position de la réflexion du film diminue en Qz avec la déviation par rapport à la stœchiométrie, 

ce qui signifie que le paramètre de maille hors plan du film LCO (cLCO) augmente avec cette 

déviation. Les films Cr-riches et La-riches présentent les cLCO plus grands que celui du film 

stœchiométrique, en accord avec d'autres films d'oxyde de pérovskite tels que SrTiO3
 [25, 26, 27]. 

Cette tendance est également observée par Qiao et al. [28], mais avec un minimum de cLCO décalé 

sur les films légèrement riches en Cr (δ = -0,05) au lieu de la stœchiométrie (δ = 0). Ce petit 

décalage de composition (5%) avec ce travail pourrait être dû à i) l'incertitude dans la 

détermination de la composition et du paramètre de maille de film, et ii) le rapport et la 

distribution des défauts cationiques ponctuels dans le film. 

Quantitativement, le cLCO a été extrait des fits des spectres XRD (Figure 7a-e) et est montré 

en fonction de δ sur Figure 7f, ainsi que les résultats de la littérature sur les films LCO épitaxiés 

pour comparaison [28, 29, 30]. La valeur minimale est cLCO = 3,873 Å (δ = 0), ce qui est en bon 

accord avec les résultats les plus récents de la référence [30], bien que des valeurs différentes (de 

3,871 à 3,881 Å) soient rapportées dans différents articles du même groupe. Autour de la 

stœchiométrie, les paramètres de maille sont inférieurs à la valeur apparente pseudocubique 

LCO (3,885 Å, carré bleu), indiquant une réduction du cLCO (-0,31%) en raison de la contrainte 

en tension dans le plan exercée par le substrat STO (εxx = 0,51%) [31 ]. Les films sont tous 

contraints par rapport au substrat, comme l’indique les cartographies de l’espace réciproque sur 

des réflexions asymétriques (montré dans la Figure 8). Le paramètre de maille hors plan 

augmente jusqu'à près de 3,93 Å pour les films clairement non stœchiométriques : 3,92 Å pour 

δ = -0,25 et 3,926 Å pour δ = 0,25. Dans de tels cas, ces valeurs élevées de cLCO, supérieures au 

paramètre de maille du substrat, sont en partie dues à la contrainte en compression dans le plan 

des films épitaxiés, en plus de l'effet de déviation stœchiométrique cationique lui-même. Pour 

δ = 0,1 (film légèrement riche en La), cLCO = 3,896 Å, en très bon accord avec les résultats de 

Qiao. Pour δ = -0,125 (légèrement riche en Cr), cLCO = 3,886 Å, ce qui est légèrement supérieur 

à la valeur indiquée par Qiao (3,873 Å pour δ = -0,15). 

Les -scans mesurés pour tous les films autour de la réflexion LCO(002) sont présentés 

sur la Figure 7g. La mosaïcité des films (FWHM) est inférieure à 0,09°, confirmant la très bonne 

qualité des films avec un faible niveau de désorientation polaire.  
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Figure 8 RSM autour de la réflexion asymétrique (103) des couches minces LCO et des substrats STO pour (a) δ 

= -0,25, (b) δ = -0,125, (c) δ = 0, (d) δ = 0,1 et (e) δ = 0,25. La ligne pointillée indique la position Qzz du substrat 

STO. 

 

 
Figure 9 Images RHEED le long des azimuts [100] et [110] (prises à environ 200 °C, et à P(O2) = 1×10-9 Torr) 

après la croissance des films de SCO. Les flèches verticales blanches indiquent des réflexions de 2ème ordre 

démontrant une reconstruction de surface selon l'azimut considéré. 
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Les images RHEED des films SCO (Figure 9) montrent la même variation des raies en 

fonction de δ comme LCO. Quand |δ| ≤ 0,07, les raies sont nettes le long des deux azimuts, 

révélant que les films sont bien épitaxiés et que leurs surfaces sont planes. Pour |δ| = 0,143, les 

raies le long de l'azimut [110] sont plus larges et le fond est plus clair que celles observées pour 

les autres, révélant un désordre cristallin plus important sur cette surface. Pour tous les films 

SCO, une raie de 2ème ordre est observée le long de la direction [110]. Cependant, une faible 

raie de 2ème ordre apparaît également le long de l'azimut [100] pour |δ| ≤ 0,07, ce qui indique 

des reconstructions de surface 2×2 pour le film stœchiométrique et les films légèrement non 

stœchiométriques.  

 
Figure 10 (a-e) Scans XRD 2/ près des réflexions (002) des films SCO et des substrats pour différents δ. (f) 

Paramètre de maille hors plan en fonction de δ. (g) -scans autour de la réflexion (002) pour tous les films, 

normalisés au film stœchiométrique ( = 0). (h) Intensité diffractée intégrée normalisée des scans montrés en (g) 

en fonction de . 

 

La Figure 10a-e montre les scans XRD 2/ autour des réflexions (002) des films SCO. 
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Le paramètre de maille hors plan du film SCO (cSCO) augmente également avec δ comme prévu. 

Le cSCO est extrait des fits des spectres XRD et résumé en fonction de δ sur Figure 10f, avec les 

valeurs trouvées dans la littérature pour comparaison [32]. Les cSCO de ce travail varient de 3,917 

à 4,01 Å et la valeur stœchiométrique est cSCO = 3,917 Å, ce qui est en très bon accord avec le 

résultat de la référence (3,92 Å) [32]. Les -scans mesurés pour les films SCO autour de la 

réflexion sont présentés sur la figure 6g. Le FWHM de ces courbes est inférieure à 0,1°, 

confirmant la bonne qualité cristalline des films avec une faible désorientation polaire. 

L’intensité diffractée diminue progressivement avec δ, représentée sur Figure 10h, en raison de 

l'introduction de défauts ponctuels et/ou planaires dans le réseau cristallin.  

 

3.2. Solutions solides La1-xSrxCrO3 : impact du taux de substitution x 

3.2.1. Conditions de croissance 

Des films épitaxiés La1-xSrxCrO3 (LSCO) de ~30 nm d’épaisseur (x = 0,1, 0,2, 0,25, 0,3 et 

0,4) ont été crûes par MBE avec une vitesse de ~0,15 nm/min sur des substrats STO(001) traités 

pour avoir une terminaison TiO2. Tous les films ont été recuits à l'air à 300 °C pendant 2 heures 

pour assurer une oxydation complète. Le caractère isolant du substrat STO après ce recuit a été 

vérifié par des mesures électriques en face arrière.  

 

3.2.2. Propriétés structurales 

Les propriétés de ces films ont été caractérisées par RHEED, AFM, XRR, XRD et XPS. 

Les principaux résultats issus de ces mesures sont montrés ci-dessous.  

 

3.2.2.1. Caractérisations XRR 

Les épaisseurs et rugosités (rms) des surfaces et interfaces ont été mesurées par XRR. Les 

résultats sont reportés dans la Tableau 2. On peut voir que la rugosité de surface augmente avec 

le taux de substitution (x), en accord avec les observations AFM (non montré ici). 
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Tableau 2 Épaisseur, rugosité (rms) et densité des films LSCO. 

x 0,1 0,2 0,25 0,3 0,4 

t (nm) 28,1 29,0 28,2 30,1 31,6 

rms surface (nm) 0,39 0,46 0,54 0,88 0,92 

rms interface (nm) 0,15 0,15 0,15 0,15 0,15 

Densité (g⸱cm-3) 7,45 6,42 6,35 6,30 6,28 

 

3.2.2.2. Caractérisations RHEED & XRD 

 
Figure 11 (a-e) Images RHEED le long des azimuts [100] et [110] (prises à environ 200 °C, et à P(O2) = 1×10-9 

Torr) après la croissance des films. Les flèches verticales blanches indiquent des réflexions de 2ème ordre 

démontrant une reconstruction de surface selon l'azimut considéré. (f-j) Scans XRD 2/ tracés avec les unités du 

réseau réciproque près des réflexions (002) des films et des substrats pour différents x. 
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Les images RHEED le long des directions cristallographiques [100] et [110] après la 

croissance de la série des films LSCO sont montrés sur la Figure 11a-e. Les raies sont nettes le 

long des deux azimuts, indiquant que les films sont bien épitaxiés avec une surface plane et 

ordonnée. Des réflexions de 2ème ordre le long de la direction [110] (indiquée par des flèches 

blanches) est observée pour x = 0,3 et 0,4, ce qui indique une reconstruction de surface 2×1 

pour ces compositions. Sinon, pour les trois autres films LSCO avec une concentration de Sr 

relativement faible, seule une réflexion de 1er ordre apparaît indiquant une absence de 

reconstruction de surface pour ces compositions (x  0,25).  

La Figure 11f-j montre les scans XRD 2/ autour des réflexions (002) des films LSCO 

et de leurs substrats avec des courbes de fit en rouges. La présence de franges de Pendellösung 

autour des pics de diffraction des films atteste de leur bonne qualité cristalline des films et de 

leurs interfaces (abruptes). Le paramètre de maille hors plan des films LSCO (cLSCO, marqué 

par des triangles noirs inversés dans l'unité de l’espace réciproque) diminue avec l'augmentation 

d’x, en raison de la contrainte dans le plan. Tous les films sont contraints sur le substrat, comme 

l’atteste les cartographies de l’espace réciproque (RSM) sur une réflexion asymétrique (montré 

dans la Figure 12).  

 
Figure 12 RSM autour de la réflexion asymétrique (103) des couches minces LSCO et du substrat STO, pour (a) 

x = 0,1, (b) x = 0,2, (c) x = 0,25, (d) x = 0,3 et (e) x = 0,4. La ligne pointillée horizontale indique la position Qzz 

du substrat STO. 

 

Les variations de cLSCO et de VLSCO en fonction d’x sont directement montrées sur Figure 

13. Les carrés pleins noirs sont extraits de ce travail, et les cercles pleins bleus sont les valeurs 

trouvées dans la littérature [30]. La variation cLSCO suit globalement une loi de Vegard [33]. Pour 

0 < x < 1, le cLSCO diminue avec l'augmentation de x, en assez bon accord qualitativement avec 

la littérature même si des différences significatives existent [30, 33]. Ces différences s’expliquent 

par les différences d’épaisseur et donc d’état de contrainte. Par exemple, le film à x = 0,25 de 
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la référence 30 est entièrement relaxé contrairement à notre film pour la même composition. Le 

paramètre de maille dans le plan de LSCO (aLSCO) relaxé de la littérature [30] est donc proche de 

3,892 Å (au lieu de celui du substrat STO 3,905 Å pour le nôtre) ce qui induit une augmentation 

du paramètre de maille hors plan (cLSCO = 3,871 Å) en comparaison avec notre couche 

contrainte en tension pour cette composition.  

 
Figure 13 Paramètre de maille hors plan et volume en fonction de la concentration de Sr. 

 

Tableau 3 Paramètres de maille dans le plan a et hors plan c et volume de la maille extraits par RSM. 

x a (Å) c (Å) Volume (Å3) 

0 3,905 3,873 59,059 

0,1 3,905 3,896 59,410 

0,2 3,905 3,881 59,181 

0,25 3,905 3,840 58,556 

0,3 3,905 3,825 58,328 

0,4 3,905 3,811 58,114 

 

Le paramètre de maille dans le plan aLSCO est mesuré par RSM autour de la réflexion 

asymétrique (103) (Figure 12). Les valeurs de aLSCO, cLSCO et volume de LSCO sont résumées 

dans Tableau 3. Le nœud (103) correspondant au film mince LSCO est déplacé le long de Qzz 
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en fonction de la composition chimique de manière cohérente avec les 2/ scans, confirmant 

la variation de cLSCO indiquée sur Figure 13. Comme indiqué plus haut, tous ces films LSCO 

sont entièrement contraints par rapport au substrat puisque le nœud LSCO(103) est aligné 

verticalement avec le nœud de substrat, indiquant que aLSCO est égal au paramètre de maille de 

STO (3,905 Å).  

3.2.2.3. Caractérisations XPS 

 
Figure 14 XPS de (a) La 3d5/2, (b) Sr 3d et (c) Cr 2p pour tous les films LSCO. 

 
Tableau 4 Résumé des propriétés chimiques des couches minces LSCO. 

x 
[A/(A+B)] 

(at.%) 

[Sr] 

(at.%) 

0,1 0,56 0,11 

0,2 0,55 0,18 

0,25 0,54 0,27 

0,3 0,52 0,39 

0,4 0,53 0,49 

 

La Figure 14 montre les spectres XPS des niveaux de cœur La 3d5/2, Sr 3d et Cr 2p des 

films LSCO. Afin de comparer directement les énergies de liaison, les pics Cr 2p3/2 sont tous 

décalés à 576 eV et normalisés à 1. Pour chaque échantillon, le même décalage et la 

normalisation correspondante sont ensuite appliqués aux spectres La 3d5/2 et Sr 3d Le gradient 

de substitution sur le site A (x) peut être apprécié sur les spectres de La 3d5/2 et Sr 3d sur la 

Figure 14a et b, respectant la variation x comme prévu. La composition chimique du LSCO en 

fonction de x est confirmée par ces analyses dans les limites de la résolution instrumentale 

(Tableau 4).  
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3.2.3. Propriétés physiques 

3.2.3.1. Propriétés électroniques 

Les propriétés électroniques mesurées par effet Hall à température ambiante des films 

LSCO sont présentées sur la Figure 15 en fonction d’x : conductivité électrique (σ), 

concentration (p) et mobilité (µ) des porteurs de charge (trous). La densité de porteurs ainsi que 

la conductivité électrique augmentent avec x comme attendu [34, 33, 30]. σ est augmentée de 2 (x 

= 0,1) à 18 S⸱cm-1 (x = 0,4). p augmente de 7,22×1019 cm-3 (x = 0,1) à 2,41×1020 cm-3 (x = 0,4). 

Selon l'équation µ = σ/pe, la mobilité des films LSCO peut être facilement calculée, qui 

augmente également avec x.  

 
Figure 15 (a) Conductivité électrique σ, (b) concentration p et mobilité μ des porteurs de charge (trous) dans les 

films LSCO obtenus à partir des mesures par effet Hall.  

 

3.2.3.2. Propriétés thermoélectriques 

La Figure 16a représente les données brutes de ΔV en fonction de ΔT mesurées par la 

méthode différentielle à température ambiante, et donc le coefficient de Seebeck (S) déduit par 

la relation S = ΔV/ΔT, pour chaque taux de substitution cationique x. Le film La0.9Sr0.1CrO3 (x 

= 0,1) n'a pas pu être mesuré convenablement, à cause de mauvais contacts électriques en 

surface, probablement à cause de la trop faible conductivité électrique à cette composition. Pour 

x compris entre 0,2 et 0,4, on peut voir que la valeur S (pente) diminue avec l'augmentation de 

x comme attendu [34, 30]. La barre d'erreur de chaque point mesuré est également introduite, avec 
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une incertitude relativement grande à x = 0,2. Pour x  0,25, la précision est plus grande en 

raison de σ plus élevé. La Figure 16b résume le S qui diminue de 312 à 98 µV⸱K-1 de x = 0,2 à 

0,4, tandis que σ augmente de 3 à 18 S⸱cm-1. Comme attendu, le facteur de puissance (PF = S2σ) 

atteint un maximum (0,324 µW⸱cm-1⸱K-2) pour un certain dopage (à x = 0,25), en assez bon 

accord avec la littérature [30]. 

 
Figure 16 (a) ΔV mesurés en fonction de ΔT donnant le coefficient Seebeck des films LSCO. (b) Coefficient 

Seebeck et (c) facteur de puissance thermoélectrique en fonction de x. 

 

4. Effet de la déformation épitaxiale 

Cette section résume le Chapitre IV de ma thèse dédié à l’étude originale de l’impact des 

contraintes induites par l’épitaxie sur les propriétés structurales, élastiques, électroniques et 

thermoélectriques de films minces de La0.75Sr0.25CrO3 (LSCO). Des films de LaCrO3 (LCO) 

ont été également été élaborés en parallèle et pris comme référence dans l’étude de propriétés 

élastiques. Les résultats correspondant à ce chapitre sont partiellement publiés dans les 

références [35, 36]. 

 

4.1. Conditions de croissance 

Pour cette étude de l’impact des contraintes d’épitaxie, quatre substrats différents d’oxydes 
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de structure pérovskite cubique ou pseudocubique ont été utilisés pour faire croître les films 

minces épitaxiés de LCO et LSCO par MBE : LaAlO3 (LAO), (LaAlO3)0.3(Sr2AlTaO6)0.7 

(LSAT), STO et DyScO3 (DSO), ayant des paramètres de maille de 3,796 Å, 3,868 Å, 3,905 Å 

et 3,944 Å, respectivement [37] (voir Figure 17). La vitesse de croissance était de 0,1 nm/min 

pour les films de LCO et de 0,15 nm/min pour les films de LSCO. L’épaisseur et la rugosité 

(rms) issues des mesures XRR, ainsi que la composition chimique issue des mesures XPS sont 

résumées dans le Tableau 5. Selon les mesures XRR, la rugosité de surface des films LSCO a 

tendance à diminuer avec l'augmentation de la contrainte en tension.  

 
Figure 17 Paramètres de maille des films et substrats impliqués dans ce chapitre.  

 

Tableau 5 Épaisseur et rugosité-rms et composition chimique mesurée pour tous les films LCO et LSCO. 

Paramètre 
LaCrO3 La0.75Sr0.25CrO3 

/LAO /LSAT /STO /DSO /LAO /LSAT /STO /DSO 

t (nm) 16,6 14,5 13,7 13,8 27,2 29,9 28,2 29,0 

rms surface (nm) 0,63 0,61 0,54 0,62 0,72 0,58 0,54 0,49 

rms interface (nm) 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 

[A/(A+B)] (at%) 54,1 54,0 50,0 50,8 49,8 56,2 54,5 52,9 

[Sr/(Sr+La)] (at%) 0,0 0,0 0,0 0,0 23,8 24,8 24,5 26,0 

 

4.2. Propriétés structurales de LaCrO3 

Le RHEED a été utilisé pour vérifier la qualité structurale qualitative des films de LCO. 

Les diagrammes enregistrés à la fin de la croissance de chaque film sur les quatre substrats 
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différents sont montrés sur la Figure 18a-d le long de la direction cristallographique [100]. Tous 

les diagrammes présentent des raies bien contrastées montrant que les films sont hétéroépitaxiés 

avec des surfaces très planes, en accord avec les mesures XRR (Tableau 5) et les images 

topographiques AFM (non montrées ici).  

 
Figure 18 (a-d) Images RHEED le long de l’azimut [100] (prises environ 200 °C, et à P(O2) = 1×10-9 Torr) après 

la croissance des films LCO sur les différents substrats (a) LAO, (b) LSAT, (c) STO et (d) DSO. (e-h) scans XRD 

2/ près des réflexions (002) des films et des substrats différents. (i) -scans autour de la réflexion (002) pour 

tous les films, normalisés au film sur STO. (j) Intensité diffractée intégrée normalisée des scans montrés en (i) en 

fonction de paramètre de maille de substrat.  

 

La Figure 18e-h montre les scans XRD 2/ autour des réflexions (002) des films LCO et 

de leurs substrats correspondants. La présence de franges de Pendellösung autour des pics de 

diffraction des films atteste de leur bonne qualité cristalline et de leurs interfaces (abruptes). Le 

paramètre de maille hors plan des films est extrait de ces spectres. Le paramètre de maille hors 

plan des films LCO (cLCO) diminue avec l'augmentation du paramètre de maille du substrat, ce 

qui est attendu par la loi de Hooke d'élasticité avec un coefficient de Poisson positif [38]. Les 

valeurs de cLCO sont respectivement de 3,951 Å, 3,891 Å, 3,883 Å et 3,853 Å pour les films 

LCO sur des substrats LAO, LSAT, STO et DSO.  
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Figure 19 RSM enregistrées autour de la réflexion asymétrique (103) de films minces LCO sur des substrats (a) 

LAO, (b) LSAT, (c) STO et (d) DSO. Les lignes pointillées verticales indiquent les positions Qxx des substrats. Les 

carrés sur la ligne pointillée horizontale indiquent les positions du LCO massif (i.e. films LCO relaxés).  

 

Les paramètres de maille dans le plan des couches minces LCO (aLCO) sont mesurés par 

RSM autour des réflexions asymétriques (103) (Figure 19). Pour les substrats LSAT et STO, 

les nœuds LCO(103) sont complètement alignés verticalement avec celui des substrats, 

indiquant que aLCO est égal à celui du substrat, et donc que les films sont déformés dans le plan 

de manière cohérente par les substrats. Pour les films LCO sur substrats LAO et DSO, 

l'asymétrie des nœuds atteste d'un début de relaxation partielle des contraintes, qui est très 

probablement due à un décalage de maille plus important sur les substrats (-2,29% pour LAO 

et 1,52% pour DSO, voir Tableau 6) [39]. 

La dépendance des paramètres de maille hors plan (c) par rapport au paramètre de maille 

dans le plan (a) est illustrée pour les films LCO dans la Figure 20. La fonction c(a) est linéaire 

comme prévu à partir de la déformation élastique du LCO pseudocubique en utilisant l'équation 

(2) [38] :  

 bulk

2 1

1 1
c a a

 
 


  

 
 (2) 

Le coefficient de Poisson (ν = 0,24) et la constante de maille du massif de LCO (amassif = 3,888 

Å) sont extraits de ce fit. Ils sont très similaires à ceux trouvés dans la littérature (ν = 0,23 et 

amassif = 3,885 Å) [29, 40], confirmant la validité de notre méthode de mesure.  
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Figure 20 Evolution de c (paramètre de maille hors plan) en fonction de a (paramètre de maille dans le plan) pour 

les films épitaxiés LCO (triangles orange) sur les différents substrats. La ligne pointillée représente le fit par 

régression linéaire. Le triangle noir représente le paramètre de maille du LCO massif dérivé de notre fit. 

 

Tableau 6 Résumé des propriétés structurales et chimiques des couches minces LCO épitaxiées sur les différents 

substrats. 

Substrat 

Désaccord 

de maille 
Epaisseur [A/(A+B)] a c Mosaicité 

Rugosité 

d’interface 

Rugosité de 

surface 

(%) (nm) (at.%) (Å) (Å) (°) (nm) (nm) 

LAO -2,29 16,6 54,1 3,796 3,951 0,17 0,15 0,63 

LSAT -0,44 14,5 54,0 3,868 3,891 0,08 0,15 0,61 

STO 0,51 13,7 50,0 3,905 3,883 0,10 0,15 0,54 

DSO 1,52 13,8 50,8 3,944 3,853 0,09 0,15 0,62 
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4.3. Propriétés structurales de La0.75Sr0.25CrO3 : détermination du 

coefficient de Poisson et du paramètre de maille massif 

Les images RHEED enregistrées à la fin de la croissance des films minces de LSCO sur 

les quatre substrats différents le long de la direction cristallographique [100] sont montrées dans 

la Figure 21a-d. Tous les diagrammes, sauf celui correspondant au film sur LAO (Figure 21a), 

présentent des raies bien contrastées indiquant que les films sont hétéroépitaxiés avec une 

surface très plane. Les mesures XRR (Tableau 6) et des images AFM (non montré ici) 

confirment la faible rugosité de surface de ces couches et montrent une rugosité légèrement 

plus importante sur substrat LAO.  

 
Figure 21 (a-d) Images RHEED le long de l’azimuts [100] (prises environ à 200 °C, et à P(O2) = 1×10-9 Torr) après 

la croissance des films LSCO sur les différents substrats (a) LAO, (b) LSAT, (c) STO et (d) DSO. (e-h) scans XRD 

2/ près des réflexions (002) des films et des substrats différents. (i) -scans autour de la réflexion (002) pour 

tous les films, normalisés au film sur STO. (j) Intensité diffractée intégrée normalisée des scans montrés en (i) en 

fonction de paramètre de maille de substrat. 

 

La Figure 21e-h montre les scans XRD 2/ autour des réflexions LSCO(002) et leurs 

substrats correspondants. Le paramètre de maille hors plan des films est extrait de ces spectres. 

Le paramètre de maille hors plan des films LSCO (cLSCO) diminue également avec 
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l'augmentation du paramètre de maille du substrat, comme observé pour les films LCO, 

indiquant que LSCO a un coefficient de Poisson positif également. Les valeurs cLSCO sont de 

3,943 Å, 3,904 Å, 3,844 Å et 3,804 Å pour les films LSCO sur des substrats LAO, LSAT, STO 

et DSO, respectivement. Bien que les films soient d'épaisseur similaire (~30 nm), les pics (002) 

des films LSCO sur LAO et DSO sont plus larges que ceux des films sur LSAT et STO qui ont 

un meilleur accord de maille, indiquant une distribution plus large des paramètres de maille 

hors plan. Très probablement, un début de relaxation des déformations se produit à cette 

épaisseur pour ces films sur LAO et DSO. Pour le film LSCO sur DSO, deux maxima 

secondaires semblent être visibles, indiquant la présence de deux paramètres de maille hors plan 

(3,795 Å et 3,815 Å), mais tous les deux étant bien inférieurs à la valeur mesurée du massif. Un 

fit unique avec le composant principal conduit à un paramètre de maille hors plan de 3,804 Å 

(Figure 21h). 

 
Figure 22 RSM enregistré autour des réflexions asymétriques (103) de films minces LSCO sur (a) LAO, (b) LSAT, 

(c) STO et (d) DSO substrats. Les lignes pointillées verticales indiquent les positions Qxx des substrats. Les carrés 

sur la ligne pointillée horizontale indiquent les positions du LSCO massif (i.e. films LSCO relaxés) extraites dans 

ce travail.  

 

Les paramètres de maille dans le plan ont été mesurés par RSM (montrées dans la Figure 

22). Pour les substrats DSO, STO et LSAT, les nœuds LSCO(103) sont alignés verticalement 

avec celui des substrats, indiquant que le paramètre de maille dans le plan du film mince LSCO 

(aLSCO) et celui du substrat correspondant sont identiques. Pour le film LSCO sur LAO, 

l'asymétrie des nœuds témoigne également d'une relaxation partielle des contraintes, qui est très 

probablement due au fort désaccord de paramètre de maille, le plus important (-2,06%) sur ce 
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substrat [39]. Le même comportement global est observé avec le film mince épitaxié de LCO.  

  
Figure 23 (a) Evolution de c en fonction de a pour les films épitaxiaux LSCO (carrés violets) et LCO (triangles 

orange) sur les substrats différents. Les lignes pointillées représentent les fits dans les deux cas. Le carré et le 

triangle noirs représentent les constantes de maille du bulk de LSCO et LCO dérivées de ces ajustements. (b) 

Variation de paramètre de maille du bulk de La1-xSrxCrO3 en fonction de Sr (x). 

 
La dépendance du paramètre de maille hors plan et dans le plan est montrée pour les films 

LSCO et LCO sur la Figure 23a. La fonction c(a) est linéaire comme prévu à partir de la 

déformation élastique du LSCO pseudocubique en utilisant également l'équation (2). Le 

coefficient de Poisson extrait de ces mesures (ν = 0,32 ± 0,02), ainsi que le paramètre de maille 

de l’équivalent massif (amassif = 3,876 Å) et C12/C11 ≈ 0,5 de LSCO, diffèrent notablement de 

LCO. La substitution de 25% de Sr augmente significativement le ν de plus de 30% par rapport 

au LCO. Ce changement pourrait également être lié au changement de valence Cr plutôt qu'à la 

seule substitution Sr. Afin de bien distinguer la cause, d'autres films LSCO avec un état 
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d'oxydation inférieur devraient être élaborés afin d'obtenir la même valence Cr que dans les 

films LCO. Figure 23b indique que le paramètre de maille de l’équivalent massif de LSCO 

(amassif-LSCO = 3,876 Å) est quasiment linéaire entre celle de LCO (amassif-LCO = 3,885 Å) et SCO 

(amassif-SCO = 3,819 Å) [32, 41], qui est attendu d'une loi de Vegard et en accord avec la littérature 
[33]. Le amassif-LSCO est donc intermédiaire entre celui des substrats LSAT et STO (plus proche de 

LSAT pour lequel le paramètre de maille est de 3,868 Å). 

 

Tableau 7 Résumé des propriétés structurales et compositions chimiques des couches minces LSCO épitaxiées sur 

les différents substrats. 

 

 

4.4. Impact des déformations sur les propriétés électroniques et 

thermoélectriques de La0.75Sr0.25CrO3 

Les propriétés électroniques et thermoélectriques des films LSCO mesurées dans le plan 

à température ambiante sont illustrées à Figure 24 en fonction du désaccord de paramètre de 

maille (f0) qui est égal à la déformation dans le plan (xx) puisque les couches sont toutes 

contraintes par le substrat. Sur la base des mesures de l'effet Hall et du coefficient de Seebeck, 

tous les échantillons présentent une conductivité de type p. 

Substrat 

Désaccord 

de maille 
Epaisseur [A/(A+B)] [Sr] a c Mosaicité 

Rugosité 

d’interface 

Rugosité 

de surface 

(%) (nm) (at%) (at%) (Å) (Å) (°) (nm) (nm) 

LAO -2,06 27,2 49,8 23,8 3,796 3,943 0,38 0,15 0,72 

LSAT -0,21 29,9 56,2 24,8 3,868 3,904 0,07 0,15 0,58 

STO 0,75 28,2 54,5 24,5 3,905 3,844 0,08 0,15 0,54 

DSO 1,75 29,0 52,9 26,0 3,944 3,804 0,09 0,15 0,49 
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Figure 24 (a) Conductivité électrique σ, concentration p et mobilité μ des porteurs de charge des films LSCO à 

température ambiante sur différents substrats obtenus à partir de mesures par effet Hall, ainsi que (b) coefficient 

Seebeck mesuré et le facteur de puissance déduit (PF = S2σ) en fonction de la déformation dans le plan.  

 

La Figure 24a présente les mesures de conductivité électrique (σ), de densité (p) et mobilité 

(µ) des porteurs de charge dans les films LSCO pour les différentes valeurs de déformations 

épitaxiales. σ diminue avec l’augmentation de la déformation dans le plan (de la compression à 

la tension). Elle diminue très légèrement de 12,2 S⸱cm-1 à des fortes compressions dans le plan 

(-2.1%) jusqu’à 12,2 S⸱cm-1 à des faibles valeurs de tension, et chute brutalement de trois ordres 

de grandeurs jusqu’à 0,02 S⸱cm-1 pour des fortes tensions (+1,8%). Sur substrat STO, la 

conductivité est autour de 10 S⸱cm-1, ce qui est en parfait accord avec les résultats du groupe de 

S. A. Chambers [30]. Des tendances similaires ont pu être observées dans notre oxydes 

conducteurs tels SrRuO3 et CaRuO3 [42]. Ils ont observé que les films minces sous une grande 

contrainte de tension dans le plan ont une résistivité plus élevée que leurs homologues moins 

contraints ou en compression.  

La variation de p est cohérente avec l’évolution de σ dans les limites de la résolution 
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instrumentale. Elle est de l’ordre de quelques 1020 cm-3 pour les films en compression et 

légèrement en tension et chute à 1018 cm-3 pour le film en forte tension. Ces valeurs diffèrent 

d’un ordre de grandeur de celles estimées par un modèle (et non mesurées) par le groupe de S. 

A. Chambers [30]. Les raisons probables de telles différences de concentration de trous activés 

comprend l'autocompensation de charges [43], les compensations électrostatiques aux abords des 

surfaces et interfaces [44] et la présence de lacunes d'oxygène résiduelles non négligeables qui 

compense le dopage p. De fait, la création de lacunes d’oxygène est liée à la tétragonalité dans 

les oxydes pérovskites [45, 46, 47] et ces lacunes d’oxygène peuvent s’ordonner en fonction de 

l’état de contrainte (tension) et ainsi modifier la structure de bande dans la direction considérée.  

La mobilité est maximum pour le film qui est le moins contraint, et diminue en fonction 

de la déformation, quelle que soit le signe (avec une diminution plus importante pour le film en 

forte tension). Cette tendance est cohérente avec ce qui a été observé pour les films épitaxiés 

de SrTiO3 dopés au La thermoélectriques de type n [48]. La valeur µ se situe entre 0,1 et 0,5 

cm2⸱V-1⸱s-1 à température ambiante. Comme mentionné dans la référence [48], les films minces 

STO dopés La de type n avec une contrainte en tension devraient avoir une masse effective (m*) 

inférieure à ceux avec une contrainte en compression [49, 50]. La structure de bande peut être 

modifiée dans les films contraints, conduisant probablement à une modification du m* [48], qui 

peut également s'appliquer aux films LSCO de type p.  

La Figure 24b montre le coefficient Seebeck (S) dans le plan et le facteur de puissance (PF) 

en fonction de f0 à température ambiante. S est positif pour tous les échantillons confirmant que 

les trous sont les porteurs majoritaires dans ces films. Il est à noter que S = 180 μV⸱K-1 pour le 

film LSCO/STO, ce qui est en très bon accord avec le groupe de S. A. Chambers [30]. S augmente 

de façon monotone avec f0, de 127 μV⸱K-1 (en forte compression) à 208 μV⸱K-1 (en forte 

tension), en accord avec d’autres mesures faites sur différents matériaux thermoélectriques sous 

haute pression [51 ]. D’autre part, une tendance similaire a été reportée récemment sur des 

couches minces épitaxiées de SrRuO3 [52].  

Le PF thermoélectrique augmente légèrement avec l'augmentation de f0 jusqu’à atteindre 

0,32 μW⸱cm-1⸱K-2 pour une faible tension (sur STO), ce qui est légèrement supérieur à celui des 

films en faible compression (0,27 μW⸱cm-1⸱K-2 sur LSAT), et chute brutalement à 0,001 

μW⸱cm-1⸱K-2 pour une plus forte tension (sur DSO) en raison de la très faible conductivité 

électrique. Ces mesures indiquent qu’une faible contrainte de tension (+0,75 % ici sur STO) 

augmente le PF par rapport à un état plus relaxé (ici -0,21 % sur LSAT).  
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5. Effet de la déviation par rapport à stœchiométrie cationique 

Cette section résume le chapitre V de ma thèse portant sur les films de (La0.75Sr0.25)1+δCrO3 

épitaxiés et l’impact de la déviation par rapport à la stœchiométrie cationique (-0,3  δ  0,3) 

sur leurs propriétés structurales, électroniques et thermoélectriques. Un article est en cours de 

préparation sur les résultats correspondant à ce chapitre. 

 

5.1. Conditions de croissance 

Dans cette étude, des couches minces (La0.75Sr0.25)1+δCrO3 (LSCO) ont été épitaxiées sur 

des substrats STO(001) par MBE dans les mêmes conditions de croissance que celles indiquées 

dans la section 3 correspondant au Chapitre III.  

 

Tableau 8 Résumé de l'épaisseur, de la rugosité (rms), de la densité et des compositions chimiques des films 

(La0.75Sr0.25)1+δCrO3. 

 

D’après les mesures XRR (non montrées ici), la rugosité (rms) de surface de ces films 

augmente légèrement avec |δ| (Tableau 8). D’après les mesures XPS, la déviation par rapport à 

la stœchiométrie cationique mesurée (δXPS) diffère de celle visée (δ), en particulier pour les 

films avec |δ| = 0,3. Cependant, ces analyses XPS sur de telles couches d’oxydes complexes 

comprennent des incertitudes importantes (probablement supérieures à 10%) et la variation de 

paramètre de maille mesurée par XRD est assez cohérente avec δ (voir plus bas). Le taux de 

δ 
t [A/(A+B)] 

δXPS 
[Sr/La+Sr] 

Rugosité 

d’interface 

Rugosité de 

surface 
Densité 

(nm) (at.%) (at.%) (nm) (nm) (g⸱cm-3) 

-0,3 25,0 35,8 -0,44 0,32 0,15 0,68 6,18 

-0,15 20,0 43,5 -0,23 0,26 0,15 0,85 6,27 

0 28,2 49,9 0 0,25 0,15 0,54 6,35 

0,15 40,8 55,8 0,26 0,26 0,15 0,56 6,36 

0,3 30,5 60,3 0,52 0,21 0,15 0,72 6,61 
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substitution en Sr (x = 0,25) est quant à lui assez bien respecté dans les limites de résolution de 

l’instrument (0,21  xXPS  0,32).  

 

5.2. Impact sur les propriétés structurales  

Les propriétés structurales de cette série ont été mesurées par RHEED, AFM, XRR, XRD, 

et XPS. Les principaux résultats sont montrés ici.  

 
Figure 25 Images RHEED le long des azimuts [100] et [110] (prises à environ 200°C, et P(O2) = 1×10-9 Torr) après 

la croissance des films (La0.75Sr0.25)1+δCrO3 pour (a) δ = -0,3, (b) δ = -0,15, (c) δ = 0, (d) δ = 0,15 et (e) δ = 0,3. 

Les flèches verticales blanches indiquent des réflexions de 2e ordre démontrant une reconstruction de surface selon 

l'azimut considéré.  

 

La Figure 26a-e présente les images RHEED le long des directions [100] et [110] de ces 

films LSCO épitaxiés sur des substrats STO(001) en fonction de δ. Tous les diagrammes 

présentent des raies, signifiant que tous les films sont hétéroépitaxiaux avec des surfaces planes. 

Pour |δ| ≤ 0,15, les raies sont nettes et bien contrastées le long des deux azimuts, indiquant que 

les surfaces sont bien cristallisées et ordonnées. Cependant, pour |δ| = 0,3, les raies sont assez 
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floues (notamment le long de la direction [110]) et le fond devient plus brillant que celui observé 

pour les échantillons avec un |δ| inférieur, révélant un plus grand désordre cristallin. Pour les 

deux films avec |δ| = 0,15, on observe une légère réflexion du 2ème ordre le long de la direction 

[110] (indiquée par des flèches blanches) indiquant une reconstruction de surface 2×1, alors 

que seule la réflexion du 1er ordre est observée le long de cet azimut à la stœchiométrie (δ = 0). 

En revanche, lorsque |δ| = 0,3 seules des réflexions du 1er ordre sont visibles indiquant l'absence 

de reconstruction de surface pour ces films LSCO clairement non stœchiométriques. 

La Figure 26a-e montre les scans XRD 2/ autour des réflexions (002) de tous les films 

LSCO et de leurs substrats STO(001) dans les unités de l’espace réciproque (Qz). La position 

du pic LSCO(002) (marquée par des triangles inversés noirs) diminue avec l’augmentation de 

δ, indiquant une expansion du paramètre de maille hors plan avec δ (Figure 26f), comme 

attendu et comme observé précédemment pour La1+δCrO3 et Sr1+δCrO3 (voir section 3 

correspondant au Chapitre III). La position de La0.75Sr0.25CrO3 stœchiométrique relaxé (aLSCO-

massif = 3,876 Å) est rappelé par une ligne pointillée verticale noire sur la Figure 26a-e. Comme 

nous l’avons déjà vu, pour le film stœchiométrique ( = 0), le pic LSCO(002) apparaît à des 

valeurs Qz supérieures à la position relaxée, signifiant que cette couche est en tension dans le 

plan (Fig. 18h). Pour tous les autres films hors stœchiométriques ( > 0), le pic LSCO(002) 

apparaît à des valeurs Qz inférieures à la position relaxée, indiquant que ces films ont tous des 

paramètres de maille massifs correspondants supérieurs à aLSCO-massif = 3,876 Å. Ces films hors 

stœchiométriques sont soit en tension dans le plan lorsque cLSCO < aSTO (le cas de  = 0,15), soit 

en compression lorsque cLSCO > aSTO (le cas de   0,3). Le film à  = -0,15 apparaît presque 

relaxé (cLSCO  aSTO). Pour déterminer proprement les paramètres de maille massif pour chaque 

compositions hors stœchiométriques (  0) et les valeurs de désaccords de paramètres de 

maille, il faudrait épitaxiés ces films contraints sur différents substrats avec différents états de 

déformation comme présenté dans la section 4 correspondant au Chapitre IV.  
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Figure 26 (a-e) Scans XRD 2/ près des réflexions (002) des films et des substrats pour les différents δ. La 

position (002) des films est marquée par un triangle inversé noir. La position de La0.75Sr0.25CrO3 stœchiométrique 

massif (aLSCO = 3,876 Å) est indiquée par une ligne pointillée verticale noire. (f) Paramètres de maille hors plan c 

et volume unitaire V de ces films en fonction de δ. Les barres d'erreur horizontales sont liées à c. 

 

Pour vérifier que tous ces films LSCO sont complètement contraints par leurs substrats, 

des RSM autour de la réflexion asymétrique (103) sont mesurées (montrées dans la Figure 27). 

Les paramètres de maille dans le plan des films LSCO (aLSCO) sont résumés dans le Tableau 9. 

Le nœud LSCO(103) est aligné verticalement avec le nœud du substrat, indiquant que le aLSCO 

= 3,905 Å. Comme nous l’avons déjà vu, la déviation par rapport à la stœchiométrie augmente 

le volume de la maille cristalline à cause de la formation de lacunes ioniques chargées dans le 

maille pérovskite (défauts ponctuels) ou des fautes d’empilements (défauts planaires 

s’intercalant entre les mailles pérovskites), tel qu’observé dans d'autres oxydes de structure 

pérovskite, en particulier STO [25, 26, 27] et même LaCrO3 de nos travaux (voir section 3) [24]. Le 

volume de la maille du film LSCO stœchiométrique (58,617 Å3) est le plus proche de la valeur 
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du volume du massif LSCO (58,231 Å3). Les mosaïcités (FWHM des w-scans, non montrés ici) 

autour du pic (002) est inférieur à 0,1° pour tous ces films LSCO, indiquant une très bonne 

qualité cristallline malgré de fortes déviations par rapport à la stœchiométrie et d’une proportion 

importante de défauts ponctuels et/ou planaires dans le réseau cristallin.  

 
Figure 27 RSM enregistrées autour de la réflexion asymétrique (103) de couches minces LSCO pour (a) δ = -0,3, 

(b) δ = -0,15, (c) δ = 0, (d) δ = 0,15 et (e) δ = 0,3. La ligne pointillée horizontale indique la position Qzz du substrat 

STO. 

 

Tableau 9 Résumé des propriétés structurales et des compositions chimiques des films (La0.75Sr0.25)1+δCrO3. 

 

5.3. Impact sur les propriétés physiques 

Les propriétés électroniques et thermoélectriques de ces films (La0.75Sr0.25)1+δCrO3 (LSCO) 

ont été mesurées dans le plan à température ambiante. Les films clairement hors 

δ [Sr]/[La+Sr] 
a c 

Contrainte 
Mosaicité Volume 

(Å) (Å) (°) (Å3) 

-0,3 0,32 3,905 3,923 compression 0,1 59,823 

-0,15 0,26 3,905 3,906 relaxé 0,09 59,547 

0 0,25 3,905 3,844 tension 0,07 58,617 

0,15 0,26 3,905 3,882 tension 0,07 59,200 

0,3 0,21 3,905 3,944 compression 0,09 60,142 
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stœchiométriques à |δ| = 0,3 n’ont pas pu être mesurés, probablement à cause d’une trop grande 

résistivité électrique. Les mesures des films LSCO avec |δ| ≤ 0,15 sont reportées dans la Figure 

28.  

 
Figure 28 (a) Conductivité électrique σ, concentration p et mobilité μ des porteurs de charge (trous) dans les films 

(La0.75Sr0.25)1+δCrO3 à température ambiante obtenus à partir des mesures effet Hall, ainsi que (b) coefficient de 

Seebeck et facteur de puissance thermoélectrique déduit de ces mesures (PF = S2σ) en fonction de δ.  

 
Tous les films présentent une conductivité de type p et une concentration de trous élevée, 

du même ordre de grandeur que le film stœchiométrique (2×1020 cm-3), avec une très légère 

tendance à la baisse avec l’augmentation de  (dans les limites des incertitudes de mesures 

cependant). Le film stœchiométrique LSCO présente la conductivité électrique la plus élevée 

(σ = 10 S⸱cm-1), ce qui est légèrement supérieure à celle du film déficient en cations A (~9 S⸱cm-

1 à δ = -0,15) et clairement supérieure à celle du film déficient en Cr (6,7 S⸱cm-1 à δ = 0,15). La 

mobilité des trous (µ) diminue légèrement avec |δ|. Elles sont de 0,32 cm2⸱V-1⸱s-1 (à δ = 0), 0,27 

cm2⸱V-1⸱s-1 (à δ = -0,15) et 0,23 cm2⸱V-1⸱s-1 (à δ = -0,15). Pour les films non stœchiométriques, 
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les défauts ponctuels ou planaires induits sont donc certainement une cause de la diminution de 

la mobilité des trous.  

Si la déviation par rapport à la stœchiométrie n’induit que des défauts ponctuels (lacunes 

cationiques) dans le réseau et pas de défauts planaires (fautes d’empilements) ni de phases 

secondaires, les différents films LSCO avec δ = -0,15, 0 et 0,15 peuvent être écrits dans leur 

formule développée comme La0.64Sr0.21□0.15CrO3, La0.75Sr0.25CrO3 et La0.75Sr0.25Cr0.87□0.13O3, 

respectivement. Cependant, de telles déviations dans SrTiO3 par exemple induisent aussi des 

défauts planaires (fautes d’empilements) [25]. En complément, il est important de noter que les 

analyses XPS des niveaux de cœurs Cr 2p3/2 ont montré des contributions de 25% de Cr4+ et 

75% de Cr3+ pour toutes les compositions quel que soit . Il semble que le degré d’oxydation 

des éléments est indépendant de .  

Les mesures thermoélectriques de coefficient Seebeck S à température ambiante montrent 

qu’il est bien positif pour tous les échantillons, confirmant que les trous sont les porteurs 

majoritaires dans ces films. Les résultats de ces mesures thermoélectriques sont reportées dans 

la Figure 28b en fonction de δ. Cette figure montre clairement une augmentation significative 

de S avec δ, passant de S 125 μV⸱K-1 (à δ = -0,15) à S 280 μV⸱K-1 (à δ = 0,15). Nous avons 

déjà vu que S 180 μV⸱K-1 pour le film stœchiométrique, en très bon accord avec les résultats 

récents du groupe S. A. Chambers [30]. Ces mesures indiquent que un excès en cations A 

augmentent clairement le coefficient Seebeck de LSCO. Cette tendance est en assez bon accord 

avec les mesures électroniques qui montraient globalement une tendance à la baisse de la 

conductivité électrique et de densité de porteurs avec  dans les limites des incertitudes 

expérimentales.  

Le facteur de puissance thermoélectrique (PF = S2σ) déduit de ces mesures montre la même 

tendance que S. Il augmente avec  passant de 0,18 μW⸱cm-1⸱K-2 (à δ = -0,15) à 0,55 μW⸱cm-

1⸱K-2 (à δ = 0,15). Comme déjà mentionné auparavant, PF = 0,33 μW⸱cm-1⸱K-2 à  = 0. Ces 

mesures indiquent clairement que un excès en cations A dans LSCO augmente le facteur de 

puissance thermoélectrique d’un facteur 1,7 par rapport à la stœchiométrie, et d’un facteur 

1,7 par rapport à un excès de Cr. Ces résultats sont d’autant plus intéressants que ces défauts 

ponctuels ou planaires induits par une telle déviation par rapport à la stœchiométrie 

permettraient de réduire la conductivité thermique du matériau LSCO et ainsi augmenter 

d’autant plus son facteur de mérite thermoélectrique global ZT.  
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6. Conclusion et perspectives 

6.1. Conclusion 

D’intérêt dans le domaine de la thermoélectricité en particulier, ce travail doctoral 

concerne la croissance et l’étude de films minces épitaxiés LaCrO3 dopé au Sr (La1-xSrxCrO3) 

thermoélectriques de type p. Les films minces ont été élaborés par épitaxie par jets moléculaires 

(MBE) sur substrats (pseudo)cubiques d’oxydes de structure pérovskite. Plusieurs paramètres 

clés ont été étudiés, tels que i) le taux de substitution en Sr (x) (voir section 3, Chapitre III), ii) 

les contraintes d’épitaxie (voir section 4, Chapitre IV), et iii) la déviation par rapport à la 

stœchiométrie cationique (voir section 5, Chapitre V). En particulier, leurs impacts sur les 

propriétés structurales, électroniques et thermoélectriques ont été bien étudiés.  

Dans un premier temps, après des séries de calibrations La1+CrO3 [24] et Sr1+CrO3, des 

couches minces de la solution solide La1-xSrxCrO3 ont été épitaxiées sur substrat de SrTiO3 (001) 

avec de très faibles mosaïcités (< 0.1°). L’impact du taux de substitution de La3+ par Sr2+ sur le 

site A (x) a été étudié. Du point du vue structural, la solution solide obéit à la loi de Végard, en 

accord avec la littérature [33]. Du point de vue propriétés électroniques et thermoélectriques 

mesurées à température ambiante dans la gamme x  0,4, la densité (p) et mobilité (μ) de 

porteurs de charge (trous) ainsi que la conductivité électrique (σ) associée augmentent avec x, 

tandis que le coefficient Seebeck (S) diminue de manière cohérente et en accord avec la 

littérature [30]. Le facteur de puissance thermoélectrique déduit de ces mesures (PF = S2σ) atteint 

un maximum (0,33 µW⸱cm-1⸱K-2) à x = 0,25 (La0.75Sr0.25CrO3), en accord avec la littérature [30]. 

Pour cette composition optimale du point de vue thermoélectrique, nos mesures donnent : σ = 

10 S⸱cm-1, p = 2×1020 cm-3, μ = 0,3 cm2⸱V-1⸱s-1, et S = 180 µV⸱K-1.  

Dans un deuxième temps, des couches minces de bonne qualité cristalline de 

La0.75Sr0.25CrO3 ont été épitaxiées contraintes sur différents substrats d’oxydes 

(pseudo)cubiques de structure pérovskite afin d’étudier les effets des déformations épitaxiales 

(de -2,06 % en compression à +1,75 % en tension) sur les propriétés structurales, électroniques 

et thermoélectriques. De cette étude structurale, le coefficient de Poisson ainsi que le paramètre 

de maille de l’équivalent massif de cet oxyde prometteur ont été extraits pour la première fois 

et diffèrent significativement de LaCrO3 (νLSCO = 0,32 et aLSCO = 3,876 Å). Ces résultats ont été 

publiés [35]. D’autre part, les déformations épitaxiales ont un large impact sur les propriétés 

électroniques et thermoélectriques mesurées dans le plan. Une forte contrainte en tension fait 
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chuter p et σ associée de plusieurs ordres de grandeurs, tandis que S augmente progressivement 

de 127 μV⸱K-1 (forte compression) à 208 μV⸱K-1 (forte tension). La mobilité est maximum pour 

des films les plus proches de l’état relaxé et PF est maximum pour une légère contrainte en 

tension. Ces résultats sont en cours de publication [36].  

Enfin, des couches minces (La0.75Sr0.25)1+CrO3 ont été épitaxiées contraintes sur substrat 

SrTiO3(001). L’impact de la déviation par rapport à la stœchiométrie cationique () sur les 

propriétés structurales, électroniques et thermoélectriques a été étudié dans la gamme -0,3   

 0,3. Du point de vue structural, les couches sont toutes monocristallines avec de faibles 

mosaïcités ( 0,1°), et le paramètre de maille hors plan et le volume de la maille augmentent 

avec . Ces résultats indiquent que  induit l’introduction de défauts ponctuels (lacunes 

cationiques) dans la maille pérovskite ou de défauts planaires (fautes d’empilements qui 

s’intercalent entre mailles). Les couches clairement hors stœchiométriques à  = 0,3 sont 

isolantes (en tout cas trop isolantes pour être mesurables avec nos appareils). Concernant les 

propriétés électroniques et thermoélectriques mesurées à température ambiante, μ et σ sont 

maximales à la stœchiométrie cationique ( = 0). Cependant, un excès de Cr ( = -0,15) a 

tendance à faire légèrement augmenter p et faire clairement baisser S (de 30%), tandis que un 

excès de cations A ( = 0,15) a tendance à faire légèrement baisser p et faire clairement 

augmenter S (> 50%). Suivant la tendance de S, par rapport à la stœchiométrie cationique ( = 

0), PF est clairement augmenté ( +70%) avec un excès de cations A (15 at.%) et clairement 

diminué ( -40%) avec un excès de Cr (15 at.%). Ces résultats sont très intéressants puisque 

l’introduction des défauts (ponctuels ou planaires) induits par la déviation par rapport à la 

stœchiométrie cationique devrait permettre de faire baisser également la conductivité thermique 

(κ) et donc d’augmenter d’autant plus le facteur de mérite globale thermoélectrique (ZT = PF/κ).  

 

6.2. Travail en cours et perspectives 

Des travaux sont toujours en cours et des perspectives à ce travail sont envisagées. Ils 

s’intègrent notamment dans le projet ANR MITO et la thèse de M. d’Esperonnat (2019-2022). 

Notamment, il est important de mesurer les conductivités thermiques afin d’afin d’estimer le 

facteur de mérite global ZT. Ces mesures sont prévues dans le cadre de la thèse de M. 

d’Esperonnat, et particulièrement sur la série hors-stœchiométrie cationique où une 

amélioration du ZT est attendue (voir section 5, Chapitre V). D’autre part, il est important de 
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mesurer les résistances de contact entre cet oxyde thermoélectrique et un métal conducteur en 

vue de l’intégration dans un module fonctionnel. Des mesures ont été effectuées par R. Moalla 

dans le cadre du projet ANR MITO et un article est en préparation sur ces résultats. Ensuite, 

l’étude de l’intégration monolithique sur silicium est importante pour la fabrication de 

composants intégrés sur les plateformes de l’industrie microélectronique. Des premières 

hétéroépitaxies sur SrTiO3/Si(001) ont été réalisées et sont montrées ci-dessous. Enfin, des 

procédés technologiques sont étudiés pour la microfabrication d’un module à base d’oxydes 

thermoélectriques intégrés sur silicium, ce qui représente l’objectif ultime du projet ANR MITO.  

 

6.2.1. Conductivité thermique et estimation du ZT 

 
Figure 29 (a) Schéma 3D du dispositif nécessaire à la mesure 3ω (fil métallique déposé sur l’échantillon, servant 

de chauffage/capteur) et (b) vue en coupe [53, 54]. (c) Schéma de l’appareillage et du circuit électrique nécessaire.  

 
L’estimation du ZT nécessite la mesure de la conductivité thermique (κ), assez délicate sur 

couches minces. Cette mesure de κ est particulièrement intéressante pour la série hors-

stœchiométrie cationique pour laquelle une augmentation du ZT est attendue. Il est prévu, en 

collaboration avec le CETHIL (P. O. Chapuis), de mesurer κ par la méthode électrique 3, bien 

adaptée à la mesure sur couches minces [53, 54]. La Figure 29 représente schématiquement les 

mesures de κ par la méthode 3ω sur films minces ou matériaux massifs. 

 

6.2.2. Mesures des résistances de contact 

Dans un module thermoélectrique, les résistances de contact entre les jambes 
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thermoélectriques et le métal de contact est crucial et doit être le plus faible possible pour un 

rendement optimal. Par exemple, une résistance de contact supérieur à 10-10 ⸱m2 serait 

rédhibitoire (limitation ou pas de courant en mode générateur, ou chauffage par effet Joule en 

mode refroidissement) [55 ]. Des mesures de résistances de contact ont été effectuées avec 

différent conducteurs tels que Pt, Ti/Au, Cr/Au, SrRuO3, en utilisant des électrodes supérieures 

avec des motifs « Transmission Line Model » (TLM) [56]. Ces mesures ont été effectuées par R. 

Moalla dans le cadre de l’ANR MITO et un article est en cours de préparation.  

 

6.2.3. Intégration monolithique sur silicium 

L’intégration monolithique sur silicium par épitaxie est importante pour la fabrication de 

composants de qualité intégrés sur les plateformes de l’industrie microélectronique. Compte 

tenu du faible désaccord de paramètre de maille, l’hétéroépitaxie de La1-xSrxCrO3 est possible 

sur les couches de SrTiO3 (STO) hétéroépitaxiées par MBE sur substrats de Si(001), qui sont 

très utilisées pour l’intégration monolithique de divers oxydes fonctionnels sur silicium [57, 58, 

59, 60, 61, 62]. L’INL a ce savoir-faire depuis une quinzaine d’années [61, 63, 64, 65, 66, 67].  

Par exemple, la Figure 30a et b montrent les images RHEED, le long des azimuts [100] et 

[110], d'une couche STO/Si(001) d'environ 37 nm d'épaisseur. Des lignes bien contrastées 

révèlent une bonne qualité cristalline d'un film ayant une surface plane de faible rugosité. 

L'absence de reconstruction du 2ème ordre sur deux azimuts prouve la bonne stœchiométrie [68]. 

Figure 30c indique uniquement les pics de diffraction correspondant aux réflexions {00l} du 

film STO et du substrat. Aucune autre phase orientée que STO(00l) n'est présente dans le film 

épitaxié. Le paramètre de maille hors plan est extrait de la Figure 30d (cSTO = 3,925 Å). La 

mosaïcité du STO(002) est de 0,23° (Figure 30e), ce qui est légèrement supérieur à celui du 

STO sur des substrats oxydes de structure pérovskite. A noté que la position de la réflexion 

STO(002) dépend des conditions de croissance (i.e. la température, la pression partielle 

d'oxygène, la stœchiométrie cationique, le désaccord de maille, la relaxation structurale, etc.) 
[65].  
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Figure 30 (a) Images RHEED de STO/Si le long des azimuts [100] et [110]. (b) XRR de STO/Si comprenant les 

données brutes (ligne noire) et le fit (ligne rouge). (c) Scans XRD 2/ de 20º à 80º. (d) Analyse XRD près de la 

réflexion STO (002). (e) -scan autour de la réflexion STO (002). 

 

Ces couches hétéroépitaxiées de STO/Si(001) servent de pseudo-substrat de bonne qualité 

pour le dépôt ultérieur d'oxydes fonctionnels de structure pérovskite, comme les oxydes 

thermoélectriques de type p La1-xSrxCrO3, ou de type n LaxSr1-xTiO3. Par exemple, la Figure 

31a montre les images RHEED, le long des azimuts [100] et [110], enregistrés à la fin de la 

croissance d’un film mince La0.75Sr0.25CrO3 (LSCO) d'environ 28 nm d'épaisseur à 700 °C sous 

P(O2) = 1×10-7 Torr (Figure 31a). Des raies avec des surintensités régulières montrent que le 
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film est en bonne partie épitaxié, mais avec une certaine rugosité. Aussi quelques anneaux 

(Debye-Scherrer) peuvent être observés indiquant en plus une certaine polycristallinité 

(orientation aléatoire). Cependant, aucune autre phase ni orientation que celle de LSCO(00l) 

n’est observé sur les scans XRD 2/ (sur la Figure 31b). Les paramètres de maille hors plan 

de LSCO et STO sont extraits de Figure 31c (cLSCO = 3,852 Å et cSTO = 3,921 Å), et confirmés 

par la mesure RSM autour de la réflexion asymétrique (103) (Figure 31e). D’après cette RSM, 

les nœuds (103) des films LSCO et STO sont alignés verticalement indiquant que le film LSCO 

est contraint cube-sur-cube sur STO/Si.  

 
Figure 31 (a) Images RHEED de LSCO/STO/Si le long des azimuts [100] et [110]. (b) Scans XRD 2/ de 20º à 

80º. (c) Analyse XRD près de la réflexion (002). (d) -scans autour des réflexions (002). (e) RSM autour de la 

réflexion asymétrique (103) du film mince LSCO sur STO/Si. 
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Les -scans mesurés autour des réflexions LSCO(002) et STO(002) sont représentés sur 

Figure 31d. Les mosaïcités sont respectivement de 1,54° et 0,36°. En raison de l’instabilité 

thermique de STO/Si, la qualité du LSCO sur STO/Si est moins bonne que celles sur les 

substrats oxydes. Il est à noter que la mosaicité de la couche de STO avant croissance de LSCO 

montrée sur Figure 30d (0,23°) est légèrement meilleure qu’après croissance de LSCO (0,36°), 

principalement à cause de la température de croissance de LSCO (700 °C) beaucoup plus élevée 

que celle de STO (420 °C) sur Si. Cependant, ces premiers essais peuvent être améliorés et les 

couches STO/Si représentent un excellent moyen d’intégration de couches LSCO épitaxiées sur 

silicium et la réalisation de composants intégrés.  

 

6.2.4. Micro-fabrication d’un module thermoélectrique d’oxydes 

La réalisation d’un micro-module thermoélectrique (μ-TE) intégré représente des défis de 

fabrication, d’autant plus avec des oxydes épitaxiés sur silicium. Cela nécessite au moins trois 

croissance localisées successives (jambes n, jambes p et les contacts). Ces étapes 

technologiques sont étudiées dans le cadre de l’ANR MITO avec des procédés de l’industrie 

microélectronique : dépôt d’un masque dur, photolithographie et lift-off. Un schéma du 

démonstrateur envisagé est présenté dans la Figure 32.  

 
Figure 32 Schéma simplifié d'une architecture planaire de micromodule thermoélectrique en vue de dessus et 

transversale sur substrat « Silicon-On-Insulator » (SOI).  
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P-type thermoelectric Sr-doped LaCrO3 epitaxial films 

Abstract 

The objective of this Ph.D. thesis is to epitaxially grow by molecular beam epitaxy 

(MBE) p-type thermoelectric La1-xSrxCrO3 films and study its structural and 

thermoelectric properties around room temperature as a function of key parameters such 

as A-site cationic substitution ratio (x), epitaxial strain, and cationic stoichiometry 

deviation. First, after the stoichiometry calibration series, the effects of the A-site 

cationic substitution ratio (0  x  0.4) on structural, electronic, and thermoelectric 

properties have been studied at room temperature. In particular, we have shown that 

films with x = 0.25 yield the largest thermoelectric power factor (0.33 μW⸱cm-1⸱K-2). 

On this basis, epitaxial strain effects have been studied with high-quality epitaxially-

strained La0.75Sr0.25CrO3 (LSCO) thin films grown on different perovskite-oxide 

substrates, leading to a wide in-plane strain values (-2.1%  εxx  +1.8%). The 

investigation of structural properties (in-plane and out-of-plane lattice parameters, unit-

cell volume) allowed to extract the Poisson ratio (ν = 0.32) as well as the bulk lattice 

constant (aLSCO = 3.876 Å) for the first time. Besides, we have shown that the electronic 

and thermoelectric properties of LSCO can be tuned by strain. The slight in-plane 

tensile strain provides the largest thermoelectric power factor to most relaxed films. 

Furthermore, the effects of cationic stoichiometry deviation on structural, electronic, 

and thermoelectric properties were studied at room temperature in epitaxially-strained 

(La0.75Sr0.25)1+δCrO3 thin films within a wide off-stoichiometry range (-0.3  δ  0.3). 

We have shown that electronic and thermoelectric properties can be greatly altered by 

the cationic stoichiometry deviation alters the properties, and that the slight B-site 

deficiency (δ  0.15) enhances the thermoelectric power factor by around 70% 

concerning the stoichiometric film counterpart (δ = 0). Finally, the last part of this work 

mainly presents the epitaxial integration and structural properties of La0.75Sr0.25CrO3 

films on silicon for the first time. These original results are of high interest for 

engineering various Sr-doped LaCrO3-based devices such as thermal energy harvesters, 

coolers, transparent diodes, photocatalyzers, etc. 

 

Keywords 

Perovskite La1-xSrxCrO3 solid solution, P-type semiconductor, Thermoelectricity, 

Heteroepitaxial film, Molecular beam epitaxy 

  



 

 

Films épitaxiés de LaCrO3 dopé au Sr thermoélectriques de 

type p 

Résumé 

L'objectif de ce travail de thèse était la croissance épitaxiale par épitaxie par jets 

moléculaires de films La1-xSrxCrO3 de structure pérovskite thermoélectriques de type p 

ainsi que leur étude structurale et thermoélectrique en fonctions de différents 

paramètres clés tels que le taux de substitution sur le site A (x), les déformations 

d’épitaxie et la déviation par rapport à la stœchiométrie cationique. Premièrement, après 

des séries de calibrations stœchiométriques, les effets de taux de substitution (0  x  

0.4) sur les propriétés structurales, électroniques et thermoélectriques ont été étudiés à 

température ambiante. En particulier, nous avons montré que les films avec x = 0.25 

produisait le plus grand facteur de puissance thermoélectrique (0.33 μW⸱cm-1⸱K-2). Sur 

cette base, les effets de déformations d’épitaxie ont été étudiés sur des films minces 

contraints de La0.75Sr0.25CrO3 (LSCO) crus sur différents substrats d’oxydes de 

structure pérovskite de différents paramètres de maille, induisant une large gamme de 

déformations dans le plan (-2.1%  εxx  +1.8%). L’étude des effets structuraux 

(paramètres de maile dans le plan et hors plan, ainsi que le volume de la maille) a permis 

d’extraire pour ma première fois le coefficient de Poisson (ν = 0.32) ainsi que le 

paramètre de maille de son homologue massif (aLSCO = 3.876 Å). De plus, nous avons 

montré que les propriétés électroniques et thermoélectriques de LSCO pouvaient être 

contrôlées par les déformations structurales. Une légère une déformation en tension 

dans le plan permet d’obtenir les plus facteurs de puissance thermoélectrique, en 

comparaison avec les films plus relaxés. Ensuite, les effets de la déviation par rapport 

à la stœchiométrie cationique sur les propriétés structurales, électroniques et 

thermoélectriques ont été étudiées pour des films épitaxiés contrains de 

(La0.75Sr0.25)1+δCrO3 avec une large gamme de composition (-0.3  δ  0.3). Nous avons 

montré pour la première fois que les propriétés électroniques et thermoélectriques 

peuvent être grandement altérées par la déviation par rapport à la stœchiométrie 

cationique et que des lacunes sur le site B (δ  0.15) augmentent le facteur de puissance 

thermoélectrique de 70% par rapport à la stœchiométrie (δ  0). Finalement, la dernière 

partie de manuscrit présente l’intégration monolithique par épitaxie de films LSCO sur 

silicium ainsi que leur étude structurale. Ces résultats originaux sont de fort intérêt pour 

de nombreux composants potentiels à base de LaCrO3 dopés au Sr tels que des 

récupérateurs d’énergie thermique, refroidisseurs, diodes transparentes, 

photocatalyseurs, etc… 

Mots clés 

Solution solide de structure pérovskite La1-xSrxCrO3, Semiconducteur de type p, 

Thermoélectricité, Films hétéroépitaxiés, Epitaxie par jets moléculaires 
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