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Abstract  
In this thesis, the analysis of the local heat dissipation and the determination of the 

thermal conductivity parameter was performed in nano-porous structures and 
thermoelectric film materials.  Thermoelectric materials are defined as those that can be 
used to transform a difference in temperature into electricity (known as the Seebeck effect) 
and vice versa. A temperature difference can be produced if electricity is applied to a 
device based on thermoelectric materials (known as the Peltier effect). These materials 
need to exhibit high values of electrical conductivity (σ) and Seebeck coefficient (S). At 
the same time, they must also have as low as possible thermal conductivity (κ) to enhance 
the thermoelectric efficiency, which is described by his figure of merit 𝑧𝑧𝑧𝑧 = (𝑆𝑆2 ⋅ 𝜎𝜎) ·
𝑧𝑧/(𝜅𝜅𝑙𝑙 + 𝜅𝜅𝑒𝑒), where 𝑧𝑧 is the temperature, 𝜅𝜅𝑙𝑙 the phonon or lattice contribution to the 
thermal conductivity, and 𝜅𝜅𝑒𝑒 the electronic contribution. Promising thermoelectric 
materials, such as metallics alloys and some semiconductors with high electrical and 
electronic properties, are also good thermal conductors. Strategies to enhance 
thermoelectric efficiency include breaking or decoupling the electrical, electronic, and 
phonon transport parameters, for example, by doping semiconductors.  Another approach 
is based on bulk materials with high electrical conductivity and, through its nano-
structuration, the grain boundaries in the material can be increased. Thus, phonon 
scattering mechanisms induced by impurities of the doping or by the grain boundaries 
can reduce the lattice thermal conductivity, whilst the electrical properties can be 
preserved or even increased. However, specialized methods are required to characterize 
these transport properties in nanostructures.  
 

The scanning thermal microscopy technique (SThM) was implemented and optimized 
during this doctoral work.  This SThM, named 1ω,3ω-SThM, works with the frequency 
signals of the first harmonic (1ω), which can be used for obtaining information on a 
sample’s local heat dissipation or temperature distribution, and the third harmonic (3ω), 
used for extracting quantitative data on thermal conductivity.  The measurements were 
carried out under atmospheric laboratory conditions, and the material’s surface scan was 
performed with atomic force microscopy (AFM) to acquire topographic and thermal 
images simultaneously.  The thermal images—acquired with a high spatial and thermal 
resolution, were used to study the local heat transport.  The thermal conductivity of 
different samples was analyzed by experimental, analytical, and numerical methods.  
These samples were the thermoelectric films of bismuth telluride (Bi2Te3), copper 
selenide (Cu2Se), and silver selenides (Ag2Se and Ag2-xSe).  Further, nano-meshes of 
(Si0.8Ge0.2) and nano-porous membranes of anodic aluminum oxide (AAO)—commonly 
used as a template to grow thermoelectric materials—were also analyzed. 
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Resumen 
Esta tesis presenta un estudio del comportamiento de la disipación del calor en la 

nanoescala, a través de un análisis local de la conductividad térmica en estructuras con 
alta respuesta termoeléctrica, en diversas geometrías como materiales en película 
continua o nanoporosas. Los materiales termoeléctricos se definen como aquellos que se 
pueden utilizar para transformar una diferencia de temperatura en electricidad y 
viceversa. Esto es conocido como efecto Seebeck. En su caso análogo, es posible producir 
una diferencia de temperatura si se aplica electricidad a un dispositivo basado en 
materiales termoeléctricos, este es conocido como efecto Peltier. Típicamente, estos 
materiales deben exhibir altos valores de conductividad eléctrica (σ) y coeficiente de 
Seebeck (S) en una relación que se conoce como factor de potencia (𝑆𝑆2 ⋅ 𝜎𝜎). El desacople 
de estas propiedades se centra en la necesidad de tener la conductividad térmica (κ) más 
baja posible para mejorar la eficiencia termoeléctrica, que se describe mediante su figura 
de mérito 𝑧𝑧𝑧𝑧 = (𝑆𝑆2 ⋅ 𝜎𝜎) · 𝑧𝑧/(𝜅𝜅𝑙𝑙 + 𝜅𝜅𝑒𝑒), donde 𝑧𝑧 es la temperatura de operación, 𝜅𝜅𝑙𝑙 la 
contribución del fonón o red a la conductividad térmica y 𝜅𝜅𝑒𝑒 la contribución electrónica.  

Las aleaciones metálicas y algunos semiconductores han sido históricamente los 
materiales termoeléctricos más utilizados. Sin embargo, estos materiales (típicamente en 
volumen) presentan altos valores en transporte eléctrico y electrónico, al igual que son 
buenos conductores térmicos. Las estrategias para mejorar la eficiencia termoeléctrica 
incluyen romper o desacoplar los parámetros de transporte eléctricos, electrónicos y de 
fonones, por ejemplo, mediante el dopaje de semiconductores. Otro enfoque se basa en 
materiales en volumen con alta conductividad eléctrica y, a través de su 
nanoestructuración, se pueden aumentar los límites de grano en el material, reduciendo 
así su conductividad térmica. Por lo tanto, los mecanismos de dispersión de fonones 
inducidos por las impurezas del dopaje o por los límites de grano pueden reducir la 
conductividad térmica de la red, mientras que las propiedades eléctricas pueden 
conservarse o incluso incrementarse. Sin embargo, el desafío está en contar con métodos 
especializados que permitan caracterizar estas propiedades de transporte térmico con una 
resolución lateral en la nanoescala de estas estructuras, permitiendo detallar claramente 
estas interfases y la influencia de estas geometrías complejas en la conductividad térmica.  

Durante el desarrollo de esta tesis doctoral se implementó y optimizó la técnica de 
microscopía térmica de barrido (SThM por sus siglas en ingles). Este SThM, denominado 
1ω,3ω-SThM, trabaja con las señales de frecuencia del primer armónico (1ω), que puede 
utilizarse para obtener información sobre la disipación de calor local o la distribución de 
temperatura de una muestra, y el tercer armónico (3ω), utilizado para extraer datos 
cuantitativos sobre la conductividad térmica. Las mediciones se realizaron en condiciones 
atmosféricas de laboratorio y el escaneo de la superficie del material se realizó con 
microscopía de fuerza atómica (AFM) para adquirir imágenes topográficas y térmicas 
simultáneamente. Las imágenes térmicas, adquiridas con una alta resolución espacial y 
térmica, se utilizaron para estudiar el transporte de calor local. La conductividad térmica 
de diferentes muestras se analizó mediante métodos experimentales, analíticos y 
numéricos. Estas muestras fueron las películas termoeléctricas de telururo de bismuto 
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(Bi2Te3), seleniuro de cobre (Cu2Se) y seleniuros de plata (Ag2Se y Ag2-xSe). Además, 
también se analizaron nanomallas de (Si0.8Ge0.2) y membranas nanoporosas de óxido de 
aluminio anódico (AAO) utilizadas como sustrato de materiales termoeléctricos. 
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Motivation, research questions and objectives 

The micro- and nanoelectronics heat management as well as micro/nanoscale energy 
conversion, it is critical to precisely control the thermal conductivity of nanostructured 
materials with high spatial precision. Previous studies on nanoscale thermal transport 
have shown that nanostructuring can lower a material's thermal conductivity below that 
of its amorphous alloy counterpart and even surpass what it is call the amorphous limit, 
which for a long time was thought to represent a boundary to the minimum attainable 
thermal conductivity of a material at a given composition.  

Nevertheless, there are not many tools to allow us to measure thermal conductivity at 
the nanoscale in a proper way. In this doctoral thesis we aim to give answers to the 
following research questions (RQ): 

RQ1: Can it be possible to make progress in the Scanning Thermal Microscopy 
(SThM), to improve its spatial and thermal resolution, and to achieve quantitative thermal 
characterization at the nanoscale under atmospheric conditions? 

RQ2: Would it be possible to use this SThM technique to determine locally the thermal 
conductivity of nanostructured samples by high-resolution thermal images? 

RQ3: Can be correlated the experimental thermal observations obtained with SThM 
with the physico-chemical properties of the sample? 

To answer these questions, we have defined the following objectives (O): 

O1: The first specific objective pursued during this work was to adapt the technique to 
be able to measure with microfabricated probes of Pd/Si3N4, which had better spatial 
resolution than the Wollaston wire probes previously used in the research group.  

O2: The second specific objective was to implement a methodology to obtain the best 
conditions for measuring the thermal conductivity of different nano-porous structures and 
thermoelectric films, acquiring the signals of voltage 1ω and 3ω with high resolution. 

O3: The third specific objective was to perform scans in the samples and obtain 
thermal and topographical images of its surfaces, to understand how the changes of the 
thermal conductivity, observed at the nanoscale, are related to changes in the material’s 
composition, particle aggregation, grain boundaries, etc. 
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Prologue  

This thesis manuscript is divided into three main sections. The first section presents a 
general introduction that helps to frame this thesis's scope. In this first part, some of the 
physical properties related to this thesis are defined and their typical units in the SI are 
presented. Thus, the concepts of energy, heat, temperature, Fourier's law equation of 
thermal conduction, and the phenomenon of thermoelectricity are introduced, along with 
some applications of thermoelectricity. Finally, the Scanning Thermal Microscopy 
method is presented, along with the state of the art of this technique, and some essential 
equations and parameters used in the thermal model. See Chapter 1. 

The second section is devoted to the experimental methodology and the calibration 
procedure that must be carried out to perform the 3ω-scanning thermal microscopy 
(SThM) technique. The techniques used to grow the materials analyzed in this thesis and 
some methods used to characterize some properties are presented in Chapter 2. The 
experimental method implemented in this thesis to obtain high-resolution thermal images 
and to measure the thermal conductivity (κ) are presented in Chapter 3.  

The third section presents the results obtained during this thesis work. Different 
materials, structures, porosities, etc. have been studied. Firstly, anodic alumina 
membranes have been studied, and their characterization at different temperatures, that 
is, when annealed, is presented, unravelling how the changes in their structure are related 
to the thermal conductivity variations obtained in the measurements. Finally, different 
thermoelectric materials analyzed in this thesis work are thoroughly discussed and 
analyzed with the SThM technique: firstly, nanoporous structures of Si0.8Ge0.2 films. 
Then, chalcogenide materials such as Bi2Te3, Cu2Se, and Ag2Se. See Chapters 4 and 5.  
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1 Introduction 
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1.1 General introduction: Fourier’s law of thermal conductivity 

At the end of the 18th century and the beginning of the 19th century, the conduction of 

electricity and heat was a part of scientific discussions. The concept of how heat is 

transmitted or transferred was studied by many scientists. Among the most prominent 

studies related to heat propagation, was the heat equation introduced by Jean-Baptiste-

Joseph Fourier, one of the most important breakthroughs not only in physics but also in 

many different fields of the sciences. Joseph Fourier (1768-1830) was a French 

mathematician, who did experimental work on the conduction of heat in solids from 1807 

to 1811, but it was finally in 1822 when he published the mathematical physics theory of 

heat conduction in solid objects. His work was the Théorie analytique de la chaleur [1, 

2]. The Fourier law of heat �⃗�𝑅 = −𝜅𝜅 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

, express that the vector of the heat flux �⃗�𝑅 is 

proportional to the negative gradient of the temperature 𝜕𝜕𝑧𝑧, for isotropic materials. Then, 

the thermal conductivity, 𝜅𝜅, is a physical property that determines the ability of a material 

to transfer heat or, the rate of energy transferred through the solid material. The thermal 

or heat conduction is the mechanisms [3].  It should be pointed that, apart from 

conduction, the others two transfer mechanisms are convection and radiation. Therefore, 

the measurement of this property is of the utmost importance to understanding thermal 

transport in solid-state physics. The unit of 𝜅𝜅 in the SI is watt per meter per kelvin (W· 

m-1·K-1). From a macroscopic view, the thermal conductivity of typical bulk materials is 

known to be an intrinsic property of the material. This means that the thermal conductivity 

value is one and does not change due to the amount of the material itself. However, at the 

nanoscale, this concept must be carefully revisited. As it will be shown in this thesis, the 

material's thermal conductivity could be affected by slight changes in the material itself. 

At the end of the 19th century and the beginning of the 20th century, quantum mechanics 

and relativistic mechanics (branches of modern physics) stated that energy exists in 

discrete packages (quanta).  Thus, the lattice vibration produces quantized forms of 

energy, electrons (particles that transport the elementary electric charge) and phonons 

(particles that transport sound waves). The electrons and phonons are responsible for 

carrying heat in most semiconductor materials, and the conduction is the main mechanism 

to transfer the heat through the solid material. If the heat conduction changes, then, the 

heat dissipation of the material will be affected too. The increase of thermal energy in a 

material due to the increase of temperature provokes a faster vibration of molecules, 

which increases the disorder of the system due to collisions between the particles.  
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1.2 Thermoelectricity  

The thermoelectric effect, also known as Peltier–Seebeck effect, is the physical 

phenomenon known since the 19th century, in which a temperature difference can produce 

an electric potential difference in a device (Seebeck effect) and vice versa. A temperature 

difference will occur by applying a voltage to a thermoelectric device (the Peltier effect). 

At the atomic scale, in the presence of a temperature difference, the charge carriers (holes 

and electrons) will move from the hot side to the cold side of the material, producing a 

thermally induced current. A thermoelectric device can be used to generate electricity by 

the Seebeck effect or as a thermoelectric cooling device by the Peltier effect [4]. 

1.2.1 Peltier-Seebeck effect  

Last year was the two-hundredth anniversary of the effect discovered by Thomas 

Seebeck in 1821, which is called the Seebeck effect in his honour. However, it was in the 

1780s when Alexandro Volta made experiments on electricity detecting an electromotive 

force [4]. In 1820, Hans Ørsted, in a lecture on electricity and magnetism at Copenhagen 

University, performed an experiment in which an electric current flowing across a wire 

created a magnetic field, deviating a magnetic needle near to the wire. Then, the Estonian 

scientist Thomas Johann Seebeck performed a similar experiment using two strips of 

conducting materials: bismuth and copper. The metals were in a junction connected by 

two of their ends. One of the ends of the legs, the copper one, was heated, and he observed 

a strong deflection of the magnetic needle [5]. Seebeck presented the results of his 

experiment in 1822, but he did not identify the phenomenon. The magnetic field was 

equal but opposite to the electric current flowing in the metal strips, but he thought that 

the temperature difference was responsible for the induced magnetic field in the needle. 

In 1823, Ørsted proposed to call Seebeck’s experiment a thermo-electric circuit [6]. The 

currents were produced by an electric potential difference proportional to the temperature 

detected between the two conductor’s materials. When they are in a junction at one of the 

end legs, the shift in the electronic energy levels of each material produces an electric 

current. 

The so-called Seebeck coefficient S of materials depends on the material composition 

and changes typically with temperature. The thermoelectric effect is used to implement 

devices that can provide an electromotive force 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 , since the electric current is obtained 



 

16 
 

by the temperature conversion. This means that 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  can be equal to the Seebeck 

coefficient times the temperature gradient as 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = −𝑆𝑆 △ 𝑧𝑧.  

The local current density 𝐽𝐽 is equal to local electrical conductivity 𝜎𝜎 times the local 

voltage gradient 𝛻𝛻𝑉𝑉 and the 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 , that is 𝐽𝐽 = 𝜎𝜎(−𝛻𝛻𝑉𝑉 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  ), when the system is in a 

steady state (𝐽𝐽 = 0), 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛻𝛻𝑉𝑉, and therefore, −𝑆𝑆 = 𝛻𝛻𝛻𝛻
△𝜕𝜕

 [7]. This expression measures 

the temperature difference in a thermocouple when the Seebeck coefficient is known, and 

the voltage difference is obtained. Also, the voltage change is detected if the experiment 

is carried out with a reference temperature. If the Seebeck coefficient in one of the 

materials is known, the Seebeck in the second material can be determined. 

The Peltier effect was discovered by Charles Peltier in 1834 [8]. A temperature 

difference is produced if two different conductor materials are in a junction and an electric 

current is flowing. Thus, temperature increases or decreases due to the conductors' electric 

current at the junction. The heat in one junction is transferred to the other junction. The 

heat generated at the junction per unit time is �̇�𝑄, and is equal to the difference of Peltier 

coefficients of each material (which determines the heat carried per unit charge), which 

is multiplied by the electric current passing from material A to B, thus is �̇�𝑄 =  (∏𝐴𝐴 −

∏𝐵𝐵)𝐼𝐼. However, the total generated heat is not only due to Peltier. There is an influence 

of the thermal gradient and Joule heating. The Peltier effect is considered the counterpart 

to the Seebeck effect. The Peltier coefficient is related to the Seebeck coefficient as 𝑆𝑆 =
∏
𝜕𝜕

. For this reason, the thermoelectric effect in many texts is called the Peltier-Seebeck 

effect [7].  

1.2.2 Joule-Thomson effect 
William Thomson, also known as Lord Kelvin (1824–1907) [9], was a Scots-Irish 

engineer, physicist, and mathematician, that in 1851, presented the Thomson effect, 

describing the heating or cooling of a conductor material by a current in the presence of 

a temperature gradient. Since the Seebeck coefficient can change with the temperature, a 

temperature gradient will produce a gradient in the Seebeck coefficient. Therefore, a 

Peltier effect will be present if a current is driven across this gradient. James Prescott 

Joule (1818 – 1889), observed the relationship between heat and electricity. When the 

material presents opposition (resistance) to the electric current, it creates a continuous 

shock of the electrons, which yields the kinetic energy to be dissipated as heat in its 
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surroundings.  This is known as a Joule effect, an irreversible effect because the heat is 

generated, no matter the direction of the current [10].  

1.2.3 Thermoelectric (TE) efficiency and materials with high 𝒛𝒛𝒛𝒛  

The concept of thermoelectric (TE) efficiency began with Edmund Altenkirch in 1909, 

with a model to optimize a thermoelectric generator (TEG) [11]. TEGs are solid-state 

devices without any moving parts. TEGs have a long lifespan, as has been proven during 

space missions [12]. They have been used to power spacecraft, using radioactive decay 

as a heat source, and obtaining a temperature difference to convert into electricity through 

the Seebeck effect [13]. To operate at higher temperatures, around 900 K to 1300 K, 

silicon-germanium (Si-Ge) alloy has been successfully used to power the Voyager 1 and 

2 spacecraft. These spacecrafts were launched in 1977, and their missions are expected to 

end in ∼2025. The most recent launches, the Rover Curiosity in 2011 and Perseverance 

in 2020, have also included power sources based on thermoelectric materials [14-16].  

Also, the waste heat from automotive exhausts, hot power pipes, steel foundries, wood 

stoves, solar panels, geothermal, electronics, and even the human body heat itself, can be 

used to create a temperature difference for thermoelectric devices. Depending on their 

efficiency, these heat sources can provide a power supply between microwatts and 

kilowatts, without generating greenhouse gas emissions [17, 18]. 

In 1949 Abram Fedorovich Ioffe introduced the concept of “figure of merit” zT [19] 

to determine the efficiency of a thermoelectric device. The intrinsic figure of merit was 

defined by Ioffe as 𝑧𝑧𝑧𝑧 = 𝑆𝑆2⋅𝜎𝜎
𝜅𝜅
𝑧𝑧 [20, 21]. In 1954, Julian Goldsmid used the TE quality 

factor for the first time. He highlighted the advantage of having high mobility, an effective 

mass, and low lattice thermal conductivity in doped semiconductors materials.  

The best materials for a TEG are highly doped semiconductors, with positive or 

negative carriers (p-type or n-type, respectively), which present a high Seebeck 

coefficient, a high electrical conductivity (to reduce the Joule heating), and a low thermal 

conductivity (to reduce the heat loss and to ensure a temperature difference) [20, 21], 

considering that total thermal conductivity, 𝜅𝜅, is the sum of the contribution of the lattice 

that comes from the phonon transport, 𝜅𝜅𝑙𝑙, and of the contribution of carriers from 

electron-hole transport, 𝜅𝜅𝑒𝑒 [3].  
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1.3 Scanning thermal microscopy: start, advances, and numerical models 

Increasing the micro and nanostructures for microelectronics and thermoelectric 

devices requires special characterization techniques. For instance, characterization 

techniques for the heat dissipation at those micro and nanoscales, since the thermal 

conductivity is one of the most critical parameters that can be tailored or affected at the 

nanoscale. However, the measurement of this parameter represents a significant challenge 

nowadays. One of the essential techniques that can be used to study heat transport at the 

micro and nanoscale with high resolution is scanning thermal microscopy or SThM. In a 

few years, this technique has become a fundamental and unique technique to characterize 

heat transport in nanostructures. Through thermal maps of the sample's surface, it offers 

a high lateral and thermal resolution.  

Furthermore, this has achieved fast acquisition times with high metrology standards 

to ensure reliability and reproducibility. Therefore, this will probably be converted into 

one of the most powerful techniques available in laboratories and the industry in the 

coming years. Currently, only a few laboratories worldwide investigate thermal heat 

dissipation with SThM, most of which currently work with commercial equipment.  

1.3.1 The beginning of scanning thermal microscopy 

In 1986, Binning et al. [22] developed the atomic force microscope (AFM). This 

microscope used the principles of the scanning tunnelling microscope (STM), developed 

in 1981, and the stylus profilometer (SP), developed around the 1940s. The AFM 

invention allowed the study of conductors and insulators with an atomic-scale resolution 

by measuring interatomic and electromagnetic forces, overcoming some of the problems 

of the STM, such as the possibility of measuring only conductors. A feedback system 

controls the probe-sample distance and interacting forces during sample scanning and a 

contrast image from the feedback signal is obtained, representing the topography of the 

scanned surface.  

Almost simultaneously with the AFM`s invention, in 1986, a non-contact surface 

characterization technique for topographic images with high-resolution was presented by 

C. Williams and H. Wickramasinghe [23]. This technique was the scanning thermal 

profiler (STP). The probe had a conical shape with a thermocouple at the end of its tip. 

The probe was heated by the laser and brought close to the sample’s surface. Thus, due 

to the heat transfer between the probe sample, the probe was cooled down. Nevertheless, 
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the STP aimed to improve the topographic images through the thermal interaction 

between the probe and the sample. The probe’s temperature was used in the feedback 

loop to control the probe-sample distance. In that case, the probe’s temperature was 

constant, and the height varied. Therefore, the feedback signal was only able to obtain 

topographic images but did not acquire thermal images of the sample’s surface.  

The following years brought the development of many other techniques based on the 

scanning probe microscopy family, which could measure different properties with 

nanoscale resolution. For instance, in 1989, a microscope based on scanning tunnelling 

could measure the optical absorption of metal films by using the thermoelectric tunnelling 

voltage due to the absorption of the films. [24]. In 1990, the variations of the 

electrochemical potential with atomic scale were mapped [25]. Furthermore, in 1991, the 

contact potential difference between different materials was measured for the first-time 

using scanning force microscopy (AFM) [26]. This technique was called Kelvin probe 

force microscopy (KPFM). Since then, this has been widely used to measure the work 

function or surface potential of the surface of nanostructures. 

Later, in 1992, M. Nonnenmacher and H. Wickramasinghe heated a sharp probe while 

scanning a sample’s surface, offering a qualitative image of the sample’s thermal heat 

dissipation [27]. The authors described “a tremendous growth in scanned probe 

microscopies” [27]. Undoubtedly, this was the beginning of scanning thermal microscopy 

as it is known nowadays. 

1.3.2 Topographical and thermal images acquired simultaneously  

A breakthrough in thermal maps occurred in 1993. That year, Majumdar et al. [28] 

replaced an AFM probe with two wires of chromel and alumel. The surface was scanned 

with the thermocouple junction, and they could acquire simultaneously topographical and 

thermal images, which is the characteristic of the SThM. In addition, this tip allowed us 

to obtain images with a sub-micrometric spatial resolution [28]. In 1994, R.J. R. J. Pylkki 

et al. used a resistive thermal probe into an AFM cantilever. They mapped the temperature 

and thermal conductivity with a thermistor probe. The thermal resistance controlled the 

probe’s temperature by the electrical resistance changes in the probe [29]. Then, in 1995, 

A. Majumdar et al. [30] implemented the SThM to measure the thermal response of thin 

films and nanostructures. They modified AFM probes with a thermocouple to obtain a 

better resolution, less image distortion, and decrease temperature loss. Until here, the 
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SThM works were more qualitative than quantitative since the mathematical models were 

relatively simple and did not reflect all the geometrical or heat transfer characteristics of 

the probe-sample configuration.  

1.3.3 Quantitative results with scanning thermal microscopy 

The experimental work presented by Hammiche et al. in 1995 [31] can be considered the 

first quantitative work on SThM published until then. The authors implemented a 

Wollaston wire and obtained sub-surface maps of metallic particles (copper) embedded 

in polystyrene. The probe’s temperature was kept constant and connected to a Wheatstone 

bridge that proportioned the changes in the voltage and resistance to keep a constant 

temperature. The publication included a 1D theoretical model, but the authors reported 

different thermal values than expected. Nevertheless, this led the way for improved 

theoretical models applied in SThM measurements. 

The increase in the electronic materials and devices industry at that time required 

thermal characterization techniques to study the thermal stress in the materials. Thus, the 

SThM technique, which belongs to the family of SPM, started to be discussed in many 

overview articles on thermal analysis. One of the first was the work published by J. Kölzer 

et al. [32] in 1995, where they reviewed different techniques for thermal imaging for 

electronic materials and devices. SThM began to be recognized as a method with higher 

resolution than other techniques, such as thermography and thermo-reflectance. 

At the end of the 20th century, the publications of Gmelin et al. in 1998 [33], and A. 

Majumdar in 1999 [34] offered a complete overview of this new method's state of the art.  

1.3.4 3ω method and scanning thermal microscopy technique: 3ω-SThM 

In 1987, Cahill and Pohl proved an analytical solution to the 3ω method for thermal 

conductivity measurements [35] for the self-heating of a narrow metal film deposited on 

a substrate. This is in close relation to hot-strip and hot wire methods, which are used for 

thermal conductivity measurements. This method uses a lock-in amplifier to work in the 

frequency domain instead of the time domain. Then, in 1999, G. B. Fieged et al., applied 

the 3ω method to SThM to calculate the thermal conductivity. The authors in [36] reported 

less than a 2% deviation in measurements. They used a resistive probe as a heater and a 

thermometer simultaneously. The 3ω method combined with SThM is known as 3ɷ-

SThM.  
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The Joule effect heats the resistive probe or thermistor probe with an alternating 

current (AC) with 1ω angular frequency. The signal will be proportional to the square of 

the current, with a 2ɷ frequency. The heat exchange with the ambient and the sample’s 

surface will produce temperature oscillations. The heat transfer rate between the solid-

solid contact will depend on the thermal conductivity parameter. As the probe is a 

thermistor, the temperature changes will produce resistance changes at the same 2ɷ. 

Then, the total voltage will be proportionally oscillating around the product of the 

excitation current at 1ɷ and the resistance fluctuation at 2ɷ, that is, at the 3ɷ frequency. 

The amplitude of this voltage is smaller and should be preamplified and measured by a 

lock-in amplifier to be processed. Since then, the 3ɷ-SThM has been employed in 

different experimental works, along with many instrumentation improvements. In the 

2000s, many efforts were made to develop theoretical models to accurately determine the 

heat transport at the nanoscale [37-41]. 

1.3.5 Advances in Scanning Thermal Microscopy Measurements 

The latest improvements have been related to studying local temperature rises and the 

models for the thermal conductivity nanostructures with the SThM technique. Firstly, 

however, the different phenomena at the nanoscale in the tip-sample interaction should 

be considered, and the heat transfer mechanisms between the tip and surroundings must 

be considered.  

1) Solid-solid conduction occurs between the tip and the sample during physical 

contact.  

2) Liquid conduction occurs during measurements when certain humidity is present, 

creating a liquid meniscus around the tip. 

3) Gas conduction transfers heat through the surrounding atmosphere from the tip to 

the sample.  

 

The influences of the surrounding gas around the tip and the sample were reported in [42]. 

That work showed how the gas could distort the thermal signal and give a poor spatial 

resolution. Therefore, experiments performed under a vacuum were carried out, along 

with novel calibration techniques, to achieve more accurate results [43, 44]. However, 

another method was proposed in 2008 that consisted of performing measurements in 

ambient conditions by SThM, doing a double scan on the sample surface. It was called 
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null-point SThM [45]. Finally, most of the recent contributions can be separated into 

applications to 1D structures (nanowires, carbon nanotubes, among others) [46-48], thin 

films, 3D materials [49, 50], and, in the last years, the study of 2D materials [51, 52].  

1.3.6 Thermal probes 

This section presents the thermal probes and their main characteristics, advantages, 

and disadvantages. A summary can be found in Table 1.1. 

1.3.6.1 Thermoelectric probes 

The thermoelectric (TE) probes have a nanoscale thermocouple junction at the tip, 

which allows them to work in active or passive operational mode. Experimental and 

theoretical efforts have been done to obtain thermal images with sub-100 nm spatial 

resolution. For example, using a thin film thermocouple junction at the tip end [53]. The 

new designs and batch-fabrication of TE probes improve the thermal sensitivity, the tip 

radius and the thermal time constant, see Figure 1.1 and the scheme in Table 1.2. These 

probes are used to study the heat dissipation, temperature distribution, interfacial thermal 

resistance, and thermoelectric properties of different materials. For instance, 

thermoelectric properties with the 2ɷ signal were reported in [54, 55]. There, the sample 

was heated using a Peltier module, and the TE probe was heated through the Joule effect 

while scanning the heated sample.  

 

 
 

Figure 1.1: a) SEM image with the top view of TE probe. b) Side view of the probe. c) and 
d) show SEM images at different magnifications of the tip. In c) the detail of the 
thermocouple junction can be seen. a), b) and c) are taken from http://www.tspnano.com 
of TSP Nanoscopy. d) is taken from [56].  

 

1.3.6.2 Thermistor probes: Wollaston wire probe 

These probes are a type of resistor whose resistance is dependent on temperature. The 

word thermistor is the acronym for the thermally sensitive resistor. The temperature is 

sensed by measuring the electrical resistance changes. The sensitive element can be a 
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resistance wire, a highly doped semiconductor, or a metallic film. The commercially 

implemented includes the Wollaston wire, the highly doped semiconductor probes, and 

the microfabricated probes of Pd/SiN or Pd/SiO.  

The Wollaston wire has been used in SThM measurements since 1994 [29]. The 

resistor element is a platinum-rhodium (Pt90/Rd10) wire alloy with 5 µm of diameter in 

a silver shell of 75 µm. The Pt90/Rd10 wire has around 200 µm of length exposed and 

bent into a V-shape (see Figure 1.2). The probe has been mounted with a mirror to have 

optical beam detection and to detect the cantilever deflection by the AFM. These probes 

have been used for many applications: to study memory alloys, phase transition, thermal 

conductivity, and Seebeck coefficient [49, 57-59]. This probe has also been used to 

quantify the thermal parameters with heat transfer models for non-contact mode [60]. 

Nevertheless, the repeatability of measurements with this probe can be quite challenging. 

The V-shape of the probe can change after several scans due to bending problems, or dust 

particles in the exposed core can distort the bend. 

 

 
 

Figure 1.2: Different images of Wollastone wire probes used in our measurements, where 
the exposed Pt90/Rd10 core bent in a V-shape can be seen, with increasing magnifications 
from an optical microscope image in a) with a complete view of the probe with the mirror 
and the silver legs to b), where a Scanning Electron Microscope (SEM) detail of the 
exposed core with a V-shape can be seen. SEM images c) and d) show a Wollaston probe 
after several uses, presenting dust attached to the wire in c) and a distorted shape in d). 
Figure taken from [56] 

 

1.3.6.3 Thermistor probes: Micro-fabricated thin metal film probes  

The resistor element is typically a thin film of 50 nm of Pd, located in the apex of the 

tip. The cantilever can be silicon dioxide (SiO2) or silicon nitride (Si3N4). These probes 

have two current limiters of nickel-chromium, and gold pads for the electrical connection. 

The probe has around 10 µm tip height to separate the cantilever and the sample to avoid 

any heat loss. In Figure 1.3, it can be seen a micro-fabricated Pd/ Si3N4–commercialized 

by Bruker®, which was the type uses during this PhD. thesis. 
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It is worth highlighting the higher topographic and thermal resolution achieved with 

these probes compared with the Wollaston wire probe. The cut-off frequency when it is 

heated with AC is higher in micro-fabricated probes compared with Wollaston probes 

[41]. Among the drawbacks, they are highly static sensitive. Figure 1.3.d shows the probe 

when the Pd film has been removed, which can occur due to its high static sensitivity. 

Another disadvantage, when compared with Wollaston wire probes, is the price, which 

comes from the fact that this is a micro-fabricated and high specialized probe. Besides, 

the heat transfer model requires knowing different parameters of the tip geometry, 

material properties, and heat transfer mechanism between probe-sample [46]. These 

probes were designed for contact mode.  

  

 
 
Figure 1.3: Different Scanning Electron Microscope (SEM) images of a micro-fabricated Pd/ 
Si3N4–commercialized by Bruker ® used in our measurements, with increasing magnifications 
from a) to b). Images c) and d) show probes where the Pd film of the tip has been removed, 
after the breakdown. The angle of the tip can be also clearly seen in c). Figure taken from [56] 

 

1.3.6.4 Thermistor probes: Micro-fabricated semiconductor probes 

The resistive element of this micro-machined U-shape is a low-doped stage, with two 

highly doped silicon micro-legs. The tip is on the resistive element with a conical or 

pyramidal shape [61], [61]. The fabrication of these probes is a microelectronics process, 

and thus batches of sharp probes can be fabricated. These probes were developed for high-

speed nanoscale lithography and data-storage systems by IBM [62], working in active 

mode.  

The main advantage of these probes is, as was mentioned before, the high resolution 

that can be achieved, allowing even a three-dimensional analysis of nanoscale confinement 

of certain effects, such as phase transitions (which is not possible when using Wollaston 

probes, for instance) [63], serving as a high localized heat source. They have been used in 

biological analysis, as in ref. [64]. It must be considered that these probes are normally 
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used for nanolithography and data storage, given that they can deliver up to 1000 oC. See 

Figure 1.4.  

Another difficulty for their use in thermal conductivity characterization is that the 

variation of their electrical resistance cannot be completely described by a lineal relation 

with temperature [65], as it could be done in the previous cases, which further complicates 

the qualitative measurements. 

 
 
Figure 1.4: Scanning electron microscope images of micro-fabricated semiconductor 
probes, showing different magnifications in the case of a) pyramidal and b), c) conical 
SEM image in d) is a part of a whole array of microfabricated cantilevers (a) is taken from 
reference [65] and b) is taken from reference [66], c) and d) from [67]). 

 

1.3.7 Operational modes to heat transfer in probe-sample  

There are two operational modes of heat transfer during the probe-sample 

approaches with SThM. 

1.3.7.1 Active mode:  

  In the active mode, the probe acts as a heater and a thermometer. The probe is 

heated by the Joule effect, which implies the use of high currents. The heat flows 

from the probe to the sample, and the flux depends on the sample’s thermal 

conductivity and temperature difference. Using thermo-resistive probes working 

in active mode, the temperature change is registered through the probe’s voltage, 

which is related to the sample’s thermal conductivity. The active mode has two 

operational branches: at the constant current or constant temperature [29]. In the 

active mode operated at a constant current, the probe-sample heat transfer is 

detected by resistance changes in the probe. In the active mode, operated at a 

constant temperature, the applied voltage varies to keep the probe’s electrical 

resistance constant. One of the advantages to uses this mode is that it has the fastest 

time response to obtain the local thermal equilibrium.  
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1.3.7.2 Passive mode:  

In the passive mode, the sample is heated, and the probe’s temperature is 

monitored while scanning the surface. For thermoresistive probes, the current 

passing through the probe, must be small to avoid the self-heating of the probe. 

That, local temperature changes can be detected. This measurement mode was 

implemented by Majumdar in 1993 [28]. 
 
 

 

Table 1.1: Summary of the properties of the different SThM probes mentioned in the text. 
Taken from [56]. 

SThM probes 
 

thermo-

electric 

thermo-resistive   semiconductor 

 

Specifications 

Thermocouple  

junction 

Thermocouple 

Wollaston 

wire probe 

Thermistor 

Pd/ Si3N4 

probe 

Doped silicon 

resistor probes 

Operation 

modes 

Passive At constant 

temperature 

   

Active  At constant 

current 

At constant 

current 

At constant 

current 

Thermal 

properties 

extracted 

 Thermal 

conductivity, 

TE properties  

Thermal 

conductivity,  

Seebeck 

Thermal 

conductivity 

Seebeck  

Nanolithog,  

nano-LTA,  

glass transition. 

Probe 

character. 

Cantilever 

Materials 

Si3N4 

SiO2, 

Si 

Ag shell 

Al mirror 

Si3N4 

NiCr limiters 

Au pads 

Silicon 

(highly doped) 

Spring Constant 

(Nm-1) 

0.35 5 0.5 1 

Tip Materials Au, Cr Pt90/Rd10 Pd Silicon low 

doped 

Tip height (𝜇𝜇m) 0.1 100 10  

Tip radius (𝜇𝜇m) 0.1-0.065 ≈ 10 < 0.1 0.01-0.02 

Electrical 

properties 

Electrical 

resistance of the 

probe (Ω) 

≈ 600 ≈ 2   ≈ 350  ≈500 
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Thermal 

properties 

Max. 

Temperature 

(℃) 

600-800  160 1000 

Temper. 

coefficient 

resistance (K-1) 

 0.00165 0.0012  

Thermal  

cut-off 

frequency 2fc 

(Hz) 

 250 2750  

Resolut. Thermal lateral 

resolution (𝜇𝜇m) 

 1-2 0.060-0.100  

Topogr. lateral 

resolution (𝜇𝜇m) 

0.03 < 1 0.030- 0.060 0.1 

  

 

Table 1.2: Summary of advantages and disadvantages of the different thermistor types of probes 
discussed in this section. Taken from [56].  

Probe Scheme Advantages Disadvantages 

 
Wollaston wire 

 

 
• Known since 1994 

(extensively used for heat 
transfer studies) 

• Theoretical works 
available on contact and 
non-contact mode 

•  
 

• Implemented to act as 
thermometers and heaters 

• Endurable (it is difficult to 
mechanically break it) 

 
• Bending issues: the angle 

of the V-shape can 
change after certain uses 
giving reproducibility 
issues. 

•  
•  

 
• No commercially 

available (Bruker does 
not sell them anymore) 

• After a certain number of 
scans, it is quite probable 
to have the wire is dirty 
(dust or particles) 
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Micro-fabricated 
metal thin film 

 

 
• High thermal and 

topographic resolution 
(down to 100 nm) 

• High cut-off frequency: 
better for AC heating 
mode. 

• Reduced time of image 
acquisition. 

• Commercially available 
• Batch-fabricated 
• High sensitivity 
• More used in active mode 

 

 
• High static sensitivity: 

easy to breakdown. 
• Higher price than normal 

probes. 
• Complex calibration steps 

and models for AC 
heating 
 

 
Micro-fabricated 

Thermoelectric 
 

 

 
• High thermal and 

topographic resolution 
(down to 50 nm) 

• Commercially available 
• Batch-fabricated 
• High electrical resistance 
• More used in passive mode 

(but also used in active 
mode) 

• Robustness and high 
durability can be found at a 
reasonable cost 

 
• If the thermal sensitivity 

is not high, the 
temperature profile can be 
noisy 

• For some experiments, a 
new set, up and the circuit 
may be necessary making 
complex the experimental 
and theoretical 
development 

• Obtain better resolution 
vacuum condition can be 
useful, but this can affect 
the temperature gradient 
 

 
Micro-fabricated 
semiconductor 

  

 

 
• High thermal and 

topographic resolution 
(down to 100 nm) 

• Commercially available, 
reduced cost 

• Batch-fabricated 
• High temperatures 

achieved (up to 1000 oC) at 
the tip 

• High electrical resistance 
• More used in active mode 

 
• No linear relation 

between temperature and 
electrical resistivity 
 

• High thermal constant 
resistances: difficult to 
extract quantitative 
measurements 

• Thermal bending 
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1.4 Heating methods with thermistor probes  

This section discusses the analytical thermal transport models used in SThM to extract 

thermal conductivity with thermistor probes. The probes can be heated with alternative 

current (AC) and direct current (DC). Different aspects in each case will be highlighted. 

On the one hand, the AC heating mode offers a high signal-to-noise ratio, especially when 

a feedback loop with a lock-in amplifier is involved. On the other hand, the advantage of 

using DC instead of AC is the lower complexity of the experimental setup and the thermal 

modeling. Also, as was before mentioned, the probe can work under active or passive 

operational modes. Regarding active operational mode, which was used in this thesis 

work, the voltage drop across the probe can be measured while the current passes through 

it. To this extent, a Wheatstone bridge is used to detect the resistance changes in the probe. 

Then, after a calibration process, the actual temperature of the probe can be determined 

(see chapter 3). 

1.4.1 Direct current heating mode 

The experimental measurements carried through DC heating mode have been 

modelled considering different parameters, which are discussed in this section. For 

example, in the case of measuring thin films, the parameters needed are the film’s 

thickness, the substrate’s influence, the probe’s geometry, the heat transfer exchange 

radius, and so forth. In the theoretical model, the tip is simulated by a fin with a steady 

state heat transfer equation, as was shown by Borca-Tasciuc in [68]. The fin has a length 

L, which corresponds to half of the tip length. Here, a brief description of the model is 

presented. The heat transfer to be fulfilled is described by equation 1.1: 

 

𝑑𝑑2𝑧𝑧𝑃𝑃∗

𝑑𝑑𝑥𝑥2 − �
2ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝜆𝜆𝑃𝑃𝑟𝑟

−
𝜌𝜌0𝐼𝐼2𝛽𝛽𝑃𝑃
𝜆𝜆𝑃𝑃𝐴𝐴𝑃𝑃2

 �𝑧𝑧𝑃𝑃∗ +
𝜌𝜌0𝐼𝐼2

𝜆𝜆𝑃𝑃𝐴𝐴𝑃𝑃2
= 0                           (1.1) 

 

 

, where the index 𝑃𝑃 refers to the probe, 𝑧𝑧𝑃𝑃∗ = 𝑧𝑧𝑃𝑃(𝑥𝑥)−  𝑧𝑧0 and hence 𝑧𝑧𝑃𝑃 is the probe 

temperature and 𝑧𝑧0 is the ambient temperature; ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = ℎ + 4𝜀𝜀𝜎𝜎𝑧𝑧03 and ℎ is the 

convective heat transfer coefficient in air, 𝜀𝜀 is the emissivity of the probe, 𝜎𝜎 is the Stefan-

Boltzmann constant; 𝜆𝜆 is the thermal conductivity; 𝜌𝜌0 is the electrical resistivity; 𝐼𝐼 
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corresponds to the root-mean-square electric current applied to the probe, 𝛽𝛽 is the 

temperature coefficient of the resistance, and 𝐴𝐴 is the total cross-sectional area. To find 

an analytical solution for equation 1.1, boundary conditions must be assumed. One of 

these conditions is to assume ambient temperature at the end of the probe. The other is 

assuming a uniform temperature distribution at the tip. Hence, it is necessary to know the 

geometrical, electrical, and thermal characteristics of the probe, which influence the 

temperature distribution at the tip. The average probe temperature is given by equation 

1.2: 

 

  𝑧𝑧𝑎𝑎𝑎𝑎,𝑃𝑃
∗ =  1

𝐿𝐿 ∫ 𝑧𝑧𝑃𝑃∗𝑑𝑑𝑥𝑥
𝐿𝐿
0 =  𝑧𝑧𝐷𝐷𝐷𝐷−𝑎𝑎𝑎𝑎,𝑃𝑃−𝑧𝑧0                           (1.2) 

 

, where 𝑧𝑧𝐷𝐷𝐷𝐷−𝑎𝑎𝑎𝑎,𝑃𝑃  is the DC average probe temperature. The thermal resistance of the probe 

is expressed as 𝑅𝑅𝑃𝑃𝑡𝑡ℎ  = 𝑧𝑧𝑎𝑎𝑎𝑎,𝑃𝑃
∗ /(𝐼𝐼2𝑅𝑅𝑒𝑒𝑙𝑙𝑒𝑒,𝑃𝑃), where Rele.P is the electrical resistance of the probe. 

In the equation of 1.2, RP
th is compared with the experimental result of effective thermal 

resistance of the probe 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 . The thermal resistance of the sample can be determined from 

the semi-infinite medium assumption for heat conduction in bulk samples. If the films 

have enough thickness to be considered bulk-like thick, and if it is in contact with the tip, 

the semi-infinite medium theory can be used to extract the thermal conductivity of the 

film from the next expression 1.3: 

        𝑅𝑅𝑆𝑆𝑡𝑡ℎ = 1
4𝜆𝜆𝑆𝑆𝑏𝑏

                                                  (1.3) 

 

, being 𝑅𝑅𝑆𝑆𝑡𝑡ℎ  the sample thermal resistance, 𝑅𝑅𝑆𝑆𝑡𝑡ℎ = 𝑅𝑅𝑒𝑒𝑒𝑒𝑡𝑡ℎ −  𝑅𝑅𝐷𝐷𝑡𝑡ℎ ; 𝜆𝜆𝑆𝑆 the sample thermal 

conductivity and 𝑏𝑏 the thermal exchange radius. This last parameter is related to the limit 

of the thermal penetration depth. On the one hand, Cahill et al., described in ref [69], the 

solution of the diffusion equation for the 3ω method applied to a metal stripe, which acts 

as a heater element. They reported that film on a substrate should have at least five times 

the width of the heater, aiming to diminish the substrate influence. 

On the other hand, if the film is thinner, the expression in equation 1.3, should be 

modified to consider the substrate influence. Borca-Tasciuc in [68] described a multilayer 

structure to determine the thermal conductivity from a thermal resistance network in a 
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series of film and substrate contributions (see Figure 1.5). Th 1D heat transfer across the 

thickness of the film, being 𝑏𝑏 and 𝑅𝑅𝑆𝑆𝑡𝑡ℎ  the above-mentioned thermal parameters, the 

sample thermal resistance expression results in equation 1.4: 

 

      𝑅𝑅𝑆𝑆𝑡𝑡ℎ  = 1
4𝑏𝑏𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆

+ 𝑡𝑡𝑓𝑓
𝜋𝜋𝑏𝑏2𝜆𝜆𝑓𝑓

                                         (1.4) 

 

, where 𝜆𝜆𝑆𝑆𝑆𝑆𝑏𝑏 is the substrate thermal conductivity, 𝑡𝑡𝑒𝑒 is the thickness of the film, and 𝜆𝜆𝑒𝑒 

is the film's thermal conductivity. Thence, SThM is used to obtain an analytic solution of 

the sample thermal conductivity. 

 
 

Figure 1.5: Scheme of the thermal resistance network and thermal interaction between 
the probe and the sample [56]. 

 

1.4.2 Alternating current heating mode 

The use of AC to heat the microfabricated probes has many advantages compared with 

DC heating. To illustrate this, it should be taken into consideration that micro-fabricated 

probes have smaller thermal mass and higher cut-off frequency than Wollaston wire 

probes, and this makes the microfabricated probes, more suitable to work in AC mode.  

Nevertheless, the thermistor probes that are heated by AC signal, have a temperature 

distribution with a DC and AC contribution. The AC current, which is defined as 𝐼𝐼(𝑡𝑡) =

𝐼𝐼0 cos(𝜔𝜔𝑡𝑡), and the amplitude of the temperature distribution, given by Joule heating, is 

linked to the electrical resistance of the probe, as shown in equation 1.5: 

 

     𝑧𝑧2𝜔𝜔,𝑎𝑎𝑎𝑎 =  2𝛻𝛻3𝜔𝜔,𝑡𝑡𝑡𝑡𝑡𝑡

𝐼𝐼0𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽𝑃𝑃
                                             (1.5) 
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, where the term 𝑉𝑉3𝜔𝜔 ,𝑡𝑡𝑡𝑡𝑡𝑡  is the 3𝜔𝜔 voltage, which is experimentally measured through 

SThM calibration, and βp is the temperature coefficient of the resistance (TCR) of the 

probe. The solution of the heat transfer equation of the probe using AC should be 

considered for the heat and the current flow, and the differences in the cross-sectional 

areas. Lefèvre and Volz, 2005, published a theoretical model based on AC heating [38]. 

This model was validated along with experimental results. They based the thermal model 

on the transient fin equation, which includes a source term of the joule heat dissipation. 

The authors concluded in that study, that Wollaston-size wire could not reach the transient 

thermal behaviour of the hot strip in the classical 3ω method. In 2011, Puyoo et al. [46], 

presented an improvement to the previous thermal model. This new model describes the 

thermal probe behaviour when the probe was heated under ambient conditions and made 

contact and out of contact with the sample surface. They divided the cross-sectional areas 

between the probe and the metallic film coating of Pd—the heating element. The reason 

was to identify which geometrical parameters were inherent to the probe. The heat 

equation in the Fourier space is given in equation 1.6: 

 

  d
2𝜕𝜕2𝜔𝜔,𝑃𝑃
dx2

− �2iω
𝛼𝛼𝑃𝑃

+ ℎ𝑡𝑡𝑃𝑃
𝜆𝜆𝑃𝑃𝐴𝐴𝑃𝑃

� 𝑧𝑧2𝜔𝜔,𝑃𝑃 + 𝜌𝜌𝐼𝐼02

2𝜆𝜆𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴𝑀𝑀
= 0                          (1.6) 

 

, where the index 𝑃𝑃 refers to the probe; 𝛼𝛼 is thermal diffusivity and 𝜆𝜆 is the thermal 

conductivity; 𝐴𝐴𝑃𝑃 is the total cross-section area of the probe, 𝐴𝐴𝑀𝑀 is the cross-sectional area 

of the heater element, that is the metallic film; 𝑝𝑝 is the perimeter; ℎ is the effective 

coefficient of the convective heat transfer in the air; 𝜌𝜌 is the electrical resistivity and 𝐼𝐼0 is 

the current amplitude. 

Since the amplitude of temperature in AC is small, it can be considered that thermal 

radiation is negligible [68]. When 𝜔𝜔 → 0, the AC heating equation can be simplified in a 

DC one, without transient influence. Considering that the heat flux occurs at the tip apex 

of the probe, the pads of metal at the tip can be assumed as thermal sinks, neglecting the 

variations of temperature at the junction. Thereby, the heat flux expression when the probe 

has contact with the surface is: 

     −λPAP
𝑑𝑑T2ω,P
𝑑𝑑𝜕𝜕

�
𝜕𝜕=𝐿𝐿

=  
T2ω,P�𝑥𝑥=𝐿𝐿

𝑅𝑅𝑒𝑒𝑒𝑒𝑡𝑡ℎ
                                       (1.7) 
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, where L is the length of the metallic film, the equivalent thermal resistance, which is the 

contribution of the thermal resistances in series from both the tip-sample contact and the 

thermal resistance of the sample.  

To solve the equation of the transient heat transfer in a fin, the boundary conditions of 

contact and non-contact mode between tip and sample should be applied. More details 

for the analytical solution of the tip temperature variations at 2ω, in [38, 46, 68].  

The heat flux expression considering the sample as a semi-infinite medium, heated by a 

semispherical heat source of radius b is shown in equation 1.8: 

 

        𝑄𝑄𝑆𝑆 = 2𝜋𝜋𝑏𝑏λ𝑆𝑆T2ω,S �1 + 𝑏𝑏�2iω
αS
�                                     (1.8) 

 

where the index 𝑆𝑆 denotes the sample. This expression possibilities to determine the 

thermal conductivity (𝜆𝜆𝑆𝑆) of the analyzed film. The rise of the temperature amplitude due 

to Joule heating is proportional to the 3ω voltage of the tip as shown in equation 1.9: 

           

           𝑉𝑉3𝜔𝜔,𝑡𝑡𝑡𝑡𝑡𝑡 =  〈𝑧𝑧2𝜔𝜔,𝑃𝑃〉
𝐼𝐼0𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝛽𝛽𝑃𝑃

2
                                           (1.9) 

 

, here, the average probe temperature is 〈𝑧𝑧2𝜔𝜔,𝑃𝑃〉 = 1/𝐿𝐿 ∫ 𝑧𝑧2𝜔𝜔(𝑥𝑥,𝜔𝜔)𝐿𝐿
0 dx (where L is the tip 

length), 𝐼𝐼0 is the electric current amplitude applied to the probe, 𝑅𝑅𝑒𝑒𝑙𝑙𝑒𝑒  is the electrical 

resistance of the probe at the operating temperature, and 𝛽𝛽𝑃𝑃 is the probe temperature 

coefficient of the resistance. Then, the power is defined as 𝑃𝑃 = 𝐼𝐼𝜔𝜔2𝑅𝑅𝑒𝑒𝑙𝑙𝑒𝑒 , and the 

corresponding heat equation solved in the Fourier space is formulated in equation 1.6. As 

it was described by Zhang et al. [70], the average temperature variation of the probe, 

∆𝑧𝑧probe , in equation 1.5 divided by the total power, 𝑃𝑃 = 𝑉𝑉𝑅𝑅𝑀𝑀𝑆𝑆 × 𝐼𝐼𝑅𝑅𝑀𝑀𝑆𝑆, gives the thermal 

probe resistance 𝑅𝑅𝑡𝑡. The thermal sample resistance (𝑅𝑅𝑒𝑒𝑒𝑒 = 𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑠𝑠) can be calculated 

by fitting the heat flux of probe-to-sample from equation 1.7 to match the 𝑅𝑅𝑡𝑡 in an 

appropriate ∆𝑧𝑧probe. The average temperature variation along the probe is obtained by 

solving the heat equation 1.6 giving a temperature profile. 
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1.5 Summary  

 

This chapter briefly introduced different concepts and parameters related to this thesis. 

First, thermal conductivity is framed as the physical parameter investigated in this thesis. 

Next, the thermo-electric effect was introduced, because an essential part of this work is 

dedicated to measuring the thermal conductivity of nanostructured thermoelectric films. 

Finally, the scanning thermal microscopy technique investigated in this thesis was 

presented in this chapter. The state of the art of technique, the main characteristics of the 

thermal probes, the heating methods, and the numerical models and equations used during 

this thesis work are presented in this chapter.   

The work performed in this thesis will be the implementation and the successful 

calibration of the microfabricated thermal probes of Pd/ Si3N4, heated with an AC signal, 

under active mode. The heat transfer model discussed in this introductory chapter will be 

implemented in the MATLAB code program to determine the thermal probe response 

during the calibration process [41]. The thermal conductivity of different samples will be 

calculated using the semi-infinite medium assumption introduced in this chapter. The heat 

equation in the Fourier space, solved in cylindrical coordinates, was used to fix the 

experimental data points of the calibration curves. The improvements in SThM to obtain 

high-resolution images (see an illustration in Figure 1.6) and the calibration work 

performed during this thesis are detailed in Chapter 3.    

 

 
 

Figure 1.6: Schematic representation of a thermal probe in contact with surface 
material. Inside the probe's sketch is the image information that can be obtained and 
correlated, the morphology, the topography, and the thermal images of 1w and 3w 
frequencies obtained with this SThM. 
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2 Experimental and analytical methods  

This chapter briefly explains the main characteristics of the experimental and 

analytical methods required to perform this thesis work. This chapter is divided into four 

subsections. The first part presents the techniques used for the material’s growth and 

sample preparation. The second part includes the techniques used to study the physical 

and chemical properties of the materials. This study was made through structural, 

morphological, and compositional characterization. The third part explains the methods 

required to determine the thermal, electrical, and thermoelectric properties of the 

thermoelectric materials analyzed in this thesis. Finally, the last section describe which 

programs were used for the data analysis, image processing, thermal modeling, and the 

simulation of the heat transport mechanism by conduction.  
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2.1 Sample fabrication 

This section explains the main characteristics of the fabrication techniques used to 

grow the samples analyzed in this thesis. These samples are porous films of AAOs, and 

thermoelectric films of Si1-xGex nano-meshed, Ag2Se, Ag2-xSe, Cu2Se, and Bi2Te3. The 

sample fabrication was performed by other PhD students from the research group, 

FINDER at the IMN, CNM-CSIC, where the author of this manuscript developed this 

work.  

 

2.1.1 Electrodeposition  

2.1.1.1 The electrochemical process to fabricate AAOs 

The electrochemical process is a reaction in which the electrical energy can be 

transformed into chemical energy and vice versa. The electrochemical reaction involves 

a cathodic deposition and anodic oxidation between two electrodes. The electric current 

and the movement of the ions generated into an electrolyte (aqueous acid solution) 

involve electron and mass transportation between the electrodes. If a potential difference 

is applied and it causes a chemical reaction, it is a non-spontaneous reaction, and it is 

called electrolysis. In the other case, if a spontaneous reduction-oxidation (redox) 

produces an electric potential difference, it is called a storage cell (battery) or galvanic 

cell. During the anodic oxidation or the anodization carried out to grow porous 

membranes of Anodic Aluminium Oxide (AAO), a positive electrode (the anode) and a 

negative electrode (the cathode) are both immersed inside the anodizing cell. This cell 

contains the electrolyte bath while an electric potential is applied to the medium. The 

experimental set-up to grow the AAOs includes an Aluminium foil used as the anode and 

denominated working electrode. The cathode was a platinum mesh-denominated counter 

electrode. See the scheme of this process in Figure 2.1.a. The oxygen ions released from 

the acid solution interact with the atoms of the aluminium’s surface during a highly 

controlled oxidation process to fabricate highly anodic aluminium oxide membranes 

(AAO)s. These membranes were fabricated through two-step anodization.  
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These membranes were obtained from an aluminium foil of 0.5 mm in thickness and 

99.999% purity from Advent Research Materials. In the first anodization, which took 24 

hours, a layer of aluminium oxide was created. Then, the oxide was removed by chemical 

etching using a mixture of acids (phosphoric H3PO4 at 7 wt. %, chromic oxide CrO3 at 

1.8 wt. %, and deionized water). Then, the second anodization was performed on the 

previously ordered patterns to nucleate the new pores. This process can take between 15 

and 20 hours, which determines the pore’s length. Finally, this was performed in a bath 

of oxalic or sulfuric acid, depending on the pore diameter that is required, for example, 

35 or 25 nm, respectively. The pores have a hexagonal ordering and a high aspect ratio. 

That means that their diameters can range from 8 nm to 500 nm and their lengths between 

30 μm and 60 μm. The anodization voltage applied in the bath between the electrodes was 

25 V in the case of sulfuric acid and 40 V in the case of oxalic acid. More details of this 

technique can be found in [71]. This technique is available in the research group where 

the PhD student performed this thesis, FINDER, at the IMN-CNM, CSIC. These 

membranes were grown by Dr. Alejandra Ruiz-Clavijo. 

2.1.1.2 Electrodeposition of BiTe films 

Electrodeposition is an electrochemical process in which the reduced ions from an 

electrochemical bath are deposited upon a metal layer (the conductive substrate, also 

called the working electrode) when establishing a certain voltage (or current) between 

two electrodes, one of them the working electrode. It can be controlled by the current or 

voltage, known as galvanostatic or potentiostatic modes. The conductive substrate acts as 

the cathode, while the metallic film acts as the anode. Therefore, the electrochemical 

reaction (expressions in 2.1 and 2.2) with the metal ions 𝑀𝑀𝑧𝑧+ dissolved in the 

electrochemical bath, where z is the number of electrons implied in the reaction, is: 

Reduction at the cathode: 𝑀𝑀𝑧𝑧+
(bath) + 𝑧𝑧𝑅𝑅− → 𝑀𝑀(𝑠𝑠)                         (2.1) 

Oxidation at the anode: 𝑀𝑀(𝑠𝑠) → 𝑀𝑀𝑧𝑧+
(bath) + 𝑧𝑧𝑅𝑅−                           (2.2) 

The current density, electroplating time, and electrodeposition temperatures determine 

the deposited films' characteristics. The films used in this thesis were grown in an 

electrochemical cell of three electrodes: the working electrode (WE), the counter 

electrode (CE, a metallic film to provide the electrons and establish the electric current), 

and the reference electrode (RE, to establish a reproducible applied voltage to the system). 
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See the scheme of this set-up configuration in Figure 2.1.b. The WE act as the cathode. 

It consists of a film of 150 nm of platinum or gold and 5 nm of chromium, deposited by 

electron beam evaporation on a silicon substrate (1 0 0). The CE acts as the anode; in this 

case, it was a platinum mesh (an inert material). The RE is composed of Ag/AgCl (3M 

KCl), which controls the applied potential. They were deposited under potentiostatic 

polarization. More details of this technique can be found in [72-74]. The reference 

samples of BiTe and Te films used in the calibration process in chapter 4, and the Bi2Te3 

films analyzed in chapter 5, were prepared under constant potential using a Bipotentiostat 

Eco Chemie Model AUT302.0, controlled by Nova 1.8.a [75]. This technique is available 

in the research group where the PhD student developed this thesis work at the IMN-CNM, 

CSIC. The fabrication process of the films made under this technique and used as 

reference samples was performed by Dr Begoña Abad and Dr Olga Caballero. The BiTe 

films—analyzed in chapter 5, were grown by Dr Alejandra Ruiz. 

 
 

Figure 2.1: Figure a) represents the electrolysis process used during the AAOs 
fabrication. Figure b) represents the electrochemical deposition used to grow the Bi2Te3 
films. 

 

2.1.2 Magnetron sputtering and Pulsed Hybrid Reactive Magnetron 
Sputtering: Si1-xGex, Ag2-xSe, Cu2-xSe 

Sputtering is a physical vapour deposition technique for material growth and film 

coating. In this technique, ions with high energy interact with a target material and eject 

the atoms from its surface. These atoms are transferred through the vacuum chamber and 
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condensed or deposited above the material substrate. The vacuum system controls the 

atom’s mean-free path and removes any residual gas that can contaminate or make 

difficult the deposition process. During sputtering, different parameters should be 

controlled. For example, the pressure inside the vacuum chamber is an important 

parameter that influences the discharge during the experiment. It affects the plasma 

(ionized gas) conditions to control the nucleation of particles in the substrate. Moreover, 

a magnetic field created by permanent magnets located below the target confines the 

plasma in the chamber. In this case, the inert gas used is Argon (Ar), and if the electron 

(𝑅𝑅−) gets the necessary energy it can ionize the atoms of Ar. In the collision between the 

electron and the atom, another electron will be ejected, producing an ionic bombardment 

as 𝑅𝑅− + 𝐴𝐴𝑟𝑟 ⇒ 𝐴𝐴𝑟𝑟+ + 2𝑅𝑅−. In this system, while the target acts as the cathode or the 

negative voltage, the magnetron acts as the anode or the positive voltage. The free 

electrons in the chamber are attracted from the cathode to the anode. Thus, the ions are 

accelerated to the target. Due to the potential difference between the anode and cathode, 

they will impact the target with enough energy to eject atoms from their surface. This 

process provokes multiple collisions, which is called the avalanche effect. If the process 

includes a reactive gas, it is called reactive sputtering. The reactive gas interacts with the 

sputtering process. As a result, it produces oxides, nitrates, carburets, sulfates, and 

selenides, for instance. The ions and molecules of the reactive gas are combined with the 

atoms of the magnetron sputtering. However, in this process, the target can react with this 

reactive gas, and the target’s surface can be contaminated. The cycles must be automatic 

to use the reactive gas and to balance the target contamination with the sputtering process. 

For more details, see the [76, 77].  

In this work, the Si1-xGex samples were grown in a lab-made sputtering system with 

an ultra-high vacuum system and non-reactive gas. This equipment is exclusively utilized 

to obtain Si1-xGex films, p-type, and n-type. This system was implemented and optimized 

in the research group where this thesis was performed, at the IMN-CNM, CSIC, by Dr 

Jaime Pérez et al. [78, 79]. It is worth mentioning that the PhD student was involved 

during a stay in Brazil, with a group that grows SiGe films in a small sputtering system 

available at the Centro Brasileiro de Pesquisas Físicas (CBPF), in Rio de Janeiro, under 

the supervision of Dr Elvis López and Dr Prof. Alexander Mello. The films of Cu2-xSe 

and Ag2-xSe were fabricated in a conventional sputtering system modified to introduce a 

pulsed reactive gas of selenium (Se) using a cell that produces quadratic pulses in times 
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of ms and frequencies of Hz. This lab-made sputtering system was called Pulsed Hybrid 

Reactive Magnetron Sputtering (PHRMS). See the schematic representation of this 

sputtering system in Figure 2.2. It was implemented and optimized in the research group 

by Dr Perez-Taborda as part of his PhD work. This allows a superficial reaction with 

better control, using lower temperatures than the available in the literature and with a 

higher deposition rate. Moreover, it offers more compatibility with flexible substrates as 

polymers, obtaining figures of merit for thermoelectric materials in state-of-the-art [80, 

81]  

 
 

 
Figure 2.2: In a) the cross-sectional scheme of the pulsed hybrid reactive magnetron 
sputtering (PHRMS) where the representation of the selenium gas is observable, the 
multiple substrate holders for up to 10 samples with heater and copper magnetron 
sputtering target. In b) the representation of the pulses to control the aperture to the 
selenium cell valve. The figure is taken from reference [80] 

 

2.2 Sample preparation and basic characterization 

This section explains the main methods to prepare the samples before some 

measurements. Also, some techniques used to heat the samples before characterization or 

methods to measure the density and thickness of the samples will be presented, which are 

needed to perform other measurements. 
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2.2.1 Cleaning and mechanical polishing of samples 

The cleaning method was carefully applied before measuring to reduce surface 

contamination. It was done considering any possible changes or damages to the surface 

due to a chemical reaction or etching with the products. In some cases, the samples were 

immersed for a few minutes in an ultrasonic bath with water, acetone, isopropanol, or 

ethanol. In other cases, the samples were cleaned using a cotton swab with these products, 

making soft movements onto their surface. Some samples were polished to have a flatter 

surface. A manual polishing procedure to reduce the roughness of the samples was made 

using polishing cloths that were covered with different alumina powders of particle size, 

from 5 μm to 0. 05 μm. Also, in some cases, a mechanical polishing machine was used. 

The polishes begin with a powder size of 5 um and end with 50 nm of alumina powder. 

More information can be found in [71, 82, 83] 

The cleaning and polishing assignment was performed at the IMN-CNM, CSIC. In the 

samples used as references, most of the measurements were performed by the author of 

this manuscript. In the case of AAOs and Bi2Te3 films, the sample preparation was 

performed by Dr Alejandra Ruiz, and in the case of Si1-xGex, Cu2-xSe, and Ag2-xSe, the 

sample preparation was made by Dr Jaime Pérez-Taborda.  

2.2.2 Thickness measurements: Profilometer 

Veeco Dektak Stylus’s profilometer was used to determine the thickness of the films. 

It has a sharp tip that makes a scan with a constant force in contact with the sample. The 

sample was prepared with a step between the film and the substrate. Therefore, during the 

scan, the tip has a vertical displacement due to the height difference of the step. Thus, the 

thickness of the film can be assessed. Also, the roughness of the sample can be estimated. 

This profilometer instrument is available at the IMN-CNM, CSIC. The PhD student 

performed some of these measurements. In the case of thermoelectric films, the 

measurements were performed by Dr Alejandra Ruiz and Dr Jaime Pérez-Taborda. 

2.2.3 Density measurements: Archimedes’ principle 

The density of the AAOs was determined using Archimedes’ method. To perform 

these measurements, an analytical balance from Mettler Toledo, model XSE105DU was 

used. The weight of the sample is measured in the balance, first under air and then under 

a certain liquid, ethanol in this case. The weight of a sample under air (𝑤𝑤𝑎𝑎𝑡𝑡𝑎𝑎) is related to 
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the weight of the sample under the assisting liquid. Ethanol was selected to immerse the 

sample; thus, the weight of the sample is registered as (𝑤𝑤𝑒𝑒𝑡𝑡ℎ). The densities are 𝜌𝜌𝑎𝑎𝑡𝑡𝑎𝑎  and 

𝜌𝜌𝑒𝑒𝑡𝑡ℎ , respectively. The skeletal density of AAOs was determined through the expression 

2.3, which can be employed in the bulk type samples: 

𝜌𝜌 = 𝜌𝜌𝑎𝑎𝑡𝑡𝑎𝑎 + (𝜌𝜌𝑒𝑒𝑡𝑡ℎ − 𝜌𝜌𝑎𝑎𝑡𝑡𝑎𝑎) 𝑤𝑤𝑎𝑎𝑡𝑡𝑎𝑎
𝑤𝑤𝑎𝑎𝑡𝑡𝑎𝑎−𝑤𝑤𝑒𝑒𝑡𝑡ℎ

                                 (2.3) 

The ethanol used has a very well-known density value 𝜌𝜌𝑒𝑒𝑡𝑡ℎ = 0.78472 𝑔𝑔𝑟𝑟 ∙ 𝑐𝑐𝑐𝑐−3 and 

the density of air 𝜌𝜌𝑒𝑒𝑡𝑡ℎ = 0.001176 𝑔𝑔𝑟𝑟 ∙ 𝑐𝑐𝑐𝑐−3. The author of this manuscript performed 

the density measurements in the AAO membranes. The equipment is available in the 

research group where the PhD. student performed this thesis, FINDER, at the IMN-CNM, 

CSIC. 

2.2.4 Annealing process 

Thermal treatments were performed using a tubular oven. The model of the equipment 

used during this work was a Hobersal ST ST115020. It has an external control of 

temperature that offers the possibility to heat up to approximately 1400 ºC and to select 

the heating rate in ºC/min up to the desired temperature. In addition, this oven has a 

permanent thermocouple inside the oven to obtain the accurate temperature to which the 

sample is exposed. The annealing processes were performed in anodic aluminium oxide 

materials (AAO). The author of this manuscript carried out these measurements.  

 

2.3 Sample characterization 

This section presents the characterization techniques used to measure the properties of 

the materials, which are needed to understand the thermal and electrical transport changes 

in nanostructured materials. It is divided according to the techniques used to perform the 

structural and compositional characterization, the microstructure and morphology, the 

chemical composition, the phase transformation and thermal analysis with temperature, 

thermoelectric characterization with electrical and electronic properties, and thermal 

conductivity measurements. 
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2.3.1 Analysis of crystalline structure and compositional phase 

2.3.1.1 X-Ray diffraction (XRD) 

The structural characterization of the materials analyzed in this thesis was performed 

with the X-Ray Diffraction (XRD) technique. A diffraction pattern is produced by the 

interaction of the X-ray beam with the crystalline structure (a periodic crystal) of a 

sample, producing a coherent dispersion or diffraction. The diffracted beam has the 

wavelength of the incident beam, and the intensity of the diffracted peaks from the 

interference of the beam with the crystal planes spaced at a distance 𝑑𝑑 has a maximum 

determined by Bragg’s Law (equation 2.4). The maximum interference occurs when the 

coherent dispersion of X-rays is constructive. Thus, the waves are aligned, and the path 

difference between them is the multiple (entire) of the wavelength, as: 

  

 𝑛𝑛𝜆𝜆 = 2𝑑𝑑ℎ𝑘𝑘𝑙𝑙𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠                                               (2.4) 

, where n is an integer (the order of diffraction), λ is the wavelength of the X-rays (mono 

or polychromatic beam), 𝑑𝑑ℎ𝑘𝑘𝑙𝑙 is the space or inter-atomic distance between the crystal 

planes (hkl), and 𝑠𝑠 is the angle between the incident beam and the scattering planes 

(diffraction angle). The structural analysis was performed using a high-resolution 

diffractometer Philips X’Pert Pro four circles, Bragg-Brentano (BB) geometry (θ-2θ) 

configuration, and radiation of CuKα with a wavelength of λ=0.15418 nm. The steps were 

selected at 0.02°, and the time per step can vary from 1s to 16 s (to improve the signal-

noise ratio, depending on the samples). To see more information on the XRD technique, 

please refer to [84, 85]. This equipment is available in the IMN-CNM, CSIC. The 

measurements of XRD in AAOs samples were performed by the author of this manuscript 

with the collaboration of Dr Olga Caballero, Dr Alejandra Ruiz, and Ruth Martinez. In 

the case of thermoelectric films, Dr Alejandra Ruiz carried out the XRD on Bi2Te3 films, 

and Dr Jaime Pérez-Taborda measured the films of Si1-xGex, Cu2-xSe, and Ag2-xSe films. 

2.3.1.2 Raman spectroscopy 
 
Raman spectroscopy is a non-destructive technique used to identify the material 

composition through the vibration and rotation of the ions in the crystal. The interaction 

of photons from a monochromatic source with the material can produce inelastic 

scattering. It displaces the photons by absorbing or excitation a vibrational mode in the 

material. If the wavelength of photons in the output signal is higher than the incident 
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wavelength, the inelastic scattered Raman photons are Stokes. On the contrary, they are 

anti-Stokes if it has a lower wavelength. The Raman measurements presented in this work 

were performed in a Micro-Raman spectrometer LabRAM 800 from Horiba Jobin Yvon, 

coupled with an optical microscope, the Nd: YAG laser working with an excitation 

wavelength of λgreen = 532 nm or a He-Ne laser with a wavelength of λred = 633 nm. This 

equipment is available in the research group where the PhD student performed this 

doctoral thesis at the IMN-CNM, CSIC. Details of this technique can be found in [86, 

87]. The measurements were done under atmospheric conditions at room temperature. 

The Raman spectra were recorded from 100 cm-1 to 1300 cm-1. The spectra acquired in 

the case of AAO membranes grown in sulfuric, oxalic, and phosphoric acid (with and 

without heat treatment) were taken by the author of this manuscript and by Dr Olga 

Caballero. 

2.3.2 Analysis of microstructure and morphology 

2.3.2.1 Scanning electron microscopy (SEM) 

The microstructure and morphological characterization of samples was performed 

using the Field Emission Scanning Electron Microscopy (FE-SEM). An electric field is 

applied to a filament inside a vacuum system that provides a high-energy electron beam. 

The sample is scanned with this beam, which is focused and collimated by the magnetic 

lenses to the sample. The interaction of the electron beam with the sample can provoke 

the ejection of the backscattered electrons (BSE), the secondary electrons (SE), and the 

X-rays. The SEM architecture includes the BSE, SE, and X-ray detectors. BSE is reflected 

due to elastic interactions between the sample and electron beam, which allows 

identifying the elements that integrate the sample by the atomic weight contrast 

(brightness contrast). SE and X-rays result from inelastic interactions between the sample 

and electron beam and the energy transition. The SE allows observing the topography 

contrast and surface morphology. The X-rays are used to determine the surface's chemical 

composition, which is analyzed through the EDS method. See the scheme of these 

interactions in Figure 2.3. The FE-SEM equipment used in this thesis is the model 

VERIOS 460 from FEI, with energy ranging from 0.5 kV to 3 kV of accelerating voltage, 

available in the IMN-CNM, CSIC. The PhD student was present during the 

measurements. These were performed by the technicians responsible for this equipment 

and by Dr Alejandra Ruiz. 
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Figure 2.3: Schematic representation in a) of the interaction of the electron beam with the 
sample. In b) the elastic and inelastic collisions of the electron with the specimen. 

2.3.2.2 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a technique whose fundamental principles are 

based on the interacting atomic forces (attractive and repulsive forces) between a surface 

and a sharp tip attached to the cantilever, which is as close as 1 Å to 100 nm. The attractive 

forces include van der Waals interaction, electrostatic, and chemical force. The repulsive 

electrostatic forces, which are very short-range, include the Pauli-exclusion interaction 

and electron-electron Coulomb interaction. See the schematic representation of these 

interaction forces in Figure 2.4. Due to the surface topology, the tip is deflected by the 

different interacting forces when the tip scans the surface. Deflection detection can be 

done through optical deflection, piezoresistive, and tunnelling current methods, among 

others. The shift detection of diode laser signal incidents in a tip is reflected on the 

cantilever in a four-quadrant photodiode using a feedback system. The signals generated 

are converted into images of the sample’s surface and subsurface, which contains 

information on the sample’s physical, chemical, electrical, magnetic, and mechanical 

properties, with nanometer (lateral resolution ~ 5 nm) and sub-nanometer resolution 

(vertical resolution ~ 0.1 nm). The imaging modes can be static or dynamic. In the first 

case, the force between the tip and the surface is constant. It is typical in contact mode, 

which uses repulsive force and DC detection. In the second case, the dynamic mode 

implies a cantilever oscillation around a resonant frequency. The interaction alters the 

amplitude, frequency, and phase. In this case, the attractive forces are dominant, and AC 
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detection is preferred due to weaker forces. As a result, the tip oscillates over the sample 

with constant frequency or amplitude. Non-contact and tapping mode work under 

dynamic mode. When the sample features modify the tip-sample distance in the static and 

the dynamic modes, a proportional voltage to the height difference is applied. The AFM 

measurements can be performed under air ambient, liquid, or vacuum conditions. In this 

thesis work, the author of this manuscript used a Nanotec Electronica® AFM with 

Dulcinea control unit, [88] available at the IMN-CNM, CSIC. The AFM images of the 

samples were used to determine the surface's topography and roughness. In addition, the 

AFM equipment was used to perform measurements with Kelvin Probe Microscopy and 

Scanning Thermal Microscopy techniques. The PhD student performed all the 

measurements present in this PhD work with the AFM. 

 

Figure 2.4: Interatomic approximation of the tip-sample in a) interaction potential (U) vs. 
distance (r), the called Lennard-Jones Potential (blue curve), which is a combination of the 
attractive long-range interaction (red curve) and the short-range repulsive interaction 
(green curve). The shadow that covers the curves with the colours yellow, grey, and blue 
corresponds to the modes of contact, tapping, and non-contact, respectively. In b) a 
schematic representation of these AFM modes can be observed.  

 

2.3.3 Analysis of chemical composition 

2.3.3.1 Energy dispersive X-ray (EDX)  

Energy dispersive X-ray (EDX) spectroscopy is a spectroscopic technique used to 

study the chemical composition of a material. A high-energy electron beam from the FE-

SEM collides with the sample's atoms. An electron from the atom's inner shell is ejected 

because of the excitation of the electron beam. Therefore, an electron-hole pair is created. 
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The atom tries to return to its equilibrium state, so an electron from the higher orbital 

level or outer shell fills the vacant orbital level. This process involves a change in energy, 

∆𝐸𝐸 = 𝐸𝐸𝑒𝑒𝑡𝑡𝑓𝑓𝑎𝑎𝑙𝑙  𝑜𝑜𝑎𝑎𝑏𝑏𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 − 𝐸𝐸𝑡𝑡𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 𝑜𝑜𝑎𝑎𝑏𝑏𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 , released as a photon. Thus, the atom emits X-ray 

radiation due to the energy difference between the outer shell and the inner shell (the 

difference from the higher-level respect to a lower level), (see Figure 2.4). This radiation 

is characteristic of each element, and the emitted x-rays can be detected and measured 

using an EDX spectrometer to study the chemical composition of the material. By 

employing the EDX technique, the elemental composition of thin films of Ag2Se and 

Bi2Te3 was analyzed. Measurements were carried out with a Hitachi S-300 N SEM 

available at theSIdI department (Servicio Interdepartamental de Investigación) of 

Universidad Autónoma de Madrid by the technician responsible for this equipment. 

2.3.3.2 X-ray photoemission spectroscopy (XPS) 

X-ray photoemission spectroscopy (XPS) is a semi-quantitative but highly sensitive 

technique that allows studying the material surface with high resolution. XPS determines 

the elemental composition and binding energies in the sample. This technique determines 

element concentrations up to 0.1%, except the Hydrogen and Helium (due to lower 

effective section), and different oxidation states can be detected. This straightforward 

technique detected electrons from the last atomic layers of the surface, with estimated 

depth in the order of Angstroms (Å). Furthermore, this technique measures the binding 

energy 𝐸𝐸𝑏𝑏  to the Fermi level 𝐸𝐸𝑒𝑒  as in equation 2.5: 

𝐸𝐸𝐾𝐾𝑡𝑡𝑓𝑓 = ℏ𝜔𝜔𝜔𝜔 − 𝐸𝐸𝑏𝑏 − Φ𝜔𝜔                                    (2.5) 

, where 𝐸𝐸𝐾𝐾𝑡𝑡𝑓𝑓  is the kinetic energy of the electron detected by XPS, ℏ𝜔𝜔 is the Planck 

constant, 𝜔𝜔 is the photon frequency, and Φ𝜔𝜔 is the material’s work function. The number 

of collected electrons is proportional to the element concentration in the sample. The 

number of collected electrons is proportional to the element concentration in the sample. 

More details can be found in references[89, 90]. The measurements were performed using 

the analyzer SPECS PHOIBOS 100/150. It has a polychromatic X-ray source of Al Kα 

radiation, a photon energy of 1486.6 eV, a monochromator mirror, and a lateral resolution 

of 0.5 eV. The spectra have been obtained with high-resolution using a step of 0.02 eV, a 

2-D line detector with an energy pass of 50 eV, and an electron take-off angle of 120°. 

These spectra have been recorded at room temperature. However, the equipment has a 

unique holder that offers the possibility to heat the sample in In-situ to study the transition 
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phase in the materials. The analysis was performed by removing the background signal 

using Shirley adjustment and calibrating with the carbon baseline, the binding energy of 

C 1s = 284.6 eV. The software used for data analysis was the CASA-XPS of SPECS. The 

depth profiles with elemental composition were performed using ion cannon in Argon 

ambient Ar+, which was also used to remove the surface contamination during the sample 

transferring. This equipment is available at the Centro Brasileiro de Pesquisas Físicas 

(CBPF), in Rio de Janeiro, Brazil. The PhD student did the measurements of XPS in 

AAOs membranes during a research stay in this center under the supervision of Dr Elvis 

López and Dr Alexander Mello. The measurements of XPS in Ag2-xSe samples to study 

the transition phases were carried out by Dr Jaime Pérez-Taborda at the CBPF in Brazil. 

2.3.4 Methods for studying the phase transformation and thermal analysis 

2.3.4.1 Differential scanning calorimetry (DSC), thermogravimetry analysis (TGA), 

and mass spectroscopy 

The differential scanning calorimetry (DSC) is a thermo-analytical method that 

measures the heat flow difference by measuring the temperature difference in a 

determined thermal path between a sample and a reference. The thermal energy needed 

to increase the temperature (T) of the sample and the reference as a function of T. The 

heat capacity changes in the materials during the heating allow for determining the 

sample's specific heat (Cp), the glass transition, and melting crystallization. The measures 

of thermogravimetry analysis (TGA) and mass spectroscopy are performed to determine 

the weight variations in the sample. Also, the thermal stability, dehydration, 

decarboxylation, and phase transformation change during the temperature ramp. In 

addition, this equipment allows obtaining information about the released gasses from the 

sample when the heat treatment is applied. Thus, the enthalpy of the sample can be 

analyzed. Depending on the type of furnace, it can work from room temperature (RT) to 

1500 ºC (Rhodium-type) or 150 to 700 º C (Steel-type). This instrument uses nitrogen 

gas, flowing at 100 ml/minute. The measurements were made in a dynamic regime, using 

a thermal ramp of 10ºC/minute. The Cp was measured from RT to 500 ºC, and the 

DTA/TGA measurements were from RT to 1300 ºC. The equipment model used is a 

DSC/DTA/TGA module Q600 from TA Instruments. It is available at the Servicio 

Interdepartamental de Investigación (SIdI) from the Universidad Autónoma de Madrid 

(UAM) service. The measurements were performed by the technicians responsible for 

this equipment. 
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2.3.5  Thermoelectric and electronic characterization  

2.3.5.1 Seebeck coefficient (S) and electrical resistivity (ρ) 

The Seebeck coefficient (S) is a parameter that quantifies the thermoelectric voltage 

produced by a temperature gradient in a material. The measurements are performed along 

the in-plane direction on the surface. For example, in Figure 2.5, it is possible to observe 

how the sample is located between two electrodes of Platinum (Pt). A potential difference 

between both electrodes is applied and consequently produces a temperature difference 

(∆𝑧𝑧). It is measured by the two thermocouples (type-S) of Pt-PtRh10% that are in contact 

with the sample. The relative Seebeck coefficient SAB measures the ratio of the 

thermoelectric voltage and the created temperature gradient. This is expressed in μV/K. 

As SAB contains the Seebeck coefficient of the thermocouple’s wires, this value must be 

corrected by extracting the thermoelectric voltage from the thermocouples SB. The 

Seebeck coefficient SA from the sample is determined according to the following 

expression 2.6: 

        𝑆𝑆𝐴𝐴𝐵𝐵 = 𝑆𝑆𝐵𝐵 − 𝑆𝑆𝐴𝐴 =  ∆𝛻𝛻𝐵𝐵
∆𝜕𝜕

− ∆𝛻𝛻𝐴𝐴
∆𝜕𝜕

                                      (2.6) 

The sign of SAB is positive if the sample has charges that respond to a temperature 

gradient moving from the hotter electrode to the cooler electrode. That means the charge 

moves in the same direction as the electric field, typical for semiconductors p-type 

(moving holes). In the case of a negative sign, the negative charges (electrons) move in 

the opposite direction to the applied electric field. As a constant current is applied between 

both electrodes producing the voltage difference in the sample, and the thermocouples 

sense the voltage drop, then, by Ohm’s Law (V=I/R), the electrical resistance R can be 

determined. The electrical resistivity (ρ) can be calculated using the dimension of the 

sample. 

       𝑅𝑅 = 𝜌𝜌 𝑙𝑙
𝑠𝑠
                                                     (2.7) 

Where 𝑙𝑙 is the distance between both thermocouples, 𝑠𝑠 is the product between the width 

and the thickness of the sample. In this case, information on ρ can be obtained 

simultaneously with the Seebeck coefficient. The density of current generated by the 

temperature gradient is defined as:     

    𝐽𝐽 = −𝜎𝜎∆𝑉𝑉 − 𝜎𝜎𝑆𝑆∆𝑧𝑧                                          (2.8) 
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Where 𝜎𝜎 is the electrical conductivity (the inverse of the electrical resistivity), therefore, 

this commercial equipment can determine the power factor PF= 𝜎𝜎𝑆𝑆2 directly. More 

information on this in [86, 87]. The equipment used in this work is the LSR-3 from 

Linseis, under a controlled atmosphere of Helium (He). The temperature ranges were 

from room temperature to ~800 ºC. Bulk and films can be measured with this instrument. 

This equipment is available in the research group in which the author of this manuscript 

performed the thesis work, at the IMN-CNM, CSIC. The measurements were performed 

by Dr Alejandra Ruiz (Bi2Te3 films) and Dr Jaime Pérez-Taborda (Si1-xGex Cu2-xSe, and 

Ag2-xSe films). 

 
 

 
Figure 2.5: Scheme of the experimental set-up used to measure the Seebeck coefficient 
and the electrical conductivity simultaneously.  

 

2.3.5.2 Electronic transport properties: Kelvin probe force microscopy (KPFM) 

Kelvin probe force microscopy (KPFM) is an AFM-based technique that determines 

the electronic properties of the sample’s surface. This technique uses a conductive probe 

in a non-contact mode with the sample’s surface. An external bias voltage is applied to 

the probe, which has an electrostatic interaction with the sample. The AC and DC voltages 

offer information about the electrical and electronic properties of the material’s surface. 

A potential difference is obtained and related to the material’s work function, surface 

potential, or surface charge and dipoles, depending on whether the material is a metal, a 

semiconductor, or an insulator.  

The instrument used in this work is a Nanotec Electronica AFM equipped with two 

dynamic boards during KPFM experiments. The first dynamic board is used to apply an 

electric potential AC to generate the electrostatic force between the probe and the sample. 
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This signal is used in the feedback loop with the second dynamic board. The function of 

the second dynamic board is to cancel the force of the first harmonic by applying an 

external DC bias voltage. The generated signal is converted into a map of the contact 

potential difference and is simultaneously acquired with the topographic image of the 

sample. Figure 2.6 presents a scheme of the experimental set-up used to perform KPFM 

measurements and the type of tip and images related to this technique. In this work, the 

experiments were performed using the force gradient or frequency modulation (FM) 

KPFM. This mode detects a shift in the resonant frequency ∆𝑓𝑓 on the cantilever 

oscillation at a specific electrical frequency 𝜔𝜔𝑒𝑒  induced by the applied bias voltage.  

The experiment was performed under air conditions at ambient temperature, using a 

conductive coated probe of Cr/Pt, with a resonant frequency of 75 kHz and a force 

constant of 3N/m. This technique was used to study the surface potential and the 

homogeneity changes that can locally affect the electrical response and the electronic 

states of the sample’s surface. This technique is available in the IMN-CNM (CSIC), and 

the PhD student performed some KPM measurements during the thesis work with this 

technique. 

 
 

Figure 2.6: The schematic representation of the experimental set-up used to perform 
KPFM measurements in a). This scheme has two images corresponding to the topography 
and the CPD of the flower-like ZnO sample [91]. Next, in b) the optical images of the tip 
used in these measurements. Finally, in c) the SEM micrograph of the conductive coated 
probe of Cr/Pt for KPFM. 
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2.3.6 Thermal conductivity measurements 

2.3.6.1 Scanning thermal microscopy (SThM) 

Scanning thermal microscopy (SThM) is a technique used to perform a qualitative and 

quantitative analysis of the heat transport on the surface of different materials. SThM 

technique is part of the scanning probe microscopy (SPM) family, to which the AFM and 

KPFM techniques belong. SThM is used to determine a surface’s local temperature and 

thermal conductivity by scanning the sample with a thermal probe. The thermal probe can 

act as a heater and as a thermometer. Depending on the curvature radius of the tip, it is 

possible to obtain images with micro and nanometer-scale resolution. The images in this 

thesis work were obtained using a micro-fabricated thermal probe through the AFM 

Nanotec Electronica. The commercial probe is made of a thermo-resistive element of Pd 

in a substrate of Si3N4. The tip radius of this probe is less than 100 nm (more details in 

chapter 3). Using the 3ω method with the SThM technique, the harmonic frequencies 1ω, 

2ω, and 3ω related to current, temperature, and voltage changes in the probe can be 

analyzed to obtain the thermal transport variations in the surface along with the scan 

images. The thermal map contains information on the 3ω voltage while providing 

statistical information and data visualization, where any surface’s inhomogeneities of 

heat dissipation can be observed. In the 3ω- SThM, a joule heating in the probe, which is 

induced with an AC signal voltage or current, provokes a rise in the probe’s temperature 

by the electrical resistance’s variations at the tip (see the transfer function and the 

convolution of the function in Figure 2.7). Thus, a heat flux generated between the probe 

and the sample due to the different thermal conductivity coefficients in both materials 

causes a temperature drop at the tip, consequently unbalancing the electrical resistance of 

the tip that is part of a Wheatstone bridge circuit. These changes are related to the third 

harmonic frequency of the output voltage signal. These are low-intensity signals, which 

should be monitored through a preamplifier, and a Lock-in amplifier system, to determine 

the thermal conductivity parameter (see Figure 2.8).  

The lock-in amplifier system is from Zurich Instruments, and the data was processed 

using the WSxM software. More information can be found in [88] As this technique is 

the core of this thesis, the next chapter will be entirely devoted to SThM, from calibration 

of thermal probes to high-resolution thermal images forthermal transport characterization 

at the micro and nanostructures. This technique is available at the IMN-CNM, CSIC. It 
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was experimentally implemented in the laboratory for the microfabricated probes by the 

PhD student, as well as a modified Wheatstone bridge. All the calibration procedures, 

measurements, data acquisition, post-processing of data, and the analysis of the SThM 

measurements presented in this thesis were performed by the PhD student. 

 

 
 

Figure 2.7: Electrical signals and the thermal transfer function Z 

 
 

Figure 2.8: In a) scheme of 3ω- SThM experimental set-up with the AFM equipment, the 
Wheatstone bridge, the function generator, the lock-in system, and the topographic and thermal 
maps. Which were obtained simultaneously for Ag2Se films. In b) the SEM micrograph of the 
thermal probe, and in c) the SEM image of the zoom of the probe’s tip 
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2.3.6.2 Scanning hot probe method with Wollaston wire (SPM) 

This technique is based on the 3ω-SThM (see Chapter 1). The probe has a V-shape 

Wollaston wire. The Wollaston wire has around 5 μm of diameter and 200 μm of length 

of Pt-Rh, which are exposed from the silver shell with around 75 μm diameter. In Figures 

2.9.b. and 2.9.c, the probe with the silver cladding and the exposed wire of Pt-Rh. The 

wire was heated with a DC voltage and approached through the AFM, which was used as 

a micro-positioner. The data was taken from different contact points between the wire 

and the sample without scanning the surface. The heat flux between the heated probe and 

the sample was related to the thermal parameters of the sample’s surface. This technique 

was available at the Institute of Micro and Nanotechnology of Madrid. It was 

implemented and utilized to measure the thermal conductivity of different samples [92]. 

The electrical circuit used in this case is shown in Figure 2.9. Detailed information of the 

hot probe method with Wollaston wire, implemented by Dr Miguel Muñoz in the Institute 

of Micro and Nanotechnology as part of his PhD work, can be found in [93, 94].  The 

Si0.8Ge0.2 samples analyzed in this thesis were previously measured with this technique 

and reported in [95]. The author of this manuscript carried out thermal conductivity 

measurements with this technique in some of these samples, which are used in this thesis. 

Other samples used in this thesis as reference samples were assessed with Wollaston wire, 

were measured, and analyzed by Dr Miguel Muñoz as part of his PhD thesis in the 

FINDER group, and by Dr Adam Wilson, under the supervision of Prof. Theodorian 

Borca-Tasciuc, at the Rensselaer Polytechnic Institute (RPI), in New York. 

 
 

Figure 2.9: Experimental set-up used to measure the thermal conductivity with Wollaston wire. 
In a) a scheme of the probe and the electrical circuit used during these measurements. In b) 
the optical photo of the cantilever and the Wollaston wire in the red box. In c) zoom of the red 
box with the Wollaston wire. Images are adapted from reference [96].  
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2.3.6.3 Photoacoustic technique 

This technique detects the phase shift between the periodical signal of an incident 

modulated radiation (laser) that heats the sample and the acoustic signal that originates 

from this heating of the sample. The acoustic waves propagate into a lab-designed 

photoacoustic cell and are detected by a microphone. In Figure 2.10, two possible 

configurations for these measurements are shown. One is the front configuration, where 

the sample is in front of the incident radiation, and the acoustic waves are expanded 

against the incident light. In this case, the illumination and detection are done on the same 

side. The other case is called the rear configuration. The sample is located next to the 

incident radiation, and the acoustic waves are expanded in the same direction as the 

incident modulated radiation. Detailed information on this technique, implemented by Dr 

Begoña Abad in the Institute of Micro and Nanotechnology as part of her PhD work, can 

be found in [97]. The thermal conductivity of AAO membranes was cross-checked and 

measured by the photoacoustic method for metrology purposes. Dr Olga Caballero 

performed the measurements. 

 

Figure 2.10: Scheme of the photoacoustic cell and experimental set-up for front-side 
configuration in a) and rear-side configuration in b). 

 

2.4 Data analysis and numerical modeling, and simulation programs 

The complexity of the experimental measurements with SThM includes an essential 

part of analytical and numerical models. The heat transfer model for conduction using the 

Fourier equation has been programmed in MATLAB®. It includes different parameters 

of the probe’s geometry, electrical, and thermal characteristics, to solve the partial 

differential equation of the heat conduction with different boundary conditions that 

should be satisfied (see chapter 3). The calibration curves were obtained using the heat 
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transfer model. Origin program from OriginLab Corporation was also used to generate 

some tables and graphs during the data analysis. Further, a 2D heat transfer simulation to 

analyze the thermal resistance in the Ag2Se sample was made by finite elements using the 

heat transfer module of COMSOL Multiphysics® software. It is specialized software that 

is used to design physics-based models and applications, widely used in the engineering 

and scientific community. The physics phenomena simulation is based on advanced 

numerical methods. Image J, a program for digital image processing [98], was used to 

study the porosity of samples. Multisim from National Instruments, an electronic 

schematic and simulation program for circuit design. The analysis of SThM images was 

made with WSXM, a freeware scanning probe microscopy. The author of this manuscript 

performed the data processing, image processing, modeling, and simulations of the 

thermal conductivity made for the materials analyzed in this thesis.  
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3 Calibration method with scanning thermal 
microscopy 

This chapter presents the calibration method performed with Pd/Si3N4 probes to 

have the thermal contact resistance Rc as a function of the thermal exchange radius b. The 

calibration is carried out using a set of samples with well-known thermal conductivity. 

The method is called cross-point calibration. It was reported by Wilson et al. in ref. [49] 

similar calibration curves, who worked in a set of samples with specific ranges of thermal 

conductivity but using a Wollaston wire probe. Based on that work [49] the Rc and b were 

accurately determined, with microfabricated probes instead of Wollaston wire probes. In 

this case, it was used reference samples with known 𝜅𝜅 to calibrate the probe-sample 

interaction. The results were cross-checked with a set of samples called test samples, to 

ensure the reliability of the measurements.  

Moreover, this calibration was used to determine 𝜅𝜅 in different materials, some of 

them quite relevant to thermoelectricity. These materials as the films of silicon-

germanium, bismuth telluride, and silver and copper selenides, are semiconductors 

materials of great interest to be used from room temperature to high temperature in 

different TE applications and microelectronic devices. The results will be analyzed and 

discussed in chapters 4 and 5 of this manuscript.  
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3.1 Experimental set-up 

  

The calibration of SThM was performed using thermal probes of Pd/Si3N4 probe, 

model VITA-DM-GLA-1 from Bruker® (Figure 3.1). One of the characteristics of these 

probes is the tip coating of the thermo-resistive element of palladium (Pd) film, which 

acts as the heater and thermometer during the measurements (active mode). The probes 

were heated up by an alternating voltage (AC), which reduces the heat losses in the probe 

compared with heating with direct current (DC). The thermal response of the probe vs. 

frequency has been measured. These measurements are made when the probe is out of 

contact with any surface, and when this is in contact with a surface. In the case of the 

probe in contact with the surface, the thermal interaction between probe and sample is 

controlled by the heat transfer radius b and the thermal resistance network R.  

These parameters are influencing the temperature variations in the contact area by the 

difference in the thermal conductivity coefficient. Since this coefficient has a relation with 

the parameters b and R, the experimental and analytical work is focused in maintain 

constant at least these two parameters. Therefore, the sample’s thermal conductivity is the 

only parameter that causes heat flow changes. Due to thermal conductivity variations, the 

temperature of the heated probe that is in contact with the sample will vary too, which 

produces a resistance change in the thermo-resistive probe. To detect the resistance 

changes in the probe, an electrical circuit connection with a Wheatstone bridge is used. 

This bridge has two branches, consisting of a configuration of resistances in series (in 

each branch) and parallel. The parallel resistance should be balanced to have in the half 

of the bridge a cero potential difference. The thermo-resistance probe is connected by one 

of its legs to one of these branches, and when the resistance of the probe is changing due 

to the above-mentioned variations of heat flux, the current and voltage drop in the 

Wheatstone bridge will be unbalanced. The potential differences will be different of cero 

in the middle of the bridge, between two points in parallel. The voltage shift can be 

amplified and detected with a feedback loop, to restore the probe’s temperature or 

resistance, depending on whether it operates at constant temperature or constant current. 

In this experiment, we use SThM working conductivity contrast mode (CCM), at a 

constant current [29, 56].  
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An ultra-high-frequency lock-in amplifier from Zurich Instruments®, model UHFLI 600 

MHz, which operates with the control software LabOne, is used to perform the feedback 

loop. This collects the slight fluctuations of the voltage output in the bridge. These lower 

signals are amplified with Low Noise Voltage Preamplifier from AMETEK, model 5113 

Scientific Instruments®. The SThM images were performed using a Nanotec 

Electronica® atomic force microscope (AFM), which allows the approaching of the 

thermal probes and scan of the sample surface. In Figure 3.2, the scheme of the 

experimental set-up is presented. The topographical and thermal maps of the sample were 

acquired simultaneously in the AFM. The images were processed using the WSxM 

software [99]. Furthermore, the thermal images were acquired with improvements in 

contrast and resolution due to the optimization of the circuit connection and the designed 

bridge. The output signals from the lock-in with the harmonic’s information were 

connected to the control unit of the AFM. The signals of the first, the second, and the third 

harmonics, which are V1ω, V2ω, and V3ω, respectively, are the harmonic voltages across 

the probe.  

 

 
 

Figure 3.1: a) SEM micrographs of the microfabricated thermal probe used in this 
experiment and b) zoom-in of the tip apex, where the palladium film coating the tip is 
observed. Optical images of the probe to the atomic force microscopy (AFM) station with 
the laser off in c) and laser on in d). The diagram of the thermal resistance network and 
the thermal interaction between probe and sample are shown in e). Taken from [100]. 
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Figure 3.2: Scheme of the experimental setup. Topography, V3ω and V1ω with 3ω-SThM. 
Figure taken from [100]. 

  

Figure 3.3 presents the details of probe connection for AFM (Figure 3.3.a) and 

vacuum calibration (Figure 3.3.b and Figure 3.3.c). Furthermore, the probe was mounted 

in the AFM in a specially lab-designed cantilever holder, as can be observed in Figure 

3.3.d and Figure 3.3.e. The experimental setup and instrumentation for probe calibration 

in vacuum and atmospheric conditions are shown in images Figure 3.4.a and Figure 3.4.b, 

respectively. 

 
 

Figure 3.3: SThM instrumentation and probe protection. In a) AFM under atmospheric 
conditions. In b) the equipment used for the probe’s calibration in a vacuum system. In 
c) the protection for the probe’s connection in the vacuum pre-chamber. In d) the 
cantilever holder. In e) the probe’s location using the cantilever holder. 
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Figure 3.4: SThM Equipment used in SThM measurements. In a) the experimental setup 
used to calibrate the SThM probe under vacuum conditions (~ 6.3x10-6 mbar). In b) the 
experiment setup for calibration under atmospheric conditions. 

 

3.1.1 Wheatstone bridge and experimental details 

To perform these measurements, during this thesis work, it was designed different 

Wheatstone bridge circuits with different resistance values. However, the present 

calibration work was the performance with the lab-made Wheatstone bridge presented in 

Figure 3.5. It has low resistance values, and lower voltages were used to heat the probe, 

but the total current was higher than in the previous test. In Figure 3.5.a and Figure 3.5.b., 

the photos of the lab-made Wheatstone bridge used in our experiment can be observed 

(top and lateral view). Using a current supply instead of the voltage supply can be a better 

option for data acquisition since it can reduce the noise signal by parasitic currents and 

voltage drop. We modified the voltage-generated signal by adding an electrical resistance 

to the bridge entrance, inducing a current signal instead of a voltage one. About the use 

of current and voltage signals, Dames C. and Chen G.[101] discussed the importance of 

using a correction factor for thermal measurements when assuming AC sources while 

carrying out experiments with a voltage source.  
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In our experiment, we determined the current across the probe by Faraday’s Law, 

and we corroborated our results with the Multisim simulator for the Wheatstone bridge. 

As is shown in the scheme of Figure 3.5.c, the Wheatstone bridge connection has been 

modified with a limiter resistance 𝑅𝑅lim ~ 1000 Ω in the bridge entrance, which may cause 

the voltage entrance to act as a current source type. The limiter resistance can protect the 

probe from higher currents that could damage the Pd resistive film. The values used in 

the present work are limiter resistances of 1000 Ω and 30000 Ω, in a parallel 

configuration, with a total value of 𝑅𝑅lim ~ 968 Ω. Two fixed resistances with 1000 Ω each 

of them in R1 and R2. In the circuit simulation, Figure 3.6.a and Figure 3.6.b, we used 

Rlim1= 995 instead of 1000 Ω, considering the tolerance of the resistance of 5%. The 

resistances R1 and R2 in the bridge have the same tolerance value of 5%, but we add some 

resistance to the cables and connectors. The final value of resistance that we used in the 

circuit simulation is 1000 Ω in each resistance of R1 and R2. The potentiometer or variable 

resistance RVc has a maximum value of 10 kΩ for coarse adjustment in series with 

resistance for fine adjustment of 100 Ω (RVf).  

Before performing any scan, the bridge is calibrated to zero. This means that the 

variable resistances, the coarse and the fine-tune resistances, are fixed to the same value 

as the electrical probe resistance. The probes exhibit different resistances, the first probe 

had 374 Ω, and the second probe had 366 Ω. The voltage drop between a and b points in 

the bridge will be zero, and the electric currents determined in each case are 

approximately 0.8 mA and 1.28 mA (Figure 3.6.a and Figure 3.6.b). After feeding the 

circuit with a power supply of 4 Vpk, Vin was measured as 1.17 Volts, and the current 

amplitude in one leg of the probe is ~0.8 mA. When the voltage was increased to 6 Vpk, 

the Vin was measured as 1.75 Volts, and in that case, the current passing through the probe 

was ~1.28 mA. These data are presented in Table 3.1, where column a) has the resistance 

values of the probes. The voltage value corresponds to one peak in column b). The root-

mean-square (RMS) voltage of the sinusoidal signal is presented in column c). The 

voltage value after limiter resistance was measured by a hand-multimeter while the 

experiment was performed, see column d). Also, the values were monitored by a table 

multimeter during the analysis of signal stability and noise analysis in the Wheatstone 

bridge. These values are in column e). Columns f), g), and h) are the resistance in series 

and parallel that compounds the bridge. The total current passing through the bridge and 
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half of the current passing through one leg of the probe were respectively determined and 

appear in i) and g) columns, respectively.  

 
 

Figure 3.5: Home-made Wheatstone bridge. In a) the top view of the Wheatstone bridge, 
where it can be seen the BNC connectors to Vin (for power supply) and Vp (to monitor the 
entrance voltage in Vrms after the limiter resistance, Rprobe (for probe connection), Vout1 

and Vout2 to control the out-voltage difference in the bridge, the Va and Vb of the 
Wheatstone bridge scheme. In b) Rvf is the variable fine-tune resistance of the 
potentiometer. RVc is the variable resistance with coarse adjustment; switch on/off to 
close/open the circuit. In c) scheme of the lab-built Wheatstone bridge. 

  

 
 

Figure 3.6: In a) and b), Wheatstone bridge circuit designed in Multisim simulator, 
where the electric current in the thermal probe can be determined. In b) Vin=4Vpk and I= 
0.8 mA. In c) Vin= 6 Vpk and I= 1.29 mA. 
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Table 3.1: Data used to determine the electric current in the probe. 

Rp Vin Vrms Vin_prob

e (RMS) 
Voltage 
drops 

(oscillos.) 

 
Ra 

 
Rb 

 
Rtotal 

 
Itotal 

 
I1 

R1 

R2 
𝑽𝑽𝒑𝒑𝒑𝒑 𝑽𝑽𝒑𝒑𝒑𝒑

∙ 𝟎𝟎.𝟕𝟕 
Meas. 
after 
limiter 
resist. 

(Limiter 
Resis. 
~𝟏𝟏kΩ) 
Lissajous 
analysis 

Ra

= 
(R1 

+ 
Rp) 
R1

=𝟏𝟏
kΩ 

Rb= 
(R2+
Rvar) 
Rvar= 

Rp 
R2=𝟏𝟏
kΩ 

Ra = 
Rb, 
Rtot

=Ra/
2 

Vin_p/Rtot I1 = 
Itotal

/2 

 V V V V Ω Ω Ω A mA 
           

374
Ω 

4 2.828 1.165 1.1701 13
77 

1374 687 0.00169 0.84 

366 
Ω 

6 4.243 1.747 1.7506 13
66 

1366 683 0.00255 1.28 

 

3.1.1.1 RMS to the input data of voltage and current: 
 

The thermo-resistive probes heated by alternating voltages have a probe 

temperature profile rise with a contribution of both direct (DC) and alternating current 

(AC). The electric current passing through one of the probe legs (I/2) is calculated with 

the Root-Mean-Squared Voltage (Vrms), which is the equivalent voltage value as if the 

resistor was heated by a DC power. In the experimental case presented in the paper, the 

selected voltages values were a first voltage to the peak of 4 V (Vpk), which is equal to 

2.8 V (Vrms), and the second voltage applied to the second probe with a voltage to the 

peak of 6 V (Vpk), which is equivalent to 4.24 V (Vrms). See the expressions in equations 

3.1, 3.2, and 3.3. 

The input voltage on the bridge should be carefully selected so as not to overload 

the lock-in system. The voltage was increased from volt to volt until reaching the desired 

value. Then, the pre-amplifier gain was increased progressively from 5x to 50x. The final 

gain value is selected depending on the 3ω voltage signal. Thus, if  𝑉𝑉3𝜔𝜔  was higher than 

100 mV, we used a lower pre-amplifier gain value to avoid any saturation in the signal. 

The higher the voltages at the entrance, the larger 𝑉𝑉3𝜔𝜔  signal, but the higher the risk of 

damaging the tip due to its sensitive electrical characteristics.  
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The power supplier heat-up the probe with a sinusoidal voltage, whose 

instantaneous voltage υ(t) and amplitude voltage to peak (Vpk) are expressed as follows:  

 

𝜐𝜐(𝑡𝑡) =  𝑉𝑉𝑡𝑡𝑘𝑘 cos(𝜔𝜔𝑡𝑡 + 𝜙𝜙)                                        (3.1) 

 

 𝑉𝑉𝑡𝑡𝑘𝑘 = 𝛻𝛻𝑡𝑡𝑡𝑡
2

                                       (3.2) 

 

and, where 𝑉𝑉𝑡𝑡𝑡𝑡  is the peak-to-peak voltage. The RMS voltage value (𝑉𝑉𝑎𝑎𝑒𝑒𝑠𝑠) of the 

sinusoidal waveform: 

 𝑉𝑉𝑎𝑎𝑒𝑒𝑠𝑠 = 𝛻𝛻𝑡𝑡𝑝𝑝
√2

=  0.707 ∙ 𝑉𝑉𝑡𝑡𝑘𝑘                                     (3.3) 

3.2 Analytical model to determine the parameters 𝑹𝑹𝑹𝑹 and b 

The heat exchange between the tip and the sample is delimitated by a hot disc with 

radius b and constant temperature distribution for uniform samples. The thermal 

parameters of b and 𝑅𝑅𝑐𝑐 are assumed as independent of the sample’s thermal conductivity 

and as constants, within a specific range of conductivities. Therefore, the temperature of 

the probe is assumed to be constant in the region covering L/2-b ≤ x ≤ L/2 (i.e., from the 

centre of the tip to the L/2, where L is the total length of the v-shaped tip ) [46], providing 

the tip temperature.  

This model is programmed in MATLAB®. The heat transfer model needs 

information from the geometry, the thermal, and electrical, parameters of the probe. The 

model contains the main characteristics of the Pd/Si3N4 probes. The experimental data is 

fixed in the code routine, as the shape and geometry, and the thermal and electrical 

conductivity parameters of the palladium film. Furthermore, the model contains 

information on the probe-sample contact and out-of-contact parameters, the convective 

coefficient in atmospheric conditions, and the cut-off frequencies for vacuum and 

atmospheric conditions. The code also needs constants related to the implemented 

instrumentation, i.e., signal phases and gains from the pre-amplifier, the signal generator, 

and the lock-in amplifier. Table 3.2 shows the main parameters used in the heat transfer 

model (see chapter 1 for details of the heat transfer model). Some of the needed 

parameters used to adjust the experimental curves were previously measured or specified 

by the manufacturer, other parameters may be fixed in the code. For example, the 

convective heat transfer coefficient, the voltage limiter, and the preamplifier.  
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Table 3.2: Thermal, electrical, and geometrical parameters used in the heat transfer model 

 
Parameters  Name 

 
Symbol Vac. 

Condit. 
Atmosph. 
conditions 

Value obtained 

Pd/Si3N4 

geometrical 
characteristic
s. 

Probe 
Si3N4 length 

p (6.4 - 8.5) μm Manufacturer 
specification 
/modelling 

Tip length 
Pd/Si3N4 

lt (0.7 - 1.5) μm Manufacturer 
specification/ 

modelling 
Probe 
thickness 
Si3N4 

t (0.3 - 1) μm Manufacturer 
specification/ 

modelling 
Section tip st (lt·t) μm 2 Manufacturer 

specification/ 
modelling 

Perimeter 
Si3N4+Pd 

per 2·(lt+t) μm Manufacturer 
specification/ 

modelling 
Pd/Si3N4 

electrical 
properties 

Electrical 
resistance of 
the probe 

Rp (340 - 380) Ω Measured 

Electrical 
resistance of 
Pd 

Rtip (140 - 180) Ω Manufacturer 
specification/ 

modelling 
Current 
amplitude of 
the probe 

Ip (0.8 - 1.2) mA Measured 

Current 
limiter of 
NiCr to 𝑉𝑉3𝜔𝜔  

Gl (0.01 - 
0.04) V 

(0.004 - 
0.0069) V 

Modelling 

Cut-off 
frecuency 

 ωc (800 - 
1450) 
rad·s-1 

(1500 - 
3450) rad·s-1 

Literature/ 
modelling [46] 

Pd/Si3N4 
thermal 

properties 

Thermal 
conductivity 
of Si3N4 

λprobe (8.5 - 15) W·m-1· K-1 Manufacturer 
specification/ 

modelling 
(depending on the 
probe thickness) 

Thermal 
diffusivity of 
Si3N4 

αprobe (1.2 - 2.2) μm 2·s-1 Manufacturer 
specification/ 

modelling 
(depending on the 
probe thickness) 
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Pd 
temperature 
coefficient of 
resistance 

TCRp (1.1 - 1.3) e-3 K-1 Literature/ 
modelling 

[46] 

Heat transfer 
convection 
coefficient 

hair 0 (13000 – 
25000) W·m-

2·K-1 

Literature/ 
modelling 
[102, 103] 

Generator 
(distortion) 

Modulus Vd 0.00001 V Modelling 
Phase φd 5.0 rad Modelling 

 

 

Figuring out the true contact area through the thermal model can be quite complex 

since contributions such as heat transport due to air (convection) and the influence of 

water meniscus (liquid-solid conduction) [65] to heat transfer should be considered. 

However, it has been demonstrated that these mechanisms have been insignificant in this 

case. The conductance through water meniscus (Gwt) for microfabricated palladium 

probes was calculated by Wilson A. [103], obtaining a value of Gwt, Pd ≈ 5.5×10-7 W·K-1, 

which compared with solid-solid conduction is insignificant. The contribution for Pd 

probes of the radiative heat transfer (Grad) using the nominal probe geometry was also 

calculated by Wilson A.in ref [36], obtaining Grad, Pd =1.4×10-10 W·K-1., for thermal 

radiation effects. As was pointed out by Borca-Tasciuc in ref. [104], these contributions 

can be considered negligible due to the small amplitude of AC temperature. 

Concerning the distribution of temperature in the tip, different works have been 

involved. For instance, uniform distribution can be assumed in the case of a self-heated 

probe and for low thermal conductivity materials, as was pointed out by Tovee et al. in 

ref. [105] and by Spiece et al. in ref. [106]. The authors in those works discussed the case 

when the tip is heated by the sample (passive mode) or when the tip is in contact with 

samples that have high thermal conductivity. They assumed for those cases that a drop in 

the temperature would happen at the very end of the tip. Therefore, the distribution of 

temperature along the tip in such cases cannot be considered uniform. The analysis with 

the current method of samples with high thermal conductivity coefficient would need 

modifications from the analytical and experimental points of view, for example, new 

boundary conditions of the temperature of the probe. Due to the high heat transfer rates, 

it would be necessary to experimentally avoid distortion in the measurements. However, 

during this thesis, the work was focused on samples with low thermal conductivity ranges, 
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since the interest of thermoelectric materials is to have the thermal conductivity as lower 

as possible, to increase the thermoelectric efficiency. 

 

3.3 Calibration procedure and determination of thermal conductivity  

3.3.1 Thermal probe calibration curves 

Puyoo et al., in ref. [46] calibrated Pd/SiO2 microfabricated probes, which are 

similar to Pd/Si3N4 probes. They mapped the thermal properties of silicon nanowires of 

around 200 nm in diameter. Following Puyoo’s calibration method, [46] were performed 

during this thesis, a similar calibration process for the palladium thermal probes.  

The first part of the calibration is performed with the probe out of contact with the 

sample surface, under vacuum conditions and ambient conditions. The type of probe used 

in this experiment is highly static sensitive, being sensitive to any electrostatic discharge. 

It is highly recommended to manipulate the probes in an electrostatic-sensitive device 

workstation. In the case of probe calibration under vacuum, the probes were electrically 

isolated, and these were carefully connected to the Wheatstone bridge only when the 

vacuum conditions were down below 5 × 10-5 mbar. After applying the different excitation 

frequencies in the probe, the pressure in the vacuum pre-chamber reached 6.5 × 10-6 mbar 

and the probe was disconnected before stopping the vacuum system. It is highly 

recommended to carry out this procedure to avoid any electric interference inside the 

vacuum pre-chamber that can affect the probe's thermal and electrical performance. The 

ambient conditions in the laboratory were checked during the calibration and 

measurements. The temperature was 25 ˚C and 30% relative humidity.  

The experimental data points obtained after probe calibration under vacuum and 

atmospheric conditions correspond to the probe 3ω voltage frequency response between 

10 Hz and 30 kHz. The sigmoidal curves of Figures 3.7.b and 3.7.d are the modeled curves 

obtained with the MATLAB program, after fixing all the parameters to fit the curves in 

Figures 3.a. and 3.c. These extract the equivalent thermal resistance (𝑅𝑅𝑒𝑒𝑒𝑒) according to 

the voltage V3ω obtained for the different samples. The experimental points in Figures 

3.7.a and 3.7.c. of the V3ω voltage response as a function of excitation frequency tend to 

be low-pass filters. Therefore, the curves are fixed with a transfer function of a low-pass 

filter. The mathematical expression that describes the curves is indicated in equation 3.4, 

as: 
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    𝑉𝑉�(𝜔𝜔) = 𝛻𝛻𝑚𝑚𝑎𝑎𝑥𝑥(𝜔𝜔)
1+𝑗𝑗 𝜔𝜔𝜔𝜔𝑐𝑐

                                              (3.4) 

 

where 𝑉𝑉�  is the thermal signal that is frequency dependent; the amplitude of the 3ω signal 

is given by 𝑉𝑉𝑒𝑒𝑎𝑎𝜕𝜕 ; ωc =R-1·C-1 is the cut-off frequency. The ωc is used as an indicator to 

select a suitable excitation frequency ωe for heating the probe. The cut-off frequency 

should be as high as possible to obtain an increase in the image acquisition velocity. It is 

worth to highlight the two operational modes in the frequency domain which are derived 

from this transfer function. One is when the frequencies are 𝜔𝜔 < 2ωc which is called 

isothermal mode. The other is when the frequencies are 𝜔𝜔 > 2ω and this mode is called 

adiabatic.  

In this thesis, the probes were heated within the isothermal region if ωe< ωc. The 

frequency was selected within the bandwidth of the thermal response of the probe. That 

means the signal is independent of the angular frequency, and the probe works in a region 

that does not has thermal attenuation. Consequently, the thermal probe response is not 

affected by variations in the heat capacity [46].  

The second calibration step is performed with the thermal probe in contact with 

the sample surface. This procedure consists of the measurements of samples, bulk, and 

films, with a well-known or defined thermal conductivity. This second calibration is 

carried out under atmospheric conditions. The sample is scanned with an electrical 

excitation frequency fe, selected in 957 Hz, or angular frequency ωe= 2πfe of 6013 rad·s-

1.  That frequency is selected to be into the cut-off frequency, providing optimal 

conditions for the scan, such as velocity to acquire the data and no attenuation of the 

signal response. The amplitude response of this transfer function is reduced after the cut-

off frequency of 70%, which is an attenuation of 3 dB of the signal in the low-pass filter. 

The cut-off frequency determined for the Pd/Si3N4 probe was 16336 rad·s-1.  

The 3ω voltage of the sample is correlated with 𝑅𝑅𝑒𝑒𝑒𝑒 . This parameter is obtained 

from the sigmoidal curve. As was already explained, if 𝑅𝑅𝑒𝑒𝑒𝑒  is known as well as 𝑅𝑅𝑐𝑐, and 

b, then, the sample’s thermal conductivity can be determined (see equation 1.3).  

The scan velocity on the sample is conditioned by the excitation frequency. In the 

reported results in [41], Puyoo et al. discussed the spending time at each point when a 

thermal probe scans the sample under similar conditions. They calculated around 5 ms in 

each point, compared with the 50 ms that spent the Wollaston wires in each point. Taking 
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an image with scan pixels of 256 × 256, the acquisition of images with a microfabricated 

probe takes 6 minutes instead of the 60 minutes that takes the Wollaston probe. Using 

Pd/Si3N4 probes, the acquisition times vary between 6 to 22 minutes. This is depending 

on the points selection, 256 × 256 or 512× 512). The lines per second (l·s-1) is the velocity 

of measuring, which can be as highest as 0.98 l·s-1 or as lowest as 0.01 l·s-1. The scan 

velocity, scan pixels, and cut-off frequency, determines the image acquisition time. 

Therefore, during this thesis, the topographic and thermal images of the different sample 

areas (in the order of 𝜇𝜇m) took between 20 and 30 minutes. 

In Figure 3.7 the calibration process performed in two thermal probes is presented. 

It was made using a different supply of voltage (Vin) in each one. In the first case, a Vin 

of 4 Vpp was applied to the probe, and the Vrms = 2.8 V (Figure 3.7.a and Figure 3.7.b). 

According to the Wheatstone bridge configuration, the effective voltage, which is 

measured after limiter resistance, was 1.17 V, and the current across the circuit was 

determined for one of the probe legs as 0.8 mA. In the second case, a Vin of 6 Vpp was 

applied to the second probe and Vrms = 4.24 V (Figure 3.7.c and Figure 3.7.d). The 

effective voltage, in this case, was measured as 1.75 V, and the current was 1.2 mA.  

 

 
 

Figure 3.7: Calibration curves of the thermal response for two SThM probes from the 
same batch. In a) and c), the calibration curves in the vacuum and atmospheric 
conditions. In b) and d) are plotted the  𝑉𝑉3𝜔𝜔 vs. 𝑅𝑅𝑒𝑒𝑒𝑒, obtained with the heat transfer 
model. The curves in a) and b) corresponds to the first calibrated probe and c) and d) to 
the second calibrated probe. [100] 
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3.3.2 Thermal parameters: Determination of Rc and b using calibration samples 

 

The iterative method implemented by Wilson A. et al. in ref. [49], for the cross-

point calibration process for Wollaston wire, was aiming to find the curves with the Rc 

intersects b, from a set of well-known thermal conductivity samples. In this thesis, this 

method was implemented to analyze samples with low thermal conductivity, to determine 

Rc vs. b for microfabricated probes. Nevertheless, many differences can be observed 

between this approach and the procedure implemented in [49].  

From the experimental point of view, in the validation of their results with the 

cross-point method, the authors in [49] used the Wollaston probe as a hot wire, 

positioning the probe over the sample, but without scanning. Thus, they reported the 

measurements in different sample locations, but they did not report any scan of the surface 

or image acquisition. In this thesis work, the scans of the sample surface are performed 

in contact with the probe and sample. In the case of theoretical modeling, the use of a 

microfabricated thermal probe instead of the Wollaston wire requires a different thermal 

model implementation.  

The calibration procedure consists of using a set of 10 samples with well-defined 

thermal conductivity. They were used as reference samples and scanned with calibrated 

thermal probes for two reasons. One purpose is to use some of them in the calibration 

procedure, to obtain the cross-point curves and determine Rc and b thermal parameters. 

These are called calibration samples. The second purpose is to corroborate the thermal 

conductivity of the samples with well-known thermal conductivity. The selected thermal 

parameters Rc and b are used for this corroboration. The obtained thermal conductivity 

results in these samples were cross-checked with others thermometry measurements, or 

they were compared with expected values of literature and manufacture. These samples 

are called test samples.  

During this thesis work, the set of calibration samples has been composed of the 

samples in table x. They are polycarbonate with 𝜅𝜅=0.20 W·m-1·K-1; polyaniline with 5% 

graphene nano-platelets (PANI-5% GNP) with 𝜅𝜅=0.49 W·m-1·K-1; tellurium film (Te) 

with 𝜅𝜅=0.77 W·m-1·K-1; bismuth telluride film (Bi2Te3) with 𝜅𝜅=0.97 W·m-1·K-1; 

borosilicate glass with 𝜅𝜅=1.1 W·m-1·K-1. The set of test samples has been composed of 

Kapton® polyimide film (Kapton) with 𝜅𝜅=0.19 W·m-1·K-1; high-density polyethylene 
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(HDP) with 𝜅𝜅=0.46 W·m-1·K-1; PANI 7% GNP with 𝜅𝜅=0.65 W·m-1·K-1); silicon 

germanium film (SiGe) with 𝜅𝜅=1.2 W·m-1·K-1; machinable glass-ceramic (MACOR) with 

𝜅𝜅=1.5 W·m-1·K-1. The thermal conductivity of polycarbonate, Kapton, HDP, and 

MACOR were reported in the literature and in the manufacturer, while the thermal data 

of the next samples: PANI 5% GNP, PANI 7% GNP, Te film, Bi2Te3 film, SiGe film, 

and borosilicate glass, were previously measured by photoacoustic (PA) [97]  and 3ω hot 

probe with Wollaston wire [49, 107]. These values of test samples agree with the previous 

reported results [49].  

The first calibration process was made with a selection of samples of 

polycarbonate, PANI 5% GNP, and borosilicate glass, with well-defined thermal 

conductivities of 0.20 W·m-1·K-1, 0.49 W·m-1·K-1, and 1.10 W·m-1·K-1, respectively. 

These curves are intersecting in Rc of 1.6×106 K·W-1 and b of 3.85×10-7 m, see calibration 

curve in Figure 3.8.a. The second calibration process was performed with samples of Te 

film, Bi2Te3 film, and borosilicate glass, with well-known thermal conductivities of 0.77 

W·m-1·K-1, 0.97 W·m-1·K-1, and 1.10 W·m-1·K-1, respectively. The cross-point of this 

second Pd/Si3N4 calibrated probe is the intersection of 0.94 × 106 K·W-1 for Rc and 

2.41×10-7 m for b. See the calibration curve in Figure 3.8.b. 

 The thermal and topographical mapping of the samples used during the 

calibration and test procedure is in Figure 3.9 and Figure 3.10. The V1ω and V3ω signals 

have been acquired simultaneously, but only the V3ω signal is processed to determine the 

thermal conductivity value. The inset value is the known thermal conductivity value, 

which was fixed in the thermal model. The error value corresponds to the deviation of the 

thermal value in distinct locations of the thermal image. The dispersion of the voltage 

value is less than one mV. 

The samples were cleaned and/or polished before scanning with the thermal probe. 

The glass was cleaned with acetone using a cotton swab. The samples of PANI, Te, 

Bi2Te3, and SiGe films were polished using fine grit sandpaper (1600) ( see more of this 

procedure in ref. [49]). The reference samples are bulk or film thick. As was mentioned 

in Chapter 2, the films were grown in the group where the PhD student performed this 

thesis work. Regarding the commercial samples, they are polycarbonate, glass, and 

Kapton. 
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Figure 3.8: In a) the cross-point obtained with the first calibrated probe, supplied with a 
voltage of 2.8 V and a current of 0.8 mA. In b) the cross-point obtained with the second 
probe, the supply voltage of 4.24 V, and the calculated current of 1.2 mA. Calibration 
samples used in each case are indicated for each graph. [100]. 

 

 
 

Figure 3.9: SThM of calibration samples: the topography in a) to e). The thermal images 
V3ω from f) to j), while V1ω are from k) to o). The inset values of κ were fixed in the thermal 
model to obtain the cross-point curve. The scale bar is 200 nm in all the images. [100]. 

a) b) 
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The method to perform the measurements was the same in all the samples. A first scan 

was made on the reference samples with the AFM, using a silicon tip to explore the region 

of interest on the surface. This allows us to ensure the best conditions of the sample 

surface, by scanning the smoothed and cleaned area. A set point voltage was selected and 

applied to warrant a constant force of the probe to the sample. The high dependency of 

the hardness properties with the applied force between probe-sample, whether the 

material is metallic, ceramic, plastic, or composite, has been discussed in ref. [108]. 

Nevertheless, this experimental parameter in the AFM, should be carefully selected for 

the approach of the thermal probe to the sample. The risk of loss of the photodiode signal, 

which can derive from a physical crashing of the probe with the sample, should be 

avoided.  

 
 

Figure 3.10: SThM of test samples: the topography in a) to e). The thermal images V3ω 
from f) to j), while V1ω are from k) to o). The inset values of κ are the measured values. 
The scale bar in Kapton has 100 nm, HD polyethylene and PANI 7% GNP have 200 nm, 
Si0.8Ge0.2 film, and Macor have 600 nm [100]. 
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Therefore, the set point was selected by the roughness characteristics of the 

sample and considered the hardness property of each sample. Thus, for soft polymers, the 

probe was approached and retracted several times in extremely near physical contact with 

the sample, till a mechanical approach was obtained. It was made when the distance from 

the probe to the sample was only a few millimeters, and then, the distance between them 

is in the order of nanometers.  

A first approximation is made using the setpoint voltage suggested by the AFM 

control unit. Hence, when the approaching is almost completed, the probe withdraws and 

approaches again. Here, a similar set point voltage is applied in all the samples with 

similar hardness properties. The tip is approached and retracted several times before 

achieving the best alignment of probe-sample contact. These means do not put 

overpressure on the samples and guarantee minimal physical contact to perform the scan. 

The selected set-point varied between 0.07 V to 0.5 V.  

 
 

 
Table 3.3: Data of reference samples (calibration and test samples). Calibration samples are in 
grey shadow with superscript *CAL. The thermal conductivity values in the last column were the 
fixed values (calibration samples), or those determined with the cross-point (test samples). 

 
References 
Samples 

/ 
𝜿𝜿𝒆𝒆𝒆𝒆𝒑𝒑  

(W·m-1·K-1) 
 

 
λ 

(μm) 
 

 
V3ω = 
× 10-3 V  

 

Req = 
×106 

K·W-1 
 

b = 
× 10-

7  
m 

 

Rc = 
× 106 

K·W-1 
 

 Rs = 
× 106 

K·W-1 
 

𝜿𝜿𝒔𝒔 
W·m-
1·K-1 

 

Kapton  
/ (0.12 - 0.47)  

Bulk 24.86 5.02 3.85 1.60 3.42 0.19 ± 
0.06 

 
Polycarbonate*CAL1 

/ (0.19 - 0.22) 
Bulk 24.84 

*CAL1 
4.85 3.85 1.60 3.25 0.20 ± 

0.05 
 

High-density 
polyethylene  
/ (0.45 - 0.52)  

Bulk 24.55 3.01 3.85 1.60 1.41 0.46 ± 
0.09 

PANI 5% 
GNP*CAL1 

/ (0.47 - 0.49) 

Bulk 24.53 
*CAL1 

2.93 3.85 1.60 1.33 0.49 ± 
0.05 

PANI 7% GNP  
/ (0.65 - 0.68) 

Bulk 24.44 2.65 3.85 1.60 1.05 0.62 ± 
0.05 

 
Tellurium 

film*CAL2 
2.74 52.95 

*CAL2 
2.29 2.41 0.94 1.35 0.77 ± 

0.05 
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/ (𝜿𝜿𝒆𝒆𝒆𝒆𝒑𝒑=0.78-
0.79) 
p-Type 

Bi2Te3
*CAL2 

/ (0.97 - 1.0)  

2.8 52.51 
*CAL2 

2.03 2.41 0.94 1.09 0.95 ± 
0.07 

Borosilicate 
glass*CAL1-CAL2  

/ (1.08 - 1.10) 

Bulk 24.27 
*CAL1 

2.19 3.85 1.60 0.59 1.10 ± 
0.06 

 
52.31 
*CAL2 

1.93 2.41 0.94 0.98 1.05 ± 
0.10 

 
SiGe film  

/ (1.22 - 1.23) 
1.5 52.02 1.80 2.41 0.94 0.86 1.20 ± 

0.10 
 

Macor  
/ (1.40-1.50) 

Bulk 51.62 1.64 2.41 0.94 0.70 1.48 ± 
0.11 

 
   

*CAL1 calibration sample for cross-point of SThM probe 1, where Rc is (1.60 × 106 ± 0.03) 
K·W-1 and b is (3.85 × 10-7 ± 0.02) m  

*CAL2 calibration sample for cross-point of SThM probe 2, where Rc is (0.94 × 106 ± 0.02) 
K·W-1 and b is (2.41× 10-7 ± 0.02) m 

 
 
It is worth highlighting some aspects of these calibration curves. On the one hand, the 

thermal exchange radius has varied from 100 nm to 400 nm. At this point, must be 

emphasized a clear difference between the thermal parameters obtained with the 

microfabricated probe, compared with the Wollastone wire. The reported values of Rc and 

b in the work of ref. [49] wich intersects curves with the hot probe method, are 0.45 × 

105 K·W-1 and 2.8×10-6 m, for each parameter relatively. This is due to the tip’s curvature 

radius of Wollaston probes, which has more than 2 μm.  

Using microfabricated probes, the heat exchange radius for the cross-point method can 

be one order of magnitude lower than the one obtained for Wollaston probes. This can is 

expected for these probes. On the other hand, Rc increases by almost two orders of 

magnitude. This is a relative value of the Wollaston probe. These differences are 

consisting of the increasing thermal contact resistance of the Pd/Si3N4. This can be 

compared with the Wollaston probe and is consistent with the literature values. Puyoo et 

al. [46] and Ge et al. [109]   published values of Rc of 4.06×106 K·W-1 and 0.83×106 

K·W-1 33, respectively, with microfabricated probes; while an Rc of 1.3×105 K·W-1 was 

reported by Thiery et al. with a Wollaston probe [110].  

The difference can be explained by related to the heat transfer process through solid-

solid (Gss), water meniscus (Gw), and air surrounding (Gair) in the probe-sample 
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interaction. Since the microfabricated probes have a sharper tip, the solid-solid contact 

area is smaller than the Wollaston probe, increasing the thermal contact resistance. This 

difference is related to the probe characteristics and must determine for each tip. 

 

3.3.3 Topographic and thermal signal decoupling 

In Figure 3.11, the topographical and thermal analysis of nanoplates of Cu2Se [111], 

show two line profiles. In the line profile obtained in the topographical map, two peaks 

can be detected. However, the thermal signal has the same voltage value, independent of 

the topographic features. 

 

 
 

Figure 3.11: SThM topographic and thermal images, were line profiles, blue for 
topographic, and red for thermal signal, can be observed. This image is an example of 
the decoupling in the thermal signal with respect to the topographic. Adapted from [56] 

 

3.3.4 Sensitivity analysis of calibration curves of the equivalent resistances 

 
In Figure 3.12, we add a grey shadow and two dash lines in the two graphs of 

calibration curves for equivalent resistance, in which the sensitivity of this method is 

valid. However, these curves can be invalid for samples that present a critical V3ω change 

due to high thermal conductivity samples. The change will be critical when it gives an 

equivalent thermal resistance out of range (out of the portion of the curve between the 

dash lines) or lower than the thermal contact resistance determined with the cross-point 

(grey shadow in the curve). In this case, the values are in a prohibited region of the curve, 
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and the calibration parameters are not valid to determine the thermal conductivity (high 

values) in this case. Future work can analyze the effect of samples with high thermal 

conductivity values in the cross-point method, to see if the thermal contact resistance can 

be adjusted for the case of lower values of V3ω response (for high thermal conductivity 

samples). 

The error of the measures is the statistical deviation when different regions of the 

scanned sample were analyzed to determine κ. This deviation includes the highest and the 

lowest thermal voltage value, or the lowest and highest thermal conductivity values, 

respectively.  The error of the technique has been estimated from propagation of errors as 

in [107], and it is around 10 % approximately.   

 

 
 

Figure 3.12: Sensitivity analysis for curves of the equivalent resistance vs. V3ω. The 
prohibited region in grey shadow and the allowed voltages change between the dash 
lines, in which the thermal sample resistance is a positive value (Req=Rc +Rs). 
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3.4 Qualitative analysis of high thermal conductivity films with SThM: 
2D thin flakes of HOPG:  

 
The thermal images with the information of the first harmonic signal (related to the 

temperature distribution) and the third harmonic signal (related to the thermal 

conductivity) can be analyzed to obtain quantitative data and extract qualitative 

information. Samples with a higher thermal conductivity coefficient as the highly oriented 

pyrolytic graphite (HOPG), with more than 8 W·m-1·K-1, can be scanned with the current 

thermal probe configuration lab-made Wheatstone bridge. These give qualitative 

information based on its heat dissipation thermal mapping (see Figure 3.13).  

 

 
 

Figure 3.13: SThM images of 2D thin flakes of highly oriented pyrolytic graphite 
(HOPG). In a) the topographic image.  The thermal images of V3ω in b) and V1ω in c). 

 

3.5 Effective medium theory applied to the thermal conductivity of porous 
structures 

Effective medium approximation (EMA) or effective medium theory (EMT) is a method 

proposed by Bruggeman and Landauer [112, 113], as an approach to treat a 

macroscopically inhomogeneous material [114].  EMT has been implemented to 

determine the effective thermal conductivity of the composite microstructures, whose 

properties as conductivity or density vary in space.  In the simplest case, a mixture of two 

materials occupying two relative volume fractions of 𝑥𝑥 and 1 − 𝑥𝑥, have different scalar 

conductivities. The EMA or EMT implies consider the material embedded in a 

homogeneous effective medium, which effective conductivity of the composite is 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 .  

In nanochanneled alumina membrane, the effective thermal conductivity in the direction 

perpendicular to the channel axis was determined in [115].  EFM has been also used to 

determine the thermal conductivity of nanowires [97, 107], considering that heat flow 

a)           b)                  c) 
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across the matrix in 1D direction (isothermal distribution in the in-plane direction), and 

neglecting the thermal resistances at the interface assuming a small resistance interface 

between alumina and nanowires compared with the whole array [116, 117].  In the case 

of porous structures in this thesis, the thermal conductivity determined with SThM 

technique after the calibration process, correspond to the effective thermal conductivity 

of the composite 𝜅𝜅𝑐𝑐, which has a contribution of both the conduction through the skeletal 

(solid part of the sample) 𝜅𝜅𝑠𝑠, and the conduction through the pores filled with air 𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎 .  

Therefore, the composite thermal conductivity must be approached to the effective 

thermal conductivity by the expressed in equation in 3.5: 

𝜅𝜅𝑐𝑐 =  (𝑥𝑥)𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎 + (1 − 𝑥𝑥)𝜅𝜅𝑠𝑠      (3.5) 

where 𝑥𝑥 is the areal packing density or porosity, and 𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎  is the thermal conductivity of 

the air (0.026 W·m-1·K-1).   The EMT will be applied to determine 𝜅𝜅𝑠𝑠 of nanoporous 

AAOs and 2 nanomeshed Si0.8Ge0. structures, after applying the parallel model of EMT 

of equation 3.6, as follows: 

𝜅𝜅𝑠𝑠 = 𝜅𝜅𝑐𝑐−(𝜕𝜕)𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎
(1−𝜕𝜕)

                               (3.6) 

 

 

 

3.6 Summary of the calibration work for SThM 

Different parameters were carefully investigated and selected to perform high-

resolution thermal maps. The management and understanding of the model and the input 

data of the different thermal, electrical, and geometrical parameters introduced in the 

computer program, enable optimal data processing. The precision and stability of the 

thermal conductivity measurements, with thermal and spatial resolution at the nanoscale, 

is a challenging task that was successfully performed during this thesis work. After 

different experiments and configurations of Wheatstone bridges, the input voltages and 

electric currents through the thermal probes were selected to obtain reliable results.   

In this thesis, it was proposed and designed a new electrical circuit for the 

Wheatstone bridge. It is a lab-made electronic circuit that is fundamental for the 

experimental set-up of the 3ω-SThM. It was implemented as an electrostatic-sensitive 

device with high precision resistors, current limiting resistors, a switch button, and probe 
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connectors to measure current and voltage. These improvements in the circuit and the 

experimental set-up arrangement protected the probe during the calibration and 

measurement procedures.The microfabricated thermal probe of Pd/Si3N4 was calibrated 

to determine its thermal response as a function of the different excitation frequencies. The 

probe was excited at frequencies below 30 kHz. These types of probes are extremely 

delicate and highly static sensitive. However, in this thesis work, an optimized 

experimental set-up with lab-made electronic circuits and the proper and safe connections 

was crucial to improve the signal-to-noise ratio and avoid any thermal or electric damage 

to the probe. The accuracy of the implemented technique was assessed by measuring the 

thermal conductivity of different test samples with very-well knew thermal conductivity. 

After the implemented methodology, different samples with unknown thermal 

conductivity will be analyzed in Chapters 4 and 5. Finally, effective medium theory, 

explained at the end of this chapter, will be applied to the thermal conductivity analysis 

in porous samples. 
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4 Nanostructures of anodic aluminum oxide: 
contribution to the thermal analysis 

The study of thermal transport variations in anodic aluminum oxide (alumina) 

membranes, which were grown by electrochemistry and brought under heat treatment, is 

presented.  The thermal conductivity, structure, and crystallization changes are studied in 

AAO membranes as obtained and after annealing up to 1300ºC.  The thermal conductivity 

of the AAO membranes has been measured by 3ω-Scanning Thermal Microscopy (3ω-

SThM).  Also, some of the values obtained were cross-checked with the photoacoustic 

method, obtaining similar thermal conductivity values within the experimental error for 

both techniques.  This in-depth study is crucial to draw some light on the variation of the 

thermal conductivity observed in the literature for porous alumina.  Furthermore, to 

determine the effect of heat treatment (even at very low temperatures) on their properties. 

Moreover, the implemented technique 3ω -SThM gives valuable information on the 

thermal transport properties at the sample surface through topographical and thermal 

maps obtained simultaneously for a specific region.    Hot spots or homogeneity of the 

sample surface can be studied with this technique with high resolution.  This technique 

offers advantages to measuring AAOs, which can be used to coat different materials and 

micro-devices (see the illustration in Figure 4.1). 
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4.1 Introduction to thermal analysis of anodic aluminium oxide (AAO) 

  

 
 

Figure 4.1: Sketch of nanoporous AAO applied as a coating material. The SThM images 
give information on heat dissipation, inhomogeneities, and hot spot on the sample 
surface. 

 

Nanoporous anodic aluminium oxide (AAO) membranes, also called nanoporous 

anodic alumina (NAA) templates, are broadly useful in nanoscience and nanotechnology 

applications. They are easy to manufacture, and the size can be tailored. Thus, these 

structures have been used in biology, catalysis [118-120], and medical applications [121, 

122]. Also, they have been very popular in applications of magnetism [123-125], 

spintronics [124, 126], optical sensors [127], and thermoelectricity [128]. The AAOS 

membranes have been used in the template-assisted synthesis of high-density arrays of 

1D nanomaterials, e.g., in nanowires [129] and segmented nanowires [124, 126], 

nanorods [118, 130], nanotubes [131, 132], among others. Also, 3D interconnected 

nanostructures [133, 134], masks [135], nanodots, nanorod arrays, and nanopatterned 

substrates [136-138]. And, as a substrate to deposit different materials on its surface and 

obtain different structures, such as nanohole or antidot arrays [123], the called “holey” 

films [139, 140], and the nanomesh film [140].  However, the alumina could be exposed 

to different temperatures during heat treatments. For example, during the nanostructure 

fabrication by different techniques such as sputtering [140], metal deposition [133], melt 

infiltration [141-143], thermal evaporation, etc. Or during the post-processing, in the 

fabrication of nanotubes and nanowires, where they must be under heat treatments to 

crystallize the material. Also, if they are embedded in a device, the lithographic process 

used to design contact points, the laser beam exposition used during the device 

characterization, or the metal layer deposited on top of the alumina for some 
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measurements, can induce a temperature rise, from tens to hundreds of degrees in this 

material.  

 The heat treatments or annealing in the alumina can induce a change in its structural 

and compositional characteristics, which are different from the alumina without 

annealing. The property that defines the heat dissipation by contact, the thermal 

conductivity κ, can vary too. Determining κ with precision is fundamental for many 

applications, for example, for thermoelectric and cooling devices. Indeed, in a film-based 

device deposited on alumina, this value needs to be considered to determine thermal 

boundary and interfacial resistances. Thus, the thermal conductivity and its changes must 

be well characterized, along with the structural and compositional characteristics in the 

AAOs. Nevertheless, it is commonly assumed that AAOs keep their physical and 

chemical properties at low-temperature exposure, even the thermal conductivity. In 

agreement with the importance of AAOs for thermoelectric applications and given the 

trajectory and expertise of the research group where this thesis was performed, to 

fabricate and tailor alumina membranes with high quality, these samples were selected to 

be annealed and study their thermal conductivity changes with SThM. Other techniques 

were used to study their structural, compositional, and morphologic characteristics.  

Although, there is a difference in the thermal conductivity values reported in previous 

works in the case of AAOs, as can be observed in Table 4.1. In effect, there are different 

values reported for AAO membranes, grown in sulfuric acid, when the anodizing 

temperatures vary [144].  The thermal conductivity values measured by the steady-state 

method at room temperature varies from 0.5 W·m-1·K-1 to 1 W·m-1·K-1. The sulfuric 

AAOs, have also reported higher values of 1.3 ± 0.1 W·m-1·K-1 at room temperature, 

measured by laser flash [29], the 3ω-technique, and the photothermal method [145]. The 

AAOs fabricated in oxalic acid, have thermal conductivity values between 0.63 W·m-1·K-

1 and 1.33 W·m-1·K-1, measured by the steady-state technique at room temperature, and 

if varying the anodizing temperature [144]. Regards to the AAOs grown in phosphoric 

acid, the reported values of thermal conductivity, measured at RT, range from 1.32 W·m-

1·K-1 to 1.9 W·m-1·K-1, measured by the photoacoustic technique [146] and by the 3ω–

SThM [47], respectively.  
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Table 4.1: Different thermal conductivity values of AAOs from literature. The type of sample, the 
techniques used to measure the thermal conductivity, and the temperature of measurements, are 
presented. Adapted from [147]. 

 
Sample type 

Thick
λ 

(µm) 
 

Poros. 
(%) 

κ 
W/mK 

Temp. 
measured 

(K) 

Technique to 
measure κ 

 
Comments 

 
Ref. 

Bulk Alumina   ~33 
~ 6.28 

RT 
2073 

Five different 
techniques 

Minimum K 
was obtained 

between 
1600-1900 K 

[148
] 

Bulk Alumina   10000 
to 10 

3 to 1000 Steady-state 
flow method 

 [149
] 

α-Al2O3 

 
5100  ~ 33.33 

~ 28.57 
~ 25 

~300 
~330 
~360 

Longitudinal 
heat-flow 

Pure α-Al2O3 

 
[150
] 

Thick anodized 
aluminium 

coating 

~ 60  0.7 RT Transient 
heat-flow 

Anodic 
oxidation in 
sulfuric acid 

[151
] 

Thick anodized 
aluminium 

coating 

~ 60  1.3 RT Transient 
heat-flow 

Anodic 
oxidation in 
oxalic acid 

[151
] 

Alumina film on 
silicon by 

electron beam 

0.5 to 
4 

 0.72 RT Steady-state Electron beam 
evaporation 

[152
] 

Free-standing 
amorphous 

alumina 

0.14  0.5 to 2 
1.6 at 
RT 

 

90 to 350 Steady-state Non-porous 
Al2O3, 

anodization in 
ammonium 

citrate 

[153
] 

Free-standing 
amorphous 

alumina 

0.14  ~ 0.6 to 
2.5 

~ 1.8 at 
RT 

90 to 680 Steady-state Calculated 
with 

minimum K 

[153
] 

α -Al2O3   ~0.6 to 
1.8 

~ 1.5 at 
RT 

80 to 400 3ω method Produced by 
PVD (DC 
Magnetron 
sputtering) 

[154
] 

α -Al2O3   ~0.3 to 
1.4 

~ 1.15 at 
RT 

80 to 400 3ω method Produced by 
PVD (RF 

Magnetron 
sputtering) 

[154
] 

α-Al2O3 

 
κ- Al2O3, coating 

13  ~35 to 
15 

~30 at 
RT 

~15 to 6 
~8 at 
RT 

80 to 600 3ω method Produced by 
CVD 

[155
] 

Porous alumina 
nanostructures 

α-Al2O3 

1340 ~3 ~ 3.5 to 
5 at RT 

~ 6.5 at 
1073 K  

298.15 to 
1473.15 

Laser flash Sintering 
T>1300 K  

Sample FD1/3 
in the paper 

[156
] 
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Thick anodic 
alumina 

membrane 

55 ~ 30 0.54 at 
80 K 
1.3 at 
RT 

80 to 300  3ω method 
and 

photothermal 

Anodic 
oxidation in 
sulfuric acid 

[115
] 

Anodic alumina 
film 

1.4 to 
5 

~ 30 ~1.22 to 
1.71 

~1.3 at 
RT 

220 to 480 Laser flash Anodic 
oxidation in 
sulfuric acid 

[145
] 

Aluminium 
anodic oxide 

layer (different 
anodization Ts) 

~ 15 
to 80 

~ 14 
to 60 

0.53 to 
1.01 

RT Steady-state 
technique 

Anodic 
oxidation in 
sulfuric acid 

[144
] 

Aluminium 
anodic oxide 

layer (different 
anodization T) 

~ 15 
to 80 

~ 10 
to 30 

1.31 to 
1.62 

RT Steady-state 
technique 

Anodic 
oxidation in 
oxalic acid 

[144
] 

Aluminium 
anodic oxide 

layer (different 
anodization T 

~ 15 
to 80 

~ 10 
to 35 

0.82 to 
1.12 

RT Steady-state 
technique 

Anodic 
oxidation in 

mixed sulfuric 
and oxalic 

acids 

 
[33] 

Commercial 
aluminium 

anodic oxide 
membranes 

 41 1.9 RT 3ω-SThM Anodic 
oxidation in 
phosphoric 

acid. 

[47] 

Aluminium 
anodic oxide 
membranes 

(pores of 350, 
220 and 120 nm) 

  1.38 RT 3ω-SThM Anodic 
oxidation in 
phosphoric 

acid. 

[157
] 

Aluminium 
anodic oxide 
membranes 
(different 

conditions) 

 ~ 10 
to 60 

1.07 
sulfuric 

1.32 
oxalic 
and 

phospho
ric 

RT Photo-acoustic 
technique 

Anodic 
oxidation in 

sulfuric, 
oxalic, and 
phosphoric 

acids. 

[146
] 

 

4.1.1 AAO membranes used in this study 

The samples analyzed were fabricated in different electrolytes. The electrolytes were 

chosen from the most common acids to grow these structures: sulfuric, oxalic, and 

phosphoric. In this thesis, the AAO that grows in sulfuric acid is named sulfuric-AAO, in 

oxalic acid, oxalic-AAO, and phosphoric, phosphoric-AAO. Sulfuric-AAOs and oxalic-

AAOs were lab-made, fabricated by the PhD student Alejandra Ruiz. Phosphoric-AAOs 

were commercials. The samples were under heat treatment, from RT up to 1300 ºC. 

Figure 4.2 presents the AAO morphology of these structures, the membrane along the 

pore structure on top view by SEM. 
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Figure 4.2: AAO structure and measurements. In a) a two euros coin, where a similar 
size to the lab-made AAO can be observed, around 2.5 cm in diameter. In b) a photo of 
the lab-made AAO. In c), a schematic representation of the AAO, where Din is the 
interpore distance, and Dp is the pore diameter. The SEM micrographs can be observed 
in: d) the top view, e) the cross-section, and f) a zoom region of the cross-section.  

 

The AAO membranes of sulfuric and oxalic, which were lab-made, have a shape and 

a size of around a coin of two euro, which is 2.5 cm in diameter (Figure 4.2.a and 4.2.b). 

They were divided into small parts to heat at different temperatures. Two of these parts 

of AAO membranes were measured as they were anodized, without annealing. The 

temperature, in this case, has been referred to RT. The temperatures used to heat the other 

parts of the samples were from 50 ºC to 1100 ºC, for 1 hour. Then, the heated samples 

were divided into fragments to perform structural, compositional, morphological, and 

SThM characterization. The samples grown in phosphoric were commercial samples 

from Whatman®. In this case, two samples were heated since they are smaller than the 

lab-made AAOs. Finally, the DSC-TGA-mass spectrometry was performed in different 

anodized samples but with characteristics of the pores similar to the first samples. The 

temperature to which the AAOs were exposed in this case was from RT to 1300 ºC. 

4.2 Scanning Electron Microscopy of AAO membranes 

Scanning electron microscopy (SEM) images in Figure 4.3, have been used to perform 

the morphological characterization of the AAOs. These images have been used to 

determine the pore diameter and the porosity of each AAO. The data of pores are 

presented in Table 4.2.  
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Figure 4.3: SEM micrographs of AAOs grown in electrolytes of sulfuric (left column), 
oxalic (centre column), and phosphoric (right column). The annealing temperature from 
the highest to the lower is specified for all the samples in the first column. This 
temperature is the same for each type of alumina. The RT at the bottom refers to the non-
heat-treated sample. The scale bar for sulfuric and oxalic-AAOs corresponds to 300 nm; 
for phosphoric AAOs, the scale bar corresponds to 1 µm. Figure adapted from [147]. 
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Table 4.2: Porosity and pore diameter of the different AAOs after temperature annealing. Image 
J program was used to carry out this analysis with the SEM images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 Temperature 
of annealing 

(º C) 

Ø 
pore 
(nm) 

Poros. 
(%) 

Interp. dist. 
(nm) 

Sulfuric-
AAO 

25 19 11 64 

50 19 8 64 

100 20 9 65 

150 20 9 64 

200 19 9 63 

600 23 12 64 

950 23 12 64 

1100 28 18 64 

1300 25 14 - 

Oxalic-AAO 25 28 7 103 

50 28 7 105 

100 30 8 104 

150 34 10 102 

200 33 9 102 

600 33 10 102 

950 37 12 102 

1100 48 20 101 

1300 43 18 - 

Phosphoric-
AAO 

25 217 34 329 

50 221 38 304 

100 215 36 301 

150 - - - 

200 220 36 303 

600 216 34 314 

950 241 39 309 

1100 229 37 325 

1300 212 29 - 
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4.3 Thermal conductivity measurements in AAO membranes 

The out-of-plane measurements in AAOs were performed with a calibrated thermal 

probe in the implemented 3ω-SThM technique, with a thermal exchange radius of 250 

nm. The thermal and topographical maps were obtained for all the samples. However, 

here are only the images corresponding to the most crucial temperatures, where 

morphological and thermal changes can be observed. First, the images were acquired and 

processed to determine the composite thermal conductivity. Then, the sample thermal 

conductivity was determined by the effective medium theory (see Chapter 3, section 

3.3.6) The mappings of AAOs enable qualitative and quantitative analysis of the thermal 

heat dissipation, as can be observed by SThM images.  

In Figure 4.4, it can be seen the thermal conductivity variations, which shows a 

difference near to six times from the lowest value to the highest one. The determined 

values go from 0.78 ±0.19 W·m-1·K-1 (in the sulfuric-AAOs at RT) to 4.82 ±0.36 W·m-

1·K-1 (the oxalic-AAOs annealed at 1300º C). The thermal conductivity values in each 

type of sample and the corresponding annealing temperature are shown in Table 4.3, 

where 25 ºC is the RT and refers to the temperature of the alumina as anodized or without 

annealing. The results from this graph can be divided into three regions according to their 

thermal conductivity trends. Therefore, it is worth to comment some important aspects of 

the results in each region.  

The first region corresponds to the lower temperature of annealing, between 50 ºC and 

200 ºC. In this part of the graph, a reduction in the thermal conductivity is observed up to 

100 ºC or 150 ºC. Then, a slight increase in thermal conductivity is observed. More 

specifically, in the case of sulfuric-AAOs, the thermal conductivity value when the 

sample was heated to 100 ºC was reduced to around 40 % of the value that AAO has at 

RT or as prepared. These values are from 1.24±0.12 W·m-1·K-1 at room temperature (RT) 

to 0.78±0.19 W·m-1·K-1 at 100 ºC. The oxalic-AAOs present the same trend. The sample 

has a thermal conductivity coefficient of 1.41±0.17 W·m-1·K-1 at RT that reduces to 

1.26±0.24 W·m-1·K-1 at 100ºC. However, the lowest value of the thermal conductivity in 

the case of phosphoric-AAO was observed at an annealing temperature of 150º C. In this 

case, the thermal conductivity varied from 1.44±0.11 at RT to 1.22±0.17 W·m-1·K-1 at 

150 ºC. The reduction of the thermal conductivity in these samples at temperatures which 
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can be considered as low range of annealing could explain the variability of the thermal 

conductivity values in the literature for AAO.  

The second region that is observed in the graph corresponds to the temperatures of 200 

ºC and 600 ºC. Between these two temperatures, the thermal conductivity is around 2 

W·m-1·K-1. At both temperatures, the differences of the thermal conductivity of the 

membranes stay within the error limit of the measurement technique. This range can be 

considered as a medium temperature of annealing.  

The third part of the graph corresponds to the high-temperature range. The thermal 

conductivity increases in the different membranes. The maximum value of thermal 

conductivity, reached at 1300 ºC of annealing temperature, for each type of alumina is 

4.16±0.35 W·m-1·K-1 for sulfuric-AAO, 4.82±0.36 W·m-1·K-1 for oxalic-AAO, and 

3.38±0.32 W·m-1·K-1 for phosphoric-AAO. The thermal transport coefficient was 

obtained at room temperature using the 3ω-Scanning Thermal Microscopy. The 

composite thermal conductivity of each AAO was obtained, and the associated errors are 

shown in Table 4.3. The effective medium theory, was applied to determine the sample 

thermal conductivity, using the porosity presented in Table 4.2, for each sample and 

assuming the air thermal conductivity as 0.026 W·m-1·K-1.  

 
Figure 4.4: Thermal conductivity of AAOs growing in sulfuric (blue triangles), oxalic 
(pink hexagons), and phosphoric acid (green diamonds), as a function of the annealing 
temperatures.  
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Table 4.3: Thermal conductivity (κ) obtained for the different AAO membranes. The composite 
value, and the membrane thermal conductivity value after applying the EMT, 𝜅𝜅𝑐𝑐 =  (𝑥𝑥)𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎 +
(1 − 𝑥𝑥)𝜅𝜅𝑠𝑠 (see x). The error shown in the table comes from the dispersion of the data analysis of 
several measurements. The error in the thermal conductivity measurement is less than 20%.  

Annea
ling 

Temp. 
T 

(ºC) 

Sulfuric-AAO 
𝜿𝜿 

(W·m-1·K-1) 

Oxalic-AAO 
𝜿𝜿 

(W·m-1·K-1) 

Phosphoric-AAO 
𝜿𝜿 

(W·m-1·K-1) 

 Composit
e 

AAO Composit
e 

AAO Composite AAO 

25 1.11±0.11 1.24±0.12 1.30±0.16 1.41±0.17 0.96±0.09 1.44±0.13 
 

50 1.01±0.17 1.09±0.18 1.24±0.15 1.34±0.16 0.82±0.09 1.31±0.15 
 

100 0.71±0.18 0.78±0.19 1.16±0.22 1.26±0.24 0.88±0.07 1.36±0.11 
 

150 1.05±0.22 1.15±0.24 1.22±0.20 1.35±0.22 0.79±0.11 1.22±0.17 
 

200 1.21±0.24 1.33±0.26 1.52±0.22 1.67±0.24 1.00±0.08 1.55±0.13 
 

600 1.63±0.25 1.85±0.28 1.77±0.32 1.96±0.35 1.35±0.15 2.04±0.22 
 

950 2.63±0.21 2.99±0.23 3.02±0.25 3.43±0.28 1.52±0.23 2.48±0.38 
 

1100 3.15±0.27 3.84±0.33 3.57±0.26 4.46±0.32 2.05±0.24 3.24±0.38 
 

1300 3.58±0.30 4.16±0.35 3.96±0.30 4.82±0.36 2.41±0.23 3.38±0.32 
 

 

Figure 4.5 presents the SThM signals obtained at RT, 100 ºC, and 1100 ºC, of the 

topographic signal, the V1ω voltage, and V3ω voltage, in the case of sulfuric-AAO. The 

oxalic-AAO SThM images for the same temperatures are presented in Figure 4.6. In the 

case of phosphoric-AAOs, their measurements are presented in Figure 4.7. Figure 4.8 

compares the SEM and SThM images of AAOs at 600 ºC of annealing grown in the three 

different acids. When the sample has not been heated, the alumina preserves its structure 

and has more homogeneous topographical and thermal maps. However, with heat 

treatment of 100º C, the samples present visible hot spots, which indicate a local increase 

of the thermal voltage and, consequently, a local decrease of thermal conductivity. 

Furthermore, after being heated to 1100º C the membranes show a variation of the pore 

sizes and the thermal conductivity increases. 
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Figure 4.5: Sulfuric-AAO membranes: images from signals of the topographic, V3ω, and 
V1ω of SThM from AAO, in a) at RT, b) after annealing temperature of 100 ºC, and d) at 
1100 ºC in d). 

 
 

Figure 4.6: Oxalic-AAO membranes: images from signals of the topographic, V3ω, and 
V1ω of SThM from AAO, in a) at RT, b) after annealing temperature of 100 ºC, and d) at 
1100 ºC in d). Figure adapted from [147]. 

 

a) 

b) 

c) 

a) 

b) 

c) 
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Figure 4.7: Phosphoric-AAO membranes: images from signals of the topographic, V3ω, 
and V1ω of SThM from AAO, in a) at RT, b) after annealing temperature of 100 ºC, and 
d) at 1100 ºC in d).  

 
 

Figure 4.8: AAO membranes of sulfuric in a), oxalic in b), and phosphoric in c), annealed 
at 600 ºC. The first column presents the corresponding SEM micrographs. The second 
column has the topography. The third column presents the V3ω signals, and the fourth 
column the V1ω signal. The scale bar in SEM images is 500 nm. 

 

 

a) 

b) 

c) 

a) 

b) 

c) 
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4.3.1 Distribution of the SThM signal and the inner-outer layer of AAOs 

 

The correlation between topographic and thermal signals is not always the same, which 

means that the thermal image is accurate and does not depend on the sample's 

morphology. Although the resolution of the tip is within the limit of the inner pore size, 

it is possible to observe some thermal contrasts in the surface's AAO when the thermal 

profiles are compared. A lower thermal conductivity can be seen in the region 

surrounding the pores. For the first time, this proves local thermal differences in the outer 

AAO region, where the incorporated species from the acid solution are responsible of 

decreasing the thermal flux. Different regions in the topographic and thermal images were 

studied. The SThM images obtained for oxalic at RT are presented in Figure 4.9. as an 

example of this analysis. The horizontal lines in Figure 4.9, represent the analyzing 

direction along the topographic image. Line 1) or green and line 2) or pink. These lines 

are analyzed simultaneously in all the SThM images. The respective profiles are shown 

below these images, where numbers 1,2,3, 4, and 5 highlight the different aspects of these 

profiles.   

 

 
Figure 4.9: Oxalic-AAO membrane at RT: in a) topographic and thermal images, in b), 
the obtained profiles. The numbers inset in topographic images, 1 and 2, correspond to 
line traces to visualize the profiles of signals. In addition, the profiles have numbers to 
indicate the differences in the thermal signal fluctuation regarding the topographic 
features.  

 
 

a) 

b) 
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In Figure 4.9.a, from the first analyzed line, named 1), the green line, is presented in 

the left side of Figure 4.9.b the topographic and thermal profiles. Both types of signals 

follow a similar trend when the sample surface has highs or valleys features. Numbers 1 

and 5 in the profile of 4.9.b show a slight difference in the thermal conductivity in these 

regions. The region with number 1 has a higher thermal conductivity value than number 

5, which has a lower value. Also, in points 1, 2, 3, and 4, slight differences can be seen in 

the V3ω signal, although the V1ω signal is more sensitivity to heat dissipation differences 

at such points.  

The situation observed in 2) the pink line, in Figure 4.9.b right side, where points 1, 2, 

and 5 have the highest thermal conductivity values, while the topography presents slight 

variations in those regions, confirms that there is possible to talk of a decoupled of the 

thermal and topographical signal. Therefore, the thermal signal does not necessary 

depend on the topographical features. Points 3 and 4, the highest topographical signal, 

also show a slight reduction of thermal conductivity compared with point 2.  

Regarding the analysis of the thermal maps, the oxalic-AAO membrane was selected, 

without heat treatment and with annealing, to compare the variations in the temperature 

distribution map highlighted in the V1ω signal. These variations can be related to the 

difference between the outer and the inner layer of the AAOs. The outer layer, the region 

next to the wall of the pore’s channel, is the most anion contamination region by the 

electrolyte. The inner layer is the higher purity region of the alumina. It is also worth 

noting that impurities can be detected with thermal measurements. As reported, this pure 

inner region could be 10 nm for sulfuric-AAO, 20 nm for oxalic-AAO, and 40 nm for 

phosphoric-AAO.  

The inner and outer layers can be observed in Figure 4.10, in the V1ω signal, with 

yellow colour (inner layer) and red colour next to the blue (outer layer).  These heat 

dissipation variations can be observed with better detailed in a zoom-image of the V1ω 

thermal signal, which is quite sensitive to the temperature changes in the alumina. In the 

images presented in Figure 4.10, a dashed line frames these regions. The thermal 

difference between the inner and outer layers can be observed due to the high resolution 

of the thermal maps acquired with the implemented technique. Furthermore, the effective 

medium theory has been used to determine the skeletal thermal conductivity without air 

contribution. As already mentioned, the resulting heat exchange radius, b, was 250 nm.  
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Thus, considering the porous morphology of the samples, the use of the effective 

medium theory is fully justified. Also, the thermal conductivity is determined from the 

mean value of the 3ω signal, using different regions to increase the statistics of the data. 

It is also interesting to note the slight difference between the thermal images of samples 

heated at RT and 100 ºC in contrast with the noticeable difference with the sample 

annealed at 1100 ºC.  

Figures 4.10.a, 4.10.b, and 4.10.c, present the histogram corresponding to the thermal 

signal distribution of the AAOs. The AAO at RT shows a considerable dispersion of 

thermal data compared to the the AAO at 100 ºC. At this annealed temperature, 100 ºC, 

the histogram shifts more clearly to the righthand side, indicating lower thermal 

conductivity than alumina at RT. Finally, the AAO sample, at 1100 ºC, has the lower 

thermal value, shifted to the lefthand side, meaning a higher thermal conductivity value. 

 

 
Figure 4.10: Histograms of the thermal signal distribution of the AAO-oxalic membranes 
at RT in a), 100 ºC in b), and 1100 ºC in c), and the thermal mappings with V3w and V1w 
for these temperatures are presented in images d), e) and f), respectively. In the last 
column, the images of the zoomed region corresponding to the thermal signal of V1ω can 
be observed. The white dashed line divides the inner and outer pore region in the AAO. 
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4.4 Density measurements of AAO membranes 

 
 

Figure 4.11: Density measurements of the skeletal AAO-membranes at RT and after 
annealing. The data is found in Table 4.4. 

 
The density of AAOs was analyzed by Archimedes’ method. It can be observed in Figure 

4.11, that the density data for the different AAOs heated at different temperatures present 

a similar tendency concerning the thermal conductivity curves. The reduction of density 

presents a minimum value at an annealing temperature of 100 ºC and the maximum 

density values are observed above 1000 ºC of heating as the thermal conductivity data.  

Table 4.4: The data of the measurements of density in the different AAOs was determined by 
Archimedes’ method (see chapter 2). The samples that were under different annealing 
temperatures are analyzed.  

Samples Sulfuric-AAO Oxalic-AAO Phosphoric-AAO 

Temper. of 
annealing  

 ºC 

Density 
ρ 

(gr·cm3) 

Error 
± 

(gr·cm3) 

Density 
ρ 

(gr·cm3) 

Error 
± 

(gr·cm3) 

Density 
ρ 

(gr·cm3) 

Error 
± 

(gr·cm3) 
25 2.76 0.09 2.83 0.18 2.84 0.13 

100 2.73 0.09 2.78 0.26 2.79 0.16 
200 2.86 0.15 2.89 0.06 2.82 0.08 
600 2.92 0.14 2.94 0.10 2.90 0.05 
950 3.30 0.04 

  
3.01 0.14 

1100 3.68 0.10 3.97 0.14 3.62 0.27 
1300 

  
4.17 0.16 
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4.5 TGA-DSC-mass spectrometry for AAO membranes 

Weight loss during the heating of the AAOs was investigated, along with the thermal 

decomposition of the samples and the main gaseous compounds released. 

Thermogravimetric analysis (TGA) was performed with simultaneous thermal analysis 

by differential scanning calorimetry (DSC) coupled with mass spectrometry (MS). This 

analysis was conducted to understand which mechanisms influenced the thermal 

conductivity changes in the different annealed AAOs. The TGA results show a weight 

loss in the AAOs membranes, which are about 0.8% for sulfuric-AAO, 0.5% for oxalic-

AAO, and 1% for the phosphoric-AAO. According to mass spectroscopy results, the 

initial and most pronounced weight loss, up to approximately 300 ºC, occurs for H2O 

molecules. These results can be related to the evaporation of the water molecules, which 

were trapped and absorbed in the AAO membranes during the anodization process. In the 

temperatures of 200 ºC and 600 ºC, referred to in this work as a medium temperature 

range of annealing, there is no significant weight variation in the AAOs samples. 

However, at higher temperatures, up to 600ºC, the behaviour of sulfuric-AAO and oxalic-

AAO is different from the phosphoric-AAO. In the cases of sulfuric-AAO, two significant 

weight losses were found. One occurs at the temperature of 980 ºC with a reduction of 

10%. Figure 4.12 shows that the second mass reduction occurs at 1245 ºC with a loss of 

2.1% of the mass. The mass loss of oxalic-AAO occurs at the temperature of 890ºC with 

a reduction of 5.7% of the weight. These weight losses in the AAOs of sulfuric and oxalic 

acids are related to the thermal decomposition of the ions. The counter ions are sulfates 

and oxalates, for sulfuric and oxalic acids, which are trapped in the membranes during 

the fabrication process. The gas evolution identified by mass spectrometry for sulfuric-

AAOs, shows the loss of SO and SO2, with molecular masses of 48 and 64, respectively. 

On the other hand, the oxalic-AAOs at those temperatures show the gas evolution 

releasing CO2, with a molecular mass of 44. Regarding the TGA-DSC results for 

phosphoric-AAOs, no significant weight loss is observed. The mass spectrometry results 

do not present gas evolution either. This result indicates that phosphate ions trapped inside 

the alumina structure do not thermally decompose at these temperatures. The results 

obtained by DSC show only two (small) exothermic processes around 880 and 970 ºC. 

These can be related to the crystallization process but should be corroborated with the 

structural analysis by XRD in the following subsection. 
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Figure 4.12:TGA-DSC-SM measurements for the different AAOs. In a) the weight loss 
percentage in the membranes obtained with TGA. In b) heat flow curves obtained by DSC. 
Furthermore, with mass spectrometry results, in c) the curves of these simultaneous 
measurements for sulfuric-AAO, oxalic-AAO, and phosphoric-AAO. Adapted from [147]. 

 

4.6 Structural and compositional analysis of AAO membranes 

 

X-ray diffraction and Raman spectroscopy will be used to analyze the structure and 

composition of annealed AAO membranes and to investigate their relationship with 

thermal transport changes. It has previously been pointed out that the thermal 

conductivity of AAOs without any post-heat treatment at RT is between 1 W·m-1·K-1and 

1.8 W·m-1·K-1. However, a notable variation in this coefficient has been observed during 

the thermal analysis of the annealed samples. 

 



 

101 
 

4.7 X-ray diffraction patterns of AAO membranes 

 

 In Figure 4.13, XRD diffractograms are presented for all the samples previously 

analyzed by SThM. The annealed samples at temperatures up to 600 ºC and those without 

annealing present the characteristic amorphous structure of the AAO. However, the 

samples annealed at 950 ºC sulfuric-AAO, oxalic-AAO, and phosphoric-AAO present 

two diffraction peaks, 2θ at 46º and 67º. Transitional alumina phases, γ- Al2O3or δ-Al2O3, 

according to JCPDS-ICDD 00-029-1486 and JCPDS-ICDD 00-016-0394, respectively, 

are present. It is not easy to distinguish between these two crystal phases since most of 

their diffracted peaks are common. The transition phase is signed with the letter “γ” and 

“δ” in Figure 4.13 for all the AAOs annealed at 950 ºC.  

The XRD of the sulfuric-AAOs annealed at 1100 ºC have a maximum diffraction peak, 

corresponding to either γ- Al2O3 or δ- Al2O3 phase, along with some diffracted peaks 

related to the θ-Al2O3. According to JCPDS-ICDD 00-035-0121, this result indicates that 

the sample has a monoclinic structure. On the other hand, in the case of sulfuric-AAO 

annealed at 1300 ºC, the α- Al2O3 phase of the corundum, a hexagonal close-packed (hcp) 

structure, starts to appear, according to JCPDS-ICDD 00-043-1484. However, some 

peaks of θ- Al2O3 are also detected at this annealing temperature.  

The XRD of the oxalic-AAOs shows that samples annealed at 1100º C present peaks 

that correspond to the crystallization of the hcp structure, α- Al2O3 phase, but also 

diffracted peaks with less intensity, that corresponds to δ- Al2O3 and θ- Al2O3 phases, are 

diffracted. At 1300 ºC of annealing temperature, oxalic-AAO has almost been wholly 

crystallized to stable α- Al2O3, but the κ- Al2O3 phase has been detected, which is a 

transition phase before the α crystallization.  

Concerning the phosphoric-AAOs, at 1100 ºC, the diffracted peaks correspond to δ- 

Al2O3 and θ- Al2O3. However, in contrast with the sulfuric-AAOs and oxalic-AAOs, the 

phosphoric-AAOs do not present a crystal phase transformation to α- Al2O3, even at the 

highest annealing temperature of 1300 ºC.  
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Figure 4.13: XRD diffraction patterns of AAO membranes, measured at room temperature, 
where the amorphous structure (from RT to 600 ºC) and the transitional alumina phases from 
950 ºC to 1300 ºC of annealing temperature are observed. Figure taken from [147]. 

 

4.8 Raman spectra of AAO membranes 

 

The Raman spectra of sulfuric-AAO membranes (Figure 4.14.a) show the vibrational 

modes associated with sulfur compounds between RT and 600 ºC of annealing. The 

vibrational modes of SO4
2- are located at 451 cm-1 (ν2), 626 cm-1 (ν4) and 984 cm-1 (ν1), 

according to reference [158].  The vibrational mode of HSO4
- has also been observed in 

this temperature range, around 1050 cm-1 (νs). In sulfuric-AAOs membranes, which were 

annealed between 950 ºC to 1300 ºC, the vibrational mode of HSO4
- has shifted to the 

1100 cm-1 (ν3). However, its peak intensity decreases with the temperature of annealing 

[159]. These samples do not present the peaks corresponding to vibrational modes of the 

sulfur compounds, observed in the low and middle range of annealing temperature, except 

the ν2 of SO4
2-, at 950 ºC. While the sulfuric-AAO annealed at 1300 ºC exhibits some 

sapphire vibrational modes, at 418 cm-1 (A1g), 580 cm-1 (Eg internal), 645 cm-1 (A1g, 

polarized zz), and 756 cm-1 (Eg internal) [160]. 

The Raman spectra of oxalic-AAO (Figure 4.14.b) present significant 

photoluminescence in the membranes between RT and 600 ºC of annealing. 

Photoluminescence can be related to different impurities and oxygen vacancies [161].  

These impurities seem to be reduced in the oxalic-AAO annealed at 950 ºC. The peaks 
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centred around 846 cm-1, 981 cm-1, 1110 cm-1, and 1387 cm-1 have a weaker appearance 

and a broad band in the spectra. It is possible that a strong and broad photoluminescence 

band due to the laser wavelength used in this analysis, 532 nm wavelength (green laser) 

and 633 nm wavelength (red laser), masks these Raman peaks that can be present in 

samples annealed at lower temperatures. On the contrary, if the Raman spectra are taken 

with UV-Raman, 244 nm laser wavelength, the oxalates impurities in the oxalic-AAOs 

could be observed in samples annealed at low and middle temperatures, between RT and 

600 ºC. The reason is that the ultraviolet laser can avoid photoluminescence interference. 

At the annealing temperature of 1100 ºC, the oxalate peaks vanish in the oxalic-AAO 

membranes. Instead, the sapphire vibrational modes with the α-Al2O3 phase appear at 

these annealing temperatures. The corresponding peaks of the α-Al2O3 phase are located 

at 378 cm-1 (Eg external), 418 cm-1 (A1g), 432 cm-1 (Eg external), 451 cm-1 (Eg internal), 

580 cm-1 (Eg internal), 645 cm-1 (A1g, polarized zz), and 756 cm-1 (Eg internal), according 

with the reported in [160].  These peaks are indicated in the Raman spectrum of oxalic-

AAO at 1100 ºC, using grey dashed lines. These peaks are present in the oxalic-AAO 

membrane heated at 1300 ºC, but in this case, the peaks have less intensity and broad 

bandwidth. Therefore, they are not well defined as in the oxalic-AAO annealed at 1100 

ºC. The only two narrow peaks with high intensity in both samples, oxalic-AAO at 1100 

ºC and 1300 ºC, are the 378 cm-1 (Eg external), and 418 cm-1 (A1g). 

In the Raman spectra of the phosphoric-AAOs (Figure 4.14.c), there is strong 

photoluminescence for samples annealed under 950 ºC. In phosphoric-AAOs annealed at 

higher temperatures, the P-O bending modes can be identified at 402 cm-1 [162].  The α-

AlPO4 appears in 336 cm-1, 440 cm-1, 566 cm-1, 650 cm-1, and 748 cm-1 [163].  The 

Al2(PO4)(OH)3 at 225 cm-1, 250 cm-1, 365 cm-1 , 405 cm-1, 525 cm-1, 565 cm-1, 635 cm-1, 

850 cm-1, and 880 cm-1 [164],  are also reported. Some of these peaks are easily observable 

in the Raman spectra of phosphoric-AAO membranes at 950 ºC, 1100 ºC, and 1300 ºC. 

The presence of AlPO4 has been reported in previous works of phosphoric-AAOs under 

heat treatment at 1450 ºC [165].  Therefore, at those temperatures, the phosphates trapped 

in AAOs, produce α-AlPO4 and Al2(PO4)(OH)3, which are amorphous in the actual XRD 

results of Figure 4.13. 
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Figure 4.14: Raman spectra at room temperature of the nanoporous AAO with samples at 
room temperature and annealed from 100 ºC to 1300 ºC. In a) sulfuric-AAOs, in b) oxalic-
AAOs, and in c) phosphoric-AAOs. In oxalic-AAO, the vibrational modes associated with the 
α-Al2O3 phase are identified with the grey dashed line. Other identified vibrational modes are 
indicated in the figures with different colours. Adapted from [147]. 

 

4.9 Discussion of results and main conclusions of the AAOs analysis 

 

All AAOs, with and without annealing, were characterized and analyzed to corroborate 

the morphological changes and the thermal conductivity results. The crystallization 

process observed by XRD and Raman, the gas evolution identified by the mass 

spectrometry, and the SThM results indicated changes due to the temperature treatment. 

Nevertheless, in general, the analysis performed in this work indicates that whole of the 

studied membranes are structurally suitable to use in different applications where these 

temperature ranges are involved. It is useful to recall that in sulfuric-AAO and oxalic-

AAO annealed at the highest temperatures, where the α- Al2O3 phase has been detected, 

the highest density values have also obtained the highest thermal conductivity values. 

Sulfuric-AAO goes from 3.84±0.33 W·m-1·K-1 at 1100 ºC to 4.46±0.32 W·m-1·K-1 at 

1300ºC, or oxalic-AAO goes from 4.16±0.35 W·m-1·K-1 at 1100ºC to 4.82±0.36 W·m-

1·K-1 at 1300ºC, (see Figure 4.4), where the transition to α-Al2O3 phase is produced. 
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The SEM micrographs show that AAO membranes present some changes in their 

surface. The pore diameter and porosity have been determined in all the samples. The 

porous structure of AAOs made in sulfuric and oxalic when the annealing is below 950 

ºC does not present any significant changes. However, when the annealing temperatures 

overpassed the 950 ºC in these AAOs, the porosity value increased to more than double 

its initial value and thereby the pore diameter. These morphological changes have been 

previously reported [166].  Concerning the phosphoric-AAOs, at annealing temperatures 

below 950 ºC, the membranes do not have an evident morphological change in the pore 

diameter. However, they have a slight deformation in the porous structure and have some 

pores cracked. However, for the highest annealing temperatures, the SEM micrographs 

of phosphoric-AAOs show “whiskers” covering the surface. Similar behaviour was 

reported in previous work for these AAOs [167].   

The Raman spectra of these membranes were made to confirm the compositional 

changes in the phase transition temperatures observed by XRD in the different AAOs, 

associated with the TGA-DSC-mass spectrometry results. Some of these results are 

comparable with previously reported works using similar samples [165, 168].   

The gas evolution with MS and detectable thermal decomposition of SO2 and SO has 

a faint intensity of the vibrational mode at the highest annealing of sulfuric-AAOs. Thus, 

the sulfuric-AAO membranes between RT and 600 ºC of annealed present vibrational 

modes of sulfur compounds. These AAOs at higher temperatures do not have these 

vibrational peaks, except for the ν2 of SO4
2-, at 950 ºC. That is worth mentioning since 

these results agree with the TGA-DSC report at temperatures around 980 ºC, where the 

counter ions trapped during anodization are thermally decomposed. This analysis has 

been coupled with X-ray diffraction analysis (Figure 4.13) and Raman Spectroscopy 

(Figure 4.14). These characterizations indicate the residual presence of these defects in 

the structure. Mass spectrometry confirms it with a second gas evolution near 1175º C. 

However, it must be pointed out that the presence of electrolyte counterion-related phases 

is not detectable by XRD. Sulfuric-AAOs heated at 1300 ºC have faint peaks associated 

with the crystallographic phase α- Al2O3, and weak Raman lines are observable at around 

252 and 268.6 cm-1. The presence of these peaks has been discussed in [169, 170]. They 

are used to prove the co-existence of θ - Al2O3 or γ- Al2O3 phases with α-Al2O3 phase for 

AAO treated over 1000º C. In this study, the co-existence of θ - Al2O3 and α- Al2O3 phases 

were obtained by XRD for the sulfuric-AAO annealed at 1300 ºC. In these nanoporous, 
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the hcp α-Al2O3 phase appears at the highest annealing temperature analyzed in this work. 

The crystallization at these temperatures is related to the loss of SO2 and SO around 1160 

ºC, as shown by TGA-DSC-MS and Raman spectroscopy. 

The Raman spectrum of oxalic-AAO, annealed at temperatures below 600 ºC, 

presented strong photoluminescence. The reduction of photoluminescence observed at 

950 ºC for oxalic-AAO should be related to the results observed by TGA-DSC, where at 

890 ºC occurs a first thermal decomposition for C2O4
2- to CO2. The evolution of the gas 

explains the lower photoluminescence associated with aluminium oxalate [158].  In fact, 

in the oxalic-AAO, it was found that at 1100 ºC of annealing, the oxalate peaks vanished, 

which agrees with mass spectrometry results, where aluminium oxalate peaks are not 

present. Vibrational modes of sapphire associated with the α-Al2O3 phase were found in 

oxalic-AAOs at 1100 ºC and 1300 ºC. The narrowest and highest intensity peaks were 

found in the sample at 1100 ºC. Although it can be expected to have well-defined 

crystallization peaks in the sample annealed at the highest temperature, it should be 

considered that sample at 1100 ºC was heated for one hour. In contrast, the sample at 

1300 ºC was heated during a ramp of heating of 10 ºC every minute in TGA-DSC-MS, 

but when it reached the highest temperature, it was cooled down again. The degree of 

phase transformation at 1100 ºC is higher in the case of the oxalic-AAOs compared with 

the sulfuric-AAOs at 1300 ºC. It should remain that counter ions trapped in the sulfuric-

AAOs are released when the alumina has a crystal transition. Nevertheless, these results 

explain the higher thermal conductivity value for oxalic-AAOs than sulfuric-AAOs, when 

both have been annealed between 1100 ºC and 1300 ºC.  

On the contrary, Raman spectra in phosphoric-AAOs, do not present vibrational modes 

associated with the α- Al2O3 phase, which corroborates the incomplete crystallization of 

α- Al2O3 in the phosphoric-AAO membranes, as was observed by XRD. Further, the 

whiskers’ structure observed in phosphoric-AAO by SEM has an amorphous structure, 

as has been analyzed by XRD. However, by Raman spectroscopy, it was possible to 

identify its composition. Their spectra have peaks that correspond to AlPO4 and 

Al2(PO4)(OH)3. It suggests material segregation, which was observable at the 

membrane’s top and bottom. That situation generates a phosphorous gradient 

concentration through the pore, which can explain the brittle of these membranes 

compared with lab-made sulfuric-and oxalic-AAOs.  
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4.10 Summary of the analysis made in AAO membranes 

To summarize, for AAOs without heat treatment and those annealed at low 

temperatures, between 50 ºC and 200ºC, both Raman spectroscopy and XRD show 

amorphous structures. The thermal conductivity measurements of the annealed AAO 

membranes at these low temperatures presented a similar trend as the density 

measurements. They show a slight decrease in samples treated at 100 ºC, followed by an 

increase for those annealed at 200ºC. Thus, the thermal conductivity value fluctuation can 

be associated with water loss, which TGA-DSC-MS detected. The water weight loss in 

sulfuric-AAOs is more pronounced, reaching 6% of water loss at 200 ºC. In the case of 

oxalic-AAOs, they have similar behaviour with a water loss of around 4% and 5%. 

Finally, for phosphoric-AAOs, the water loss is around 1% and 2% at those temperatures. 

These results correlate with less thermal conductivity changes in samples heated at this 

temperature range. 

In the second region, at a medium annealing temperature range, between 200 ºC and 

600ºC, the thermal conductivity value was around 2 W·m-1·K-1. These results agree with 

TGA-DSC-MS, without significant gas evolutions. Also, as was presented by Raman 

spectroscopy or XRD, the amorphous structure was preserved at this range of sample 

annealing without evidence of any crystallization process.  

The third region, which corresponds to the high annealing temperatures, from 950 ºC 

to 1300ºC, shows different thermal decompositions by TGA-DSC-MS. The counter ions 

trapped in the oxalic- and sulfuric-AAOs, were detected by Raman and XRD. The 

membranes start to crystallize at the temperatures that start the decomposition of these 

counter-ions. The transition to the hcp α-Al2O3 phase is complete for the oxalic-AAO at 

1300ºC. The membrane also presents the highest thermal conductivity in this range. 

Conversely, the lowest thermal conductivity values at this temperature range occur in 

phosphoric-AAOs, which do not exhibit high conductivity α- Al2O3 phase. Consequently, 

these membranes do not present substantial weight loss in this range. Instead, the 

phosphates get trapped in the phosphoric-AAOs, without thermal decomposition but react 

with the alumina.  
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5 Thermoelectric films 

 

 

Thermoelectric films with unique characteristics are analyzed through 3ω-SThM in 

this chapter. The thermal maps of different nanoporous structures of Si0.8Ge0.2 films, with 

variations in the pore diameter, Bi2Te3 films with reduction of grain size and crystallite 

size, free-standing films of Cu2Se with differences in roughness, and Ag2Se films, with 

phase transition changes are presented in this chapter. In addition, the local thermal 

conductivity analysis and the discussion of results are displayed in this chapter. 
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5.1 Silicon-germanium nanoporous films 

Silicon-germanium alloy has been widely used in electronic integrated circuits, 

photovoltaic research, solar cell, and thermoelectric applications [79]. The nano 

structuration of this alloy offers promising results to decrease the material's thermal 

conductivity, opening new opportunities to increase thermoelectric efficiency [171].     

Nanoporous structures of silicon-germanium alloys have been grown by the sputtering 

technique by Dr. Jaime Pérez in the research group, with the aim to fabricate nanomeshes 

films that can present high thermoelectric efficiency, through a reduction of their thermal 

properties. Different thermal methods have analyzed the thermal transport properties of 

these nanomeshes  [140].  Therefore, their thermal conductivity results have been cross-

checked with the SThM system implemented during this thesis work.  

This section presents a brief introduction explaining the importance of studying the 

thermal conductivity of these films. Then, the thermal maps and thermal conductivity 

results obtained with the SThM technique are presented and discussed. Finally, the 

thermal conductivity results obtained with previous techniques are commented on as part 

of the discussion in this section. Those measurements are widely discussed in [140], 

where details of the nanomeshes fabrication and modeling of thermal behaviour can be 

found.  

 

5.1.1 Silicon-germanium alloy 

Silicon is one essential semiconductor and the most common material in the electronics 

industry. It is abundant in the Earth’s crust, and currently, the methods to extract and 

commercialize this material guarantee efficiency and availability to industrial processes.  

Although germanium, another intrinsic semiconductor in its pure form, was the first 

material used for electronic development in the past century, it was replaced by silicon. 

In that context, solid-state electronics emerge from the electronic properties of silicon and 

germanium. Both have four valence electrons that form crystal lattices and present unique 

electrical and thermal transport properties. Indeed, the electrical and electronic 

conduction can be drastically modified when doped, thus substituting atoms from other 

materials. Thus, material doping is considered an impurity introduced into the crystal 

structure to tailor its properties to needs. However, silicon is more suitable to work under 

higher temperatures than germanium.  
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Thus, silicon wafers are quite common in laboratories and industries to be used as a 

substrate in many applications. The world has been immersed in silicon-based electronics, 

creating a silicon-dependent industry. In effect, the current lifestyle demands silicon-

based technology and its alloys to be integrated with new technological advances.  

For example, silicon-germanium alloys have been used in thermoelectric generators 

(TEGs) to power different aerospace devices for the past century. However, bulk material 

has been generally used for different thermoelectric applications. But the germanium 

presents a high price and has limitations when being used under high temperatures, which 

affects its efficiency as thermoelectric material. This situation provokes the necessity to 

reduce the material size and enhance its properties to improve its efficiency, tailoring the 

material alloy. Enhancing the electrical conductivity and decreasing the thermal 

conductivity of silicon-germanium alloys by nano structuration is one task in 

thermoelectric material research. 

5.1.2 Crystal structure of the silicon-germanium alloy  

Crystalline silicon and germanium exhibit the diamond cubic crystal structure. This 

structure is based on the cubic close-packed structure with 4 additional atoms. In the 

silicon-germanium alloy, the structure has a unit cell divided into two interpenetrating 

lattices face-centred cubic (FCC), separated in a/4 distance along each axis of the unit 

cell. The cube side for silicon has a cell dimension of 0.543 nm, while for germanium, 

the cube side is 0.566 nm. See the schematic representation of this cube in Figure 5.1.  
 

 

Figure 5.1: Crystal structure model of SiGe alloy [87]. 
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5.1.3 Thermal properties of silicon-germanium alloy 

In its pure form in bulk, on the one hand, the silicon crystal has a thermal conductivity 

at room temperature of 140 W·m-1·K-1 [172]. On the other hand, the germanium (bulk 

material) has a thermal conductivity of 60 W·m-1·K-1 measured at room temperature 

[173]. Nevertheless, the silicon-germanium alloy has two possible scenarios to reduce its 

thermal transport coefficient. The first scenario is a reduction of the thermal transport 

according to the dopant level or germanium content in the silicon. The reported values 

are around 20 W·m-1·K-1 for these alloys in bulk [174, 175]. The bulk stoichiometry 

Si0.8Ge0.2decrease the value at room temperature to 9 W·m-1·K-1 [176, 177].  In the second 

scenario, if the alloy is nanostructured, its thermal conductivity can be significantly 

reduced compared with the values of the pure material. For example, the films with 

stoichiometry Si0.8Ge0.2 can reduce the thermal conductivity value below 3 W·m-1·K-1. 

Indeed, the nanostructures of SiGe present values around 1 W·m-1·K-1or less, depending 

on its shape, structure, and alloy composition [79]. Figure 5.2 shows the different thermal 

conductivity values as a function of the germanium content from the literature review, 

which has been reported in [140]. 

 

Figure 5.2: Thermal conductivity reported values for Si-Ge structures versus germanium. This 
figure is taken from [140].  
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5.1.4 Si0.8Ge0.2 films with nano-porous structure replicated from AAOs 

The films of Si0.8Ge0.2 were grown by sputtering technique, using the highly oriented 

nano-porous anodic aluminium oxide (AAO) membranes as a substrate. The AAO 

membranes had pore diameters of 31 ± 4 nm, 162 ± 11 nm, and 436 ± 16 nm, as shown 

in [140]. The pore structure of the AAO was replicated in the Si0.8Ge0.2 film but with a 

reduction in the pore diameter. Therefore, the pore diameters determined by SEM images 

in the Si0.8Ge0.2 films were 19 ± 11 nm, 137 ± 8 nm, and 294 ± 5 nm, with a reduction of 

the pore diameter concerning the AAO’s pore diameter of 12 nm, 25 nm, and 142 nm, 

respectively. Finally, these Si0.8Ge0.2 films have a thickness of around 1 µm. Figure 3. 

present an example of these structures. 

  

 

Figure 5.3: SEM micrographs of nanoporous structures in a) top view of AAO, in b) top view of 
Si0.8Ge0.2 nanomesh film, and in c) cross-sectional view of Si0.8Ge0.2 films grown on top of AAO 
membrane. This figure is taken from  [140].  

 

5.1.5 Thermal conductivity measurements in Si0.8Ge0.2films 

 

The thermal conductivity measurements were done after the calibration steps of the 

thermal probe, as discussed in the previous calibration chapter. Two microfabricated 

thermal probes were used, and the thermal exchange radius obtained for this study was 

241 nm and 385 nm. See the data of the thermal parameters in Table 5.1. The silicon-

germanium nano meshes films were scanned to obtain thermal maps of the sample 

surface. These images can offer new information on the homogeneity in the thermal heat 

dissipation and very local thermal conductivity measurements with high resolution. The 

composite thermal conductivity results were obtained using both calibrated probes. The 

effective medium theory was used to determine the sample thermal conductivity of the 

silicon-germanium structure without the porous contribution in each case of the thermal 
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probe. The results were cross-checked with the previously obtained in [140].  It should 

be noted that the value of the thermal exchange radius is lower than that of the film’s 

thickness. Therefore, using the finite element simulations was not necessary to extract the 

substrate contribution to the thermal conductivity. This contribution was neglected since 

the thickness of Si0.8Ge0.2samples is larger than the thermal penetration depth, around 500 

nm.  

 
Table 5.1: Data of SThM measurements for thermal conductivity of Si0.8Ge0.2films. 

 *C1 cross-point 1 and *C2 cross-point 2 from probe calibration. The thickness of the samples 
were λ~0.5μm. 

 
Nanoporous 

film 
/ Pore diameter 

=∅p(nm) 

/𝜿𝜿𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝑹𝑹𝒆𝒆𝒆𝒆𝒆𝒆= 𝜿𝜿𝒆𝒆𝒆𝒆 
(W·m-1·K-1) 

 

V3ω  
× 10-

3 
(V)  

Req  
× 

106 
(K/W) 

b 
× 

10-7  
(m)  

Rc 

× 
106 
(K/W) 

R
s  
× 

106 
(K/

W) 

Thermal 
conductivity 
𝜿𝜿𝑹𝑹𝒄𝒄𝒄𝒄𝒑𝒑𝒄𝒄𝒔𝒔𝒄𝒄𝒆𝒆𝒆𝒆 = 

𝜿𝜿𝑹𝑹 
(W·m-

1·K-1) 

Si0.8Ge0.2  
/ ∅p= 20  

 
𝜿𝜿𝒆𝒆𝒆𝒆= 0.55 ± 0.10 

24.4
8  

2.7
7 

*C

1 3.85 
1.6

0 
1.

17 
0.55 ± 
0.11 

53.5
9  

2.7
9 

*C

2 

2.
41 

0.9
4 

1.
85 

0.56 ± 
0.08 

 

Si0.8Ge0.2  
/ ∅p= 137  

 
𝜿𝜿𝒆𝒆𝒆𝒆= 0.93 ± 0.15 

24.3
3 

2.3
5 

*C

1 3.85 
1.6

0 
0.

75 
0.87 ± 
0.13 

 
52.6
0 

2.0
8 

*C

2 

2.
41 

0.9
4 

1.
13 

0.91 ± 
0.10 

Si0.8Ge0.2  
/ ∅p= 294  

 
𝜿𝜿𝒆𝒆𝒆𝒆= 1.54 ± 0.27 

24.3
5  

2.4
0 

*C

1 3.85 
1.6

0 
0.

79 
0.81 ± 
0.16 

 
52.4
3  

1.9
9 

*C

2 

2.
41 

0.9
4 

1.
05 

0.99 ± 
0.10 

 

 



 

114 
 

5.1.5.1 Effective medium theory applied to the Si0.8Ge0.2 nanoporous films. 

The effective medium theory (EMT) is applied to the porous structure, as was already 

mentioned at the end of chapter 3 (see chapter 3), in which the 𝜅𝜅𝑐𝑐 is composed of the 

thermal conductivity of the sample 𝜅𝜅𝑠𝑠 and the thermal conductivity of air 𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎  through 

the porosity channels, with 𝜅𝜅𝑐𝑐 =  (𝑥𝑥)𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎 + (1 − 𝑥𝑥)𝜅𝜅𝑠𝑠 , where 𝑥𝑥 is the porosity and the 

thermal conductivity of the air is 𝜅𝜅𝑎𝑎𝑡𝑡𝑎𝑎 = 0.026 W·m-1·K-1. The data on effective thermal 

conductivity in silicon germanium samples are found in Table 5.2.  

In the expression of EMT, the contribution to thermal conductance between the 

interfaces is neglected, since the thermal resistance of the interfaces is smaller than the 

thermal resistance in the pores themselves. In this case, the porous can be treated as a 

homogeneous material along with the material solid membrane. The error in the thermal 

conductivity data is the deviation from the highest to lowest thermal voltage, thus, 

corresponding to the lowest and highest thermal conductivity limits, respectively.  

 

Table 5.2: Data of 𝜿𝜿 whit EMT applied to the porous Si0.8Ge0.2 films. In each sample, the expected 
thermal conductivity, 𝜅𝜅𝑒𝑒𝜕𝜕, that was measured with Wollaston wire in previous work, are 
including. (*C1 cross point 1, b= 385nm and *C2 cross-point 2, b= 241 nm) 

Si0.8Ge0.2  
Porosity 
𝒆𝒆 (%) ref 

[140] 

(𝟏𝟏 − 𝒆𝒆) 𝜿𝜿𝑹𝑹 
W·m-1·K-1 

𝜿𝜿𝒔𝒔 
W·m-1·K-1 

𝝓𝝓pore = 19 nm 
 

𝜅𝜅𝑒𝑒𝜕𝜕= 0.55 ± 
0.10 

 
3 

 
0.97 

*C2  

0.56 ± 0.08  
0.58 ± 0.12 

*C1 
0.55 ± 0.11 

 

0.57± 0.15 

𝝓𝝓pore = 137 
nm 

 
𝜅𝜅𝑒𝑒𝜕𝜕= 0.93 ± 

0.15 

5 0.95 *C2  
0.91± 0.10 

0.95 ± 0.13 

*C1  
0.87 ± 0.13  

0.91 ± 0.16 

𝝓𝝓pore = 294 
nm 

 
𝜅𝜅𝑒𝑒𝜕𝜕= 1.54 ± 

0.27 

30 0.7 *C2  
0.99± 0.10 

1.40 ± 0.13 

*C1  
0.81 ± 0.16 

1.15 ± 0.18 
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The analysis with the SThM technique shows a good agreement with the 

previously reported thermal conductivity results. In this work, a sample with a pore 

diameter of 19 nm has a thermal conductivity value (obtained after applying EMT) of 

0.57± 0.15 W·m-1·K-1 and 0.58 ± 0.12 W·m-1·K-1, using two thermal probes with thermal 

exchange radius of 385 nm and 241 nm, respectively.  In the case of the sample with a 

pore diameter of 137 nm, the sample thermal conductivity was 0.91 ± 0.16 W·m-1·K-1and 

0.95 ± 0.13 W·m-1·K-1. However, concerning the sample with the bigger porous diameter 

of 294 nm, the thermal conductivity presents a slight deviation in the measured value 

compared to that reported in [140]. In this work, the value of 1.15 ± 0.18 using a thermal 

probe with a heat exchange radius of 385 nm was obtained, while 1.40± 0.13 W·m-1·K-

1when using a thermal probe with a heat exchange radius of 241 nm was determined. The 

reported value was 1.54 ± 0.27 W·m-1·K-1. The differences can be attributed to a contact 

loss between the tip and the sample since the microfabricated probe has a lateral radius 

of curvature of about 100 nm. Figure 5.4 presents the SEM images, the topographical and 

the thermal mapping with voltage signals of the V3ω and V1ω, obtained for the different 

Si0.8Ge0.2 films. The inset value in thermal images corresponds to calculated thermal 

conductivity after EMT. Inset numbers in SEM images are the porous diameter. presents 

the composite and thermal conductivity results obtained for the Si0.8Ge0.2 films. Structural 

and compositional analysis of these samples can be found in [140].    

 

Figure 5.4: Images of the nano-porous structures of Si0.8Ge0.2 films. SEM micrographs from a) to 
d). Topographic images from e) to h). Thermal images of from i) to l), and from m) to p). The inset 
numbers in the SEM micrographs are the pore diameter value determined in [140]. The inset 
numbers in the thermal images correspond to the thermal conductivity after EMT. The scale bar 
is 200 nm.  
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5.1.6 Discussion of results 

As has already been mentioned, nano structuration plays an essential role in the 

thermal conductivity reduction in this material. Many strategies used to decrease the 

thermal conductivity in materials due to nano-structuration are based on the phonon 

dispersion due to the increase of grain boundaries when grain size has been reduced. Other 

strategies to improve thermoelectric efficiency are the inclusions of impurities and 

material doping to change the electrical and electronic properties and improve the power 

factor. The silicon-germanium nano-meshes films have been proposed to reduce the 

thermal conductivity by a phonon trapping method in the pores structure. These 

nanomeshes samples were previously measured with a Wollaston wire using the hot probe 

technique and reported in [140].  In that work, the authors used a hot wire with a thermal 

exchange radius of more than two μm [103]. Since the thermal exchange was higher than 

the thickness of the Si0.8Ge0.2 films, the authors considered the substrate contribution to 

the thermal heat dissipation, by doing a COMSOL simulation. The Callaway model [178, 

179] has widely discussed these results. The authors assume a fully diffusive boundary 

scattering [140, 175]. The pores add a drop in the thermal conductivity of these films. The 

sample with ultra-low thermal conductivity with the lowest pore diameter in the film 

enhanced scattering on the pore boundaries. The possibility of introducing more disorder 

or coherent phonons effects plays an important role in reducing the thermal conductivity 

coefficient [79]. Therefore, the Si0.8Ge0.2 films were measured with SThM as a cross-

checked technique to observe any local change in these thermoelectric samples. This 

technique was already used to determine the thermal heat dissipation in nanoporous 

structures of AAO, as was widely exposed in the previous chapter. The topographical and 

thermal mapping of the sample surface can add comprehension of the heat conduction at 

the nanoscale in a porous thermoelectric structure. The determined thermal conductivity 

for silicon-germanium nano-meshes films presents a reduction of thermal conductivity 

when the pore diameter has been reduced, ranging from values of 1.40 W·m-1·K-1 to ultra-

low thermal conductivity of 0.57 W·m-1·K-1. These values represent a significant 

reduction in this material's thermal conductivity compared with the value obtained for 

this alloy in bulk.  
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5.2 Thermoelectric films of Bismuth Telluride and Selenides of Copper 
and Silver 

It was mentioned in the previous section the importance of the silicon-germanium 

semiconductor in thermoelectric research. This section analyzes the thermal transport 

properties of other relevant thermoelectric materials. They are the chalcogenides family 

of bismuth telluride, copper selenide, and silver selenide. The chalcogenides are alloys 

that contain elements of the periodic table from group VI, called the oxygen family. These 

chemical compounds refer to sulfides, selenides, and tellurides. They present special 

arrays exhibiting unique properties.  

The thermal conductivity obtained in these chalcogenides’ materials is compared with 

the reported values in the literature, measured along the c-axis and perpendicular to this.  

5.2.1 Thermoelectric film of bismuth telluride film, Bi2Te3  

The bismuth telluride is the most popular material for thermoelectric generators and 

Peltier cooling devices [180]  since, at room temperature, this material presents the 

highest thermoelectric efficiency given by the figure of merit (zT). Therefore, this 

material has been used in many devices, working at room temperature to around 100 ºC. 

Nevertheless, mainly, it has been used as bulk material. However, its efficiency can be 

improved by nanoengineering of material fabrication. Some strategies to enhance 

thermoelectric efficiency are tailoring the electronic band structure by alloying and 

decreasing its thermal conductivity through nano-structuration [181]. The nano-

structuration offers many advantages, such as reducing the manufacturing costs since less 

material is needed to fabricate a micro or nano-device and the facilities to integrate the 

nanostructures into the new technologies and wearable devices [17, 18, 182]. 

5.2.1.1 Structural and morphological characterization of Bi2Te3 film 

The crystal structure of Bi2Te3 is rhombohedral-hexagonal with unit cell parameters 

a=3.8 Å and c=30.5 Å. Due to the crystal structure of Bi2Te3, this material's electrical and 

thermal transport properties are anisotropic. Figure 5.5, presents the crystal structure of 

bismuth telluride.  
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Figure 5.5: Schematic representation of bismuth telluride. In a) the crystal structure. In b) the 
orientation of the electrodeposited film, with the c-axis parallel to the substrate plane. The figure 
is taken from [183].) 

 

This sample was grown by electrodeposition by Dr. Alejandra Ruiz. XRD was 

used to perform the structural characterization. The crystal orientation determined with 

XRD (Figure 5.6) shows the diffracted peak at 2θ = 41.1º, attributed to the (1 1 0) first 

diffraction order of Bi2Te3 (JCPDS 015-0863). The other peaks are from the substrate 

influence and are indexed as Si and Au. Therefore, this sample is highly oriented in the 

direction [1 1 0], along the perpendicular direction to the c-axis. The analysis of its 

diffractogram provides the crystallite size in this sample. See Figure 5.6 and Table 5.3 for 

the data used to determine the crystallite size D from the XRD peak with the Debye 

Scherrer expression in equation 5.1: 

 

   𝐷𝐷 = 𝐾𝐾𝜆𝜆
𝛽𝛽𝑐𝑐𝑜𝑜𝑠𝑠𝛽𝛽

                                                    (5.1) 

 

where 𝐾𝐾 is the Scherrer constant equal to 0.93, 𝜆𝜆 is the X-ray wavelength with 

CuKα=1.5406 ×10-10 m, 𝛽𝛽 is ~0.007 the line broadening at FWHM in radians, and 𝑠𝑠 is 

0.71 the Bragg’s angle in degrees. It was determined a crystalline size of 27 nm in this 

sample. 

 

 

a) b) 
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Figure 5.6: XRD of bismuth telluride film analyzed. The diffracted peak (1 1 0) was used to 
determine the crystallite size with the Debye Scherrer equation. 

 
Table 5.3: Data used to determine the crystallite size of bismuth telluride sample by Debye 
Scherrer equation with XRD of Figure 5.6 

 

𝑫𝑫 =
𝑲𝑲𝑲𝑲

𝜷𝜷𝑹𝑹𝒄𝒄𝒔𝒔𝜷𝜷
 

Values 

𝐾𝐾 9.30E-01 

𝜆𝜆 1.54E-10 

𝛽𝛽 0.007032281 

𝑠𝑠 0.717272727 

Crystallite size 2.70601E-08 

 

 

The SEM micrographs in Figure 5.7. presented the top-view of Bi2Te3 film 

analyzed in this thesis. The particle grain size in the order of nanometers can be observed 

in this micrograph. The thickness measured with the cross-sectional view showed that the 

film has ~ 2 µm of thick. In addition, the columnar growth was observed from the cross-

view, where the c-axis is parallel to the substrate. The chemical composition analyzed 

with EDX presented an atomic value of bismuth of 40% and tellurium of 60 %.  
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Figure 5.7: SEM image’s top view of the electrodeposited Bi2Te3 film (a) with a scale bar of 1 
um, (b) a zoomed image with a scale bar of 100 nm. 

 

5.2.1.2 Thermal conductivity measurements in Bi2Te3 films 

It has been discussed in this thesis, the high-resolution of the implemented SThM 

technique. To test the resolution of measurements, it was used the Bi2Te3 film. Hence, the 

effect of grain size reduction on the thermal conductivity of Bi2Te3 material was studied. 

In the images in Figure 5.8, it is observable the branching structure of this sample by SEM 

micrograph (Figure 5.8.a), topography image (Figure 5.8.b), and thermal images (Figures 

5.8.c and 5.8.d). Although some variations are observed in the signal, these can be 

attributed to the interconnected branches (geometric features). 

 

 
 
Figure 5.8: n-type Bi2Te3 thermoelectric film. SEM micrograph in a). The topographical image 
in b). The SThM thermal image of V3ω in c) and zoom of this thermal image in d). The SEM, 
topographical and thermal images have a scale bar of 160 nm. The scale bar in the zoomed image 
is 100 nm. 
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The current experimental thermal conductivity measurement of the n-type Bi2Te3 was 

obtained perpendicular to the c-axis since this film was highly oriented in the [1 1 0] 

direction, which is parallel to the substrate plane. Therefore, thermal conductivity 

perpendicular to the c-axis is expected to be higher than the thermal conductivity value 

determined along the c-axis. This can be understood through the strong covalent bonds 

perpendicular to the c-axis [183, 184]. In addition, the grain boundaries increase the 

phonon scattering, reducing the thermal conductivity, [185]. Therefore, by increasing 

grain boundaries and reducing both the crystallite and the grain size, the thermal 

conductivity can be decreased. It was reduced to an average value of 0.93 W·m-1·K-1 in 

this work. The literature values of the thermal conductivity for the case of n-type bismuth 

telluride, Bi2Te3, are spread in a range between 3.3 W·m-1·K-1 to 0.34 W·m-1·K-1, 

depending on whether it is bulk [20, 186], or thin films [183, 185, 187, 188]. 

 

5.2.2 Thermoelectric film of Copper Selenide, Cu2Se  

Another relevant thermoelectric material is the copper selenide Cu2Se. This 

semiconductor material has been classified as part of the superionic conductors (SICs). 

The SICs are materials that present a phase transition at the critical temperature, in which 

the solid conductor has highly mobile ions. Consequently, the conduction by ions 

produces a tremendous change in its electrical properties. Cu2Se exhibits superionic 

conduction at the phase transition temperature of ~410 K. Therefore, the possibility of 

improving its electrical properties and producing a damage in its thermal transport at those 

temperatures has attracted great interest in the thermoelectric research community. 

Indeed, it has been announced that the figure of merit, zT, can achieve 1.8 at 973.15 K 

[189].  However, it has been reported that this material presents issues such as stability 

problems in its ionic conduction at high temperatures, [190]. 

 

The thermal conductivity parameter for bulk Cu2Se has been reported as high as 

2.7 W·m-1·K-1 in [191]. Moreover, according to the report by Liu et al. in [192]. for bulk 

Cu2Se, they reached the lowest thermal conductivity value of 1 W·m-1·K-1. These values 

have been obtained in bulk samples and are expected to reduce with nano-structuration. 

Gahtori B. et al. determined a thermal conductivity of 0.75 W·m-1·K-1 in nano Cu2Se in 

[191]. More recently, the films of copper selenide growth by PHRMS by Perez-Taborda, 
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J. A., et al. in [111], reported thermal conductivity of 0.80 W·m-1·K-1 and the figure of 

merit of 0.4 at room temperature.  

Under these circumstances, different improvements by nanoengineering of this 

material can be made to improve its figure of merit. Nevertheless, it is essential to 

understand which parameters can drastically influence its thermal transport. Furthermore, 

have confident characterization techniques that can measure the thermal transport 

correctly. For instance, studying the effect of a rough surface in the thermal transport 

measurement with the nanoscale thermal resolution is crucial.  

 

5.2.2.1 Free-standing Cu2Se thermoelectric film 

This work has studied whether the rough surface affects thermal transport or its 

measurements. The heat dissipation analysis was performed in a free-standing sample. 

This sample has two different sides, one is a rough surface, and the other is a smooth side. 

The rough side has an RMS roughness of 30 nm and up to around 100 nm. The smooth 

surface has an average roughness of 15 nm and up to 28 nm.  

While different techniques can require special sample preparation to perform 

thermal measurements on a rough surface, it is interesting to know roughness's effect in 

SThM. For example, the TDTR technique requires an RMS roughness of the sample 

surface as flat as possible and < 15 nm [193]. If the sample is not optically smooth for 

TDTR measurements, a metal layer can be deposited on a transparent substrate to act as 

a signal transducer. The Photoacoustic technique also uses a metal transductor of titanium 

deposited on the sample to be analyzed. However, this can add thermal resistance to the 

thermal transport measurements. 

Meanwhile, the SThM technique in contact mode should ensure optimal physical 

contact between the tip and the surface to avoid thermal constriction resistances or gaps. 

Therefore, the study of roughness aims to elucidate if this factor can be significant to the 

thermal measurements or if, otherwise, this parameter can be neglected in the current 3ω-

SThM measurements. Also, it is of particular interest because many devices can benefit 

from free-standing thermoelectric films. Therefore, if the thermal conductivity value 

obtained for a Cu2Se in a flexible substrate [111] is different in a free-standing sample, it 

can dissipate more than heat. 

Thus, the thermal conductivity measurements were performed in a free-standing 

p-type Cu2Se film. This thermoelectric film was prepared by PHRMS by Dr. Jaime Pérez, 

as explained in [111](see chapter 2). First, the sample was grown onto a NaCl substrate, 
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and then the film was detached from this substrate. Next, this free-standing sample was 

cut into two parts and measured for both sides. The side next to the substrate is the bottom 

or backside. The top corresponds to the front side where the sample is grown. 

  

5.2.2.2 Crystal structure and morphology of Cu2Se 

Figure 5.9.a. and 5.9.b, presents the crystal structure of copper selenide, where is 

possible to observe the crystal structure where the Cu ions (indicated with arrows) can 

move freely between the interstitial sites. Two Cu layers are located between neighbours 

of Se (111) planes. The crystalline structure of copper selenide depends on its elemental 

composition. A structural analysis performed in this sample with the Grazing incidence 

synchrotron X-ray diffraction (GIXD) [111] showed in the pattern only peaks that 

correspond to -Cu2Se phase with a lattice parameter of a=5.816, (JCPDS:04-015-3687). 

Using Debye Scherrer's formula, the crystallite size was calculated as 65 nm. 

The SEM micrographs of the free-standing Cu2Se films studied in this work are 

presented in Figure 5.10. Figure 5.10.a shows the top view of the front side and the top 

view with secondary electrons of the same region in Figure 5.10.b. In Figure 5.10.c, the 

top view of the back side is presented, and the top view with Se of the back side is 

observable in Figure 5.10.d. In this last figure, a columnar growth from the back to the 

front side can be observed. In this case, the Cu/Se ratio equals 2 and has a columnar 

growth and hexagonal nanoplates as reported in [111]. These hexagonal nanoplate 

formations have been related to cubic thermodynamically stable phase, oriented in (111) 

direction. [194].   

 
 

Figure 5.9: In a) the unit cell of the cubic-fluorite crystal structure of 𝛽𝛽 −phase Cu2Se at high 
temperatures. In b) representation of the plane along the cubic direction. Taken from [192]. 

 
 

a) b) 
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Figure 5.10: SEM micrographs of free-standing film of Cu2Se. In a) the SEM top view of the front 
side. In b) the same region of the front side with secondary electrons. In c) SEM micrographs 
from the top view of the backside. In d) top view with secondary electrons from the back side, 
where a cross-section view with columnar growth is observed [111]. 

 

5.2.2.3 Thermal conductivity measurements in a free-standing Cu2Se film 

The free-standing Cu2Se film has a thermal conductivity value of .79 W·m-1·K-1 

and 0.82 W·m-1·K-1 measured for the smooth surface and the rough side, respectively. 

These values are between the error of the technique and are in good agreement with the 

ones published [111, 191]. The mapping of topography and the thermal signal obtained 

with SThM are presented in Figure 5.11, along with SEM micrographs of each side of the 

sample. The topographical image of the smooth surface has contrasts, although the 

acquired thermal signal has been relatively homogeneous. Nevertheless, in the rough 

surface, the morphology observed by SEM and topography of the sample have a distinct 

grained surface, which increases its roughness (see Figure 5.11.a, 5.11.b, 5.11.e, 5.11.f). 

As a result, the corresponding thermal images in Figures 5.11.c, 5.11.d, 5.11.g and 5.11.h, 

are relatively homogeneous, with some contrast in the image. This contrast in colour, as 

can be seen, is due to grain boundaries, and some of them are coupled with the 

topographical regions that have height differences. The cross-thermal conductivity was 

determined by applying the semi-infinite medium assumption. Therefore, it can be 

concluded that these variations in the thermal signal do not mean a relevant change in the 

final values. The difference in thermal conductivity between the top and bottom sides is 

within the experimental technique's error. It has been reported as 10 % to 15 %.  
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Figure 5.11: The thermoelectric film of Cu2Se. The first row presents the smooth surface (a 
to d). In the second row, the rough surface (e to h). The SEM micrographs in a) and e). The 
topographical images in b) and f). The SThM thermal images of V3ω in c) and g), and the zoom 
of these images in d) and h). The smooth surface images have a scale bar of 1.2 um. The images 
of the rough surface have a scale bar of 600 nm. 

5.2.3 Silver selenide, Ag2Se thermoelectric films 

 
Silver selenide, Ag2Se, is an n-type semiconductor material that has recently raised 

much attention for thermoelectric applications. This material has reached thermoelectric 

efficiency near to one (zT~1) at room temperature [195]. This opens the possibility for 

this semiconductor to be implemented in different TE devices operating at low-

temperature ranges. Ag2Se exhibits superionic conduction at the phase transition 

temperature. Upper this critical temperature (~406 K), the Ag2Se is reordered in a cubic 

phase. The electronic and electrical conduction vary due to the metallic performance in 

the sample. But the thermal transport also changes around this temperature.  

 

In effect, the thermal conductivity for bulk Ag2Se at room temperature has been 

reported by Day et al., [195], as 1.5 W·m-1·K-1, and the thermal conductivity value above 

the phase transition temperature was reported to be between 2 W·m-1·K-1 and 4 W·m-1·K-

1[195]. The thermal conductivity value of 1.2 W·m-1·K-1 for the Ag2Se in bulk has been 

recently reported in ref. [196]. These values are almost one order of magnitude higher 

than the obtained for nanostructures of silver selenide of 0.48 W·m-1·K-1, reported by 

Ding Y. et al. in 2019 ref. [197]. Perez-Taborda, J. A., et al. [198]. obtained a thermal 

conductivity of 0.64 W·m-1·K-1 at room temperature. In that work, a figure of merit, zT, 
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as high as 1.2 at room temperature, in Ag2Se thin films grown by PHRMS[198] was 

reported.  

 

Therefore, considering that the critical temperature value can be easily reached 

during the fabrication or material processing in this material, it is of great interest the 

understand any local change in annealed samples close to the phase transition temperature 

or above it. In this work, n-type Ag2Se film, grown by pulsed hybrid reactive magnetron 

sputtering (PHRMS)[198], has been analyzed at room temperature with SThM. The 

sample with and without annealing was characterized through structural and 

compositional techniques. In this work, the relationship of those characterization with 

thermal conductivity changes has been investigated. 

 

 

5.2.3.1 Crystal structure of silver selenide, Ag2Se 

 

The crystal structure of silver selenide depends on the temperature. Before the phase 

transition temperature around ~133ºC, the crystal structure is orthorhombic α-Ag2Se, and 

above this temperature, it is reordered in a cubic phase β-Ag2Se, as is shown in Figure 

5.12.  

 
 

Figure 5.12:Representation of crystal structure in silver selenide. In a) orthorhombic crystal 
structure at low temperature, below the phase transition temperature, α-Ag2Se. In b) the 
reordered structure in a cubic phase, crystal arrangement above the transition temperature to β-
Ag2Se. The figure is taken from [87].  
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5.2.3.2 Thermal conductivity κ of silver selenide Ag2Se by 3ω-SThM 

  

The cross-plane thermal conductivity κ was measured at room temperature for 

Ag2Se film with the 3ω-SThM technique. The sample was heated above its phase 

transition temperature, at 437 K. In the sample before being heated, κ was determined as 

0.63 ± 0.07 W·m-1·K-1, and after the annealing of the sample, κ increased its original 

value to 0.69 ± 0.15 W·m-1·K-1.  

In Figure 5.13, the images of the sample, which was measured before the 

annealing, are presented in the first row from 5.13.a to 5.13.d. The images of 

measurements in the annealed sample are shown from 5.13.e to 5.13.h in the second row. 

In Figure 5.13, the SEM micrographs (5.13.a and 5.13.e), topographic images (5.13.b and 

5.13.f), thermal images of V3ω (5.13.c and 5.13.g), and the zoomed regions of the thermal 

images of V3ω in (5.13.d and 5.13.h) 

 

 

 
 

Figure 5.13:The thermoelectric film of silver selenide. The first row presents the sample before 
annealing (a to d). In the second row, the film after heating at 437 K (e to h). SEM micrograph in 
(a-e). The topographic images in b) and f). The thermal images of the V3w in c) and g), and the 
zoomed regions (black box) in d) and h). The inset value in thermal images corresponds to the 
thermal conductivity measured in this experiment. 

  

5.2.3.3 Local analysis of κ with high-resolution 3ω-SThM  

The SThM images in Figures 5.14.d and 5.14.e, present different regions that were 

locally analyzed (inset numbers). The analyzed regions (1), (2), and (3) for the sample 

without annealing, show a slight height difference between them in the topographic image 
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(Figure 5.14.d). Nevertheless, a homogenous distribution of V3ω has been observed in the 

thermal image (Figure 5.14.e). In this case, the average thermal conductivity value was 

0.63 ± 0.07 W·m-1·K-1. While the annealed film presents different regions in topographic 

and thermal images (Figures 5.14.i and 5.14.j). The SThM images of this sample were 

locally analyzed in regions (1), (2), (3), (4), and (5). The thermal conductivity results in 

each region are: 0.58 ± 0.04 W·m-1·K-1 (1), 0.64 ± 0.06 W·m-1·K-1 (2), 0.72 ± 0.03 W·m-

1·K-1 (3), 0.71 ± 0.06 W·m-1·K-1 (4), and 0.55 ± 0.06 W·m-1·K-1 (5). The difference in 

thermal conductivity in these samples is in the range of 10-15% within the error of the 

technique. Nevertheless, the high resolution of the SThM allows the observation of slight 

differences in the thermal properties when the sample is very locally analyzed. These 

changes are associated with material segregation due to the heating, as will be discussed 

in the next section. 

  

 

5.2.3.4 Compositional analysis by XPS and EDX of Ag2Se and Ag2-xSe films 
 

Further studies were performed for the silver selenide film to investigate the 

possible segregation of the Ag after the heating process. In Figure 5.14, the first column 

corresponds to the analysis before the annealing, from 5.14.a to 5.14.e. The high-

resolution analysis of for Ag2Se film by XPS spectra in 5.14.a and 5.14.b, the EDX 

micrographs in 5.14.c, and the topographic and thermal SThM images in 5.14.d and 

5.14.e, respectively. The second column presents the images of the film after annealing 

from 5.14.f to 5.14.j. The characterization of the annealed silver selenide with XPS 

spectra in 5.14.f and 5.14.g, the EDX micrographs in 5.14.h, and the topographic and 

thermal SThM images in 5.14.i and 5.14.j, respectively. 

The high-resolution XPS spectra present one binding energy (BE) for the sample 

without heat treatment. The peak of Ag3d5/2 = 368.8 ± 0.2 eV (Figure 5.14.a), and Se3p3/2 

= 160.7 eV ± 0.2 eV (Figure 5.14.b), are typical peaks of Ag alloys atomically bonded to 

Se. Here, only one binding energy (BE) has been observed, for Ag3d5/2 and Se3p3/2 in Ag 

3d and Se3p, respectively. This means that there is only an oxidation state for the Ag and 

Se, which is compatible with Ag2Se stoichiometry (with an oxidation state of Ag+1 and 

Se-2) as detected by XRD. The Ag3d5/2 = 368.8 ± 0.2 eV is typical of Ag+1.[199] The 

binding energy Se3p3/2 = 160.7 ± 0.2 eV shows a Se-Ag interaction type with selenium 
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oxidation states between Se-2 and Se0 (binding energy of Se-2< Se0), which is in agreement 

with the literature reports [199-201]. 

After the heat treatment up to temperatures of 437 K, the high XPS resolution at 

room temperature shows additional peaks with BE of Ag3d5/2 in 368.5 eV and 370.5 eV. 

The Ag3d5/2 = 368.5 eV has a higher BE than in the case of the pure metal, indicating the 

formation of another Ag compound different from the previous one, Figure 5.14.f. 

Similarly, it can be observed in Figure 5.14.g, the BE of Se3p shows two peaks for Se3p3/2 

at 160.4 eV and 162.1 eV, representing two types of selenium in the sample, different 

from the selenium before heating. This XPS measurement indicates that the initial Ag2Se 

films are divided into two phases, one Ag2-xSe and a new silver-rich phase in which some 

selenium is still present, indicating that the clusters are not only silver but a silver selenide 

very silver-rich.  

In the EDX micrograph (Figure 5.14.c), the line profile (yellow dashed line) does 

not present variations at the content of Ag (orange curve) and Se (green curve). By the 

contrary, the EDX micrograph of the annealed sample, presented a particle segregated 

(white object in Figure 5.14.h). The line profile analysis (yellow dashed line) shows an 

increased content of Ag (orange line) compared with the Se content (green line), which 

was decreased. Therefore, it can be concluded that there is silver-rich material segregation 

or silver-rich cluster.  

The images at the bottom in Figure 5.14, corresponding to SThM, were already 

discussed in the previous section. The thermal variations can be attributed to the Ag-rich 

cluster formations. 

 



 

130 
 

 
 

Figure 5.14:High-resolution characterization in the silver selenide films. In the first column the 
images of the sample without heat treatment, and images of the annealed sample in the second 
column. The analysis of XPS (a, b, f, g). The EDX with a line profile (yellow dashed line) in c) 
and in h), were showing silver-rich clusters along the profile. Finally, the SThM images (d, e, i, 
j), where the inset numbers correspond to a local analysis made in different regions of the 
topographical and thermal images. Figure adapted from [100]. 

 

5.2.3.5 COMSOL simulation of the thermal resistance in silver selenide film 

The heat transfer module of COMSOL and the Gaussian heat source (circular) 

were used to simulate the SThM probe's heating over the silver selenide film. The 

thickness of the film was 950 nm, the density 8.22 g·cm3, heat capacity 0.75 J·g-1·K-1, 

and the material properties of silica glass were used as a substrate in the simulation. This 

consisted of asses the possible thermal conductivity values, until to find a common point 

with the experimental thermal resistance (Figures 5.15 and 5.16), similarly as was made 

in [140]. 
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Figure 5.15: COMSOL simulation of heating a silver selenide sample with an SThM probe with 
a heat exchange radius of 241 nm.  

 

 

 
 

Figure 5.16:In the graph, simulated and experimental thermal resistance values, cross at the 
point where thermal conductivity is around 0.6 W·m-1·K-1. The measured value with the heat 
transfer model and 3ω-SThM was 0.63 ± 0.07 W·m-1·K-1.  
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5.2.4 Discussion and comparison of thermal transport properties in the 
chalcogenides’ films  

 

The comparison of the chalcogenide materials analyzed in this thesis is presented in 

this section. The data of thermal parameters determined in Bi2Te3, Cu2Se, Ag2Se, and 

Ag2-xSe, are found in Table 5.4. 

 

Table 5.4: Measurements of thermal conductivity in thermoelectric films obtained with 
calibration of SThM and thermal images analysis of V3ω 

 
Samples with 

unknown thermal 

conductivity value 

𝜿𝜿𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝑹𝑹𝒆𝒆𝒆𝒆𝒆𝒆  

(W·m-1·K-1) 

Thic

kness 

𝑲𝑲 

(μm) 

V3ω  

× 

10-3 

(V)  

Req  

× 

106 

(K/

W) 

b 

× 

10-7  

(m)  

Rc 

× 

106 

(K/

W) 

Rs  

× 

106 

(K/

W) 

Thermal 

conductivity 

𝜿𝜿𝒔𝒔 

(W·m-

1·K-1) 

Ag2Se *C2 

/ (0.64 ± 0.10)  

0.

95 

53.3

6 

2.59 2.41 0.94 1.64 0.63 ± 

0.07 

 

Ag2-xSe *C2 

/ (0.5 - 1.5) 

0.

95 

53.1

7 

2.44 2.41 0.94 1.50 0.69 ± 

0.15 

 

Cu2Se (smooth) 
*C2 

/ (0.80 ± 0.10)  

0.

85 

52.8

9 

2.25 2.41 0.94 1.31 0.79 ± 

0.03 

Cu2Se (rough) 
*C2 

/ (0.80 ± 0.10)  

0.

85 

52.8

2 

2.21 2.41 0.94 1.27 0.82 ± 

0.04 

Bi2Te3
*C2 

/ (0.97-1.00)  

~

2 

52.5

6 

2.06 2.41 0.94 1.12 0.93 ± 

0.12 

 
 *C1 cross-point 1; *C2 cross-point 2 (see chapter 3) 

 
 
In the case of silver selenide material, we have estimated the lattice thermal 

conductivity (using the Wiedemann Franz law using the Lorentz number from the 

literature) of 0.22 W·m-1·K-1 and 0.13 W·m-1·K-1 for Ag2Se and Ag2-xSe, respectively. 



 

133 
 

The Cu2Se films have a lattice thermal conductivity of 0.24 W·m-1·K-1 in the case of the 

rough surface and 0.21 W·m-1·K-1 on the smooth surface. The phonon contribution to the 

thermal conductivity of bismuth telluride material is 0.62 W·m-1·K-1.  

 
The selenide samples present ionic conduction, i.e., copper or silver ions moving 

in the selenium like in a liquid. Therefore, the scattering mechanism can decrease thermal 

conductivity when ions transport electrical conductivity. It can be understood as the 

increment of phonon scattering due to nano-structuration effects that cause a reduction in 

the thermal conductivity because the lattice thermal conductivity (𝜅𝜅𝑙𝑙) is reduced. 

Therefore, the total thermal conductivity in films is reduced too (𝜅𝜅 = 𝜅𝜅𝑙𝑙 + 𝜅𝜅𝑒𝑒). The 

chalcogenides thermoelectric samples analyzed in this work, Ag2Se, Cu2Se, and Bi2Te3, 

along with comparing some reported thermal conductivity values in films and bulk. 

Figure 5.17presents these data, and Table 5.5. 

 

 

 Bi2Te3 Cu2Se  Ag2Se
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0.5
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 c⊥,  This work  
 c⊥,  ref. 59
 c⊥,  &  c∥,  ref. 45 
 c⊥,  ref. 60
 c⊥,  &  c∥,  ref. 58  
 ref. 57 (Bulk) 
 c⊥,  ref. 56 (Bulk)  

          p-type Cu2Se
 This work (⊥)
 ref. 44 (*)
 ref. 55
 ref. 55 (Bulk) 
 ref. 46 (Bulk) 

           n-type Ag2Se          
 This work  (⊥)
 ref. 48 (Bulk) 
 ref. 49 
 ref. 30 (*)
 ref. 47 (Bulk) 
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Figure 5.17: Thermal conductivity values for thermoelectric films and bulk samples obtained 
from the literature and compared with the values reported in this work [100]. 
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Table 5.5: Thermal conductivity reported for thermoelectric films and bulk samples obtained 
from the literature and the reported values in this work. 

 
Thermoelec
tric films 

Author 
year of publication 

Total 
thermal 
conductivity 

 𝜿𝜿  

Lattice 
thermal 
conductivi
ty 

 𝜿𝜿𝒍𝒍= 
𝜿𝜿 − 𝜿𝜿𝒆𝒆 

Reference 
 

Bi2Te3  
This work (2021) 

(⊥ c-axis of the film 
and perpendicular to 

the substrate plane) 

0.93  
 

0.62 

 
Reported 
here 

 

Kurokawa, T., et al. 
(2020) 
(∥ c-axis) 

1.1  
0.50 

[185] 

Manzano, C.V, et al. 
(2016) 
(⊥ c-axis) / 
(∥ c-axis) 

 
 

2.4 / 
 1.2 

 
 
 0.34/  
0.78 

 
[183] 

 

Goncalves, L. M., et 
al. (2010) 

(⊥ c-axis) 

1.3 0.85 [188] 

Obara, H., et al. 
(2009) 
(⊥ c-axis) / 
(∥ c-axis) 

 
 

0.95 /  
0.34 

 
 

0.40 / 
0.10 

[187] 

Fleurial, J. P., et al. 
(1988) 

Single crystals 

2 to 3.3 1.70 [186] 

Goldsmid, H. J. 
(1956) Bulk 

(⊥ c-axis) 

1.87  [20] 

Cu2Se  
This work (2021) 

(Perpendicular to the 
substrate plane) 

 
 

0.82 /  
0.79 

 
 

0.24 /  
0.21 

Reported 
here 

Perez-Taborda, J.A., 
et al. (2017)  

(measured with this 
technique) 

0.80 0.22 [111] 

Gahtori, B., et al. 
(2015) 

Nano Cu2Se / Bulk 
Cu2Se 

 
 0.75 /  

2.7 

 
0.20 /  
1.80 

[191] 

Liu, H., et al. (2012) 
Bulk 

1 0.60  
[192] 

Ag2Se  
This work (2021) 

Ag2-xSe 

 
 

 
 

 
Reported 
here 
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(Perpendicular to the 
substrate plane) 

0.69 / 
0.63 

0.13 / 
0.22 

 

Jood, P., et al. (2020) 
Bulk 

1.2 0.70  
[196] 

Ding, Y., et al. 
(2019) 

0.45 0.18  
[197] 

Perez-Taborda, J.A., 
et al. (2018) (measured 

with this technique) 

0.64 0.21 [198] 

Day, T., et al. (2013) 
Ag2+xSe Bulk 

1.5 0.50  
[195] 

 

Summary  

The nanoporous films of Si0.8Ge0.2, which were grown by replicating the porous structure 

of AAO membranes. The variations in the pore diameter of the nanomeshes films induce 

differences by boundary scattering and air confinement in the porous structure; 

consequently, the film’s thermal conductivity varies. The thermal maps of these structures 

were analyzed in this work to determine the thermal conductivity of the samples. The 

thermal conductivity results were compared with the previously reported values for these 

samples, concluding that these results agree with those reported. However, concerning 

the sample with the biggest pore diameter of 294 nm, the thermal conductivity presents a 

slight deviation in the measured value compared to the previously reported.  The 

differences were attributed to a contact loss between the tip and the sample due to the 

microfabricated probe having a lateral radius of curvature of about 100 nm, and the porous 

radius of the sample was too big compared with this value.  Nevertheless, these 

nanostructures have reported an ultra-low thermal conductivity, which can be related to 

the enhancement of the scattering mechanism due to the pore structures and grain 

boundaries. In this doctoral thesis, it was analyzed the thermal conductivity and the effect 

of grain size and crystalline size reduction in a Bi2Te3 film with a branch structure. The 

roughness influence in a free-standing film of Cu2Se.  And the thermal conductivity 

variations associated with phase transition changes in the case of Ag2Se films. These 

samples were carefully selected due to their unique characteristics to compare the 

morphological and compositional differences and determine if their features can affect 

thermal conductivity.  

 



 

136 
 

6 Conclusions and Outlook 

The main conclusions that can be extracted from this doctoral thesis are summarized 

in three general conclusions divided into items a), b), and c). Below each of these main 

conclusions, an explanation highlighting the main aspects of this thesis work is presented. 

 

a) The 3ω-SThM technique was successfully implemented and calibrated to 

obtained thermal conductivity values at the nanoscale.  

6.1. The high-resolution thermal maps with the 1ω and 3ω voltages were 

simultaneously acquired along with the topographic image of different samples. The 3ω-

SThM technique with the cross-point calibration method was implemented to obtain those 

images, providing detailed and unique information on the local thermal conductivity of a 

sample’s surface. In addition, qualitative and quantitative information on the material’s 

heat dissipation and any inhomogeneity on the surface is obtained. The thermal maps and 

a heat transfer model adapted for microfabricated thermal probes enable this analysis. 

  

6.1.1. The improvements in the experimental set-up of 3ω-SThM and the 

comprehension of the heat transfer mechanism between the microfabricated 

thermal probe and its surroundings (sample surfaces and air) were essential to 

performing thermal conductivity measurements. The calibration process was 

successfully performed under vacuum and atmospheric conditions. The 

measurements were acquired with nanoscale resolution and under atmospheric 

conditions. 

 

6.1.2. The thermal contact resistance Rc and the thermal exchange radius b are thermal 

parameters that should be determined to extract the thermal conductivity. In this 

work, these parameters were determined using a known cross-point method. 

However, when microfabricated thermal probes are involved, obtaining the cross-

point curves is a complex work. It required the use of theoretical works made by 

the thermal transport research community and a deep understanding of the heat 

transfer mechanisms to model the results and fix the experimental data curves. 
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6.1.3. The thermal parameters were determined for different thermal probes. The 

thermal contact resistance, Rc, was in the order of 1×106 K·W-1, and the thermal 

exchange radius, b, was in the order of tens or hundreds of nanometers. Two 

thermal probes were used to perform thermal conductivity measurements in 

thermoelectric films. One probe was heated with an electric current of 0.8 mA, 

and the thermal parameters determined with the cross-point method were Rc = 

1.6×106 K·W-1 and b=3.85×10-7 m. The second probe was heated with 1.2 mA, 

and the thermal parameters were found crossing at the point of Rc = 0.94 × 106 ± 

0.02 K·W-1 and b= 2.41×10-7 ± 0.02. This although counter intuitive can be due 

to the geometrical shape of the tip. 

 

6.1.4. Reference samples with known thermal conductivity values were used to calibrate 

and validate the procedure. It was made to guarantee optimal working conditions. 

Different organic and inorganic materials were analyzed. During the calibration 

process and measurements, insulators or semiconductors, amorphous or 

crystalline materials, in bulk and thin film, were used. The high-resolution thermal 

conductivity analysis was made in nanoporous and thermoelectric films.  

 

b) The 3ω-SThM technique was used to understand the variations in the 

thermal conductivity of nanoporous anodic aluminum oxide under heat 

treatment.  

6.2. The analysis performed in the nanoporous AAO membranes clarified the thermal 

conductivity variations reported in the literature for these structures. It was found that 

the thermal conductivity of the AAOs no depends only on the anodization process but also 

on the annealing temperatures, even at low temperatures. The outer layer of alumina is 

considered a contaminated region because inside of this layer, counter-ions get trapped 

by the anodization process. This anion contamination depends on the electrolyte acid 

used during the anodization process. Therefore, these structures, as anodized, are slightly 

different, mainly due to the differences in the outer layer. Consequently, the thermal 

conductivity value can suffer slight variations too. Further, any changes in the AAOs 

provoked by the annealing process induce variations in the thermal conductivity value, 

as demonstrated in this work. 
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6.2.1. Reference samples with known thermal conductivity values were used to calibrate 

and validate the procedure. It was made to guarantee optimal working conditions 

within the range of thermal conductivities of the AAOs. Different organic and 

inorganic materials were analyzed. During the calibration process and 

measurements, insulators or semiconductors, amorphous or crystalline materials, 

in bulk and thin film, were used. The high-resolution thermal conductivity 

analysis was made in nanoporous and thermoelectric films.  

 

6.2.2. In the AAO membrane prepared in sulfuric acid and heated for 1 hour at 100 ºC, 

the thermal conductivity value was reduced to around 37 % from its original value. 

However, under the same annealing temperature conditions, the AAO membrane 

prepared in oxalic acid presented a thermal conductivity reduction of around 11 

%. Moreover, a more considerable reduction was observed for AAO prepared in 

phosphoric acid when the sample was heated for 1 hour at 150 ºC. The reduction, 

in this case, was around 15%.  

 

6.2.3. Transition alumina phases were determined in samples heated at 950 ºC and 

higher temperatures. The crystallization phases were identified by analysis of 

XRD diffractograms. The analysis of the diffracted peaks shows the transition 

phases, with the sequence of the phase transformation as γ → δ → θ → κ → α-

Al2O3, coexisting two of these phases, depending on the annealing and the 

anodizing process. The crystal structure of corundum, α-Al2O3 phase, a hexagonal 

close-packed structure, was observed only AAOs grown in sulfuric and oxalic at 

the highest temperatures of 1100 ºC and 1300 ºC. 

 

6.2.4. The AAO membranes where XRD and Raman determined the transition to the α- 

α-Al2O3 phase presented the highest density measurements, near the sapphire 

value. These AAOs also presented the highest thermal conductivity values. AAOs 

grow in sulfuric acid reaches thermal conductivities of 3.84±0.33 W·m-1·K-1 at 

1100 ºC and 4.46±0.32 W·m-1·K-1 at 1300 ºC. AAOs grow in oxalic presented a 

thermal conductivity value of 4.16±0.35 W·m-1·K-1 at 1100 ºC and 4.82±0.36 

W·m-1·K-1 at 1300 ºC. 
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c) The 3ω-SThM technique was applied to determine the thermal conductivity 

of thermoelectric materials.  

6.3. High-resolution thermal conductivity measurements with the 3ω-SThM technique 

were performed in different thermoelectric films. The thermal conductivity study of 

nanoporous films of Si0.8Ge0.2 showed a good agreement with the previously reported 

thermal conductivity results in these structures. Different films were analyzed from the 

family of chalcogenide materials, which are in the state of the art of thermoelectric 

research. They presented different characteristics, such as grain size, roughness, and 

phase transition. Thus, the thermal conductivity analysis was performed in films of 

bismuth telluride (Bi2Te3), copper selenide (Cu2Se) rough and smooth, and silver selenide 

(Ag2Se) and silver selenide phase transition (Ag2-xSe). 

  

6.3.1. The Si0.8Ge0.2 thermoelectric structures were grown by the Sputtering technique 

with different pore diameters. The films have an ultra-low thermal conductivity, 

which decreases with the pore diameter of the sample. After applying the effective 

medium theory in the nanomeshes Si0.8Ge0.2 films, the thermal conductivity was 

determined with two calibrated probes for each film. The results were 0.57± 0.15 

W·m-1·K-1 and 0.58 ± 0.12 W·m-1·K-1 for the film with a pore diameter of 19 nm, 

0.91 ± 0.16 W·m-1·K-1 and 0.95 ± 0.13 W·m-1·K-1, for the film with a pore 

diameter of 137 nm, and 1.15 ± 0.18 W·m-1·K-1 and 1.40± 0.13 W·m-1·K-1, for the 

film with a pore diameter of 294 nm. 

  

6.3.2. Different thermal conductivity values between the Ag2Se sample without heat 

treatment and after the annealing were determined in this work. The thermal 

conductivity value determined for Ag2Se films grown by PHRMS lies within the 

range of 0.63 W·m-1·K-1 to 0.69 W·m-1·K-1, indicating that thermal conductivity 

has risen in the case of the annealed sample. Some differences between these 

samples were also observed by XPS and EDX measurements. The differences 

were attributed to the segregation of silver material. The thermal images of these 

samples were analyzed in detail in different regions. The high-resolution images 

gave local information on heat dissipation correlated to the Ag-rich cluster 

formations.  
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6.3.3. The thermally treated silver selenide film was locally analyzed in different regions 

with clear differences observed in the topography and in the 3ω voltage. The 

thermal conductivity results in each analyzed region were: 0.58 ± 0.04 W·m-1·K-

1, 0.64 ± 0.06 W·m-1·K-1, 0.72 ± 0.03 W·m-1·K-1, 0.71 ± 0.06 W·m-1·K-1, and 0.55 

± 0.06 W·m-1·K-1. The simulation of heat transport in a silver selenide film was 

performed with COMSOL Multiphysics. The simulation results by finite elements 

were consistent with the experimentally measured thermal conductivity of silver 

selenide film without annealing. 

  

6.3.4. Cu2Se thermoelectric thick film was grown by PHRMS and detached from the 

substrate. One side of the film was a smooth surface, and the other was rough, 

enabling the study of the roughness influence on thermal measurement. The 

thermal conductivity of Cu2Se film was 0.79 ± 0.03 W·m-1·K-1 on the smoothed 

side and 0.82 ± 0.04 W·m-1·K-1 on the rough surface. The differences are between 

the error of the measurements, and no significant differences in the thermal 

conductivity results were found with the 3ω-SThM technique. 

 

6.3.5. The Bi2Te3 film, highly oriented in the [1 1 0] direction, the thermal conductivity, 

perpendicular to the c-axis, was determined with an average value of 0.93 ± 0.12 

W·m-1·K-1. The film had a branched structure with grain size in the order of 

nanometers, which increased the phonon scattering due to the grain boundaries. 

In addition, the crystallite size was determined as 27 nm, which contributes to 

increasing the phonon scattering and reducing its thermal conductivity. 

The measurements carried out in this work can contribute to a better understanding of 

heat transport in micro and nanostructured materials. Furthermore, the implemented 

technique offers the possibility to obtain very high-resolution thermal images, which can 

be very useful for the local determination of thermal conductivity variations and their 

relationship with the impurities, phase change, and structural and compositional changes 

in the sample. Obtaining quantitative information on the signal voltage of V1w must be 

the next step, as well as increasing the topographic resolution with SThM. Finally, another 

forward step in the research activity of SThM must be the simultaneous acquisition of the 

Seebeck coefficient and the thermal conductivity of thermoelectric materials through the 

acquisition and analysis of the 1ω, 2 ω, and 3ω signals. 
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