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Abstract 

For most micro- and nanoelectronic devices based on thin films applied for effective heat 

dissipation and thermoelectric devices for energy harvesting, thermal management is a critical 

subject for their device performance and reliability. This thesis focuses on the investigat ion 

of the cross- and in-plane thermal conductivities of both high- and low-thermal conductive 

thin film materials. Aluminum nitride (AlN), with its high thermal conductivity, has been 

studied, as it is a promising candidate for effective heat conductors in microelectronic devices. 

Copper iodide (CuI) has also been investigated in this thesis, because of its great interest in 

novel energy harvesting applications with low thermal conductivity and outstanding 

thermoelectric properties. Thermal conductivities of thin films tend to be substantially 

different from those of their bulk counterparts, which is generally caused by oxygen 

impurities, dislocations, and grain boundary scattering, all of which can reduce the thermal 

conductivity of the films. These effects also influence cross- and in-plane heat conduction 

differently, so that the thermal conductivities of the thin films are generally anisotropic in 

these two directions. 

Therefore, experimental work and theoretical analysis have been conducted to understand the 

effects of crystallinity, grain sizes, and interfacial structures of AlN and CuI films on their 

thermal conductivities as a function of film thickness. An improved differential multi-heater 

3ω method was established and used to study the thickness-dependency of cross- and in-plane 

thermal conductivities of CuI and AlN thin films sputtered on p-type doped silicon substrates 

with film thicknesses varied between 70 - 400 nm and 100 – 1000 nm, respectively. 

Furthermore, our newly proposed 3ω Microscopy method, which combines the advantages of 

both the conventional 3ω method and atomic force microscopy (AFM) technology, was 

applied to quantitatively measure the local thermal conductivities of CuI and AlN thin films, 

with a spatial resolution in sub-micrometer range. 
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Results revealed that both the cross- and in-plane thermal conductivities of the CuI and AlN 

thin films were significantly smaller than those of their bulk counterparts. The cross- and 

in-plane thermal conductivities were strongly dependent on the film thickness. Both the X-ray 

diffraction and 3ω Microscopy results indicated that the grain size of thin films significant ly 

affected their thermal conductivity due to the scattering effects from the grain boundaries. 

Finally, the 3ω Microscopy has been proven to provide additional experimental findings, 

which cannot be identified or detected using conventional thermal characterization methods 

such as the standard 3ω technique. Its good spatially-resolved resolution for quantitative local 

thermal characterization, its nondestructive characteristic and without a need for sample 

preparation, make the 3ω Microscopy a promising thermal characterization method. 
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 Introduction 

Advances in nanotechnology have enabled the fabrication of materials and devices with 

characteristic lengths that can now approach to a few nanometers. These nanostructured 

materials are becoming increasingly important in our daily life, because of their unusual 

properties that they exhibit when their length scale is scaled down. Examples of these novel 

nanostructures include nanotubes, nanowires, thin films and superlattices. They encompass a 

great number of different applications. Some well-known examples include photovoltaics, 

which aims at converting sunlight into direct current electricity, or thermoelectrics, which 

aims at transforming thermal energy from temperature gradients into electrical energy. These 

novel technologies seem to be promising alternatives to the increasing environmental issues 

and limited energy resources. 

Our progressive understanding of matters’ behavior at the nanoscale has enabled the 

successful management of electron and photon based technologies. In particular, the control 

of electrons in semiconductor materials resulted in the breakthrough of solid-state transistors, 

giving rise to all modern electronic devices [1,2]. Analogously, photonic engineering has led 

to fundamental changes in society, with the development of optical networks and 

telecommunications. The ability to effectively engineer the electromagnetic spectra is 

evidenced by various electromagnetic based technologies now available [3]. These 

applications have been developed throughout a wide range of frequencies, which extend over 

16 orders of magnitudes [3]. For example, at frequencies lower than 106 Hz, daily life 

applications such as amplitude and frequency modulated radios have been developed; whereas 

at the frequencies higher than 1022 Hz, technologies such as gamma radiation imaging in 

nuclear medicine have also been developed [3]. 

As in case of electromagnetic radiation, quantum mechanics dictates that the vibrational 

energy must be an integer multiple of the universal quantum, which is proportional to the 
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frequency. The quanta of crystal lattice vibrations are called phonons [2,3]. Although 

innovative methods to effectively manipulate photons and electrons (the quanta of 

electromagnetic radiations) have been developed, satisfactory understanding and control of 

phonons have not been accomplished so far [3]. The main reason is that, unlike photons and 

electrons, interactions involving phonons of different frequencies can occur among them, i.e. 

producing various wavelengths [4]. This mechanism turns the prediction and control of 

phonon behavior into a much more challenging task. 

Phonons are responsible for the conduction of sound and heat in solids [3]. Low frequency 

vibrations, smaller than 1011 Hz, correspond to sound, whereas higher frequency ones could 

be strongly linked with heating effects [3]. Phonons are involved practically in all types of 

electrical, optical, mechanical and thermal phenomena. They play a major role in heat transfer 

and are related to a variety of interesting mechanisms, including phase transitions, 

ferroelectricity and superconductivity. Advances in nanotechnology and emergence of 

various types of nanostructured materials have provided new possibilities to accomplish 

numerous degrees of control of the phononic spectrum, as shown in Figure 1.1 [3]. Thus, 

analysis and modulation of phonon transport may draw a new technological frontier, 

especially for thermal management and thermoelectric energy harvesting applications. 

 

Figure 1.1: Phononic spectrum and its various application areas (adapted and modified from 

Ref. [3]). 
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1.1. Thermal management of nanoscale devices and thin films 

Detailed understanding of thermal transport in low-dimensional structures is crucial, because 

of two technological challenges: 

(1) The first one is the need of effectively dissipating the heat generated in micro- and 

nanoelectronic devices; 

(2) The second one is associated with inhibiting heat flow in order to develop efficient 

thermoelectric devices, mostly based on thin films. 

The continued trend of electronic industry towards miniaturization causes significant thermal 

issues, making heat conduction one of the most important limiting factors in electronic system 

design. This trend can be explained using Moore’s law [5], which predicts that the number of 

transistors in a dense integrated circuit (IC) doubles approximately every two years (see 

Figure 1.2). 

 

Figure 1.2: Moore’s law describes the empirical regularity that the number of integrated circuits 

doubles approximately every two years. This advancement is important as other aspects of 

technological progress, such as processing speed or the price of electronic products, are strongly 

linked to Moore’s law (adapted from Ref. [5]). 
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As the volume density of components in ICs is increased and the characteristic dimensions 

are scaled down to a few nanometers or even smaller, higher temperatures in localized 

volumes are reached by means of the Joule effect. The inefficient removal of heat is 

detrimental to the functionality, reliability and lifetime of the device. Conventional high 

power microelectronic devices, light emitting diodes (LEDs) and semiconductor lasers are 

examples of applications that undergo important thermal issues. Optimizing physical 

properties of their elemental components is therefore desirable to enhance heat conduction 

processes and overcome thermal issues. While materials with high thermal conductivity are 

required for thermal management applications, the opposite is true for thermoelectric devices. 

The performance of thermoelectric devices depends on the dimensionless figure of merit,  

defined as [6]: 

𝑍𝑇 =
𝑆2𝜎

𝑘
𝑇0  (1.1) 

with 𝜎  being the electrical conductivity, 𝑆  the Seebeck coefficient, 𝑇0 the operating 

temperature and 𝑘 the thermal conductivity [6]. Therefore, thermoelectric applications seek 

to impede heat transfer to ensure significantly large temperature gradients. However, 

materials that effectively conduct electricity and minimize thermal transport do not occur 

simultaneously in nature. To achieve a good thermoelectric performance, engineering 

material’s properties is therefore often required. Phonon engineering is a research field that is 

recently emerged as a consequence of these needs. It aims at applying the understanding of 

phonon transfer to effectively manipulate the phonon spectrum and adapt the thermal 

properties of a material for a suitable functionality. 

1.2. Thermal conduction in polycrystalline films 

Performance and reliability of the above mentioned devices are strongly dependent on the 

thermal properties of their constitutive materials. In particular, the thermal conductivity of 

thin films is of critical importance, because of its strong impact on thermal performance. 
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Thermal conductivities of thin films could be considerably different from those of their bulk 

counterparts [7–13], which are generally attributed to two main reasons. Firstly, compared to 

the bulk crystalline materials, thin films prepared using various deposition technologies 

generally have many impurities, dislocations, small grain boundaries, and columnar 

microstructures, all of which tend to reduce their thermal conductivities [9,12–14]. Secondly, 

even though a film with less defects can be prepared, it is still expected to have reduced 

thermal conductivity due to grain boundary scattering and phonon leakage in the thin film 

materials. These two effects affect cross-plane and in-plane heat transport differently, so that 

the thermal conductivities of the thin films are generally anisotropic in these two directions, 

even though their bulk counterparts have isotropic properties. Therefore, precise 

measurements of the cross-plane ( 𝑘𝑓⊥ ) and in-plane ( 𝑘𝑓∥ ) thermal conductivities of 

polycrystalline thin films are critical for designing or analyzing microelectronic devices. 

Besides crystal quality and compositions of thin films, the interfacial structure between the 

film and substrate is another important factor in determining the thermal conductivity of the 

whole device, and is critical for the reliability and efficiency of the thin film based devices 

operated at high powers [12,13]. To ensure the best thermal performance of thin films, it is 

necessary to systematically study the relationship among the process parameters, 

microstructures such as crystallinity and interfacial properties, and thermal conductivity 

(cross- and in-plane) of the films [13]. 

Furthermore, frequently only the cross-plane thermal conductivities of thin films have been 

investigated. Measurements of the in-plane thermal conductivity of anisotropic thin films are 

less common than those of the cross-plane direction, and the methods used are more complex 

and challenging [15]. The simultaneous measurement of cross- and in-plane thermal 

conductivities of polycrystalline thin films without changing the sample during the 

measurement, to allows a precise comparison of cross- and in-plane conductivities, has neither 

been experimentally studied nor explained theoretically. Therefore, structural and thermal 

characterizations, as well as accurate theoretical description considering the size and 
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morphology evolutions of grains in polycrystalline films, are desired to further understand the 

heat transport in these materials. 

This thesis reports a new approach to measure both cross- and in-plane thermal conductivities 

of thin films prepared on substrates, in order to investigate the thickness dependency of the 

thin film’s thermal conductivity. Experimental work and theoretical analysis have been 

conducted to understand the effects of crystallinity, grain/surface crystallite sizes, and 

interfacial structures of thin films on their thermal conductivities. It is for the first time that 

both the cross- and in-plane thermal conductivities of aluminum nitride (AlN) and copper 

iodide (CuI) thin films were obtained using an improved differential 3ω method. In contrast 

to other commonly used thermal conductivity measurement methods, such as axial/radial heat 

flow method [16], steady-state electrical heating method [16], laser flash method [16] or 

transient thermoreflectance technique (TDTR) [16], the 3ω method is insensitive to radiation 

errors/losses, because the effective heat volume of the heat source is within the micrometer 

range [16,17] and it is capable to measure both in- and cross-plane thermal conductivities. 

Therefore, higher accuracy and better reproducibility of the film’s thermal conductivity data 

can be obtained [13]. 

Because of its great interests in new technological applications, AlN has been used as a test 

material for high thermal conductivity applications in this study. Owing to its outstanding 

performance as a thermal conductor and electric insulating ceramic, AlN has been widely 

integrated in advanced micro- and optoelectronic devices, where it is typically exploited as a 

thermal management material [13]. With a thermal conductivity of about 320 Wm-1K-1 at 

room temperature in its bulk form [18], AlN stands as a promising solution to overcome 

undesirable heating effects that appear in solid-state systems [13]. Furthermore, with 

decreasing structural dimensions and simultaneously increasing power density of many 

microelectronic devices, it is urgent to use good thermally conductive and insulating thin 

films, such as AlN, to replace some conventional dielectric layers such as silicon dioxide 



Introduction 

7 

(SiO2) and silicon nitride (Si3N4) [13]. Therefore, AlN is a particularly suitable candidate for 

our studies. 

On the other hand, the increasing requirements for applications of advanced materials in 

energy harvesting require a fundamental understanding of the underlying physical properties, 

such as thermal and electrical conductivities of the respective materials. One approach to this, 

which has been dramatically gained in importance in recent years, is thermoelectric energy 

conversion [6]. This discipline deals with the motionless solid state-based conversion of 

temperature differences into electrical energy and vice versa. CuI thin films provide a great 

potential to improve thermoelectric [6,19] and optoelectronic applications [20,21], such as 

microscale transparent flexible thermogenerators, due to their excellent thermoelectric 

properties [6,19,20,22]. However, the room temperature in- and cross-plane thermal 

conductivity values of CuI films, which are the most critical properties for high conversion 

efficiency, still remain unknown and investigations are desperately needed. Therefore, the 

main focus of this thesis is the investigation of cross- and in-plane thermal conductivities of 

polycrystalline CuI thin films, as these are critical for designing and analyzing thermoelectric 

devices at room temperature. 

1.3. Local thermal properties of thin films 

The nanoscale properties of material systems are becoming more important due to the 

progress in material science and are necessary for the development of novel approaches of 

thermal management [13] and thermoelectric applications [6]. Electronics and material 

science have demonstrated a great demand for high-spatially resolving techniques to analyze 

the respective systems concerning the local quantitatively thermal characteristics [23]. This 

specifically local thermal characteristic is essentially for studying the heat transport in thin 

films. Therefore, a quantitative determination of the local thermal conductivity of thin films 

is mandatory within the fundamental characterizations. 
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Common thermal characterization techniques such as infrared (IR) thermography [24], 

transient thermoreflectance technique [16], and macroscopic 3ω method [10,17] have 

restricted laterally spatial resolution due to their optical diffraction limit or metal strips 

deposited at the surface of the thin film sample. These characterization methods are not 

capable to obtain the local thermal conductivity of thin films. Atomic force microscopy 

(AFM) overcomes these limits and enables to qualitatively record temperature [23] as well as 

thermal conductivity [23] distributions with high resolutions for both thin films and bulk 

materials. Modified AFM can utilize a thermo-resistive AFM probe, acting as both heat source 

and temperature sensor. 

 

Figure 1.3: Schematic of the 3ω Microscopy technique that combines the experimental setup of an 

AFM with the basic 3ω principle, to quantitatively determine the local thermal conductivity of thin 

films. 

Moreover, it has already been demonstrated that the AFM, combined with the fundamental 

3ω principle, is basically capable to quantitatively determine the local thermal conductivity 

of bulk materials with a lateral resolution in nanometer range [25,26]. Based on these 

preliminary studies, we developed a new experimental technique, which merges the basic 

AFM and differential 3ω method in order to quantitatively determine the local thermal 

conductivity of thin films, as illustrated in Figure 1.3. To realize this new “3ω Microscopy” 

technique, the macroscopic 3ω method has been transferred to the microscopic level by 

combining the AFM with our extended differential 3ω method. Within this thesis, the 

3ω Microscopy technique is utilized to quantitatively measure the local thermal conductivities 

of thin-film-on-substrate systems, in order to demonstrate its potential as an alternative 

thermal characterization method. 
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Transfer local thermal
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1.4. Main research goals 

In brief, four major research aspects on the thermal conduction processes involved in 

polycrystalline thin films can be identified from the discussion above: 

 Novel experimental approaches should be implemented to measure both cross- and 

in-plane thermal conductivities of thin films simultaneously, without changing the 

sample during the measurement process, in order to investigate the thickness 

dependency of their thermal conductivity values. Therefore, the well-established 3ω 

method has to be extended. 

 Studying the cross- and in-plane thermal conductivity of AlN thin films, used for high 

thermal conductivity applications. Because of the decrease of structural dimensions 

and simultaneous increase of power density, it is urgent to use high thermally 

conductive and insulating thin films within microelectronic devices, such as AlN, to 

replace some traditional dielectric layers such as SiO2 and Si3N4. 

 Investigating the cross- and in-plane thermal conductivity of CuI thin films, used to 

develop novel and high efficient thermoelectric devices. 

 A novel experimental technique is developed to determine the local thermal 

conductivity of thin films in dependence on sample properties (e.g. film thickness and 

surface particle size) with a high spatial resolution. To implement this specification, 

the macroscopic 3ω method will be transferred to the microscopic level by combining 

the AFM with our extended 3ω method. 

1.5. Outline of the thesis 

Motivated by the need of making progress towards the above four issues, this thesis was 

devoted to the investigation of the thermal conductivity of nanoscale thin films and explored 
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the possibility to measure heat transfer in cross- and in-plane direction of these 

low-dimensional structures. 

The thesis is organized in eight chapters, devoted to study the thermal conductivity of different 

thin film materials. Following this introductory chapter, each chapter will start with an 

introduction describing the motivation, except for the final chapter, which is about summary 

and outlook for future work. 

 In Chapter 2, a literature review of the thermal properties of thin films and the 

state-of-art thermal characterization methods are introduced. First, the theoretical 

description of heat conduction in solids is presented briefly, and the unique thermal 

properties of polycrystalline thin films are discussed. Then, the state-of-art thermal 

conductivity measurement techniques are analyzed, focusing on the ability to 

precisely and reproducibly measure the cross- and in-plane thermal conductivities of 

anisotropic thin films. 

 Since the 3ω method will be the fundamental measurement principle, which has to be 

analyzed in the context of particular circumstances within this thesis, the functionality 

and history of this technique will be discussed in Chapter 3, covering the thermal 

conductivity determination of substrates, thin films and multilayer systems. 

Furthermore, we will present our novel “multi-heater” 3ω technique to 

simultaneously measure both cross- and in-plane thermal conductivities of thin films. 

This novel concept allows a more precise comparison of cross- and in-plane 

conductivities, compared to what is achievable with the standard in-plane methods. 

 Chapter 4 provides a description of the experimental procedures used to synthesize 

SiO2, Si3N4, AlN and CuI thin films for the 3ω measurements and characterize their 

structural and chemical properties. This chapter covers the deposition of the 

investigated thin films, the crystallographic, structural and chemical analysis 

methods. Finally, the modified experimental setup of our extended macroscopic and 
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our novel 3ω Microscopy technique are discussed, and the procedures to perform 

thickness-dependent thermal conductivity measurements are introduced. 

 Thickness-dependent cross- and in-plane thermal conductivity measurements of SiO2,  

Si3N4 and AlN films are studied in Chapter 5. Due to their well-known thermal 

properties, SiO2 and Si3N4 films are used as reference materials for the 3ω method. 

Furthermore, experimental work and theoretical analysis have been conducted to 

understand the effects of crystallinity, grain/surface crystallite sizes, and interfacial 

structures of the AlN films on their thermal conductivities. The effect of the 

film-substrate interfaces on the cross- and in-plane thermal conductivities of AlN thin 

films is studied experimentally by our novel approach, introduced in Chapter 3. 

 In Chapter 6, we analyze the thermoelectric properties of CuI thin films. This chapter 

is mainly focusing on the thickness dependency of the cross- and in-plane thermal 

conductivities of CuI films. Experimental techniques have been conducted to 

understand the effects of crystallinity, surface crystalline particle sizes, and interfacial 

structures of the CuI films on their thermal conductivity values in both cross- and 

in-plane directions. 

 Chapter 7 introduces the novel 3ω Microscopy technique for measuring the local 

thermal conductivity of thin films. We present that the basic principle of the 

macroscopic 3ω method can be transferred to the AFM. This chapter provides the 

actual 3ω-AFM calibration of the thermal probe. Additionally, we develop a thermal 

model for the local 3ω analysis of thin films. 

 Finally, Chapter 8 contains the conclusions to summarize all the results, and an 

outlook of the perspectives for future work is also given. 
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 Literature Survey 

2.1. Introduction 

Recent advances in techniques of synthesis, processing, and microanalysis are enabling the 

routine production of materials with structures with the length scales down to several 

micro- to nanometers. Examples are nanotubes, nanowires, thin films and superlattices, 

widely used in micro- and nanoelectronic devices [1,2]. For most of these novel micro- and 

nanoelectronic devices based on thin films and nanostructured materials, thermal 

management is a critical subject for their device performance, and can be divided into groups 

of high- and low-thermal conductivity applications (see Figure 2.1) [1,2]. Materials with high 

thermal conductivities are needed for devices such as ICs or LEDs, where an efficient heat 

dissipation is required [3,4]. On the other hand, thermoelectric applications for energy 

harvesting such as heat barrier coatings or nanoscale thermogenerators, thin films with a very 

low thermal conductivity are desperately needed [5–8]. 

In this thesis, heat conduction processes of dielectric and semiconductive materials are 

studied, in which heat is predominantly transported by phonons [9], as introduced in 

Chapter 1. In order to investigate the thermal conductivity of thin films and nanostructures, a 

general understanding of fundamental heat conduction within solids is absolutely necessary. 

Therefore, in Section 2.2 the different heat transfer modes are presented. Then, the Fourier’s 

law of heat conduction is given together with the boundary conditions used to solve this 

equation. 

Section 2.3 will summarize the present understanding of thermal conduction in thin films and 

nanostructured materials. Then the most relevant theoretical and experimental studies 

concerning the characterization of thermal properties of thin films are discussed, focusing on 

the film thickness dependency of the thin film thermal conductivity. 
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Figure 2.1: Examples of thin films and nanostructured materials used in thermal management and 

thermoelectric applications: (a) thermoelectric generator of Apollo 12 was used as the power source 

for the Apollo Lunar Surface Experiments Package [10], (b) thin films with low thermal conductivity 

are used in Peltier devices for thermoelectric cooling applications, (c) novel thermogenerators to 

efficiently convert thermal energy into electrical power [11], (d) wellington boots with a power 

generating sole that converts heat from feet into electrical power to charge battery-powered 

handhelds [12], (e) thermoelectric devices for energy recuperation used in automotive industry [13], 

(f) thermoelectric watch is powered by converting body temperature into electricity [14]. 

Even though different theoretical approaches have been developed to describe the reduced 

heat conduction within thin films, it is still a challenging task to measure the thermal 

conductivity of thin films. Accurate experimental data build the fundament for improving the 

thermal properties of thin films and to understand the significant influences of thin film’s 

thickness and materials composition. For this reason, Section 2.4 summarizes the challenges 

of thin film thermal conductivity measurements and the state-of-the-art of experimental 

methods that are utilized to measure thermal conductivity of thin films. Their specific 

characteristics and appropriate fields of application are also discussed. 

2.2. Fundamentals of general heat conduction 

2.2.1. Fourier’s law 

The differential equations describing the distribution of heat demonstrate the most general 

boundary conditions and convert the special physical problems to pure analytical ones. There 

(a) (b) (c) (d)

(f)(e)
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is a continuing requirement of developing new materials with certain thermal characteristics, 

which have to be analyzed by means of improved thermal characterization methods. Of 

course, the motivation of this trend is the requirement for materials with improved thermal 

characteristics for new technical applications. Regardless of the different applications, the 

theory of heat by Joseph Fourier [15] is still valid, because of its fundamental characteristics. 

These fundamental characteristics can be expressed mathematically using the heat diffusion 

through solid bodies [15]. 

The initial point of this fundamental theory is based on experiments concerning the 

conduction of heat [15]. Suppose 𝐴 is the dimension of a finite or infinitely small surface area 

of a body, which is kept at a constant temperature 𝑇. If 𝑇0  describes the temperature of the 

surrounding atmosphere, and 𝑘 denotes the thermal conductivity of the external part of the 

body, the quantity of heat 𝑑𝑄𝑎 , which is transmitted through the area 𝐴 into the surrounding 

atmosphere during the time 𝑑𝑡 is given by: 

𝑑𝑄𝑎 = (𝑇 − 𝑇0 ) ∙ 𝑘 ∙ 𝐴 ∙ 𝑑𝑡 (2.1) 

This law, describing the thermal transfer between a solid body into a gaseous body, is not 

general, since the validity is limited to small differences in temperature and to the special case 

where the coefficient 𝑘 is constant. In spite of this limitation, the validity of this fundamental 

law has been confirmed by many experiments [16]. Thus, this law is directly obtained from 

the result of experiments. Since this law only describes the heat flow from a solid body into a 

gaseous one, and there is still the problem of heat conduction within solids, Fourier [15] 

developed an instrumental setup in order to verify his basic hypothesis by additional 

experiments. For these purposes, he investigated theoretically the uniform and linear 

conduction of heat within an infinite flat plate with defined thickness 𝑑, whose interfaces at 

both sides are kept at constant temperatures 𝑇𝐴  and 𝑇𝐵  [15]. Assuming the steady-state 

condition of the plate with respect to the temperatures, he was able to derive that the 

temperature distribution in 𝑧-direction is (see Figure 2.2) [15]: 
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𝑇(𝑧) = 𝑇𝐴 +
𝑇𝐵 − 𝑇𝐴

𝑑
∙ 𝑧 (2.2) 

Fourier’s important fundamental conclusions based on Eq. (2.2) are more significant than the 

trivial nature of this experiment. For example, using simple mathematical relationships, he 

obtained the identity of the quantity of heat, which is transferred at both boundary layers of 

the flat plate [15]. 

 

Figure 2.2: Relationship of heat flow through two objects with identical material and form but 

different dimensions. 

In conclusion, it is possible to prove the case for the temperature distribution within the plate 

of infinite size in 𝑥- and 𝑦-direction and having limited thickness with its defined boundary 

temperatures, if the steady-state is reached. Further interpretations comparing two plates with 

equal thermal characteristic and shape but different values in dimensions as shown in 

Figure 2.2, has led to the following equation [15,16]: 

𝑄

𝑄′
=

𝑇𝐵 − 𝑇𝐴
𝑑

𝑇𝐵
′ − 𝑇𝐴

′

𝑑′

=
𝑑′

𝑑
∙
𝑇𝐴 − 𝑇𝐵

𝑇𝐴
′ − 𝑇𝐵

′  (2.3) 

Eq. (2.3) relates the two different quantities of heat 𝑄  and 𝑄’  passing through the 

cross-sections of the two plates and different geometries. While this equation provides the 
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relative relationship between the quantity of heat and the geometrical data, nevertheless, it 

enables us, by introducing an additional coefficient 𝑘, which is dependent of the material, to 

find an absolute relationship between the density of heat flow per unit time 𝑞̇  and the 

according temperature gradient within the material [15,16]: 

𝑞̇ = 𝑘 ∙
𝑇𝐴 − 𝑇𝐵

𝑑
 (2.4) 

Considering the flow of heat in three dimensions, this special relationship can be presented in 

a more general way by using the temperature distribution between the two boundary layers of 

the flat plane (see Figure 2.3) out of Eq. (2.2) and finally it leads to the formulation of 

Fourier’s law [15,16]: 

𝑞⃗̇= −𝑘 ∙ 𝑔𝑟𝑎𝑑𝑇(𝑥,𝑦, 𝑧) (2.5) 

The coefficient 𝑘 , which has been originally introduced as the material’s specific value 

characterizing a certain amount of units of heat, is called the thermal conductivity. The 

thermal conductivity 𝑘 is not a constant for a unique substance. In theory, it is assumed that 

the thermal conductivity does vary with temperature [17]. The thermal conductivity of metals 

is directly proportional to the absolute temperature and mean free path of the molecules. The 

mean free path decreases with the increase in temperature so that the thermal conductivity 

decreases with temperature [17]. It should be noted that it is valid for metals, and the presence 

of impurities in the metal can reverse the trend. However, when the range of temperature is 

limited, this change in 𝑘  may be neglected. An approximation to the actual state may be 

obtained by making 𝑘 a linear function of temperature 𝑇 [18]: 

𝑘 = 𝑘0 ∙ [1 + 𝛽𝑡ℎ ∙ (𝑇 − 𝑇0)] (2.6) 

where 𝑘0  is the thermal conductivity at reference temperature 𝑇0  = 0°C and 𝛽𝑡ℎ is a constant 

and in fact negative for most substances. 
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If the temperature is not within this linear regime, the thermal conductivity as a function of 

temperature 𝑘(𝑇) can be approximated by a higher order polynomial [18]: 

𝑘(𝑇) = 𝑘0[1 + 𝛽𝑡ℎ(𝑇 − 𝑇0) + 𝛾𝑡ℎ(𝑇 − 𝑇0)
2 + 𝛿𝑡ℎ(𝑇 − 𝑇0)

3 + ⋯ ] (2.7) 

The thermal conductivity 𝑘  can differ in directions within a solid at a constant and 

homogeneous temperature. The mathematical description becomes more complex in the case 

of changing the simple geometry into complex ones, when the mathematical description in 

Cartesian coordinates is no longer applicable. Similarly, the mathematical description 

becomes more complex, if the boundary conditions are functions of time. 

 

Figure 2.3: Application of Fourier’s law to one-dimensional, steady-state heat conduction across a 

plane layer of constant thermal conductivity 𝑘 and thickness 𝑑. 

2.2.2. Equation of continuity 

The main objective of studying heat conduction is to determine the temperature distribution 

and heat flow rates within a medium or to determine the rate of heat flow due to a temperature 
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difference between two media in contact. While the heat conduction process is visualized at 

the molecular level as the exchange of kinetic energy between particles in the high and low 

temperature regions [19], however, in the phenomenological theory of heat conduction, the 

molecular structure is disregarded and the heat conduction medium is assumed as a continuum 

[18]. Theoretical investigations in heat conduction adapted from the concept of continuum, 

begin with the derivation of the heat conduction equation, whereas the heat conduction 

equation is a mathematical relation expressed by a differential equation between temperature, 

space and time coordinates. 

Analytical investigations in heat conduction adapted from the concept of continuum result in 

the equation of continuity, which is given by the following differential equation [18]: 

𝑑𝑖𝑣(𝑞⃗̇) +
𝜕𝑤

𝜕𝑡
= 0 (2.8) 

where 𝜕𝑤 𝜕𝑡⁄  denotes the temporal variation of the heat energy density. Considering an 

additional heat energy being transformed within the observed volume, Eq. (2.8) must be 

extended to the general continuity equation of thermodynamics: 

𝑑𝑖𝑣(𝑞⃗̇) +
𝜕𝑤

𝜕𝑡
= 𝑞̇𝐸 (2.9) 

Where 𝑞̇𝐸 indicates the amount of heat generated per unit time and volume. 

2.2.3. Relation between heat energy and temperature 

To merge the equation of continuity and Fourier’s law to one unique comprehensive 

differential equation, a third physical law, which describes the relationship between 

temperature and heat energy is required. Similar to Fourier’s law, this equation, which relates 

the variation in heat density to the variation in temperature, is also a fundamental one [15]: 

𝜕𝑤

𝜕𝑡
= 𝑐𝑝𝜌

𝜕𝑇

𝜕𝑡
 (2.10) 
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where the material specific parameters 𝑐𝑝 , 𝜌  denote the specific heat and density of the 

material, respectively. 

Adding Fourier’s law (Eq. 2.5), the equation of continuity Eq. (2.9) and Eq. (2.10) to the 

general differential equation of heat conduction finally leads to [18]: 

𝑐𝑝𝜌
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
) + 𝑞̇𝐸 (2.11) 

Since only the derivative of temperature 𝑇 appears in this equation, the influence of the 

absolute temperature can be neglected. Assuming that the material is homogenous 

(𝑘 ≠ 𝑓(𝑥, 𝑦, 𝑧))  and isotropic (𝑘 = 𝑘𝑥 = 𝑘𝑦 = 𝑘𝑧) , Eq. (2.11) can be simplified by 

introducing the Laplace operator ∆: 

𝜕𝑇

𝜕𝑡
= 𝑎 ∙ ∆𝑇 + 

𝑞̇𝐸

𝜌𝑐𝑝
 (2.12) 

where 𝑎 =  
𝑘

𝜌𝑐𝑝
 indicates the thermal diffusivity of the material. 

In case of a steady-state (𝜕𝑇 𝜕𝑡⁄  = 0), Eq. (2.12) can be further reduced into the well-known 

Poisson equation, which in the special case of volumes without sources, reduces to the so 

called Laplace equation [18]: 

Poisson equation: −∆𝑇 =  𝑞̇𝐸 ∙ 𝑘
−1  (2.13) 

Laplace equation: −∆𝑇 = 0 (2.14) 

The partial differential equations can now be extracted out of three fundamental physical laws, 

which provide a comprehensive description of the heat conduction process. Nevertheless, this 

mathematical description of the physical process is not sufficient yet, which becomes obvious 

by considering the fact that each spatial and temporal constant temperature distribution 

𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇0  is a solution of the above mentioned differential equations. To complete the 

description, it is now required to define boundary (spatial) and initial conditions (temporal). 
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2.2.4. Boundary conditions 

To ascertain the specific temperature distribution of the investigated system, the initial point 

of each location of the field from which the temporal changes can be assessed has to be known 

first. Next, the type of interaction of those volume elements must be known, which are located 

directly at the surface of the entire temperature field and therefore depends on the conditions 

of the external ambience. These specifications permit to simplify the idealized applied model 

in order to minimize the complexity of the system in special cases. Because the temporal 

limiting condition consists of the designation of a scalar function of position 𝑇0 (𝑥,𝑦, 𝑧), 

which can be assumed to be continuous or not, there are three different kinds of boundary 

conditions, summarized in Table 2.1 [20]: 

(1) Dirichlet boundary condition: 

The first physical model for the interface between the investigated system and the 

surrounding volume within the observed time is given by the assumption of equating 

the temperature distribution at the surface of the system 𝑇𝑆  with the temperature 

distribution of the surrounding ambience 𝑇𝐴  at this spatial boundary. In fact, this 

distribution must be defined for the entire surface, but the function itself can either be 

randomised, continuous or discontinuous with respect to time and space [20]. This 

so-called Dirichlet condition represents an ideal heat sink [20]. Within this thesis, the 

Dirichlet condition will be applied for the analysis of the resulting heat flow between 

the heat source and thin film sample, as a function of the sample’s thermal 

conductivity. 

(2) Neumann boundary condition: 

While the first boundary condition defines the temperature at the surface of the 

investigated system, the second and third boundary condition predict the heat flow 

from the observed region to the outer region. The so-called Neumann boundary 
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condition defines the heat flow perpendicular to the particular surface element (𝑛𝑇 ∙

𝑞̇ ) and can be separated into the homogeneous and inhomogeneous Neumann 

conditions [20]. The homogeneous one defines the heat flow of zero. This represents 

the perfect heat insulation in the physical sense. If the perpendicular component 

(outwards or inwards) of the heat flow is assumed to be unequal to zero (𝑞𝑛 ≠ 0) the 

inhomogeneous Neumann condition will be used. 

(3) Robin- or Cauchy-boundary condition: 

This boundary condition finally specifies the temperature of the ambience as well as 

a mathematical law, which allows the calculation of the heat transfer between the 

surface of the object and the ambience, by relating the quantity of heat 𝑑𝑄 , which is 

emitted via the surface element 𝑑𝐹  with the temperature 𝑇𝑆  during the time 𝑑𝑡 to the 

ambience of temperature 𝑇𝐴 . This fundamental relationship was first postulated by 

Newton and the resulting boundary condition can be found usually in literature as 

Robin- or Cauchy-boundary condition [20]. The coefficient of proportionality ℎ is 

denoted as the heat transfer coefficient and is depending on several specific 

characteristics, e.g. surface (smoothness or roughness) or ambient cooling medium 

(laminar or turbulent). In the most general case, all of the mentioned boundary 

conditions, which are graphically compared in Figure 2.4, can be applied to different 

but not necessarily connected parts of a heat conduction model. 

Table 2.1: Summary of different kinds of spatial boundary conditions and comparison of resulting 

mathematical equations [20]. 

 

In this section, the theoretical descriptions of the most important temperature fields of the 

common geometrical and temporal heat source characteristics and the fundamentals of general 

Dirichlet condition 𝑇𝑆(𝑥, 𝑦, 𝑧, 𝑡) =  𝑇𝐴(𝑥, 𝑦, 𝑧, 𝑡) (2.15) 

Neumann condition 
𝑛𝑇 ∙ 𝑞̇ = −𝑘 (𝑛𝑥 ∙

𝜕𝑇

𝜕𝑥
+ 𝑛𝑦 ∙

𝜕𝑇

𝜕𝑦
+ 𝑛𝑧 ∙

𝜕𝑇

𝜕𝑧
) = 𝑞̇𝑛 

(homogeneous: 𝑞̇𝑛 = 0) 

(2.16) 

Robin or Cauchy condition 𝑛𝑇 ∙ 𝑞̇ = −𝑘 ∙ 𝑛𝑇 ∙ ∇𝑇 = ℎ ∙ (𝑇𝑆 − 𝑇𝐴) (2.17) 
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heat conduction in solids are derived. These descriptions build the theoretical fundamentals 

of our extended 3ω method and our novel 3ω Microscopy, which will be used to investigate 

the cross- and in-plane thermal conductivities of different thin films, substrates and 

multilayer-systems. 

As we know, micro- and nanoscale materials, such as thin films, could have very different 

thermal conductivity values, since the energy carriers (phonons or electrons) can be strongly 

scattered by the extremely constrained feature size of the material, and their dispersion 

relation can also be altered. Therefore, the following section provides a review of the thermal 

properties of thin films and how they are constrained at nanoscale. 

 

Figure 2.4: Schematic comparison of the three different kinds of boundary conditions: (a) Dirichlet 

condition, (b) Neumann condition and (c) Robin- or Cauchy-condition (modified from Ref. [20]). 

2.3. Thermal properties of thin films 

In the following sections, the theoretical advances and thermal transport mechanisms 

describing the thermal conductivity of polycrystalline thin films will be briefly reviewed. 

Then, relevant theoretical and experimental studies concerning the thermal conduction of thin 

films will be discussed, focusing on the thickness dependency of thin film thermal 

conductivity. 
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As explained previously, the unique structure of thin films and nanostructured materials 

makes their thermal properties, especially their thermal conductivity in cross- and in-plane 

directions, differ significantly from values of their bulk counterparts [1–4,21,22]. In the 

solid-state, heat conduction is mediated by free electrons and lattice vibrations, which are the 

harmonic motions of the atoms that form the crystalline lattice. For the electromagnetic 

waves, the elastic fluctuations in a crystalline solid carry certain amount of thermal energy 

that is quantized. These energy elements are phonons. The thermal conductivity of a solid is 

therefore determined by the ability of phonons and electrons to transport thermal energy as 

they propagate through the crystal, i.e., 𝑘 = 𝑘𝑝ℎ + 𝑘𝑒 , where the subscript 𝑝ℎ and 𝑒 refer to 

phonons and electrons, respectively [22,23]. The classic kinetic theory of gases has been 

widely used to describe the thermal conductivity of metals, isolators and semiconductors, by 

relating it to the physical properties of their energy carriers [24]: 

𝑘 =
1

3
𝜌𝑐𝑝𝑣𝑔𝑙𝑔  (2.18) 

where 𝜌 is the density of the material (for phonons), 𝑐𝑝 the specific heat, 𝑣𝑔  the group velocity 

of phonons or electrons, and 𝑙𝑔  the phonons mean free path (MFP). Eq. (2.18) is the so-called 

“gray approximation”, in which the carriers are considered frequency-independent and 

therefore contribute to heat conduction equally, being indistinguishable or “gray”. The 

product of 𝜌𝑐𝑝𝑣𝑔𝑙𝑔  is normalized over three degrees of freedom to obtain the average value 

in a given direction. The MFP is defined as the average distance traveled by an energy carrier 

before experiencing a collision [22]. While the specific heat and group velocity are not 

sensitive to crystallographic defects, the MFP is affected by the distortion of the crystal 

symmetry, and it governs the fluctuation of the thermal conductivity due to the size effects 

[24]. Since polycrystalline films exhibit a large volume fraction of grain boundaries, as well 

as other common crystallographic imperfections, their thermal conductivity can differ from 

that of their bulk counterparts by several orders of magnitude [1–4,21]. 
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This thesis addresses thermal conduction in dielectric (SiO2, Si3N4) and semiconductive (AlN, 

CuI) polycrystalline films. In dielectric or semiconductive materials, transfer of heat is 

predominated by phonons [9,22]. Thus, the following discussion neglects the conduction by 

electrons (𝑘𝑒  ≈ 0), and focuses on the mechanisms by which phonon transport is affected i.e. 

crystal structure and the length scales involved in the studied thin film samples. 

Compared to the bulk or single crystalline materials, many thin films prepared using various 

deposition technologies have different crystallographic defects, such as dislocations, 

vacancies, substitutional impurities, interstitial voids and complex grain boundaries, all of 

which tend to reduce the thermal conductivity of the films [1]. These crystallographic defects 

affect both cross- and in-plane heat transport differently, so that the thermal conductivities of 

the thin films are generally anisotropic in these two directions, even though their bulk 

counterparts have the isotropic properties (see Figure 2.5). 

 

Figure 2.5: Thermal conductivity reduction of polycrystalline thin films compared to that of their 

corresponding single-crystal counterparts, due to scattering events between phonons and different 

types of crystallographic defects like phonon-boundary, phonon-impurity, phonon-vacancy, 

phonon-interface and phonon-grain boundary scattering (modified from Ref. [1]). 

Therefore, precise measurement of the cross- and in-plane thermal conductivities of 

polycrystalline thin films is critical for designing microelectronic devices. Thus, in 
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multi-crystalline structures, besides phonon-phonon and phonon-boundary interactions, two 

additional scattering processes affect thermal conduction. In this case, lattice vibrations MFPs 

are reduced due to increased grain boundary scattering (intergranular transport) and scattering 

within the grains, owing to the reduced grain size (intragranular transport). The effects 

become more dominant as the film thickness is comparable to the length of phonon MFP  [1–

3,21,25]. 

Experimental and theoretical studies have been extensively performed in order to study the 

heat conduction in perfect single crystalline thin films. Despite the significant relevance of 

polycrystalline thin film in micro- and nanoelectronic devices, only little research has been 

conducted to understand and analytically describe thermal conduction in polycrystalline thin 

films. Most of the experimental and theoretical studies [1,26,27] reported that the grain size 

significantly affected the thermal conductivity of thin films due to the existence of 

phonon-grain-boundaries, because a smaller grain size could decrease the thermal 

conductivity of the film due to the shorter phonon MFP. Furthermore, Jaramillo-Fernandez et 

al. [28] demonstrated both theoretically and experimentally that cross-plane thermal 

conductivity was also strongly reduced by phonon-impurity scattering (e.g. oxygen 

impurities). Recently, Dong et al. [29] proposed a simple analytical model. By considering 

equal spherical crystallites of mean grain size 𝑑𝑛  and including size effects, as well as 

diffusive scattering at grain boundaries, their analysis yields the effective thermal 

conductivity 𝑘𝑒𝑓𝑓 , of a nanocrystalline material [29]: 

𝑘𝑒𝑓𝑓 =

𝑘0 (1 +
𝑙0
𝑑𝑛
𝛬)

−1

1 + 𝑅𝐾 [
𝑘0

(1 + 𝑙0 𝑑𝑛
𝛬⁄ )
] ∙ 𝑑𝑛

−1
 (2.19) 

where 𝑘0  is the corresponding single-crystal thermal conductivity, 𝑅𝑘  the interface thermal 

resistance (Kapitza resistance) and 𝑙0  is the single-crystal phonon MFP. To derive this 

expression, Dong et al. [29] have considered that the intragranular grain thermal conductivity 

𝑘𝑖𝑛𝑡𝑟𝑎 = 𝑘0 (1 + 𝑙0 𝑑𝑛⁄ )⁄ , can be expressed as an exponential function of the grain size 𝑑𝑛 . 
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Thereby, 𝛬 is an exponent ranging from ½ to ¾, according to the phenomenological theory 

[30]. This analytical formulation proved to be very useful, because the effective thermal 

conductivity of the material can be easily obtained if knowing its mean grain size, the 

single-crystal thermal conductivity, the single-crystal phonon MFP and the Kapitza thermal 

resistance. However, this formulation does not account for the distribution of the grain shape 

and size along the growth direction of the film. Furthermore, the model was focused on 

thermal properties of bulk or freestanding nanocrystalline materials, rather than 

film-on-substrate systems and therefore does not consider the interfacial thermal resistance 

between a film and its substrate. In addition, Monte Carlo (MC) [31] and Boltzmann transport 

equation (BTE) [22,32–34] simulations have proven to be tedious in their implementations, 

because the quantities that determine the lattice thermal conductivity are frequency-dependent 

and therefore difficult to obtain, requiring high computation time [35]. MC [31] and BTE 

[22,32–34] simulations are taking both thin film geometry and interfacial thermal resistance 

into account. From the literature review about the understanding of phonon transport inside 

nanocrystalline structures, it appears that early work has been focused on materials composed 

of equisized grains. Yet, film deposited at room temperature by physical and chemical vapor 

techniques generally exhibit a grained structure that increases in size and evolves in shape 

from the bottom to the top of the film, along the cross-plane direction [28]. The need to 

describe and study the thermal conductivity of polycrystalline thin films is therefore evident. 

Therefore, AlN and CuI thin films were systematically investigated in Chapters 5 and 6 by 

characterizing their cross- and in-plane thermal conductivities, crystal structures, chemical 

compositions, surface morphologies and interfacial structures using an extended differential 

3ω method, X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), AFM and 

scanning electron microscopy (SEM). 
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2.3.1. Thermal conductivity of AlN thin films 

AlN thin films have been widely used in surface acoustic wave (SAW) devices [36,37], LEDs 

[38], and micro-electro-mechanical systems (MEMS), because of their outstanding properties, 

such as high piezoelectric coupling factor, excellent dielectric properties, wide energy band 

gap, and high thermal conductivity [39]. With the decrease of structural dimensions and 

simultaneous increase of power density for many microelectronic devices, it is urgent to use 

high thermally conductive and insulating thin films, such as AlN, to replace some traditional 

dielectric layers such as SiO2. Single crystalline AlN is one of the promising candidates for 

effective heat conductors in microelectronic devices due to its high thermal conductivity 

(320 Wm-1K-1) at room temperature [40], which makes it an ideal material to solve the thermal 

management problem. The bulk thermal conductivity of AlN is significantly higher than those 

of standard dielectric materials such as SiO2 and Si3N4 [41,42]. 

However, thermal conductivities of thin films could be substantially different from those of 

their bulk counterparts [2–4,21,39,41,43,44], which are generally attributed to two main 

reasons. Firstly, compared to the bulk crystalline materials, many thin films prepared using 

deposition technologies have many impurities, dislocations, and grain boundaries, all of 

which tend to reduce the thermal conductivity of the films [3,4,39,42]. Secondly, even though 

a film with less defects can be prepared, it is still expected to have reduced thermal 

conductivity due to grain boundary scattering and phonon leakage in these thin film materials. 

These two effects affect cross- and in-plane heat transport differently, so that the thermal 

conductivities of the thin films are generally anisotropic in these two directions, even though 

their bulk counterparts have isotropic properties as mentioned on page 27. Besides crystalline 

quality and compositions of AlN thin films, the interfacial structure between the film and 

substrate is another important factor in determining the thermal conductivity of the whole 

device, and is critical for the reliability and efficiency of the AlN based devices operated at 

high powers [3,4]. To ensure the best thermal performance of AlN thin films, it is necessary 
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to systematically study the correlations among microstructures such as crystallinity and 

interfacial properties, and thermal conductivity of the films. 

Very few studies have reported thermal conductivity values at room temperature of 

polycrystalline AlN films deposited on Si substrate by radio frequency (RF) magnetron 

sputtering and most of the reported values vary from 0.5 to 50 Wm-1K-1 [3,4,39,44,45]. The 

considerable fluctuation of published thermal conductivity values arises from a strong 

dependence on deposition methods, process parameters as well as the chemical purity (e.g. 

oxygen content) of the AlN samples [28]. Due to this fluctuation, a comparison of published 

thermal conductivity values should consider the deposition method and process parameters of 

the investigated thin films. For example Pan et al. [39] showed that the thermal conductivity 

of AlN thin films increased from 9.9 to 26.7 Wm-1K-1, if the film’s growth temperature 

increases from 330 to 560°C. However, all of these studies showed that the cross-plane 

thermal conductivity values of AlN strongly depend on the film thickness [3]. Zhao et al. [41] 

analyzed their results based on the microstructure and oxygen impurities. They attributed the 

observed thickness dependence to the decrease of grain size and the increase of oxygen 

impurities as the films become thinner. Choi et al. [4] showed that the microstructures 

developed at the interfacial region near the substrate could be amorphous due to the lattice 

mismatch between AlN film and Si substrate. Thus, they attributed the observed trend to the 

low thermal conductivity in the interfacial region. Pan et al. [39] obtained a similar result,  

which showed that the thermal conductivity values of polycrystalline AlN thin films can be 

increased by improving the interface between the AlN film and the Si substrate. 

More recently, a similar trend for the thickness dependence of the thermal conductivity has 

been investigated by Duquenne et al. [45] and Belkerk et al. [44], who studied the thermal 

properties of AlN films deposited by direct current (DC) balanced and unbalanced magnetron 

sputtering. The terms “balanced” and “unbalanced” refer to magnetron classification. The 

balanced one is the standard configuration, while the unbalanced is a technology that uses 

additional magnetic coils to enhance and intensify the plasma containing the ionic species 
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[44,45]. Because of the “unbalanced” magnetic field, this magnetron configuration results in 

higher energies and therefore higher temperatures involved during the deposition process. 

Duquenne et al. [45] and Belkerk et al. [44] showed that the balanced magnetron process 

yielded to thermal conductivities between 2.5 and 50 Wm-1K-1 for AlN film thicknesses 

between 800 and 3500 nm. On the other hand, unbalanced magnetron sputtering led to thermal 

conductivities between 20 and 130 Wm-1K-1 for film thickness varied from 150 to 3500 nm 

[44,45]. Because of the high measured values, the investigations led to highly thermally 

conductive AlN thin films. Similarly Choi et al. [4], Pan et al. [39] and Jaramillo-Fernandez 

et al. [28] also identified substantial differences in the microstructure near the interfacial 

region between the AlN film and Si substrate, which appeared to be highly disordered within 

a limited thickness. These studies addressed the thickness-dependence problem by attributing 

the increase of the cross-plane thermal conductivity with film thickness to deposition 

parameters, microstructure and average grain/particle size. 

Although the above mentioned studies made progress by indicating qualitatively that 

structural features may be responsible for the changes in thermal conduction, a physical 

description in terms of both morphology and grain/surface crystallite sizes, along both 

cross- and in-plane direction of AlN thin films, has not been achieved so far and is highly  

desirable. Therefore, this thesis will explore a new approach to measure both cross- and 

in-plane thermal conductivities of AlN thin films prepared on silicon substrates using RF 

magnetron reactive sputtering, in order to characterize the thickness dependency of the film’s 

thermal conductivity. 

2.3.2. Thermal conductivity of CuI thin films 

Controlled modulation of phonon transport in thin films promises major new technologica l 

developments. Thermal conductivity regulation and heat flow control at small scales are of 

great interest for a wide range of applications such as thermoelectric devices, energy 

harvesting applications and thermal management in micro- and nanoelectronics. 
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Both thermoelectric and thermal barrier applications aim to design the structure of advanced 

technical materials to adapt their thermal response in order to be as low as possible. One 

strategy consists in introducing or remove crystallographic defects, which has been confirmed 

to be an effective means of adjusting thermal conduction. The field of thermoelectrics has 

experienced remarkable advances in last decades, overcoming the impossibility to find values 

of the figure of merit 𝑍𝑇, significantly greater than unity [6,8]. Structuring thermoelectric 

materials at the nanoscale level has achieved surprising values of 𝑍𝑇. Grain boundaries are 

known to gently increase phonon scattering and are object of active research, in which grain 

sizes of nanocrystalline materials are engineered to significantly reduce the thermal 

conductivity and therefore increase the thermoelectric figure of merit (𝑍𝑇-values) [6,46–49]. 

This is also valid for thermal barrier coatings, where microstructure of the film plays an 

important role in decreasing thermal conduction [50–52]. Substitutional impurities are the 

other means of disturbing the crystal symmetry, such as vacancies and dislocations, and are 

also used to adapt the thermal response of thin films [6,53–58]. 

In Chapter 6 of this thesis, we will focus on a static approach of tuning the thermal 

conductivity of thin films. Therefore, we will investigate the room temperature thermoelectric 

performances of CuI thin films, since the CuI in its ground-state phase was recently reported 

as a high performance p-type transparent conductor material [5–8]. Binary CuI is an 

environment-friendly material composed of non-toxic and naturally abundant elements, 

copper and iodine [8]. Present in sea water, iodine is the heaviest essential element used 

widely in our daily life for biological functions [8]. Interestingly, a heavy element such as 

iodine has a low thermal conductivity, which is necessary for a good thermoelectric 

performance [8]. 

However, in spite of these previous experimental and theoretical results, the cross- and 

in-plane thermal conductivities of CuI thin films, one of the most critical properties for a high 

thermoelectric conversion efficiency, still remain unknown and further investigations are 

desperately needed. Therefore, a major research goal of this thesis is the investigation of 
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cross- and in-plane thermal conductivities of polycrystalline CuI thin films. Therefore, 

experimental work and theoretical analysis have been performed to understand the effects of 

crystallinity, grain/surface crystalline sizes, and interfacial structures of the CuI films on their 

thermal conductivities. It is, for the first time, that both the cross- and in-plane thermal 

conductivities of CuI thin films were measured as a function of film thickness. The thermal 

conductivities were obtained using our differential multi-heater 3ω method technique. 

Finally, the theoretical description of thermal conduction in polycrystalline thin films have 

been derived and different approaches to adjust the thermal conductivity of thin films have 

been presented. The state-of-the-art measurement techniques, which utilize the above 

described thermal conduction in dependence on the particular geometry and in dependence 

on the particular temporal characteristic of the heat source, will be discussed in the following, 

in order to quantitatively determine the thermal conductivity of thin films and bulk materials.  

2.4. Thin film thermal conductivity characterization 

Accurately experimental determination of the thermal conductivity of thin films is essential 

for ensuring the performance of nanoscale devices. Since the late 1980s, the scientific 

community, motivated by its great technological interest, has devoted tremendous efforts into 

the development of experimental techniques that provide precise thermal conductivity 

measurements of thin films and nanostructures [1,2,59–64]. 

Despite the important advances achieved in the past decades, thermal conductivity 

measurements on these structures remain a highly challenging task, due to the small heat 

fluxes that have to be detected and the reduced characteristic dimensions of the structures 

under analysis [65]. 

Thin films are usually deposited onto a thicker bulk substrate, which serves as the mechanical 

support structure. Since peeling-off them from the substrate surface is often difficult and 

costly, thermal measurements are frequently performed on film-on-substrate systems. The 
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substrate contribution has to be therefore subtracted from the measured properties of the 

film-on-substrate configuration, which can increase experimental uncertainties. Figure 2.6 

represents the typical experimental setup used in cross-plane thermal conductivity 

measurements, along with associated experimental challenges for film-on-substrate 

configurations. 

To extract the thermal conductivity of the studied film, experimental techniques typically 

require the determination of heat flux and/or temperature difference between two points of 

the specimen under analysis. For thin films, the main challenge is to create a heat flux through 

the film, which is sufficiently high to be detected, without inducing a large temperature 

increase in the substrate. The second issue is to experimentally measure the small temperature 

decrease across the sample thickness, which can vary from few nanometers to several microns 

[66]. 

 

Figure 2.6: Typical experimental setup for thermal measurements on thin films and associated 

experimental challenges (modified from Ref. [66]). 

Thermal conductivity characterization methods can be performed either by steady-state or 

transient techniques, as presented in Table 2.2. Steady-state experiments, which are 

performed when the studied system reaches a thermal equilibrium, encounter significant 
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problems related to the parasitic substrate heat flow (large temperature rise in the substrate), 

and radiation and convection losses that introduce errors in the measurement [61]. If the 

thermal resistance of the substrate is dominant in the total thermal resistance of the 

experiment, the temperature difference through the substrate will be considerably higher than 

the one across the thin film. Subtracting the substrate contribution to the overall temperature 

rise will therefore increase the experimental uncertainty. Moreover, since the thermal 

excitation in direct current experiments is continuous, the thermal response is also sensitive 

to the boundary conditions between the substrate and the environment. Because such contact 

resistances are generally not negligible and poorly controlled, they complicate the thermal 

analysis [67]. On the other hand, at room temperature or above, radiation and convection 

losses from the sample surface will be dominant in the heat transfer, if the thermal resistance 

of the substrate is higher than that of the measured film, increasing the experimental 

uncertainties [67]. 

Conversely, in transient techniques, the thermal response is studied as a function of time. 

Transient methods overcome the above mentioned problems by using alternative heating (e.g. 

alternating current (AC) heating current), which is combined with the reduced characteristic 

length of the experimental geometry, thus allowing to analyze a very small volume of the 

sample, and confining the heat wave inside the film-on-substrate system [17,61,67]. 

 

Figure 2.7: Classifications of techniques and concepts for thermal conductivity determination. 
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2.4.1. Thin film thermal conductivity characterization methods 

In general, thermal conductivity characterization methods can be performed either by 

steady-state (space-domain) or transient techniques (time- and frequency-domain) as 

illustrated in Figure 2.7. Table 2.2 summarizes the most commonly used measurement 

techniques. Different measurement methods and concepts including the steady-state 

techniques (space-domain) and transient methods such as the 3ω method (frequency-domain), 

and the TDTR (time-domain) will be briefly discussed within the following sections. A more 

detailed review of thermal conductivity measurement techniques is provided by Zhao et al. 

[61]. 

Table 2.2: Commonly used characterization techniques to measure the thermal conductivity of thin 

films and bulk materials (modified from Ref. [61]). 

 Bulk materials Thin films 

Steady-state Axial heat flow method 

Radial heat flow method 

Steady-state electrical 

heating methods 

Transient time-domain Laser flash method 

Transient hot strip 

method (THS) 

TDTR technique 

TDTR technique 

frequency-domain 3ω method 3ω method 

 

2.4.1.1. Steady-state methods 

The thermal characterization based on the analysis within the space-domain can be described 

by employing the steady-state measurement techniques. These common techniques to 

determine the thermal conductivity of materials will be firstly introduced. However, since 

alternative techniques have been developed rapidly, several variations of these techniques 

have been established and refined by using the improvement in technical equipment and major 

techniques. These fundamental techniques can be used to create a comprehensive 

understanding of material specific thermal determinations. In this section, we will present two 
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common steady-state measurement techniques, which are a) the axial heat flow and b) the 

radial heat flow methods. A review of further steady-state thermal conductivity measurement 

techniques is provided by Zhao et al. [61]. 

a) Axial heat flow method 

Turning first to the axial heat flow based method, by assuming a linear heat flow, the defining 

equation for the thermal conductivity 𝑘 (see Eq. (2.5)) of an isotropic homogeneous body 

reduces to [61]: 

𝑘 =
𝑄̇

𝐴
∙
∆𝑧

∆𝑇
 (2.20) 

where 𝑄̇  denotes the power traversing the specimen of cross-section 𝐴 , and 𝑧 denotes the 

axial- or the radial-direction. 

 

Figure 2.8: Schematic illustration of the axial heat flow systems: (a) specimen of thermal 

conductivity 𝑘1 and length 𝑙0 mounted on a base plate, (b) reduction of radial heat losses by 

additional thermal insulation, (c) improved method for the determination of 𝑘1 with temperature 

shielding included. 

The quantitative characterization of 𝑘  involves the determination of the geometrical 

parameters 𝐴 and ∆𝑧 = 𝑧1 − 𝑧2, where 𝑧1 and 𝑧2 represent the locations of the temperature 

sensors. It also involves the measurement of the heat flow rate 𝑄̇ and it has to be ensured that 

all the measured power is responsible for the measured temperature gradient ∆𝑇 ∆𝑧⁄ . Along 
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with these geometrical parameters and the heat flow rate, the measurement of the temperatures 

𝑇1  and 𝑇2  at the presumed locations is essential, since it has to be ensured that 𝑇1  and 𝑇2  

correspond to the specimen temperature at 𝑧1 and 𝑧2, respectively (see Figure 2.8). 

b) Radial heat flow method 

For the radial heat flow based cylindrical thermal conductivity measurement method, a stable 

electrical current is passed through the core heater, and the radial temperature distribution is 

observed (see Figure 2.9). After the system reaches the steady-state, the temperatures at two 

different known radii, the voltage drop across the core heater and the current through the core 

heater are measured. Assuming a radial heat flow between the cylindrical isothermal surfaces 

𝑟1  and 𝑟2 , the heat flow rate 𝑞, through a cylindrical element of unit axial length is given by 

[20]: 

𝑞 = −2𝜋𝑟𝑘(𝑇) ∙
𝑑𝑇

𝑑𝑟
 (2.21) 

Since the mean thermal conductivity 𝑘  over the temperature range from 𝑇2  to 𝑇1  can be 

calculated by solving the integral of 𝑘(𝑇)  with respect to the temperature 𝑇, the defining 

equation for calculating the thermal conductivity in the case of the radial heat flow based 

method can be derived as [20]: 

𝑘 = 𝑃𝑙 ∙
ln(𝑟2 𝑟1⁄ )

2𝜋(𝑇1 − 𝑇2)
 (2.22) 

where 𝑃𝑙  is the power per unit length from the core heater over the specimen midplane and 𝑇𝑛  

is the temperature at radius 𝑟𝑛. In the axial method, the setup is often arranged to avoid radial 

heat flow. 

In the case of the radial method, the purpose of the setup is exactly opposite. Alternatives to 

satisfying the assumption of purely radial heat flow by preventing axial heat flow, are given 

by: 
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a) introducing interfaces or gaps within the specimen; 

b) introducing additional guard heaters at the end of the core heater; 

c) introducing similar techniques to simulate infinitely long systems. 

These alternatives are described in reference [68]. 

 

Figure 2.9: Schematic of the radial heat flow method (modified from Ref. [61]). 

2.4.1.2. Transient methods 

As described in the previous section, the space-domain based characterization, in the case of 

steady-state condition, is based on Fourier’s law (see Eq. (2.5)), which is independent of time 

𝑡. The analysis within the time-domain is based on the solution of the general differential 

equation of heat conduction (see Eq. (2.11)). Transient measurement techniques utilize heat 

sources that generate periodically temperature fluctuations in the investigated sample, in order 

to determine its thermal properties. The following section provides the basic principles of the 

two most widely used measurement techniques to obtain the thermal conductivity of thin films 

and bulk materials, which are the TDTR technique and the 3ω method. 

a) Time-domain thermoreflectance technique 

The TDTR is a non-contact thermal characterization method, which utilizes an optical heating 

and measuring system to obtain the thermal properties of thin films and bulk materials [61,69]. 

This technique is capable to determine the thermal conductivity, heat capacity and interfacial 
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thermal resistance of a film-on-substrate system [61,69]. Therefore, the investigated specimen 

has to be coated with a thin metallic layer, usually aluminum, which varies its reflectance as 

function of the temperature rise due to the optical heating [61,69]. The thermal characteristics 

of the specimen can be extracted by the reflectance change of the thin metallic coating on top 

of the specimen [61,69]. 

Working on the basis of a pump-and-probe process, TDTR uses two laser beams with different 

beam paths. Firstly, a pump beam is directed onto the surface of the sample, which is heated 

as a result of absorbing some of the beam power, as illustrated in Figure 2.10. 

 

Figure 2.10: Schematic cross-sections of (a) film-on-substrate and (b) substrate/bulk samples utilized 

for determining thermal characteristics of thin films and substrate/bulk materials using the TDTR 

method. The thermal boundary resistances between different layers of the investigated samples are 

represented by 𝑅𝑡ℎ1 and 𝑅𝑡ℎ2 (modified and adapted from Ref. [61]). 

Heating and measurement are accomplished by a “pump” using a single high energy, and 

excimer laser pulse in the order of picoseconds. The laser beam is used to heat the surface of 

the thin film in an area of a few square microns as the optical energy is absorbed [61,69]. The 

heat diffusion and temperature on the surface of the sample depend on its properties, in 

particular the thermal conductivity of the individual layers. The reflectivity, i.e. the proportion 

of the laser beam that is reflected from the surface of the sample, is influenced by the 

temperature. This means that the surface temperature can be determined by a probe beam that 
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falls onto the sample surface after the pump beam with a time delay. The reflected probe beam 

consequently provides information about the surface temperature of the sample and its 

thermal properties. The reflected probe beam falls on a photo diode, obtaining the 

measurement data. The temporal probe pulse width is less than 10 ps, which correlates to an 

effective thermal penetration depth in the order of nanometers [61]. The general equation of 

heat conduction (see Eq. (2.11)) is fitted to the acquired measurement data and used to 

determine the thermal conductivity of the investigated specimen. The unique advantages and 

drawbacks of the TDTR method are listed in Table 2.3. 

Table 2.3: Advantages and disadvantages of the 3ω method and the TDTR technique [1,61,82]. 

 3ω method TDTR technique 

Advantages  High results repeatability 

 Simple experimental setup 

 High accuracy, particularly for 

bulk materials and low thermal 

conductivity dielectric films 

 Wide temperature range 

(30 – 1000 K) 

 Simultaneous measurement of 

both cross- and in-plane 

thermal conductivity 

 No need for electrical 

insulation for metals and 

semiconductors 

 High spatial resolution 

 Complex sample geometry 

can be investigated 

 Can separate the 

metal/film interface 

thermal conductance from 

the thermal conductivity 

 High accuracy for metals 

Disadvantages  Cannot distinguish between the 

thermal conductivity of a film 

and interface 

 No local thermal conductivity 

mapping of thin films (But our 

3ω Microscopy fills this gap) 

 Accuracy for metals is reduced 

 Experimental setup is 

complex and expensive 

 Medium results 

repeatability 

 Accuracy is typically 

limited to several percent 

due to uncertainties in 

experimental parameters 

(film thickness and heat 

capacity of metal film) 

 Only cross-plane thermal 

conductivity can be 

measured 
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A major drawback of the TDTR is that it can only measure the cross-plane thermal 

conductivity 𝑘⊥ of samples that have a smooth, reflective surface and are at least a few tens 

of nanometers thick [69,70]. The most effective and accurate approach to simultaneously 

measure the cross- and in-plane thermal conductivities of anisotropic thin films, would be 

using the extended 3ω method, which will be presented in Section 3.3.2.2. The following 

section will introduce the basic 3ω method and their application fields. 

b) 3ω method 

The last measurement technique that we discuss within this chapter is the so-called 3ω 

method. The 3ω method was originally developed in 1989 by Cahill [17,71] and is commonly 

utilized to determine thermal conductivities of both thin films [71,72] and bulk materials 

[17,73]. It is also capable to obtain the thermal conductivity of liquids [74,75] and gases [76]. 

The 3ω measurement technique was evolved from the conventional hot-wire techniques [77–

79] and is predominantly used to measure the cross-plane thermal conductivity of dielectric 

thin films [3,4,21,60,61,66]. 

 

Figure 2.11: (a) Schematic layout of the four-pad test structure used to determine the thermal 

conductivity of a thin film by the 3ω method. A metal strip serves as both heater and thermometer. 

The four pads are the connections for current leads (𝐼1, 𝐼2) and voltage leads (𝑉1, 𝑉2). The strip 

length 𝑙 is the distance between the current leads and 2𝑏 represents the strip width; (b) Schematic 

cross-section of film-on-substrate samples required for the 3ω method. 
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As shown in Figure 2.11, a thin metal strip, with a width of 2𝑏 and a resistance 𝑅ℎ , is 

deposited on top of the thin film sample for simultaneous operations as both a heater and 

thermometer. An AC current with an angular modulation frequency ω is driven through the 

metal strip causing Joule heating and induces a temperature oscillation ∆𝑇(𝜔) at a frequency 

of 2ω. This results in a voltage oscillation ∆𝑉(𝜔)  along the heating resistor with a third 

harmonic, which depends on the temperature oscillation of the heater [3]. The temperature 

and voltage oscillations are the key parameters of the 3ω method [3]. Using the 3ω method, 

thermal conductivity of a thin film can be obtained by comparing the temperature oscillation 

in a film-on-substrate structure with the corresponding value of the substrate. The temperature 

variation of the film-on-substrate structure can be experimentally measured by detecting the 

voltage oscillation across the metal heater, which is proportional to the oscillating resistance 

value [3]. 

Numerous extensions and enhancements of Cahill’s basic 3ω method have been reported in 

order to investigate the thermal conductivity of thin films and substrate materials [3,21,60,80]. 

However, the 3ω method provides a large room of improvement in case of determining the 

thermal conductivity of anisotropic thin films, especially along the in-plane direction. 

Measurements of the in-plane thermal conductivity are less common than those of the 

cross-plane direction, while the methods used are more diverse [67]. In-plane measurements 

can be divided into those for the suspended and those for the supported films. In general,  

methods for the suspended films are only sensitive for the in-plane thermal conductivity and 

cannot properly detect the heat flow in the cross-plane direction [81]. Furthermore, the 

microfabrication to obtain a suspended thin film and the significant impact of radiation losses 

are serious challenges [67]. Therefore, one of our main goals of this thesis is to develop a new 

approach to measure both cross- and in-plane thermal conductivities of thin films without 

changing the sample during the measurement process. This modification and further 

extensions we developed within this thesis will be presented in Chapter 3. 
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With our extended 3ω method, it is the first time that the cross- and in-plane thermal 

conductivity of thin films can be obtained simultaneously. One of the main goals of this thesis 

is to study the thickness-dependency of cross- and in-plane thermal conductivity of 

amorphous thin films for thermal management (AlN films [3]) and thermoelectric applications 

(CuI films [8]). 

Thermal properties of thin films and nanostructured material systems gain in importance due 

to the progress in material science and increasing performances and electronics. There have 

great demands for high-spatially resolving techniques to analyze the respective systems 

concerning the local quantitative thermal characteristic. Therefore, the determination of the 

local thermal conductivity of thin films is mandatory within fundamental characterizations. 

For this reason, we developed a novel experimental technique to determine the local thermal 

conductivity of thin films in dependence on their sample properties (e.g. film thickness, 

surface crystallite size) with a high spatial resolution. To realize this concept, the 3ω method 

with its numerous advantages and wide range of applications, is transferred to the microscopic 

level by combining the AFM with our extended 3ω technique. The extensions and 

modifications of the 3ω method will represent the main research aims of this thesis, as 

summarized in Section 1.4 of page 9. 

The 3ω method provides some unique advantages compared to other steady-state or transient 

thermal conductivity characterization methods, summarized in Table 2.3, especially for the 

characterization of both cross- and in-plane thermal conductivities of thin films. In contrast 

to other commonly used steady-state thermal conductivity measurement methods, such as 

axial/radial heat flow method [61] or the steady-state electrical heating techniques, the 3ω 

method is insensitive to radiation errors/losses, because the effective heat volume of the heat 

source is within the micrometer-range [17,61]. Therefore, higher accuracy and better 

reproducibility of the film’s thermal conductivity data can be obtained [3]. Cahill et al. [73] 

demonstrated that the radiation losses by using the 3ω method are below 2%. 
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Figure 2.12: The wide field of application of the 3ω method and its extensions. The classic 3ω 

method is capable to measure the thermal conductivity of bulk materials, but over the years the 

method has been modified and extended several times to expand its field of application. The 3ω 

method is now able to obtain the thermal conductivity of solids, gases and fluids, as well as dielectric, 

semi-conductive, and metallic materials. Within this thesis we extended the method to enable the 

measurement of anisotropic materials and local thermal conductivities of thin films with a high 

spatial resolution. Our extensions and improvements are highlighted in red. 

Another advantage of the 3ω method is, its wide field of applications, which enables thermal 

conductivity measurements of dielectric, semiconducting and electrically conducting thin 

films [60,61,67] (see Figure 2.12). Furthermore, the 3ω method is the only technique, which 

can be applied to measure the cross- and in-plane thermal conductivity of thin films 

simultaneously, by using our improved multi-heater approach, presented in Chapter 3. 

Considering these points, the 3ω method with all its modifications and specific advantages, is 

the most suitable thermal characterization technique for our research objectives within this 

thesis. Therefore, the extended 3ω method is our major characterization tool to perform all 

the thermal conductivity measurements to study the thermal properties of thin films. 
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2.4.2. Summary and comparison of thermal conductivity characterization 

methods 

In brief, thermal conductivity characterization methods can be performed either by 

steady-state (space-domain) or transient techniques (time- and frequency-domain). 

Figure 2.13 gives an overview of the sample size and required measurement time for 

commonly used steady-state and transient thermal conductivity measurement techniques. 

Usually, steady-state techniques, which are performed when studied systems reach the 

thermal equilibrium, encounter significant problems related to the parasitic substrate heat flow 

(large temperature rise in the substrate), and radiation/convection losses that introduce errors 

in the measurement, as discussed in Section 2.4. If the thermal resistance of the substrate is 

dominant in the total thermal resistance of the experiment, the temperature difference through 

the substrate will be considerably higher than the one across the film [3,61]. Subtracting the 

substrate contribution to the overall temperature rise will therefore increase the experimental 

uncertainty. Moreover, since the thermal excitation in DC experiments is continuous, the 

thermal response is also sensitive to the boundary conditions between the substrate and the 

environment [61,67]. Because such contact resistances are generally not negligible and poorly 

controlled, they complicate the thermal analysis [67]. On the other hand, at room temperature 

or above, radiation and convection losses from the sample surface will be dominant in the 

heat transfer, if the thermal resistance of the substrate is higher than the one of the measured 

film, increasing the experimental uncertainties [61,67]. Because of these specific drawbacks, 

steady-state methods are not suitable and accurate enough for measuring the thermal 

conductivity of thin films and nanostructured materials. Therefore, steady-state methods such 

as axial and radial heat flow methods as well as the steady-state electrical heating method are 

normally used for the thermal characterization of bulk materials. 

Conversely, in transient techniques, the thermal response is studied as a function of time. 

Transient methods overcome the above mentioned problems by using alternative heating, 
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which is combined with the reduced characteristic length of the experimental geometry, 

allows us to analyze a very small volume of the sample, confining the heat wave inside the 

film-on-substrate system [61]. Despite this advantage, the transient hot wire method has some 

difficulties in the sample preparation. Also, the fragility of the long thin wire is another 

problem when the method is applied on solids and fluids [61]. Therefore, the TDTR method 

and 3ω methods are both transient methods that can measure the thermal conductivities of 

thin films in the order of several nanometers to micrometers. They are the most suitable and 

accurate measurement techniques for thin films and nanostructured materials [82]. Table 2.3 

lists the major advantages and disadvantages of both methods. 

 

Figure 2.13: Overview of the sample size, which is equal to the film or substrate thickness and 

required measurement time for commonly used steady-state and transient thermal conductivity 

measurement techniques. The measurement time describes the time period, which is needed to reach 

the temperature equilibrium inside the sample. Transient techniques like TDTR and the 3ω method 

are capable of measuring thinnest film samples in a very short amount of time (modified and adapted 

from Ref. [61]). 

Although many techniques have been developed to measure the thermal conductivity of thin 

films, currently the 3ω method is one of the most widely used methods because of its low 

cost, simplicity, and high accuracy [3,61]. Applications of the 3ω method to electrically 

conducting or semiconducting materials can be challenging, because of the need to electrically 
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isolate the metal heater from the sample. This additional layer of electrical insulation 

inevitably introduces an additional thermal resistance between the metal heater and the 

sample, which can reduce both the sensitivity and accuracy of the technique [67,83]. 

Because of these challenges, the TDTR with the ability to measure thermal conductivity of 

electrically conducting thin films was developed. Due to recent advances in both the 

experimental design and methods for data analysis, the TDTR is now a flexible and accurate 

tool for measuring the thermal conductivity of bulk materials and thin film that span a range 

in thermal conductivities from the lowest thermal conductivities ever observed in a fully dense 

solid [84] to the high thermal conductivities of pure metals [85]. However, for the TDTR 

technique the equipment used to build up the experimental setup is expensive rendering this 

method a relatively costly one. Furthermore, at the moment the TDTR method can only 

measure the cross-plane thermal conductivity of any sample that has a smooth, reflective 

surface and is at least a few tens of nanometers thick, but it is not possible to obtain 

reproducible and accurate information about the thermal properties of the in-plane direction 

[70,86]. Therefore, we chose the 3ω method as the thermal conductivity characterization 

technique for our thin films, because one of our major research objectives is to study the 

thickness-dependency of the cross- and in-plane thermal conductivities of AlN and CuI thin 

films. 
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 Principle and Theory of the 3ω Method 

3.1. Introduction 

The frequency-domain was introduced in Section 2.4 as a special method within the 

time-domain ones, providing the opportunity to eliminate unknown quantities by establishing 

and utilizing more than just one mathematical equation. The so-called 3ω method constitutes 

a technique within the frequency-domain, and therefore possesses the advantages that the 

space-domain or time-domain based measurement methods do not have. Since the 3ω method 

will be the fundamental measurement method, which has to be analyzed and modified in the 

context of particular circumstances within this thesis, the history, theoretical basics, and 

modifications of this technique will be discussed in the following sections. 

3.1.1. Evolution of the 3ω method 

In 1910, Corbino demonstrated that thermal oscillations of a metal wire, generated by an AC 

heating current provide information about the thermal properties of the investigated 

material [1]. However, until 1963, Holland took up Corbino’s approach in order to measure 

thermal properties of titanium over a wide temperature range [2]. In 1964 Gerlich also utilized 

the electrically generated harmonic temperature oscillations to determine the thermal 

characteristic of bar-shaped germanium (Ge), silicon (Si), and Ge-Si alloys from room 

temperature up to 1000 K, and emphasized the advantages of the narrow band amplificat ion 

applicable to this method [3]. In 1966, Holland theoretically analyzed the harmonic periodical 

temperature variations and discussed therewith the necessary conditions for the simplified 

assumptions for the first time [4]. After another period of almost 20 years, Birge utilized the 

same method in order to perform a specific heat spectroscopy of liquids (glycerol) in 1985 

[5–7]. To perform this kind of analysis, a thin metal film (electrical heater) was evaporated 
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onto a glass substrate and the complete setup was immersed in a bath of the liquid sample to 

be measured. 

As the first one in 1987, Cahill [8] considered the theoretical description of the amplitude of 

the periodical temperature oscillation for an ideal line heat source [9]. Cahill developed a 

theory linking the metal heater’s third harmonic voltage component with the thermal 

conductivity of the investigated sample [8]. In contrast to Birge’s measurements, the narrow 

metal line serving as a heater and thermometer was deposited onto a substrate, which has to 

be thermally characterized. Using this method, he investigated the temperature dependence 

of the thermal conductivity of different kinds of bulk materials (e.g. SiO2, PMMA, glycerol, 

glass) in the temperature range from 30 to 1000 K [10,11]. While some scientific groups 

utilized the third harmonic detection scheme to determine the material specific quantities of 

an AC current fed into a thin and long specimen itself [12], others employed the 3ω technique 

to thermally characterize the substrate, where a flat and plane electrical heater has been 

deposited on its surface [13]. The different geometry of the heater of finite width was 

considered by assuming a superposition of infinitely thin line heaters located across the 

complete width of the heater. Moreover, the heater was assumed to have a negligible mass 

and consequently had no effect on the temperature profile of the medium [14]. Since the 

thermal conductivity of thin film materials was poorly known, Cahill has also studied the 

thermal conductivity of thin films using the 3ω method in 1994 [15,16] (see Figure 3.1(b)), 

although the 3ω method originally was developed to determine thermal quantities of bulk 

materials (see Figure 3.1(a)). In the following section, the gradual development of the 3ω 

method is summarized. Figure 3.1 presents an overview of its evolution, developed 

throughout the decades. 

3.1.2. Extension and modifications of the 3ω method 

Numerous extensions and enhancements of Cahill’s basic 3ω method have been reported in 

order to investigate the thermal conductivity of thin films and substrate materials [17–20]. For 
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these purposes, simplifications and assumptions of the heat conduction models are often 

useful and their validity has been quantitatively discussed by Borca-Tasciuc et al. [19]. In 

2001, Borca-Tasciuc et al. [19] further derived a two-dimensional heat conduction model for 

a multilayer structure, which considered the substrate thickness, anisotropic thermal 

conductivity of thin film and substrate materials as well as the finite thickness and heat 

capacitance of the 3ω heater, so that this heat conduction model covered many relevant 

layered systems used for research and industrial purposes (see Figure 3.1(c)) [19–21]. 

 

Figure 3.1: Continuous enhancements and modifications of the 3ω method developed throughout the 

decades: (a) basic 3ω method by Cahill [11] to determine thermal properties of bulk materials 

(b) Cahill also employed the 3ω method to determine the thermal conductivity of thin films [15] (c) 

Borca-Tasciuc et al. [19] derived a two-dimensional heat conduction equation for a multilayer 

structure that considers a finite heater and substrate thickness, and anisotropic thermal conductivity of 

thin films (d) simultaneous determination of in-plane and cross-plane thermal conductivities in 

anisotropic materials using our multi-heater 3ω method, which utilizes four heaters with different 

widths (e) our 3ω Microscopy technique to characterize the local thermal conductivities of substrates 

and thin films. 

However, the 3ω method provides a large room of improvement in case of determining the 

thermal conductivity of anisotropic thin films, especially along the in-plane direction. 

Measurements of the in-plane thermal conductivity are less common than those of the 
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cross-plane direction, while the methods used are more diverse [21]. In-plane measurements 

can be divided into those for the suspended and those for the supported films. In general,  

methods for the suspended films are only sensitive for the in-plane thermal conductivity and 

cannot properly detect the heat flow in the cross-plane direction [22]. Furthermore, the 

microfabrication to obtain a suspended thin film and the significant impact of radiation losses 

are serious challenges [21]. Therefore, one of our main goals of this thesis is to develop a new 

approach to measure both cross- and in-plane thermal conductivities of thin films without 

changing the sample during the measurement. 

The 3ω technique has the potential to extract more information from film-on-substrate 

systems, such as the simultaneous measurement of cross- and in-plane thermal conductivities 

of anisotropic thin films using our novel multi-heater 3ω method, which utilizes four heaters 

with different widths [23] (see Figure 3.1(d)). Moreover, the 3ω method is capable to 

determine thermal conductivity of conductive and semi-conductive films using multilayer 

systems [17,21,24]. This modification and further extensions we developed within this thesis 

will be presented in this chapter. 

Apart from the application of the macroscopic 3ω method, the basic 3ω measurement 

principle presented in Section 3.2, can also be utilized to characterize the local thermal 

conductivities of substrates and thin films, as illustrated in Figure 3.1(e). Based on these 

preliminary studies of Cahill et al. [8,10,11,15,18], we developed a new experimental 

technique, which merges the basic AFM and 3ω method, in order to quantitatively determine 

the local thermal conductivity of thin films. To realize this new “3ω Microscopy”, the 3ω 

method has been transferred to the microscopic level by combining the AFM with our 

extended differential 3ω method (see Section 4.3.2.1), which has never been reported to the 

best of our knowledge. Within this thesis, the 3ω Microscopy technique is utilized to 

quantitatively measure the local thermal conductivities of thin-film-on-substrate systems, in 

order to demonstrate its potential as a promising nanoscale thermal characterization method. 

The experimental setup of the 3ω Microscopy is described in Section 4.3.2.2. 
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3.2. Basic principle of the 3ω method 

In this section we present and discuss the theoretical fundamentals of the 3ω method. 

Figure 3.2 shows the typical conductive strip used for the 3ω technique. 

 

Figure 3.2: Schematic layout of the four pad test structure used to determine the thermal conductivity 

of a thin film by the 3ω method. A metal strip serves as both heater and thermometer. The four pads 

are the connections for current leads (𝐼1, 𝐼2) and voltage leads (𝑉1, 𝑉2). The strip length 𝑙 is the 

distance between the current leads and 2𝑏 represents the strip width. 

In general, a metal strip is directly deposited onto the surface of the specimen, usually by 

sputtering or lift-off process. To improve the adhesion of the metallic layer to the sample, an 

additional adhesion layer may be required [17]. The choice of the heater/thermometer material 

relies on the temperature coefficient of resistance 𝛼, that describes the characteristic change 

of the metal strips electrical resistance 𝑅ℎ  as a function of temperature 𝑇. Normally, metals 

have a positive temperature coefficient, meaning that electrical resistance increases with 

increasing temperature. Most metals and alloys have an approximately linear electrical 

resistivity variation depending on temperature within a limited temperature range, which 

depends on the material [25]. If the temperature is not within this linear regime, the electrical 

resistance as a function of temperature can be approximated by a higher order polynomial 

[25]: 

𝑅(𝑇) = 𝑅0[1 + 𝛼(𝑇 − 𝑇0 ) + 𝛽(𝑇 − 𝑇0 )
2 + 𝛾(𝑇 − 𝑇0)

3 + ⋯ ] (3.1) 

2 
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where 𝑅0  is the value of the electrical resistance at a reference temperature 𝑇0  of 0°C. In this 

thesis measurements have been performed within the linear regime and the constant 

temperature coefficient of resistance 𝛼 is therefore defined by: 

𝛼 =
1

𝑅ℎ,0
∙
𝑑𝑅ℎ(𝑇)

𝑑𝑇
 (3.2) 

where 𝑅ℎ,0 is the value of the electrical resistance at a reference temperature 𝑇0 . Materials 

such as gold (Au), platinum (Pt), aluminum (Al) and silver (Ag) are commonly used due to 

their large temperature coefficients of resistance (𝛼 > 1.0 × 10-3 K-1), which are large enough 

to generate a measurable 3ω voltage signal [17,21,26]. The deposited metallic strip is then 

microfabricated to obtain four rectangular contact pads connected by pins to the narrow 

heating strip. The upper two pads serve to apply the AC electrical current that generates the 

Joule heating and the lower two pads are used for measuring the voltage oscillation across the 

metal strip, which contains the third harmonic voltage component. The width of the metal 

heater is defined as 2𝑏 and the length as 𝑙, as it is illustrated in Figure 3.2. 

Since an electrical signal should be analyzed in order to determine the thermal conductivity 

𝑘  of a specimen, it is inevitably needed to consider the comprehensive mathematical 

description of the combined electrical–thermal system. In the following, a brief descriptive 

derivation of the electrical signal will be described. Firstly, for the heater depicted in 

Figure 3.2 and Figure 3.3, assuming a long electrical conductive metal strip supplied with a 

periodic AC current 𝐼(𝑡). The current can be written as a function of frequency ω [26], 

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡) (3.3) 

Through Joule effect, the dissipated heating power in the metal strip can be written as [26]: 

𝑃(𝑡) = 𝐼(𝑡)2𝑅ℎ =
𝐼0
2 ∙ 𝑅ℎ

2
(1 − cos(2𝜔𝑡)) (3.4) 

Then the resulting periodic power variation 𝑃(𝑡) can be further written as: 
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𝑃(𝑡) = 𝑃𝐷𝐶 +𝑃2𝜔 cos(2𝜔𝑡) (3.5) 

As can be seen from Eq. (3.5), the resulting power varies as a function of doubled exciting 

frequency and thus the temperature oscillation ∆𝑇(𝑡) also varies at 2ω [26], 

∆𝑇(𝑡) = ∆𝑇2𝜔 cos(2𝜔𝑡 + 𝜑) (3.6) 

Due to the temperature coefficient 𝛼  of the material, the resistance of the metal strip is 

influenced by the time-dependent temperature oscillation ∆𝑇(𝑡)  and the resistance 𝑅ℎ(𝑡) 

changes to the doubled exciting frequency as well. While the rms value of this resistance 𝑅ℎ,0 

is dependent on the absolute temperature 𝑇 as well as on the temperature coefficient 𝛼, and 

the periodical resistance variation 𝛥𝑅ℎ ,0 depends on the temperature coefficient 𝛼  and the 

amplitude of the periodical temperature variation 𝛥𝑇, which finally contains the information 

of the thermal conductivity [26]: 

𝑅ℎ(𝑡) = 𝑅ℎ,0 +∆𝑅ℎ cos(2𝜔𝑡 + 𝜑)  (3.7) 

The Joule heating is linked with a certain inertia, hence a phase shift 𝜑 between the excitation 

current and the resulting periodical temperature variation appears. Since the voltage drop 

across the metal strip (simultaneously acting as a heater and thermometer) will be analyzed, 

the resulting equation for the time-dependent voltage 𝑉(𝑡) is still missing. Multiplying the 

periodical electrical current 𝐼(𝑡) by the resistance variation 𝑅ℎ(𝑡) and utilizing the theorem 

of addition, the analytical description of 𝑉(𝑡) can be obtained as [26]: 

𝑉(𝑡) = 𝑅ℎ,0 ∙ 𝐼0 sin(𝜔𝑡) −
𝑅ℎ,0 ∙ 𝐼0 ∙ 𝛼 ∙ ∆𝑇2𝜔

2
sin(𝜔𝑡 + 𝜑)

+
𝑅ℎ,0 ∙ 𝐼0 ∙ 𝛼 ∙ ∆𝑇2𝜔

2
sin(3𝜔𝑡 + 𝜑) 

(3.8) 

𝑉(𝑡) = 𝑉0 ∙ 𝑠𝑖𝑛(𝜔𝑡 + 𝛾) +  
𝑉0 ∙ 𝛼 ∙ ∆𝑇2𝜔

2
∙ 𝑠𝑖𝑛(3𝜔𝑡 + 𝜑)  (3.9) 
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At this point, it should be noted that the resulting voltage across the metal strip (see Eq. (3.8)) 

consists of three different components, where the first two components give the variations at 

the exciting frequency ω and the last one constitutes the variation at the third harmonic of the 

exciting frequency 3ω. While the first term varying as a function of ω contains the temperature 

due to the included rms value of the resistance 𝑅ℎ,0, the second term varying as a function of 

ω and the third term varying at 3ω contain the thermal conductivity through 𝛥𝑇2𝜔 . Thus, the 

analysis of the ω component provides information about the superposed temperature and 

thermal conductivity, while the analysis of the 3ω component provides the information about 

the isolated material specific thermal conductivity. 

Furthermore, the ω and 3ω components of the heater voltage response can be identified in 

Eq. (3.9). The first term is typically three orders of magnitude greater than the 3ω component, 

and is more difficult to be utilized in thermal measurements, because it only contains 

information about the imaginary part of the thermal oscillation [11]. On the other hand, the 

second term is proportional to the real and imaginary part of the temperature oscillation [11], 

providing a good alternative to directly measure the thermal transfer function of the studied 

sample in the frequency-domain. Since the third harmonic response of the voltage is a very 

small quantity, the lock-in technique is required to extract this signal [11,17,21]. The thermal 

oscillation can therefore be obtained from the 3ω component (see Eq. (3.10)) in terms of rms 

(root mean square) quantities, as usually measured by lock-in amplifiers: 

∆𝑇2𝜔 =
2

𝛼

𝑉3𝜔,𝑟𝑚𝑠

𝑉0,𝑟𝑚𝑠

 (3.10) 

Since in a typical 3ω experiment, 𝑉𝜔  is at least one thousand times greater than 𝑉3𝜔  

[11,17,26], the input voltage signal 𝑉0  can be approximately estimated as the first harmonic 

voltage response 𝑉𝜔  (𝑉0 ≈ 𝑉𝜔) and Eq. (3.10) becomes: 

∆𝑇2𝜔 =
2

𝛼

𝑉3𝜔,𝑟𝑚𝑠

𝑉𝜔,𝑟𝑚𝑠

 (3.11) 
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This relation provides a direct experimental measurement of the thermal wave amplitude 

∆𝑇2𝜔 . The thermal properties of the specimen under analysis can then be obtained by fitting 

the measured amplitude of the thermal oscillation to an appropriate analytical model of heat 

conduction. 

 

Figure 3.3: The 3ω method uses a single metal strip as both the heater and thermometer. An AC 

heating current at angular frequency ω heats the surface of the sample at a frequency of 2ω. Since the 

resistance of a metal increases with temperature, temperature oscillations produce an oscillation of 

the electrical resistance at a frequency of 2ω. Consequently, the voltage drop across the metal line has 

a small component at a frequency of 3ω that can be used to measure the temperature oscillations and 

the thermal response of the film-on-substrate sample. 

If the 3ω signal is defined as the signal of interest, there is still the question of how to analyze 

this signal in order to extract the thermal conductivity quantitatively. Therefore, the next 

section discusses in details the derivation of the solution to the transient heat conduction 

equation for a finite width line heater with a finite width 2 𝑏 , deposited onto the 

film-on-substrate system. In order to determine the temperature oscillation of the heater ∆𝑇2𝜔 , 

the solution of the heat conduction equation will be discussed. The obtained temperature 

oscillation of the heater ∆𝑇2𝜔  solution will then be used to find a relation with the thermal 

conductivity of the analyzed sample. For this purpose, we consider first a one-dimensional 
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line source of heat. Then, the effect of the finite width of the heater will be integrated into the 

model, allowing the thermal analysis for both the bulk materials and thin films. 

3.3. Theoretical basics of the 3ω method for specific layer-systems 

The measured 3ω voltage 𝑉3𝜔  is directly related to the thermal wave amplitude ∆𝑇2𝜔 , which 

is then compared to a thermal model depending on the excitation frequency ω to determine 

the thermal conductivity 𝑘 of thin films and bulk materials. Thus, the 3ω heat conduction 

model requires the obtained value of the thermal wave amplitude expressed in terms of the 

first 𝑉𝜔  and the third harmonic 𝑉3𝜔  of the measured voltage. Then, to relate the measured 

quantities with the thermal properties of the specimen, an analytical solution of the thermal 

wave amplitude as a function of the thermal conductivity ∆𝑇2𝜔 (𝑘) of the specimen under 

analysis has to be found. 

The following sections describe this process in detail, providing the fundamentals for the 

thermal measurements performed in this thesis. First, an expression for the thermal wave as 

functions of the experimental variables is obtained. Then, data reduction is performed by 

finding an analytical solution to the temperature oscillation, in the case of an infinitely narrow 

heater deposited onto the semi-infinite isotropic substrate (in Section 3.3.1.1). The analysis is 

extended by considering a heater of finite width, as it is the case in 3ω experiments (in 

Section 3.3.1.2). Finally, an analytical expression of the thermal wave amplitude induced by 

a thin film deposited onto a substrate is given, and the differential approach is described in 

Section 3.3.2. The following sections provide a detailed review of the data reduction proposed 

by Cahill and co-workers for the 3ω method, compiling the whole derivation of the 

experimental thermal conductivity for bulk materials and thin films, which is scattered into 

several papers in the literature [8,10,11,15,19,27,28]. 
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3.3.1. Thermal conductivity determination of substrates 

Cahill and Pohl [8] derived an approximate solution for the increase of temperature of a heater 

deposited on an isotropic semi-infinite substrate. Therefore, a heater of width 2𝑏, which is 

much smaller than the wavelength of the diffusive thermal wave was used. This particular 

geometry leads to a cylindrical heat flow pattern through the studied volume, with the 

temperature gradients in the radial direction (see Figure 3.4). The theoretical background used 

to obtain the temperature oscillation of the heater, which allows for the direct determination 

of the thermal conductivity, will be described in the following section. 

3.3.1.1. Case of an infinitely narrow heater on a semi-infinite isotropic substrate 

It is convenient to begin the analysis with a simplified geometry, consisting of a 

one-dimensional line source of heat, as can be seen in Figure 3.4(a). An analytical solution of 

the heat conduction equation, considering an infinitely narrow line source of heat at the 

surface of a semi-infinite volume, was firstly obtained by Carslaw and Jaeger [9]. The 

expression for the real part of the thermal wave at a distance 𝑟 = √𝑥2 + 𝑦2 from the line heat 

source is given by [9]: 

∆𝑇2𝜔 (𝑟, 𝑡) =
𝑃𝑙

𝑘𝜋
𝐾0(𝑞𝑟) ∙ 𝑒

i2𝜔𝑡 (3.12) 

here 𝑃𝑙  is the power per unit length generated by the AC heating current applied through the 

metal heater, 𝑘 the thermal conductivity of the specimen, 𝐾0 the zeroth order modified Bessel 

function of the second kind (see Appendix A for detailed information), with argument 𝑞𝑟, and 

𝑞 = (1 + 𝑖)(2𝜔𝜌𝑐𝑝 𝑘⁄ ) [9]. The quantity 𝜆 = |1 𝑞⁄ | refers to the penetration depth at which 

the thermal oscillation propagates into the sample during one cycle of the AC power heating 

(see Figure 3.4). Therefore, the penetration depth of the thermal oscillation is given by [11]: 
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𝜆 =
1

|𝑞|
= √

𝑎

2𝜔
= √

𝑘

2𝜔𝜌𝑐𝑝
 (3.13) 

where 𝑎  is the thermal diffusivity, 𝑐𝑝  the specific heat capacity and 𝜌  the density of the 

investigated material. 

 

Figure 3.4: Cross-section of different heat sources on the surface of semi-infinite substrate materials: 

(a) cylindrical heat pattern generated by an infinitely narrow heater (solution from Carslaw and 

Jaeger [9]) (b) the finite width line heater (solution from Cahill [11]). 

The exact solution of the thermal wave amplitude (see Eq. (3.12)) can be derived, if 

considering that the substrate is a semi-infinite isotropic medium, and assuming zero heat flux 

through the sample surface [9,11]. Eq. (3.12) is also based on the assumptions that the heater 

mass can be neglected and the heater behaves as an infinitely good thermal conductor with 

negligible thickness and heat capacity [9,11,19]. Additionally, it is considered that the metal 

strip is a uniform line heat source of infinite length in contact with the investigated sample, 

assuming negligible thermal boundary resistance between the heater and the underlying 

material. 

Figure 3.5 shows the time-evolution of the real part of the temperature oscillation ∆𝑇2𝜔  as a 

function of the distance 𝑟 [29]. Following the zeroth order Bessel function of the second kind 

[9], the thermal wave decays rapidly as the function of the distance 𝑟 away from the heater. 
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By this means, the use of an AC current allows us to analyze a very small volume of the 

sample and to be weakly sensitive to heat loss by convection and radiation due to the 

confinement of the heat wave inside the sample, and to the rapid decay of the temperature 

oscillations compared to the characteristic radiative time [21,26]. 

 

Figure 3.5: Time-evolution of the thermal oscillation amplitude at distance 𝑟 from an infinitely 

narrow heater. Visualization of the real part (in-phase) of Eq. (3.12). The oscillations decreases 

rapidly away from the heater and are even in the time-domain (modified and adapted by Ref. [29]]). 

To avoid parasitic edge effects in the measurement, the length 𝑙 of the heat source used in the 

experiments must be very long compared to its width 2𝑏, such that 𝑙 ≫ 2𝑏, and the width 

must be constant along the heat source [11]. Taking into consideration of the semi-infin ite 

medium assumption, Eq. (3.12) is valid if the penetration depth 𝜆 of the heat wave is smaller 

than the thickness of the studied sample, such as that 𝑑𝑠 > 𝜆𝑠 , where subscript 𝑠 refers to the 

substrate. Quantitative analysis carried out by Borca-Tasciuc et al. [19] suggested that 

𝑑𝑠 𝜆𝑠⁄  > 5 in order to keep measurement errors under 1%, as the amplitude of the thermal 

oscillation decays 1% of its value after five thermal wavelengths. However, numerical 

simulations performed by Jacqout et al. [30] showed that even a ratio of 𝑑𝑠 𝜆𝑠⁄  > 2 appeared 

to be acceptable [21]. 
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3.3.1.2. Case of a heater with a finite width 

The effect of the finite heater width can be included in the model by adding an infinite number 

of one-dimensional line heaters along the whole heater width 2𝑏 [11,31] (see Figure 3.4(b)), 

which involves a convolution integral. As observed in Figure 3.5, the temperature oscillation 

is an even function in the time-domain. It is then convenient to use the cosine Fourier 

transform with respect to the x-coordinate [11,32]. The Fourier cosine transform pair in the 

wave-number-domain 𝜂 is [11]: 

𝑓(𝜂) = ∫ 𝑓(𝑥) ∙ cos(𝜂𝑥)  𝑑𝑥

∞

0

 (3.14) 

𝑓(𝑥) =
2

𝜋
∫ 𝑓(𝜂) ∙ cos(𝜂𝑥)  𝑑𝜂

∞

0

 (3.15) 

Considering only the thermal oscillation at the surface of the sample (𝑦 = 0) [11], the Fourier 

transform in the wave-number-domain 𝜂 of a zeroth order Bessel function of the second kind 

𝐾0, is given by [11,29,32]: 

∆𝑇2𝜔(𝜂) = ∫ ∆𝑇2𝜔(𝑥)cos(𝜂𝑥) 𝑑𝑥

∞

0

=
𝑃𝑙
𝜋𝑘

∫ 𝐾0(𝑞𝑥)cos(𝜂𝑥) 𝑑𝑥

∞

0

=
𝑃𝑙
2𝑘

(
1

√𝜂2+ 𝑞2
) (3.16) 

Since the heat in the metal strip follows an even behavior over the width, the thermal wave 

amplitude for a finite width heater can be obtained by the product of Eq. (3.16) with the 

Fourier transform of the heat source in the 𝑥-space, which in this case can be expressed as a 

rectangular pulse 𝑟𝑒𝑐𝑡(𝑥), as it is illustrated in Figure 3.6 [11,29]: 

∆𝑇2𝜔 (𝜂) =
𝑃𝑙

2𝑘
(

1

√𝜂2 + 𝑞2
)∫ 𝑟𝑒𝑐𝑡(𝑥) ∙ cos(𝜂𝑥) 𝑑𝑥 =

𝑃𝑙

2𝑘
∙

sin(𝜂𝑏)

𝜂𝑏 √𝜂2 + 𝑞2

𝑏

0

 (3.17) 

Taking the inverse transform of Eq. (3.17) to switch ∆𝑇2𝜔 (𝜂) back to the space-domain, the 

above equation can be re-written into [11,29]: 
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∆𝑇2𝜔 (𝑥) =
2

𝜋
∫ ∆𝑇2𝜔(𝜂) ∙ cos(𝜂𝑥)  𝑑𝜂

∞

0

=
𝑃𝑙

𝜋𝑘
∫

sin(𝜂𝑏)

𝜂𝑏 √𝜂2 + 𝑞2

∞

0

∙ cos(𝜂𝑥) 𝑑𝜂 (3.18) 

Since the temperature measurements are performed over the width of the metal strip, the 

amplitude of the thermal oscillation ∆𝑇2𝜔 (𝑥) is an average value across the metal strip. 

 

Figure 3.6: Rectangular function to realize the finite heater width 2𝑏. 

Thus, the average temperature increase in the heater can be obtained by integrating Eq. (3.18) 

in the space-domain from 0 to 𝑏 [11]: 

∆𝑇2𝜔|𝑎𝑣𝑔 =
1

𝑏
∫∆𝑇2𝜔(𝑥) 𝑑𝑥

𝑏

0

=
𝑃𝑙

𝜋𝑘
∫

sin2(𝜂𝑏)

(𝜂𝑏)2√𝜂2 + 𝑞2

∞

0

∙ 𝑑𝜂  (3.19) 

The integral in Eq. (3.19) has no direct analytical closed form. To obtain an approximate 

solution, Cahill [11] proposed to analyze its limit when the thermal penetration depth 𝜆 is 

much larger than the metal strips half-width 𝑏 (𝜆 ≫ 𝑏) and when the thermal penetration 

depth is much smaller than the half-width 𝑏 of the metal strip (𝜆 ≪ 𝑏). Therefore, the average 

amplitude of the heater’s thermal oscillation ∆𝑇2𝜔|𝑎𝑣𝑔  as a function of heating frequency 𝑓 

can be divided into a linear regime (𝜆 ≫ 𝑏) at low frequencies and a planar regime (𝜆 ≪ 𝑏) 

at high frequencies [11]. 

  ⁄
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Figure 3.7: The in-phase (blue line) and out-of-phase (green line) components of the average 

amplitude of the heater’s temperature oscillations versus the heating frequency ω according to 

Eq. (3.19). The rms power per unit length 𝑃𝑙 is 1 Wm-1, the heater half width 𝑏 is 10 μm, the thermal 

conductivity 𝑘 is 1 Wm-1K-1 and the thermal diffusivity 𝑎 is 1 mm2s-1. The average amplitude of the 

thermal oscillation ∆𝑇2𝜔|𝑎𝑣𝑔 as a function of the heating frequency ω can be divided into a linear 

regime (green area) at low frequencies (𝜆 ≫ 𝑏) and a planar regime (red area) at high frequencies 

(𝜆 ≪ 𝑏). The transition regime (violet area) is defined between these two cases. The linear regime is 

used to determine the thermal conductivity of the sample (modified from Ref. [29]). 

The transition regime can be defined between these two cases. For the linear regime, 

Borca-Tasciuc et al. [19] suggested that 𝜆 𝑏⁄  > 5 in order to keep measurement errors of the 

3ω method under 1%. Furthermore, for the planar regime Koninck [29] recommended that 

𝜆 𝑏⁄  < 0.2 in order to keep measurement errors below 1%. 

3.3.1.3. Solution of the exact equation 

a) Approximate solution for the linear regime 

As presented in Figure 3.7, the linear regime is that part where the in-phase (real part) 

temperature oscillation ∆𝑇2𝜔  decreases linearly as a function of thermal excitation frequency 

2ω and where the out-of-phase (imaginary part) temperature oscillations component has a 
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constant negative value. This regime is defined within the low frequencies when the thermal 

penetration depth is much larger compared to the half-width of the heater (𝜆 ≫ 𝑏) [11]. In 

this case, the wave number of the thermal oscillation is defined over a domain such that 1 𝜆⁄ <

𝜂 < 1 𝑏⁄  [29]. Then the upper limit of the integral in Eq. (3.19) can be replaced by 1 𝑏⁄ . 

Additionally, sin(𝜂𝑏) 𝜂𝑏⁄  can be evaluated at the limit where 𝑏 tends towards 0: 

lim
𝑏→0

sin(𝜂𝑏)

𝜂𝑏
= 1 (3.20) 

After these, the approximated solution to Eq. (3.19) is given by: 

∆𝑇2𝜔|𝑎𝑣𝑔 =
𝑃𝑙

𝜋𝑘
[ln(

1

𝑏𝑞
+ √

1

(𝑏𝑞)2
+ 1)− ln 𝑞] ≈

𝑃𝑙

𝜋𝑘
[𝛾 − ln(𝑏𝑞)] (3.21) 

where 𝛾  is a fitting constant close to 0.923 [14,18], adjusted to fit the experimental data. 

However, Lee and Cahill [18] demonstrated that 𝛾 = 1.05 fits the thermal data more precisely. 

As 𝑞 = (1 + i)(2𝜔𝜌𝑐𝑝 𝑘⁄ )
1 2⁄

, is given in terms of frequency ω, Eq. (3.21) can be further 

re-written into (see Appendix A for detailed derivation) [11]: 

∆𝑇2𝜔|𝑎𝑣𝑔 =
𝑃𝑙

𝜋𝑘
[
1

2
ln (

𝑘

𝜌𝑐𝑝𝑏
2
) −

1

2
ln(2𝜔) + 𝛾] − i

𝑃𝑙

4𝑘
 (3.22) 

Eq. (3.22) indicates that the thermal conductivity of an isotropic substrate can be obtained 

from the gradient of the in-phase magnitude of the measured ∆𝑇2𝜔,𝑎𝑣𝑔  values depending on 

ln(2𝜔) by [11]: 

𝑘 =
𝑃𝑙

2𝜋
[

𝑑

𝑑 ln(2𝜔)
∆𝑇2𝜔|𝑎𝑣𝑔]

−1

 (3.23) 

Eq. (3.22) is plotted for 𝑃𝑙  = 1 Wm-1, half-width of the heater 𝑏 = 10 µm, substrate thermal 

conductivity 𝑘𝑠  = 1 Wm-1K-1, and thermal diffusivity 𝑎 = 1 mm2s-1. Figure 3.8 indicates that 

for the linear regime, the in-phase component decreases logarithmically as the thermal 
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excitation frequency 2ω increases. However, over the same frequency range, the out-of-phase 

temperature oscillations keep constant at a negative value. 

 

Figure 3.8: Temperature oscillations with respect to the natural logarithm of the thermal excitation 

frequency 2ω for the linear regime according to Eq. (3.22). The rms power per unit length 𝑃𝑙 is 

1 Wm-1, the heater half width 𝑏 is 10 μm, the thermal conductivity 𝑘 is 1 Wm-1K-1 and the thermal 

diffusivity 𝑎 is 1 mm2s-1 (modified from Ref. [29]). 

Substituting Eq. (3.22) in Eq. (3.10) yields the third harmonic voltage 𝑉3𝜔  [29]: 

𝑉3𝜔 = −
𝑉0
3𝛼

4𝜋𝑙𝑘𝑠𝑅ℎ,0
(ln(2𝜔) + ln (

𝑏2

𝑎
) − 2𝛾) − 𝑖

𝑉0
3𝛼

8𝑙𝑘𝑠𝑅ℎ,0
 (3.24) 

Determining the slope of the linear relation between the in-phase harmonic voltage and the 

natural logarithm of the thermal excitation frequency 2ω, we can determine the thermal 

conductivity of the substrate 𝑘𝑠  as follows: 

𝑘𝑠 =
𝑉0
3𝛼

4𝜋𝑙𝑅ℎ,0
∙

1

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡
 (3.25) 

A direct derivation of 𝑘𝑠  is also possible from the imaginary part of the heat wave 

(out-of-phase oscillation). However, Cahill [11] has experimentally found that Eq. (3.23) and 

Eq. (3.25) are more reliable and reproducible. This approach is known as the 3ω slope method. 
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It is advantageous compared to other transient techniques, because it does not require 

independent measurements of thermal diffusivity or volumetric heat capacity [11,31]. 

b) Approximate solution for the planar regime 

For the in- and out-of-phase temperature oscillations equal in magnitude but opposite in signs, 

we can define a planar regime at higher frequencies, where the thermal penetration depth 𝜆 is 

considered to be lower than the half-width 𝑏 of the metal heater (𝜆 ≪ 𝑏). Accordingly, we 

can obtain the following equation [14,29]: 

lim
𝑏→∞

1

𝜋𝑏
[
sin(𝜂𝑏)

sin(𝜂)
]

2

= 𝛿(𝜂) (3.26) 

Substituting Eq. (3.26) in Eq. (3.18) we obtain [29]: 

∆𝑇2𝜔|𝑎𝑣𝑔 =
𝑃𝑙

𝑏𝑘
∫
sin2(𝜂)𝛿(𝜂)

𝜂2√𝜂2 + 𝑞2

∞

0

∙ 𝑑𝜂 =  
𝑃𝑙

2𝑏𝑘𝑞
 (3.27) 

Given that √𝑖 =
1+𝑖

√2
, Eq. (3.27) can be written as [29]: 

∆𝑇2𝜔|𝑎𝑣𝑔 = 
𝑃𝑙

2𝑏𝑘√
2𝜔
𝑎

𝑒
(−𝑖

𝜋
4
)
 

(3.28) 

Clearly there is a −𝜋 4⁄  shift, which indicates a phase delay between the temperature 

oscillation and the heating power. Furthermore, Eq. (3.28) shows that the real and imaginary 

parts of the temperature oscillations have the same magnitude while their signs are opposite. 

Substituting Eq. (3.28) in Eq. (3.10) yields: 

𝑉3𝜔 = 
𝑉0
3𝛼

4√2𝑙𝑏𝑅ℎ,0𝑘𝑠√
2𝜔
𝑎

(1 − 𝑖) 
(3.29) 

The approximate solutions are compared with the exact solution by plotting Eq. (3.19), 

Eq. (3.22) and Eq. (3.28) as illustrated in Figure 3.9. 
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Figure 3.9: Comparison between the exact and appropriate solutions for the linear and planar 

regimes. The rms power per unit length 𝑃𝑙 is 1 Wm-1, the heater half width 𝑏 is 10 μm, the thermal 

conductivity 𝑘 is 1 Wm-1K-1 and the thermal diffusivity 𝑎 is 1 mm2s-1. The average amplitude of the 

thermal oscillation ∆𝑇2𝜔|𝑎𝑣𝑔 as a function of the heating frequency ω can be divided into a linear 

regime (green area, Eq. (3.22)) at low frequencies (𝜆 ≫ 𝑏) and a planar regime (red area, Eq. (3.28)) 

at high frequencies (𝜆 ≪ 𝑏). The transition regime (violet area) is defined between these two cases. 

The linear regime is used to determine the thermal conductivity of the sample (modified from 

Ref. [29]). 

The rms power, the metal heater half-width, the thermal conductivity and thermal diffusivity 

are the same as in Figure 3.7 and Figure 3.8. The solid lines are the exact solutions while the 

dotted lines are the approximate solutions for the planar regime and the dashed lines are the 

approximate solutions of the linear regime. The blue lines represent the in-phase temperature 

oscillations and the green lines represent the out-of-phase ones. 

In order to precisely determine the thermal conductivities of substrate materials, 

measurements must be performed within the frequency range of the linear regime. In the 

following section, the boundary conditions restricting the frequency range of the linear regime 

are defined. 
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c) Linear regime boundaries 

Cahill’s equation of the heater’s temperature oscillations (Eq. (3.19)) considers an isotropic 

semi-infinite substrate as explained in Section 3.3.1.1. However, in practice, the substrate has 

a finite thickness 𝑑𝑠 . Therefore the boundaries of the linear regime must be defined according 

to the thickness of the substrate and the width of the metal heater deposited onto the substrate. 

To guarantee that the assumption of a semi-infinite substrate is valid, Borca-Tasciuc et al. 

[19] suggested that the ratio between the thickness of the substrate and the penetration depth 

of the thermal wave should be larger than five (𝑑𝑠 𝜆𝑠⁄  > 5). Furthermore, the substrate must 

see the 3ω heater as a line source of heat, which can be accomplished if the ratio between the 

penetration depth of the thermal wave and the heater half-width is also larger than five 

(𝜆𝑠 𝑏⁄  > 5) [19]. Both approximations keep measurement errors of the 3ω method under 1% 

[19]. 

3.3.2. Thermal conductivity determination of thin films 

Probably one of the most interesting aspects of the 3ω technique is its capability of 

determining the cross- and in-plane thermal conductivities of thin films deposited onto a 

substrate. Today, this approach is widely used and is considered as one of the most effective 

experimental methods for thermal characterization of thin films and nanostructured materials, 

as shown in Section 2.4. In the following sections, methods used to obtain the cross-plane 

(Section 3.3.2.1) and in-plane (Section 3.3.2.2) thermal conductivities of thin films will be 

presented. 

3.3.2.1. Determination of cross-plane thermal conductivity 

Measurements of the cross-plane thermal conductivity are more common than those of the 

in-plane conductivities [21]. Since thin films generally exhibit an anisotropic and 

heterogeneous structure, their thermal conductivity values are often direction-dependent. The 

experimental technique proposed by Cahill et al. [15], which is an extension of the “slope 

method” presented in Section 3.3.1, provides an approach to perform cross-plane thermal 
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conductivity measurements on thin films. It is based on the fact that using a metal strip with 

a width 2𝑏, which is much larger than the film thickness 𝑑𝑓  (2𝑏 ≫ 𝑑𝑓 ), will lead to a 

one-dimensional heat flux in the direction normal to the film surface, the so-called 

“cross-plane direction”, as illustrated in Figure 3.10(a). 

 

Figure 3.10: Thermal wave produced by (a) a heater much greater than the film thickness 2𝑏 ≫  𝑑𝑓 

for cross-plane measurements and (b) a narrow heater for in-plane measurements. 

Therefore, the half-width 𝑏 of the metal heater must be large enough to comply with the 

following condition [19]: 

𝑏

𝑑𝑓
(
𝑘𝑓⊥

𝑘𝑓∥
)

1 2⁄

≥ 5.5 (3.30) 

where 𝑘𝑓⊥ and 𝑘𝑓∥ represent the cross- and in-plane thermal conductivity values of the thin 

film, and 𝑑𝑓  the film thickness, respectively. This behavior can be approximated as a 

one-dimensional heat conduction model. On the other hand, Kurabayashi et al. [22,33] and 

Borca-Tasciuc et al. [28] reported that working with a very narrow heater will results in a 

divergent heat pattern that spreads along the in-plane direction, as shown in Figure 3.10(b). 

In this case, the metal strip is sensitive to both the cross- and in-plane thermal conductivity 

components, and the behavior can be approximated as a two-dimensional heat conduction 
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model [28]. It is noteworthy to mention that our discussions are focused on both cross- and 

in-plane thermal conductivity measurements of thin films in this thesis. 

In the case of a film with a thermal conductivity 𝑘𝑓 smaller than that of the substrate 𝑘𝑠 , the 

film-on-substrate system behaves as a series of thermal resistors [19,21]. Therefore, the 

studied film contributes to the temperature rise measured along the heater by adding a 

frequency-independent temperature oscillation (∆𝑇𝑓). Considering that the power per unit area 

transferred from the metal heater is a constant in the y-direction (𝑄 = 𝑃𝑙 2𝑏⁄ ), the temperature 

drop across the film can be simply obtained by Fourier’s law (Eq. (2.5)) [16]: 

∆𝑇𝑓 = ∫
𝑄

𝑘𝑓
 𝑑𝑦 =

𝑃𝑙 ∙𝑑𝑓

2𝑏 ∙ 𝑘𝑓

𝑑𝑓

0

 (3.31) 

where 𝑘𝑓  is the cross-plane thermal conductivity of the studied film. The increase in the 

amplitude of the thermal oscillation due to the thin film can therefore be written as follows: 

∆𝑇2𝜔 = ∆𝑇𝑓 + ∆𝑇𝑠  (3.32) 

where the subscript 𝑓  and 𝑠  correspond to the film and the substrate, respectively. In 

consequence, the thermal conductivity of the film can be obtained by subtracting the 

calculated temperature rise of the bare substrate from the experimental measured temperature 

rise of the strip, caused by the film-on-substrate system [19]. 

𝑘𝑓 =
𝑃𝑙 ∙ 𝑑𝑓

2𝑏 (∆𝑇2𝜔 −∆𝑇𝑠,𝑐𝑎𝑙𝑐)
 (3.33) 

Eq. (3.33) allows for the direct measurement of the thermal conductivity of the studied film. 

It is relevant to mention that, if the film of interest is electrically conductive, the heater has to 

be necessarily isolated by a dielectric film [21]. In this case a thin SiO2 or Si3N4 film is 

normally deposited onto the sample surface, as it is illustrated in Figure 3.11(b). 
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The thermal response of the substrate ∆𝑇𝑠,𝑐𝑎𝑙𝑐 can be calculated directly from Eq. (3.22) and 

subtracted from the measured ∆𝑇2𝜔 . Thermal conductivity of the substrate 𝑘𝑠  can also be 

calculated from the slope of ∆𝑇2𝜔|𝑎𝑣𝑔  versus ln(2𝜔)  as shown by Eq. (3.23) and Eq. (3.25) 

[11,19]. The frequency range for thin film thermal conductivity measurement depends on the 

applicable error level in the results when using the linear regime approximation (see 

Section 3.3.1.3). 

The differential technique using a reference sample, is a further extension of the above 

discussed method. It is particularly useful for analyzing complex systems composed of several 

films (involving dielectric, nucleation or buffer layers), because it allows for the 

determination of the thermal conductivity of the specific film in the multilayer structure 

[21,26,31]. Furthermore, the differential approach is capable to obtain the thermal 

conductivity values of electrically conductive thin films, such as metals and semiconductors 

[21,26]. However, a dielectric thin film between the metal 3ω heater and the conductive thin 

film of interest is required, as illustrated in Figure 3.11. In such systems, the voltage drop 

across the metal heater depends on the temperature rise caused by the whole multilayer 

structure. The measured thermal transfer function is therefore the sum of the contributions of 

the thermal oscillations coming from different components of the system [21,26,31]. 

To extract the signal changes exclusively caused by the film of interest, the differential 

approach uses the average temperature difference measured between two similar sets of 

experiments, one involving the specimen and the other performed on a system without the 

studied film, which serves as a reference sample. The composition of the reference sample (a) 

and the multilayer structure (b) including the film of interest are shown in Figure 3.11. 
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Figure 3.11: Cross-sections of film-on-substrate samples required for the differential 3ω method: (a) 

reference sample without the film of interest (colored in grey); (b) multilayer sample including the 

film of interest and the reference film-on-substrate structure. The differential technique is capable to 

obtain the thermal conductivity values of electrically conductive thin films. Therefore, a dielectric 

thin film (colored in green) between the 3ω heater and the conductive thin film of interest is required. 

By removing the signal of the reference sample from that of the specimen with the studied 

film, it is possible to subtract the common background contribution of the parasitic interfacial 

thermal resistance, such as the one between the metal heater and the underlying film, and the 

one between the substrate and the first deposited layer [19,21,31]. In the same way, the 

contribution of additional elements, such as buffer or nucleation layers, can also be subtracted 

from the total experimental temperature rise, which is obtained at comparable power inputs 

by similar heaters deposited on the specimen and the reference structure [19,21,31]. The 

temperature oscillations of both the reference sample and the multilayer structure, including 

the film of interest, are shown in Figure 3.12. Under this condition, the thermal conductivity 

of the film is given by [19,21,31]: 

𝑘𝑓 =
𝑑𝑓

2
[(
2 ∙ 𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
2 ∙ 𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

𝑎𝑣𝑔

−1

 (3.34) 
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The subscript 𝑟 + 𝑓 and 𝑟 correspond to the specimen with the studied film and the reference 

structure, respectively. 

 

Figure 3.12: The amplitude of the heater’s temperature oscillation ∆𝑇2𝜔 for both the reference (green 

line) and multilayer sample (grey line) as a function of excitation frequency 𝑓, showing that their 

difference ∆𝑇𝑓 is independent of the frequency. By removing the signal of the reference sample from 

that of the multilayer sample with the studied film, it is possible to subtract the common background 

contribution of the parasitic interfacial thermal resistance, such as the one between the metal heater 

and the underlying film, and the one between the substrate and the first deposited layer. 

Although the differential 3ω method requires two sets of measurements, a detailed study 

performed by Borca-Tasciuc et al. [19] showed that it is advantageous compared to the slope 

method, because it can reduce the uncertainty in the determination of the thermal conductivity 

of the film of interest. The value of 𝑘𝑓 obtained by Eq. (3.34) is insensitive to the substrate 

thermal conductivity, and the contributions from any additional layers are mostly eliminated 

by the measurement of the reference sample. Because of the mentioned advantages, the 

differential technique was used to perform the thickness-dependent experiments of the 

cross- and in-plane thermal conductivity of SiO2, Si3N4, AlN and CuI thin films in this thesis. 

Additional details about the differential 3ω technique can be found from various 

references [18,19,21,26] and are therefore not discussed in detail here. 
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3.3.2.2. Determination of in-plane thermal conductivity 

The techniques applied to obtain the thermal conductivity within the in-plane direction of thin 

films are considerably more diverse than those applied for cross-plane measurements [21]. In 

this section, the state-of-the-art of in-plane thermal conductivity measurements of thin films 

and their disadvantages are described. Furthermore, we will present our improved in-plane 

measurement technique for supported film structures, which we developed to overcome the 

disadvantages of common techniques and to enable the measurement of both cross- and 

in-plane thermal conductivities of thin films without changing the sample during the 

measurement. This novel concept allows a precise comparison of cross- and in-plane 

conductivities, compared to what is achievable with the standard in-plane methods. 

In general, techniques for supported film structures have an easier sample fabrication, but 

have more restrictions about their domain of validity. The common suspended samples are 

much more vulnerable to convection and radiation losses, and must be measured in vacuum 

[21]. The experimental setup and equipment used to determine the in-plane thermal 

conductivity are similar to those of the cross-plane 3ω method and will be presented in 

Section 4.3.1.2. 

a) State-of-the-art of in-plane thermal conductivity measurements: Suspended film 

method 

A problem for in-plane thermal conductivity measurements of thin films is the parasitic heat 

loss through the substrate material [21,26]. In order to overcome this problem, a suspended 

film structure as shown in Figure 3.13 is needed. However, such a suspended structure 

drastically complicates the microfabrication and data evaluation of the thin film sample 

[21,26,34]. 
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Figure 3.13: Schematic cross-section for determining the in-plane thermal conductivity of suspended 

thin films. The in-plane thermal conductivity can be deduced from the difference in 

heater/thermometer temperature rise of two measurements using two metal strips with all other 

parameters unchanged [21,35] (modified from Ref. [26]). 

Figure 3.13 shows the schematic cross-section of a standard suspended film sample for 

determining the in-plane thermal conductivity of thin films. In order to obtain the thermal 

properties within the in-plane direction of the investigated film, two metal strips have to be 

deposited on the surface of the suspended specimen. Similar to the 3ω method, the first metal 

strip on top of the suspended film serves both as thermometer and electrical heater and the 

second strip only as thermometer. A DC current is applied to the first metal strip, in order to 

obtain the total temperature of the suspended film 𝑇𝑓1 (heater 1) and of the film-on-substrate 

structure 𝑇𝑓2 (heater 2), as illustrated in Figure 3.13. The in-plane thermal conductivity 𝑘𝑓∥ 

can then be given by [21,26]: 

𝑘𝑓‖ =
𝑃𝑙  𝐿𝑓

2𝑑𝑓(𝑇𝑓1 − 𝑇𝑓2)
 (3.35) 

where 𝑃𝑙  is the dissipated heating power per unit length, 𝐿𝑓 2⁄  is the length between heater 1 

and the substrate, 𝑇𝑓1 is the suspended thin film temperature and 𝑇𝑓2 is the temperature of the 

film-on-substrate structure, detected by the metal strips. 

Beside the complex microfabrication, the suspended methods have other major drawbacks 

including the radiation losses and thermal contact resistances, which will be discussed below: 
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 Radiation losses 

The radiation losses from both top and bottom surfaces of the suspended film are critical 

for the accuracy of the measurement, even if the sample is put into a high vacuum chamber. 

Dames [21] provided an approximation that estimates the effect of the radiation losses as 

the heat flow ratio between the radiation and conduction 𝑄𝑟𝑎𝑑 /𝑄𝑐𝑜𝑛𝑑  of the suspended 

sample: 

𝑄𝑟𝑎𝑑

𝑄𝑐𝑜𝑛𝑑
≈
2ℎ𝑟𝑎𝑑(𝐿𝑓 2⁄ )

2
[(1 2⁄ )(𝑇𝑓1 𝑇𝑓2⁄ ) − 𝑇∞ ]

𝑘𝑓𝑑𝑓(𝑇𝑓1 − 𝑇𝑓2)
 

(3.36) 

where ℎ𝑟𝑎𝑑  is the linearized radiation coefficient, 𝐿𝑓 2⁄  is the distance between heater 1 

and the substrate, 𝑘𝑓 thermal conductivity of the film, 𝑑𝑓  film thickness, 𝑇∞ temperature 

of the surroundings and 𝑇𝑓1/2  the temperatures of the sample corresponding to 

Figure 3.14(b), respectively. If the radiative surroundings 𝑇∞ are assumed at nearly the 

same temperature as the film-on-substrate system 𝑇𝑓2, the approximation by Dames [21] 

can be re-written as: 

𝑄𝑟𝑎𝑑

𝑄𝑐𝑜𝑛𝑑
≈
ℎ𝑟𝑎𝑑(𝐿𝑓 2⁄ )

2

𝑘𝑓𝑑𝑓
 (3.37) 

Unfortunately, the linearized radiation coefficient ℎ𝑟𝑎𝑑  depends on the emissivity 𝜀𝑓 of 

the suspended film, which is usually unknown. Dames [21] demonstrated that the impact 

of the radiation losses, given by the heat flow ratio 𝑄𝑟𝑎𝑑 /𝑄𝑐𝑜𝑛𝑑 , can reach acceptable 

values of about 1%, assuming the worst case of ℎ𝑟𝑎𝑑  = 6.1 Wm-2K-1 at 300 K, a silicon 

film with 𝑑𝑓  = 1 µm, 𝐿𝑓 2⁄  = 500 µm, and 𝑘𝑓  ≈ 150 Wm-1K-1. However, if the film is 

changed to a dielectric one such as SiO2 with 𝑘𝑓 ≈ 1.0 Wm-1K-1 [18], the radiation losses 

would be absolutely unacceptable. Therefore, the thin films which can be studied using 

the suspended method is limited to high thermal conductive materials. 
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 Contact and substrate spreading resistance 

Dames [21] demonstrated that the contact and spreading resistance reaching from the film 

edge to the environment can also drastically reduce the accuracy of the suspended in-plane 

measurement. In Figure 3.14(b), the contact and spreading resistance reaching from the 

film edge to the environment are illustrated as the thermal resistance 𝑅𝑓−∞ ≡ 𝑅𝑓−𝑠 +

𝑅𝑠 +𝑅𝑠−∞ . Song et al. [36] stated that it is a good practice to include a dedicated 

thermometer to measure the temperature of the film-on-substrate structure 𝑇𝑓2 , as 

illustrated in Figure 3.14(b). If this thermometer is omitted and 𝑇𝑓2 is approximated as 

environmental temperature 𝑇∞, it is important to estimate the intervening resistances to 

ensure that they are negligible [21,37–39]. In order to neglect 𝑇𝑓2 − 𝑇∞  in comparison 

with 𝑇𝑓1 − 𝑇𝑓2 , one should increase the distance between the metal strips 𝐿𝑓 2⁄  to set 𝑅𝑓 

as large as possible. However, this will significantly increase the radiation losses and 

therefore reduce the accuracy of the measurement. One approach to prove that the 

temperature difference 𝑇𝑓2 - 𝑇∞ is negligible is to measure several samples with different 

distances of 𝐿𝑓 2⁄  between heater and heat sink. This is comparable to the differential 3ω 

method, and a schematic analogous to Figure 3.14(b) can also be used to estimate the 

thermal resistance 𝑅𝑓−∞ if it is not negligible. 

Finally, we need to address that parasitic heat losses such as heat conduction loss along the 

heater, convection and radiation losses to the ambient, must be reduced to ensure a 

one-dimensional heat condition inside the in-plane direction of the suspended film. Dames 

[21] suggested that the heat conduction losses along the metal strips can be reduced by 

sophisticated microfabrication to reduce their cross-sectional area. In order to reduce the 

influence of the radiation losses, the suspended in-plane measurements have to be performed 

inside a high vacuum chamber [21]. Another approach to reduce the radiation losses is to coat 

the surface of the sample with a low emissivity material [21,26]. As mentioned in Section 2.4, 

the most efficient approach to handle with radiation heat loss and contact resistances of 
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additional dielectric layers would be using a transient heating (AC heating current) and 

temperature sensing technique such as the differential 3ω method [21,26]. Therefore, in the 

following section, we present our improved in-plane 3ω method which is called 

“multi-heater” 3ω method. 

 

Figure 3.14: In-plane thermal conductivity measurement with two metal strips acting as a 

heater/thermometer and temperature sensor to measure the in-plane thermal conductivity of a 

suspended film: (a) top view of the suspended film sample (b) cross-section of the suspended film 

sample including the thermal boundary resistances of the heater, suspended film, substrate, 

environment, and the heat flow inside the sample, indicated by the red arrows (modified from Ref. 

[21]). 

b) Improved in-plane measurements: Supported film method (multi-heater 3ω method) 

As mentioned before, in-plane thermal conductivity measurements can be divided into those 

for suspended and supported films. In general, methods for the suspended films are only 

sensitive for the in-plane thermal conductivity and cannot properly detect the heat flow in the 

cross-plane direction [22]. Furthermore, the microfabrication to obtain a suspended film and 

the significant impact of radiation losses are serious challenges. Therefore, one of our main 

aims of this thesis is to develop a new approach to measure both cross- and in-plane thermal 

conductivities of thin films without changing the sample during the measurement process, in 

order to characterize the thickness dependency of the film’s thermal conductivity. This 

improved measurement concept offers the advantage of using the same film-substrate 

(a)

substrate

 

  

  

  

  

  

  

(b)

thin film

environment  ∞

heater/thermometer

thin film

substrate

  

   

   

  

   

   

 ∞

  − 

  

  − 

  

  −∞

optional insulation
film

radiation and
convection losses



Principle and Theory of the 3ω Method 

89 

platform, which improves the reproducibility of the measurements, since the variation of 

contact conditions between heater, film and substrate are excluded. Therefore, our 

multi-heater 3ω method allows more precise comparisons of cross- and in-plane 

conductivities, compared to what is achievable with the standard in-plane methods such as 

the techniques for suspended films discussed above. 

We used our multi-heater 3ω method for supported films because of two main reasons. Firstly, 

we want to focus on simultaneously determining the cross- and in-plane thermal 

conductivities of thin films without changing the sample during the measurement, which 

allows a precise comparison of cross- and in-plane conductivities. Secondly, compared to the 

other methods, the multi-heater technique is more sensitive for thin films with a small to 

moderate 𝑘𝑓 ∥value [22]. This characteristic is of great importance, since our multi-heater 

technique is appropriate for poorly thermal conductive thin films (e.g. CuI [24]), used for 

thermoelectric applications. 

The basic measurement principle for the in-plane measurement is similar to that for the 

cross-plane 3ω measurement, presented in Section 3.3.2.1. As for the cross-plane technique, 

the surface of the thin film is heated over a finite region by a metal strip, and the lateral 

spreading of the heat inside the film modifies the temperature distribution, which is different 

from the one for a strictly one-dimensional case. The lateral heat spreading is governed by the 

thickness and thermal conductivity of the film and also by the dimensions of the metal heater. 

By comparing the temperature rises in four metal heaters with different widths, the cross- and 

in-plane thermal conductivities can be obtained. 

If we use a heater with a width 2𝑏, which is much larger compared to the film thickness 𝑑𝑓  

( 2𝑏 ≫ 𝑑𝑓 ), this will lead to a one-dimensional heat flux vertical to the film surface 

(cross-plane) (Figure 3.10(a)). This behavior can be approximated as a one-dimensional heat 

conduction model, presented in Section 3.3.2.1. On the other hand, Kurabayashi et al. [22,33] 

and Borca-Tasciuc et al. [19] reported that working with a very narrow heater compared to 
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the cross-plane measurement will result in a divergent heat pattern that spreads along the 

in-plane direction, as shown in Figure 3.10(b) and Figure 3.15. 

 

Figure 3.15: Cross-sectional schematic of the improved microstructure used for measuring both the 

cross- and the in-plane thermal conductivities in the same thin film. The line-width of the four heaters 

deposited on the thin film sample varies, in order to extract both the cross- and in-plane thermal 

conductivity. When the metal strip width is much larger than the thin film thickness, the thermal 

conduction is nearly one-dimensional in the direction normal to the film, and the cross-plane 

conductivity has a dominant influence on the temperature rise. On the other side, the sensitivity of the 

measurement to the in-plane conductivity increases with decreasing values of the ratio of the strip 

width to the film thickness. 

Therefore, the half-width 𝑏 of the metal heater must be small enough to comply with the 

following condition [21,26]: 

𝑏

𝑑𝑓
(
𝑘𝑓⊥

𝑘𝑓∥
)

1 2⁄

≤ 3 (3.38) 

where 𝑘𝑓⊥ and 𝑘𝑓∥ represent the cross- and in-plane thermal conductivity values of the thin 

film, and 𝑑𝑓  the film thickness, respectively. In this case, the metal strip is sensitive to the 

in-plane thermal conductivity component (see Figure 3.16), and the in-plane thermal 
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conductivity can be determined by using Eq.(3.32) or (3.33) [19]. The approximations of the 

film thermal resistance 𝑅𝑓 is then given by: [19,26]: 

𝑅𝑓 =
∆𝑇𝑓

𝑃𝑙
=
1

𝜋
(

1

𝑘𝑓⊥ ∙ 𝑘𝑓∥
)

1 2⁄

∫
sin2 𝑢

𝑢3

∞

0

tanh [𝑢
𝑏

𝑑𝑓
(
𝑘𝑓⊥

𝑘𝑓∥
)

1 2⁄

] 𝑑𝑢  (3.39) 

Generally, the cross-plane thermal conductivity 𝑘𝑓⊥ must be firstly determined using a metal 

strip that is only sensitive to heat flow perpendicular to the thin film, as mentioned before. 

Subsequently, the in-plane thermal conductivity 𝑘𝑓∥ can be obtained with a significant ly 

narrowed-width heater (see Figure 3.15). 

 

Figure 3.16: Sensitivity of the metal heaters used for our multi-heater 3ω method to simultaneously 

measure the cross- and in-plane thermal conductivity of amorphous thin films in dependence of the 

dimensionless heater width. For wide heaters, the thermal resistance of the film 𝑅𝑓 is sensitive only to 

the cross-plane conductivity, while for narrow heaters, 𝑅𝑓 is sensitive to the conductivities in both 

directions. The calculation is based on Eq. (3.39), and a perfectly isothermal substrate is assumed. 

The green shaded area represents the acceptable range for in-plane measurements by using the 

differential 3ω multi-heater method (adapted and modified from Ref. [21]). 

Furthermore, to ensure that we obtain reliable in-plane thermal conductivity values from our 

multi-heater method, the thermal conductivity of the substrate must be large enough to be 
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approximated as isothermal (𝑘𝑠 → ∞). In the case of an anisotropic film, Borca-Tasciuc et al. 

[19] and Dames [21] demonstrated that the error of this thermal design rule is given by: 

Error ≈  
𝑘𝑓⊥ ∙ 𝑘𝑓∥

𝑘𝑠
2

 (3.40) 

This thermal design rule implicates that the multi-heater 3ω method is basically not applicable 

to investigate materials with extremely high cross- and in-plane thermal conductivity values, 

such as graphene [21]. In this case, the suspended film method is more suitable. For every 3ω 

film-on-substrate sample investigated in this thesis, the error is always below 1.4% (see 

Table A.4 of Appendix B). 

In this work, we improved the sensitivity and accuracy of in-plane measurement by measuring 

a series of multiple heaters with different widths 2𝑏 but a constant length 𝑙 [21] and to 

distinguish between the heat flow in cross- and in-plane directions. Therefore, we deposited 

four metal heaters on top of the investigated thin film sample, as illustrated in Figure 3.15. 

The heater width was varied in order to be able to obtain both the cross- and in-plane thermal 

conductivities of thin films with a better accuracy. Section 4.3.1 provides detailed information 

about the structure and dimensions of the multi-heater samples used to study the heat 

conduction of AlN and CuI thin films. 

3.4. Summary 

In this chapter, the history, theoretical basics, experimental considerations, and several 

modifications of the 3ω method have been presented. We have concluded that the measured 

3ω voltage 𝑉3𝜔  is directly related to the thermal wave amplitude ∆𝑇2𝜔 , which is then 

compared to a thermal model depending on the excitation frequency ω to obtain the thermal 

conductivity of thin films, substrates and multilayer-structures. This process was presented in 

detail, providing the fundamentals for the thermal measurements performed in this thesis. We 

provided an expression for the thermal wave as a function of the experimental variables. Then, 



Principle and Theory of the 3ω Method 

93 

an analytical expression of the thermal wave amplitude induced by a thin film deposited onto 

a substrate was given, and the differential approach was described in Section 3.3.2.1. 

Furthermore, we introduced a new approach to measure both cross- and in-plane thermal 

conductivities of thin films without changing the sample during the measurement process, in 

order to characterize the thickness dependency of the film’s thermal conductivity. This novel 

measurement concept offers the advantage of using the same film-substrate platform as 

support. This improves the reproducibility of the measurements, since the variation of contact 

conditions between heater, film and substrate is excluded. Therefore, our multi-heater 3ω 

method allows a more precise comparison of cross- and in-plane conductivities, compared to 

what is achievable with standard in-plane methods such as techniques for suspended films 

(Section 3.3.2.2). 

The following chapter will thoroughly describe the experimental methodology used to 

characterize the cross- and in-plane thermal conductivity of SiO2, Si3N4, AlN and CuI thin 

films. The experimental setup of the 3ω method as well as the sample preparation are 

introduced. It will also provide the description of SiO2, Si3N4, AlN and CuI thin films and the 

experimental methodology used to synthesize them. Furthermore, we will apply the 

fundamental 3ω principle to the AFM and demonstrate the experimental setup of our 

3ω Microscopy technique. This novel characterization technique is utilized to quantitatively 

study the local thermal properties of thin-film-on-substrate systems. 
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 Materials and Characterization 

Techniques 

Thermal properties of thin films are intricately related to their microstructures and therefore 

their accurate characterization is crucial to understand the thermal transport. This chapter 

provides the descriptions of experimental methodologies used to synthesize and characterize 

SiO2, Si3N4, AlN and CuI films. The experimental techniques utilized to investigate the 

crystalline structure, surface morphology, electrical and thermal properties of the mentioned 

thin films are discussed in details. The experimental setups of the macro- and microscopic 3ω 

methods as well as the composition and preparation of thin film-on-substrate samples are also 

introduced. 

4.1. Materials 

4.1.1. Silicon dioxide and silicon nitride 

SiO2 and Si3N4 thin films have been widely used in micro- and nanoelectronics over the past 

decades [1]. The main reason is due to their excellent insulating properties, i.e., high dielectric 

constants of 3.8 to 3.9 (thermal SiO2) and 7.0 to 7.5 (Si3N4), respectively [1]. SiO2 films 

prepared by thermal oxidation of silicon are often utilized as primary gate dielectrics and 

therefore are one of the most important technological films in semiconductor manufacturing. 

They ensure low density of traps at the Si/SiO2 interface, excellent dielectric properties, and 

high-temperature stability in fabrication processes. In addition, chemical vapor deposited 

(CVD) SiO2 and Si3N4 thin films have also been widely employed in semiconductor 

manufacturing and devices. They function as dielectric layers (e.g. field oxides), sidewall 

spacers and passivation layers [1]. 
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As the thermal conductivities of SiO2 and Si3N4 thin films are well-reported [2–5], they can 

be used as reference films in order to verify the experimental results obtained from our 

modified 3ω techniques (i.e., multi-heater 3ω technique and 3ω Microscopy). Studies 

revealed that the thermal conductivities of these films are strongly dependent on their film 

thicknesses [2–7]. Lee et al. [2] and Griffin et al. [4,5] reported that the cross-plane thermal 

conductivity values of SiO2 and Si3N4 thin films prepared by CVD increased with the increase 

in film thickness. 

In this thesis, SiO2 and Si3N4 thin films were deposited onto a Si (100) substrate using plasma 

enhanced chemical vapor deposition (PECVD). Different aspects of using PECVD for growth 

of thin films and the deposition parameters of the investigated SiO2 and Si3N4 films are 

presented in the following section. 

4.1.1.1. Deposition of SiO2 and Si3N4 thin films 

PECVD is widely used in semiconductor manufacturing to deposit SiO2 and Si3N4 thin films 

onto wafers containing metal films or other temperature-sensitive structures [8]. In this thesis, 

PECVD has been employed to grow SiO2 and Si3N4 thin films on p-type Si (100) substrates 

of 640 μm in thickness. In order to study the thickness-dependency of thermal conductivity, 

the thicknesses of the deposited SiO2 and Si3N4 films were varied between 100 - 1000 nm and 

300 - 1000 nm, respectively. 

Table 4.1: Deposition parameters for PECVD of SiO2 and Si3N4 thin films on Si (100) substrates, 

serving as reference samples for the 3ω method. 

 Sources 

[sccm] 

Total 

gas 

pressure 

[Torr] 

RF power 

[W] 

RF frequency 

[MHz] 

Deposition 

temperature 

[°C] 

 

SiO2 5.3% SiH4/N2  30.9 

N2O  120 

1.0 17.0 13.56 300  

Si3N4 5.3% SiH4/N2  60 

NH3  1.5 

1.8 16.0 13.56 300  
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Prior to the film deposition, the substrates were ultrasonically cleaned in acetone, ethanol, and 

de-ionized water for five minutes sequentially. Then the Si substrates were submerged into 

RCA-1 (NH4OH:H2O2:H2O = 1:1:5) at 75°C for five minutes. After being rinsed in de-ionized 

water, the Si substrates were dipped for two minutes in 2% hydrofluoric acid (HF) solution to 

remove the native oxide layers on their surfaces. Then, the Si substrates were rinsed using 

de-ionized water and dried using nitrogen (N2) gas. Table 4.1 summarizes the deposition 

parameters of the investigated SiO2 and Si3N4 thin films. 

4.1.2. Aluminum nitride 

AlN thin films have been widely used in SAW devices [9,10], LEDs [11], and MEMS because 

of their outstanding properties, such as high piezoelectric coupling factor, excellent dielectric 

properties, wide band gap and high thermal conductivity [12]. Single crystalline AlN is one 

of the promising candidates for effective heat conductors in microelectronic devices due to its 

high thermal conductivity (320 Wm-1K-1) at room temperature [13], which makes it an ideal 

material to solve the thermal management problem. However, thermal conductivities of thin 

film and coating materials could be substantially different from those of their bulk 

counterparts [2,14–18]. Therefore, precise measurement of the cross- (𝑘𝑓⊥ ) and in-plane (𝑘𝑓∥) 

thermal conductivities of polycrystalline AlN thin films is beneficial for developing 

micro- and nanoelectronic devices. 

Therefore, a goal of this thesis is to provide an improved 3ω technique to measure both 

cross- and in-plane thermal conductivities of high-thermally conductive AlN thin films, in 

order to study the thickness-dependency of thermal conductivity. Experimental work and 

theoretical analysis have been performed to study the effects of crystallinity, grain/surface 

particle sizes, and interfacial structures of AlN thin films on their thermal conductivity. The 

experimental results of these investigations will be presented in Chapter 5. 
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4.1.2.1. Physical properties of AlN 

AlN is an ionic binary compound that belongs to the III-V group [19]. In its wurtzite phase as 

illustrated in Figure 4.1(a), it is the largest bandgap nitride semiconductor with a bandgap of 

6.28 eV at room temperature [19]. Wurtzite AlN crystallizes in a hexagonal structure with 

lattice parameters 𝑎𝐴𝑙𝑁 = 3.11 Å and 𝑐𝐴𝑙𝑁 = 4.98 Å. The ordered structure is described by the 

space group P63mc and consists of two interpenetrating hexagonal close-packed sublattices, 

each one containing either Al- or N-atoms, as shown in Figure 4.1(b) [19]. There are four 

Al-atoms per unit cell located at (0, 0, 0), (1/3, 2/3, 1/2), (0, 0, 3/8) and (1/3, 2/3, 7/8). The 

N-lattice is separated from the Al-arrangement along the c-axis by an offset of 3/8 of the cell 

height [20]. In this structure, each Al-atom is tetrahedrally coordinated to form four equivalent 

bonds with N-atoms. Conversely, each N-atom is coordinated by four Al-atoms. 

 

Figure 4.1: (a) Crystal structure of AlN in its wurtzite phase (space group P63mc). Aluminum and 

nitrogen bonds are illustrated by the dashed lines colored in grey (adapted and modified from Ref. 

[21]); (b) Stacking of aluminum and nitrogen in a hexagonal crystal of lattice constants 𝑎 = 𝑎1 = 𝑎2 

and 𝑐 (adapted and modified from Ref. [20]). 

In order to prepare AlN thin films, various deposition techniques, such as CVD [22,23], 

pulsed laser deposition (PLD) [24] molecular beam epitaxy (MBE) [25], and magnetron 

sputtering [26–28] have been utilized. Among them, magnetron reactive sputtering is one of 

    

    

N-atoms
Al-atoms
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N-layer

Al-layer
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the most widely used deposition techniques [29]. The main parameters in magnetron reactive 

sputtering are growth temperature, pressure, and gaseous ratio of argon (Ar) and N2, etc. In 

this thesis, the deposition of AlN thin films with a thickness varying from 99 to 1009 nm on 

Si (100) substrates were performed using RF reactive magnetron sputtering. Different aspects 

using RF magnetron sputtering for growth of AlN thin films are discussed in the following 

section. 

4.1.2.2. Deposition of AlN thin films 

Magnetron sputtering is one of the most versatile sputtering techniques, because it can be 

employed to deposit both insulating and non-insulating materials [29]. Due to the dielectric 

nature, direct evaporation of electrically insulating materials is difficult and inefficient. This 

issue can be overcome by sputtering the target with an RF power supply in a reactive mode. 

This approach is advantageous, because of its high deposition rate compared to other 

commonly used techniques [29]. 

In this thesis, AlN thin films were deposited onto p-type doped Si (100) substrates using an 

RF reactive magnetron sputtering process with an RF power of 5 kW and a DC power of 

100 W. Before deposition, substrates were cleaned as described in Section 4.1.1.1 on page 99. 

The sputtering process was conducted in the reactor. The ambient pressure and temperature 

in the deposition chamber were controlled to be 9.5 mTorr and 25°C, respectively. An 

Al-target (99.9995% purity) of 5 inch (12.7 cm) in diameter was utilized for deposition of the 

thin film using a gas mixture of N2 (50 sccm) and Ar (10 sccm). The purity of N2 and Ar gases 

was 99.995%. The thicknesses of the deposited AlN films were between 99 to 1009 nm in 

order to study the film thickness-dependency of thermal conductivity. 

4.1.3. Copper Iodide 

CuI is a binary metal halide semiconductor with a wide direct bandgap of 3.1 eV and excellent 

thermoelectric properties [30,31]. Therefore, CuI films provide a great potential to improve 
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thermoelectric [31,32] and optoelectronic applications [30,33], such as microscale transparent 

flexible thermogenerators [31], transparent electrically conductive layers [34], LEDs [30,35] 

and solar cells [36,37]. 

 

Figure 4.2: Crystal structure of CuI in its (a) rock salt structure (space group Fm3̄m) (b) wurtzite 

structure (space group P63mc) (c) zincblende structure (space group F¯̄43m) (adapted and modified 

from Ref. [38]). 

In this thesis, we focus on room temperature thermoelectric performances of CuI thin films, 

since CuI in its ground-state phase was recently reported as a high performance p-type 

transparent conductor [31–33,39]. CuI is an environment-friendly material composed of 

non-toxic and naturally abundant elements [31]. Interestingly, the presence of heavy elements 

like iodine (I) leads to a low thermal conductivity, which is necessary for a good 

thermoelectric performance [31]. CuI undergoes multiple polymorphic phase transitions 

during heating, i.e., γ (zincblende structure, space group F¯̄43m)  β (wurtzite structure, 

P63mc)  α (rock salt structure, Fm3̄m) at 643 K and 673 K, respectively [31,40]. 

Figure 4.2 shows the α-, β-, and γ-structures of CuI. The α- or β-phase acts as a superionic 

conductor, which is regarded as a phonon-liquid material with a low thermal conductivity 

[41]. Whereas in its γ-phase at room temperature (or below 643 K), it is a wide direct bandgap 

(𝐸𝑔  = 3.1 eV) semiconductor with p-type conductivity [31]. The Cu-vacancy, which has a 

shallow acceptor level, is primarily responsible for p-type conductivity of γ-CuI [42]. 

Recently, Yang et al. [31] reported a record high room temperature hole conductivity 
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𝜎  > 280 Scm-1 for CuI thin films. At 300 K, a large Seebeck coefficient of γ-CuI 

(𝑆  = 237 μVK−1 for a hole concentration 𝑝 of 1020 cm−3) was theoretically predicted [43]. 

Consequently, a high thermoelectric performance in the wide bandgap γ-CuI can be expected 

due to its high values of 𝜎 (with respect to the large bandgap) and 𝑆 as well as the predicable 

low thermal conductivity value [31]. For the purpose of exploring transparent p-type 

thermoelectric materials, the thermoelectric properties of γ-CuI thin films have been 

investigated in this thesis. There are growing numbers of studies that investigated CuI films 

[30,32,33,39,44–49]. However, little research has been conducted to investigate the thermal 

properties of γ-CuI thin films, which are crucial to understand and develop thermoelectric 

applications. Therefore, a main goal of this thesis is to study the cross- and in-plane thermal 

conductivities of γ-CuI thin films as a function of film thickness, by using our modified 3ω 

methods. 

4.1.3.1. Deposition of CuI thin films 

Various synthesis techniques can be used to prepare CuI thin films, such as PLD [34,49], 

magnetron sputtering [32], iodination reaction [30,50], and hydrothermal evaporation [47]. In 

this thesis, γ-CuI thin films were deposited onto p-type doped Si (100) substrates using DC 

sputtering in a dynamically pumped chamber with a base pressure of about 1 × 10−5 mbar. 

Prior to the film deposition, the substrate was ultrasonically cleaned in acetone, ethanol and 

then dried with nitrogen gas. A high purity Cu-target (99.999% purity) of 4 inch in diameter 

was utilized for deposition of the γ-CuI thin films. A heated iodine source (iodine particles 

inside a cylinder of stainless steel) was connected with the deposition chamber in order to 

introduce iodine vapor for the γ-CuI deposition [31,39]. To maintain an acceptable iodine 

vapor pressure (≈ 1 × 10−3 mbar), the iodine source was kept at a temperature of 180 °C [39]. 

For adjustment of the iodine partial pressure, the throttle valve between the chamber and turbo 

molecular pump was partially closed. Ar-gas was added to set the overall pressure to 

0.02 mbar [31]. Pre-sputtering was performed with a power of 30 W for 20 minutes with the 

shutter closed. The γ-CuI samples were sputtered at a power of 30 W at room temperature 
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[31]. The thicknesses of the deposited γ-CuI films were between 70 to 400 nm in order to 

study the thickness-dependency of the γ-CuI film thermal conductivity. The γ-CuI films were 

produced in the University of Leipzig as a joint research work [31], and part of the results 

were jointly obtained with Dr. Chang Yang in the University of Leipzig. 

4.2. Material and nanostructure characterization 

The crystalline structures of AlN and γ-CuI thin films were studied using a Rigaku SmartLab 

X-ray diffraction (XRD) spectrometer, with a Bragg-Brentano configuration and a Cu Kα line 

as an excitation source (40 kV/30 mA; 𝜆𝑤𝑎𝑣𝑒 = 0.154 nm). The scan speed was set as 

1 degree/min with 0.05 degree/step. The Bragg-Brentano (𝜃-2𝜃) configuration was used to 

identify the crystallographic phases and preferred orientations. The results of the XRD 

analysis were used to estimate the average grain sizes of the thin films by employing the 

Scherrer equation. 

In this thesis, surface morphologies of AlN and γ-CuI thin films were investigated using a 

Bruker Dimension Icon AFM. For the AFM, typical scans were taken over an area of 

1 μm × 1 μm (AlN films) or 5 μm × 5 μm (γ-CuI films) at a constant scan speed of 1 Hz. For 

γ-CuI films the scan-size was increased due to the larger surface particle sizes. The film’s 

average surface particle/crystallite size distributions of the 3ω film samples as a function of 

film thickness were obtained based on analysis of the AFM images. The NanoScope Analysis 

software was used to determine the particle size distribution at the surface of the thin film 

samples. Furthermore, the AFM was used to measure the local thermal conductivity of thin 

films by combining the experimental setup of the AFM with the fundamental 3ω method. 

Details about this 3ω Microscopy technique are given in Section 4.3.2. 

A scanning electron microscopy (SEM) with Energy Dispersive X-ray analysis (EDX) was 

employed to characterize the morphology, chemical composition and the interface region 

between the thin film and substrate, which is considered as an important factor for thermal 

performance. The SEM characterizations were performed using a Zeiss ULTRA 55 SEM and 
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an EDAX-EDX module. To analyze the cross-section, our AlN and γ-CuI samples were 

cleaned with acetone and ethanol, followed by high purity nitrogen drying. 

The Seebeck coefficient 𝑆 and the electrical conductivity 𝜎 of the γ-CuI were simultaneously 

determined under a helium atmosphere employing a Linseis LSR-3 measurement device [31]. 

The carrier type, density and mobility of our γ-CuI thin film samples were detected by Yang 

et al. [31] using an experimental Van-der-Pauw setup with a magnetic field of about 0.4 T. 

The local thermal conductivity, cross- and in-plane thermal conductivities of thin 

film-on-substrate samples were obtained utilizing our 3ω Microscopy and differential 

multi-heater 3ω method as described in the following sections. 

4.3. Thermal characterization and sample structure 

4.3.1. Macroscopic 3ω method 

In- and cross-plane thermal conductivity values of SiO2, Si3N4, AlN and γ-CuI thin films were 

obtained utilizing both differential and multi-heater 3ω method, presented in Section 3.3.2. 

4.3.1.1. Sample preparation 

The sample preparation process of the macroscopic 3ω structures consists of three major 

steps: 

1) surface cleaning of the film-on-substrate structure; 

2) deposition of titanium (Ti) and Au for the 3ω heater/thermometer structures; 

3) microfabrication of the 3ω heater/thermometer structures. 

1) Surface cleaning 

Since the above described methods assume a negligibly small interfacial thermal resistance 

between the heater and the sample, it is crucial to obtain a proper interface, where the heater 
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is in intimate contact with the sample surface. To eliminate possible particulate impurities, 

the sample used in the experiments were cleaned with acetone in an ultrasound bath for 5 

minutes. The residual solvent was removed with ethanol, followed by drying with high purity 

nitrogen gas. To dehydrate the surface of the substrate, it was pre-baked at 200°C for 5 

minutes on a hot-plate. 

2) Deposition of Au and Ti 

To fabricate the 3ω heater, a 20 nm thick Ti layer was first deposited using pulsed DC 

sputtering onto the surface of the film-on-substrate samples, followed by an Au layer between 

250 and 500 nm in thickness. Au was used as the heater material because of its high 

temperature stability and high temperature coefficient of resistance 𝛼 . The Ti layer was 

deposited to improve the adhesion strength of the Au-heater [51]. 

3) Microfabrication of the 3ω heater/thermometer structures 

The deposited Au and Ti layers were patterned by a conventional microfabrication 

technique/lift-off process, as illustrated in Figure 4.3. The lithography mask used here was 

designed to yield four 3ω heater structures of line widths varied between about 1 and 25 µm 

and a length of 9 mm on the same thin film or substrate as shown in Figure 4.3. 

Measured data obtained from the metal heaters with varied widths enable one to extract both 

the cross- and in-plane thermal conductivities of the same thin film sample (see 

Section 3.3.2.2). The heater widths and lengths were defined to satisfy the experimental 

design criteria of the 3ω method, which have been introduced in Section 3.3 (see Tables A.1 

to A.3 of Appendix B). 
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Figure 4.3: Microfabrication process steps for generating the 3ω line heater structure, which is 

necessary to obtain both cross- and in-plane thermal conductivity of thin films: (a) coat and prebake 

photoresist, (b) expose and develop photomask, (c) mask for 3ω structures, (d) deposition of Au/Ti 

films, (e) lift-off step, (f) finished 3ω line heater structure. 

 

Figure 4.4: Top view of optical microscope image of the improved microstructure used for 

measuring both the cross- and the in-plane thermal conductivities in the same thin film. The Au 

heaters of line width 2𝑏 varying between around 1 and 25 µm and length of 9 mm are deposited on 

the same thin film sample. When the metal strip width is much larger than the thin film thickness, the 

thermal conduction is nearly one-dimensional in the direction normal to the film, and the cross-plane 

conductivity has a dominant influence on the temperature rise. On the other side, the sensitivity of the 

measurement to the in-plane conductivity increases with decreasing values of the ratio of the strip 

width to the film thickness (this figure is not in scale). 
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First, the film-on-substrate samples were covered with a Shipley 1827 photoresist for metal 

lift-off processing by spin coating at 5500 rpm (maximum coating uniformity) for 30 seconds, 

resulting in a homogenous resist layer of 1 µm, which was prebaked at 90 °C for 2 minutes 

on a hotplate to eliminate the remaining solvent concentration. The resist-coated samples were 

covered with a photomask containing the 3ω heater structures and then exposed to ultraviolet 

light for 15 seconds. After exposure, the photoresist of the film-on-substrate structures were 

developed in a developer bath of MF-319 for 45 seconds, followed by de-ionized water 

cleaning. After that, the Au/Ti layers were deposited at the entire surface of the sample (see 

Figure 4.3(d)). Then the photoresist was removed by sonication in acetone for 10 minutes.  

Finally, the sample surface was cleaned using ethanol, followed by high-purity nitrogen 

drying. 

 

Figure 4.5: Cross-sectional SEM image of a 20 nm Ti film and a 250 nm Au layer deposited onto a 

304 nm AlN film, studied in this thesis. 

After the microfabrication of the 3ω heater structures, the heater length 𝑙 and line width 2𝑏 

were measured using a Nikon DS-Ri2 optical microscope. Figure 4.4 provides the microscope 

image of the four 3ω heater structures of line widths varied between 1 and 25 µm and a length 

of 9 mm, microfabricated on the same thin film, used for measuring the cross- and in-plane 

thermal conductivity of thin films. The resulting width of the 3ω heaters is uniform along the 
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Si substrate
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length. Thus, to be as rigorous as possible when doing the 3ω measurements, the width of all 

heaters were measured separately for each sample. 

Figure 4.5 shows a cross-sectional SEM image of the Ti (20 nm) and the Au (250 nm) films 

deposited by pulsed DC sputtering onto the surface of a 304 nm thick AlN thin film, 

investigated in this thesis. Both the Ti and Au layers are continuous and homogenous. 

The schematic cross-sections of the investigated reference and thin film samples are 

illustrated in Figure 4.6. Table 4.2 summarized all details about the 3ω samples, which were 

investigated within this thesis to study the thickness-dependency of thermal conductivity. 

 

Figure 4.6: Schematic cross-sections of 3ω film-on-substrate samples required for the differential 3ω 

method: (right column) sample without the film of interest, (left column) multilayer samples 

including the film of interest and if necessary, the reference film-on-substrate structure. In such 

systems, the voltage drop across the metal strip depends on the temperature rise caused by the whole 

multilayer structure. The measured thermal transfer function is therefore the sum of the contributions 

of the thermal oscillations coming from different components of the system. 
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Table 4.2: Details about the 3ω thin film-on-substrate samples to study the thickness dependancy of 

the cross- and in-plane thermal conductivities of thin films. 
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4.3.1.2. 3ω experimental setup 

The main challenge of the experimental setup is the reliable extraction of the 3ω voltage 

signals from the voltage oscillations of the thin film sample, since the amplitude of the 1ω 

voltage is typically 100 to 1000 times larger than that of the 3ω voltage [2,52]. Therefore, an 

appropriate electrical circuit, consisting of a differential lock-in amplifier and a bridge circuit,  

including two differential operational amplifiers (DA1/2, AD 620A), is needed. Figure 4.7 

shows a schematic diagram of the experimental setup used to extract the 3ω voltage 

component along the metal heater. 

An internal signal generator of the digital lock-in amplifier (Anfatec Instruments 

eLockIn204/2) produces the AC heating current. The generated heating current contains a low 

harmonic distortion of 0.0005%, because any third harmonic content in the signal generator 

can induce interfering signals during the thermal conductivity measurement. Both current (𝐼1, 

𝐼2) and voltage (𝑉1, 𝑉2) pads (see Figure 3.2) of the 3ω heater structure are contacted with 

the lock-in amplifier using four micromanipulators as illustrated in Figure 4.8. 

 

Figure 4.7: Schematic circuit diagram used to extract the 3ω voltage component from the voltage 

signal across the metal strip deposited on the sample and description of the operational 

amplifier-based electronic conditioning stage employed to perform the signal treatment (adapted and 

modified from Ref. [51]). 
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Due to the finite dynamic reserve of the lock-in amplifier of 135 dB, the suppression of the 

1ω voltage from the 3ω signal is accomplished by a bridge circuit balanced by adjusting the 

series reference resistance 𝑅𝑟𝑒𝑓  [52]. The reference resistance 𝑅𝑟𝑒𝑓  needs a low temperature 

coefficient of resistance (≈15 ppm/K) and also a low thermal resistance to the environment to 

minimize any spurious 3ω artifacts, which could influence the measurement of the third 

harmonic voltage. To properly detect the 1ω and 3ω voltage signals, a differential lock-in 

amplifier with a bandwidth of 0.1 Hz up to 2 MHz was used. In order to reduce radiation and 

convection losses, the measurement was performed inside a vacuum chamber with a pressure 

less than 3.1 Pa using a Pfeiffer HiCub 80 turbo pumping station. 

 

Figure 4.8: Setup of sample connection inside the vacuum chamber. Current and voltage pads (see 

Figure 3.2) of the 3ω heater structure are contacted with the lock-in amplifier, using four 

micromanipulators. 
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4.3.1.3. Thickness-dependent thermal conductivity measurements of thin films 

Prior to the 3ω measurements, seven experimental variables have to be obtained for each 

sample, in order to calculate the thermal conductivity of SiO2, Si3N4, AlN and γ-CuI thin films 

using Eq. (3.33) and Eq. (3.34): 

 thin film thickness 𝑑𝑓 ; 

 metal heater width 2𝑏 and length 𝑙; 

 temperature coefficient of resistance of the metal heater 𝛼; 

 heating power 𝑃 of the metal heater; 

 averaged amplitude of temperature oscillation of the substrate or reference sample 

∆𝑇𝑠 ; 

 averaged amplitude of the temperature oscillation of the thin film-on-substrate or thin 

film-on-reference structure ∆𝑇𝑓. 

1) Thin film thickness 𝑑𝑓  

The thicknesses of the investigated SiO2, Si3N4, AlN and γ-CuI thin films 𝑑𝑓  were measured 

using a surface profilometer. The reported values of the film thickness were obtained by 

averaging over at least five measurements. The measured film thickness values 𝑑𝑓  of all the 

samples are listed in Table 4.2. 

After the deposition of the thin films, the film thicknesses were once verified by performing 

film thickness measurements using a ZEISS laser-scanning microscope (LSM-800). 

Figure 4.9 shows the LSM image and line-scan evaluation of the film thickness measurement 

of a 1000 nm thick PECVD SiO2 film deposited on a Si substrate. The LSM measurement is 

also capable to verify the thickness (𝑑ℎ  ≈ 500 nm) of the metal heater used to perform the 3ω 

measurements. The thin film thicknesses obtained by the LSM were in good agreement with 

the results of the surface profilometer. 
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Figure 4.9: LSM image and line-scan of a 1000 nm thick PECVD SiO2 film deposited on a Si 

substrate to verify the SiO2 film thickness and 3ω line heater geometries: (a) topography image of the 

LSM (b) line-scan image of the evaluated LSM data to obtain the heater and film thickness. 

2) Metal heater width 2𝑏 and length 𝑙 

The line width 2𝑏 and length 𝑙 of the metal heater were measured for each sample with a 

Nikon DS Ri2 optical microscope, calibrated for high precision measurements, as illustrated 

in Figure 4.10. To be as exact as possible for the data when executing the 3ω measurements, 

the line-width and length of all heaters were measured separately for each sample and the 

heater dimensions of all thin film samples are listed in Table 4.2. Figure 4.10 shows the 

optical microscope image of a 3ω line heater deposited on a 99 nm AlN thin film on a Si 

substrate. The heater width was measured to be 5.92 µm. As the heater width is much larger 

than the film thickness of 99 nm the heater was utilized to extract the cross-plane thermal 

conductivity of the AlN thin film, as introduced in Section 3.3.2.1. 

(a)

(b)
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Figure 4.10: Top view of a microfabricated 3ω line heater structure on a 99 nm AlN thin film on a Si 

substrate with a width of 5.92 μm obtained by an optical microscope. 

3) Temperature coefficient of resistance 𝛼 of the metal heater 

The temperature coefficient of resistance (TCR) 𝛼 of the metal heaters were determined by 

measuring the electrical resistance of the metal heater 𝑅ℎ(𝑇)  as a function of the heater 

temperature 𝑇ℎ, employing a four point probe method. Therefore, the 3ω samples were placed 

in a vacuum chamber and a step-wise temperature application was implemented, keeping the 

sample at a constant temperature until the thermal equilibrium was reached. 

The electrical resistance of the heater was measured between 20 and 120°C with a temperature 

step of 10 K. Figure 4.11 shows the measurement results of the TCR measurements of the 

AlN and γ-CuI thin film heater structures. The coefficient 𝛼 was then determined from the 

slope of the electrical resistance versus temperature curve, as given by Eq. (3.2). The slope of 

the experimental data was determined by a linear fitting curve. The reported TCR values were 

obtained by averaging over five measurements for each thin film sample. The average 

𝛼 -values of the AlN and γ-CuI thin film heater structures, depicted in Figure 4.11, are 

0.00310 K-1 and 0.00434 K-1, respectively. The maximum deviation of the calculated values 

of the five measurements was below 0.8% for each sample. The temperature coefficients of 

the metal heaters used in this thesis are listed in Table 4.2. 

2  = 5.92 µm

contact pads

Au-heater
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Figure 4.11: Electrical resistance of the metal heater 𝑅ℎ(𝑇) as a function of the heater temperature 

𝑇ℎ to determine the metal heater’s TCR 𝛼. The electrical resistance of the heater was measured 

between 20 and 120°C with a temperature step of 10 K. The coefficient α was then determined from 

the slope of the linear fitting curve (dashed lines), as given by Eq. (3.2). The average values out of 

five measurement of the (a) the AlN and (b) γ-CuI samples are 0.00310 and 0.00434 K-1, 

respectively. 

4) Heating power 𝑃 of the metal heater 

The rms value of the heating power 𝑃  produced by the metal heater when heated by the 

heating current 𝐼ℎ was calculated using: 

𝑃 =
𝑉ℎ

2

𝑅ℎ
 (4.1) 
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𝐼ℎ =
𝑉ℎ

𝑅ℎ
 (4.2) 

where 𝑉ℎ  and 𝑅ℎ  are the voltage drop at and the electrical resistance of the 3ω line heater, 

respectively. Both were measured using a digital multimeter. The dissipated heating power of 

the heater was determined before every 3ω measurement and ranged between 30 and 165 mW 

(rms), which is corresponding to a heating current of 10 up to 30 mA (rms). 

5) Average amplitude of the temperature oscillation of the thin film-on-substrate or thin 

film-on-reference-structure ∆𝑇𝑓: 

In order to obtain the average amplitude of the temperature oscillation of the thin 

film-on-substrate or thin film-on-reference-structure, the samples were placed onto a chuck 

at room temperature and four microprobes were positioned onto the electrical pads of the 

metal heater, as depicted in Figure 4.8. Then 3ω measurements were performed by recording 

the amplitude of the 3ω voltage 𝑉3𝜔 (𝑓) for heating frequencies, ranging from 100 to 1000 Hz. 

Thus, considering the typical values of the specific heat capacity 𝑐𝑝,𝑆𝑖  (711 Jkg-1K-1 [53]), the 

density 𝜌𝑆𝑖  (2330 kgm-3 [53]) and the thermal conductivity 𝑘𝑆𝑖  of Si (147 Wm-1K-1 [53]), the 

thermal wave propagates at a distance 𝜆𝑠𝑖  between 266 and 84 µm (using Eq. (3.13)) beneath 

the samples at frequencies between 100 and 1000 Hz. The amplitude of the thermal oscillation 

∆𝑇𝑓 can be obtained from the 3ω voltage component using Eq. (3.10). For heating frequencies 

below 100 Hz, the thermal wave, which propagates into the sample, would be reflected from 

the backside/bottom of the substrate and could lead to a superposition of the thermal wave. 

This superposition causes an unstable 3ω voltage. 

For heating frequencies above the 1000 Hz, the thermal wave can be disturbed and/or 

reflected at the interface between the thin film and substrate, also leading to serious 

interference issues during the 3ω voltage detection. As a result, the heating frequency and 

therefore the thermal penetration depth (see Eq. (3.13)) should be in the range of the linear 

regime (constant negative imaginary part of the 3ω voltage), introduced in Section 3.3.1.3, in 
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order to avoid reflections at the bottom of the substrate or the interface between the film and 

substrate. Within this frequency range, the experimental design criteria of the studied thin 

film samples for the 3ω method are satisfied, in order to achieve a low measurement error of 

1% (see Appendix B) [52]. 

 

Figure 4.12: Real (blue colored squares) and imaginary (green colored diamonds) parts of the 3ω 

voltage of a 600 nm PECVD Si3N4 film deposited on a 640 µm thick Si substrate, to obtain the 

amplitude of the temperature oscillation of the film-on-substrate system ∆𝑇𝑓. The orange colored area 

represents the recommended heating frequency range to perform 3ω measurements of the Si3N4 film, 

which is between 100 and 1000 Hz. This region is the so called linear regime, where the imaginary 

part of the 3ω voltage has an almost constant negative value. 

To calculate the amplitude of the frequency-dependent thermal oscillation of the 

film-on-substrate structure, the thermal oscillations were averaged over the entire frequency 

range between 100 and 1000 Hz. Figure 4.12 shows an example of a 3ω measurement data to 

detect the frequency-dependent 3ω voltage component, in order to determine the amplitude 

of the temperature oscillation of the film-on-substrate system. 
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6) Average amplitude of temperature oscillation of the substrate or reference sample ∆𝑇𝑠 : 

The average amplitude of the temperature oscillation of the substrate or reference sample ∆𝑇𝑠  

can either be measured utilizing the 3ω method [52,54] or calculated using equations [2,55]. 

For analyzing complex systems composed of several films a reference sample is needed, 

because it enables the determination of the thermal conductivity of the specific film in a 

multilayer structure [12,52,56]. Furthermore, the differential approach is capable to obtain the 

thermal conductivity values of electrically conductive thin films, such as metals and 

semiconductors [52,56]. However, a dielectric thin film between the metal 3ω heater and the 

conductive thin film of interest is required. Therefore, the reference amplitude of temperature 

oscillation for the reference sample ∆𝑇𝑠 , can be obtained by performing a basic 3ω 

measurement as described in the paragraph above (see ∆𝑇𝑓 values). Due to the high electrical 

conductivity of γ-CuI thin films this approach was used to determine the reference amplitude 

of the temperature oscillations. The structure of the utilized reference sample is shown in 

Figure 4.6 and the experimental results are provided in Chapter 6. 

As Cahill et al. [2,55] suggested, the amplitude of temperature oscillation of the substrate ∆𝑇𝑠  

of a standard dielectric film-on-substrate system does not need to be measured and instead 

should be calculated using Eq. (3.22). Cahill et al. [2,55] and Borca-Tasciuc et al. [54] 

reported that the calculated values are in extremely good agreement with experimental results 

using Eq. (3.22) and is nowadays a standard procedure for the 3ω measurements 

[2,52,54,55,57]. In order to calculate the ∆𝑇𝑠  values, the specific heat capacity 𝑐𝑝, the density 

𝜌 and the thermal conductivity of the substrate 𝑘𝑠 , in our case Si are needed. The thermal 

conductivity of the substrate is determined by Eq. (3.25) after performing a 3ω measurement 

over a frequency range between 100 and 1000 Hz, as demonstrated above. In this thesis we 

used literature values for the specific heat capacity 𝑐𝑝 (711 Jkg-1K-1 [53]) and the density 𝜌 

(2330 kgm-3 [53]) for the Si substrate. In literature, these values always vary slightly, but this 

has no significant influence on the determined results of the thin film thermal conductivity as 
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a 10% deviation of one of these parameters would only result in a deviation below 1% of the 

calculated thin film thermal conductivity value. In this thesis, the amplitude of temperature 

oscillation of the substrate ∆𝑇𝑠 , was calculated for each of SiO2, Si3N4 and AlN 

film-on-substrate samples and therefore no reference sample was needed. The experimental 

results are provided in Chapters 5 and 7. 

Film thickness-dependent cross- and in-plane thermal conductivity measurements of AlN and 

γ-CuI thin film samples were performed by our differential multi-heater 3ω method. Due to 

the fact that the γ-CuI samples need a reference sample to obtain the thermal conductivity of 

the thermoelectric γ-CuI films, Eq. (3.34) was applied to determine the cross- and in-plane 

thermal conductivities. The thermal conductivity values of AlN thin films in cross- and 

in-plane direction were calculated by applying Eq. (3.33), as no reference sample was needed. 

SiO2 and Si3N4 thin films were served as reference samples, as their thermal conductivities 

are well-known [2]. Therefore, only the cross-plane thermal conductivity as a function of film 

thickness was studied. The thin film thermal conductivities of SiO2 and Si3N4 were calculated 

using Eq. (3.33). 

The film thicknesses of the investigated thin films were varied from: 

 SiO2 (92 to 1002 nm) 

 Si3N4 (298 to 1001 nm) 

 AlN (99 to 1009 nm) 

 γ-CuI (70 to 400 nm) 

The determined cross- and in-plane thermal conductivity values of SiO2, Si3N4, AlN and γ-CuI 

thin films were obtained by averaging the thermal conductivity values over five 3ω 

measurements for each thin film sample. The maximum deviation of the calculated values of 

these five measurements was below 2.5% for each sample. 
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In order to reduce radiation and convection losses and simultaneously increase the 

reproducibility of our 3ω measurements, the measurements were performed inside a vacuum 

chamber with a pressure below 3.1 Pa. Figure 4.13 compares the reproducibility under 

vacuum conditions and in air without the cap of the vacuum chamber. For each condition five 

3ω measurements were performed on the same 1000 nm thick PECVD SiO2 film. Figure 4.13 

clearly illustrates that the reproducibility of the 3ω measurements is drastically improved 

under vacuum conditions. 

 

 

Figure 4.13: Experimental results of five 3ω measurements performed on the same 1000 nm thick 

PECVD SiO2 film under (a) vacuum conditions (pressure in vacuum chamber below 3.1 Pa) and (b) 

in air without the protection of the vacuum chamber’s cap. 
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The main sources of experimental uncertainties in the 3ω method measurements arise either 

from the fundamental assumptions used in the heat conduction models that are incorporated 

in the measurement procedure, or from the limited accuracy of the apparatus used to measure 

the variables, which are then employed to calculate the thermal conductivity. The detailed 

experimental uncertainty analysis of the macroscopic 3ω method is given in Appendix C. 

The experimental parameters of the 3ω measurements corresponding to the SiO2, Si3N4, AlN 

and γ-CuI thin films and the reference samples are summarized in Tables A7 to A.14 of 

Appendix D, respectively. The results of the thickness-dependent cross- and in-plane thermal 

conductivity measurements of the investigated SiO2, Si3N4, AlN and γ-CuI are discussed in 

Chapters 5 to 7. 

4.3.2. Local thermal properties of thin films (Microscopic 3ω method) 

4.3.2.1. Principle of operation and experimental setup 

Over the past decades, the 3ω measurements were performed utilizing various heater designs 

for studying thermal heat conduction of thin films and substrate materials [52]. The metal 

heater’s width 2𝑏 and length 𝑙 are in the range of several micrometers and millimeters, 

respectively (see Table 4.2) and the obtained thermal conductivity is the mean value over the 

heater area. 

In our novel 3ω Microscopy setup, the metal heater is replaced by a thermo-resistive AFM 

probe, which is simultaneously operated as both a heater and thermometer. In order to 

investigate the local thermal properties, the thermo-resistive probe has to be in contact with 

the surface of the sample. If the AFM is operated in a contact mode (see Figure 4.14), the 

fundamental 3ω method can be applied to the resistive probe. In that case, an AC current 𝐼(𝑡)  

with an angular modulation frequency ω is driven through the thermo-resistive probe, and 

causes Joule heating and generates a temperature oscillation 𝛥𝑇(𝜔) at a frequency of 2ω. This 

results in a voltage oscillation 𝛥𝑉(𝜔) along the resistive probe with a frequency-dependent 
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third harmonic voltage component 𝑉3𝜔(𝑓), which depends on the temperature oscillation of 

the thermal probe [51]. As discussed in Section 3.2, temperature and voltage oscillations 

obtained by 3ω measurements are the key parameters for determining the local thermal 

properties of thin films and substrate materials. 

 

Figure 4.14: The 3ω Microscopy method uses a thermo-resistive AFM probe as both the heater and 

thermometer. An AC current at angular frequency ω heats the surface of the sample at a frequency of 

2ω. Since the resistance of the thermo-resistive probe increases with temperature, temperature 

oscillations produce an oscillation of the electrical resistance at a frequency of 2ω. Consequently, the 

voltage drop across the thermo-resistive probe has a small component at a frequency of 3ω that can 

be used to measure the local temperature oscillations and the local thermal response of the 

film-on-substrate structure. 

The temperature oscillation of the thermo-resistive probe at the surface of the investigated 

sample can be determined by an approximation of Eq. (3.19) and is given by Eq. (3.22), if the 

thermal penetration depth 𝜆 is much larger than the half-width 𝑏 of the heat source (𝜆 ≫ 𝑏) 

[55]. With a contact area of several tens of nanometers of the thermo-resistive probe and a 

thermal penetration depth 𝜆  (see Section 4.3.1.3) of several micrometers, this condition 

should be satisfied [58,59]. As indicated by Eq. (3.25), the local thermal conductivity value 

of a bulk material can be obtained from the slope of the in-phase magnitude of the measured 

∆𝑇2𝜔,𝑎𝑣𝑔  (real part from the temperature oscillation) as a function of ln(2𝜔). 
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In order to obtain local thermal conductivity values of thin films, the classic 3ω method, 

presented in Section 3.3.2.1, has been utilized. Using the classic 3ω method, the thermal 

conductivity of a thin film can be obtained by comparing the average amplitude of the 

temperature oscillation of a film-on-substrate sample with the corresponding value of the 

substrate. The temperature variation of the film-on-substrate sample can be experimentally 

measured by detecting the voltage oscillation across the thermo-resistive AFM probe, which 

is proportional to the oscillating resistance value. The thermal response of the substrate ∆𝑇𝑠  

can be calculated directly from Eq. (3.22) and subtracted from the measured amplitude of the 

temperature oscillation (∆𝑇2𝜔|𝑎𝑣𝑔 = ∆𝑇𝑓 +∆𝑇𝑠 ). Thermal conductivity of the substrate 𝑘𝑠  

can also be calculated from the slope of ∆𝑇2𝜔|𝑎𝑣𝑔  versus ln(2𝜔)  as shown by Eq. (3.25). 

Finally, Eq. (3.33) allows the direct measurement of the local thermal conductivity at any 

position of surface of the studied thin film. 

4.3.2.2. Experimental setup 

The thermo-resistive probe represents the heart of the experimental 3ω Microscopy setup, 

because accuracy, thermal and spatial resolution of the local thermal measurements are 

determined by the probe specifications such as TCR 𝛼𝑡𝑖𝑝, thermal exchange radius 𝑟𝑡ℎ and 

cut-off frequency 𝑓𝑐𝑢𝑡 . 

The thermal exchange radius 𝑟𝑡ℎ between the tip of the thermo-resistive probe and thin film 

sample is the most critical parameter of our 3ω Microscopy, because it defines the lateral 

spatial resolution of local thermal conductivity measurements. Therefore, an accurate value 

of the thermal exchange radius 𝑟𝑡ℎ is absolutely critical in order to precisely determine the 

local thermal properties of thin films [58,60,61]. So far, the thermal exchange radius is 

estimated to be equal to the tip-apex radius 𝑟𝑡𝑖𝑝 of the thermo-resistive probe, which can be 

obtained from the SEM images [58,59]. However, as this estimation is not accurate enough, 

an experimental technique to precisely evaluate the thermal exchange radius of 

thermo-resistive probes was provided by Puyoo et al. [58]. Detailed information about this 
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evaluation procedure can be found in reference [58]. Furthermore, Puyoo et al. [58] evaluated 

the thermal exchange radii of two thermo-resistive probes: the widely used Wollaston wire 

probe and a new thermo-resistive probe that consists of a palladium (Pd) film on a SiO2 

substrate, and they demonstrated that the thermal exchange radius is strongly dependent on 

the tip sharpness and the environmental conditions [58]. In the following, we will discuss the 

specifications of these two probes and discuss, which one is the most suitable for our 

3ω Microscopy technique. 

The most commonly used thermo-resistive probe for the scanning thermal microscopy 

(SThM) applications is the so-called “Wollaston wire” probe [58,62,63]. The Wollaston wire 

probe was the first thermo-resistive probe for SThM [62,64]. Figure 4.15 shows a schematic 

illustration and also an SEM image of the Wollaston wire probe. 

 

Figure 4.15: (a) SEM image and (b) schematic illustration of the thermo-resistive Wollaston wire 

probe (adapted and modified from Ref. [65]). 

The cantilever is made of a Wollaston wire consisting of a silver shell of 250 µm in diameter 

and a core of an alloy of platinum (Pt) and rhodium (Rd) (Pt90/Rd10) of 5 µm in diameter 

[58,62]. At the extreme condition of the cantilever, the wire is bent into a V-shape and 

electrochemically etched to uncover the Pt90/Rd10 part over a length of approximately 200 µm 

[58,62]. As mentioned above, the most important parameter of the Wollaston wire probe is its 

thermal exchange radius. Puyoo et al. [58] evaluated the thermal exchange radius and the 

cut-off frequency of the Wollaston probe, which are 820 nm and 240 Hz, respectively. As a 

(a) (b)
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result, the large thermal exchange radius and low cut-off frequency limit the accuracy, speed 

and spatial resolution of local thermal analysis at nanoscale. 

In this study, a novel commercial Pd/SiO2 thermo-resistive probe from Bruker Instruments 

(VITA-GLA DM) is used as heater/thermometer in our 3ω Microscopy system. Figure 4.16 

shows an SEM image of the thermo-resistive probe. 

 

Figure 4.16: SEM image of the new thermo-resistive Pd/SiO2 probe from Bruker Instruments (image 

from VITA-GLA DM) (adapted and modified from Ref. [57]). 

It is a specially designed SiO2 silica contact mode probe that incorporates a thin Pd ribbon 

near the apex of the tip. Two nickel chromium current (NiCr) limiters are located upstream 

from the tip, as shown in Figure 4.16. The thin Pd ribbon serves as the thermo-resistive 

module. Its temperature coefficient 𝛼 has a value of 1.2 × 10−3 K−1 [58,66], which is large 

enough to generate a detectable 3ω voltage (𝑉3𝜔 ). The electrical resistance 𝑅ℎ,0  of the 

resistive probe is 347 Ω at room temperature. The Pd tip resistance (𝑅ℎ,𝑃𝑑  = 179 Ω) and the 

resistance of the NiCr current limiters (𝑅ℎ,𝑁𝑖𝐶𝑟 = 168 Ω) can be obtained by a two point probe 

measurement. The length 𝑙 and width 𝑤 of the Pd-strip are 10 µm and 1.4 µm, respectively. 

The tip height is about 10 μm and the total thickness of the tip’s Pd and SiO2 films is 1 µm. 

Both the length and width of the Pd tip were verified by SEM observation. This Pd tip has a 
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curvature radius of about 50 nm [62,67] and its time response has been estimated to be a few 

tens of microseconds [58,66]. Furthermore, the Pd/SiO2 thermo-resistive provides a thermal 

cut-off frequency of 2750 Hz [58], which drastically reduces the image acquisition time 

compared to that from the Wollaston wire probe [58,62]. Another advantage of using the 

Pd/SiO2 probe is the small thermal exchange radius of about 100 nm, which is roughly 8 times 

smaller than the exchange radius of the Wollaston wire [58]. Due to the small thermal 

exchange radius and the large cut-off frequency of the Pd/SiO2 SThM probe, the spatial and 

thermal resolutions of local thermal measurements can be improved [58,67]. 

Figure 4.17 shows a schematic diagram of the experimental setup of the 3ω Microscopy 

utilized to measure the 3ω voltage and then obtain the local thermal properties of thin films 

and substrate materials. The experimental setup of the 3ω Microscopy is based on an AFM 

equipped with a thermo-resistive probe (Pd/SiO2 probe), which records the local thermal 

properties of thin films while simultaneously measures the topography in contact mode 

configuration. 

 

Figure 4.17: Schematic of the experimental setup and Wheatstone bridge circuit developed to 

measure the 3ω voltage from the voltage signal across the thermo-resistive AFM probe placed on top 

of the thin film’s surface. 
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In this thesis, a Bruker Dimension Icon AFM with a VITA-SThM extension was used to 

implement the 3ω Microscopy technique to measure the local thermal properties of thin films. 

An internal signal generator of the digital lock-in amplifier (Anfatec Instruments 

eLockIn204/2) produces an AC heating current [51]. As discussed in Section 4.3.1.2, the 

generated heating current contains a low harmonic distortion, because any third harmonic 

content in the signal generator can induce interfering signals during the local thermal 

conductivity measurement. Due to the finite dynamic reserve of the lock-in amplifier 

(135 dB), the suppression of the 1ω voltage from the 3ω signal is accomplished by a 

Wheatstone bridge circuit [52], as illustrated in Figure 4.17. Therefore, the thermo-resistive 

probe and a variable reference resistor 𝑅𝑟𝑒𝑓  are both parts of the Wheatstone circuit. In order 

to effectively suppress the 1ω voltage from the 3ω voltage signal, the variable resistor 𝑅𝑟𝑒𝑓  

has to be adjusted so that its electrical resistance is equal to the probes electrical resistance 

(𝑅𝑟𝑒𝑓 = 𝑅ℎ,0). The reference resistor 𝑅𝑟𝑒𝑓  needs a low temperature coefficient of resistance 

(≈15 ppm/K) and also a low thermal resistance to the environment in order to minimize any 

spurious 3ω artifacts, which could influence the measurement of the third harmonic voltage 

[51]. 

The AC signal generator is responsible to drive the heating current through the resistive 

Pd/SiO2 probe. Firstly, a small current is applied to determine the resistance 𝑅ℎ,0  of the 

thermo-resistive probe. Then, a significantly higher AC current between 1 and 3 mA is 

applied for heating the thermo-resistive tip. By scanning the Pd tip above the surface of the 

thin film, the temperature distribution of the probe-induced heat can be measured depending 

on the tip position at the surface of the sample, as it is depicted in Figure 4.14. As mentioned 

before, the thermo-resistive probe is simultaneously acted as a heater and a thermometer, and 

the periodical resistance variation 𝛥𝑅(𝑡)  due to the varying thermal conductivity of the 

sample is very small, due to the minimal contact area between thin film and thermo-resistive 

probe. 
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By performing the 3ω Microscopy measurements inside a vacuum chamber with a pressure 

less than 4.0 Pa using the turbo pumping station of the Bruker AFM system, radiation and 

convection losses were reduced. 

4.3.2.3. 3ω Microscopy calibration 

Applying the standard 3ω heater layout as presented in Section 3.2, the thermal conductivity 

of the thin films can be determined by comparing the temperature oscillation in a 

film-on-substrate structure with the corresponding value of the substrate, with the condition 

that the thermal penetration depth 𝜆 is much larger than the half-width 𝑏 of the heat source 

(see Section 3.3.1.2) [55]. The substrate must see the 3ω heater as a line source of heat, which 

can be accomplished if the ratio between the penetration depth of the thermal wave and the 

heater half-width is larger than five (𝜆𝑠 𝑏⁄  > 5) to keep measurement errors of the 3ω method 

under 1% [54] .As the standard 3ω heater is replaced by a thermo-resistive probe, the heater 

half-width 𝑏 is equivalent to thermal exchange radius 𝑟𝑡ℎ of the Pd tip [58,60]. With a thermal 

exchange radius of about 100 nm [58] and thermal penetration depth of several micrometers 

(between around 266 to 84 µm), these conditions are satisfied for the 3ω Microscopy 

technique and the local thermal conductivity of the thin films 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  is then given by: 

𝑘𝑓,𝑙𝑜𝑐𝑎𝑙 =
𝑃𝑙  𝑑𝑓

𝑟𝑡ℎ ∙ ∆𝑇𝑓
 (4.3) 

where 𝑟𝑡ℎ is the thermal exchange radius, ∆𝑇𝑓 the temperature rise caused by the thin film, 𝑑𝑓  

the thin film thickness and 𝑃𝑙  the heating power per unit length. However, the amplitude of 

the heating power 𝑃𝑙  applied in the thin film has to be determined for the Pd tips. Assy et al. 

[65] and Gomes et al. [62,68] recommended that an experimental calibration for quantitative 

local thermal conductivity measurements can be performed with reference measurements of 

a flat bulk sample of well-known thermal conductivity in a range that covers the expected 

thermal conductivity value of the investigated thin film material.  
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In this thesis, a commercial glass-ceramic reference material (BCR-724) was utilized as a 

calibration sample for the 3ω Microscopy technique. The thermal conductivity value of this 

reference sample was investigated by a hot wire technique, which is similar to the 3ω method 

and the results were certified by the Institute for Reference Materials and Measurements of 

the Joint Research Centre (European Commission) [69]. The thermal conductivity value for 

the BCR-724 bulk sample with a diameter of 26.9 mm and a height of 22.0 mm is 

(4.08  ± 0.002) Wm-1K-1 at room temperature [69]. The thermal conductivity of BCR-724 is 

in the range that mostly covers the expected cross-plane thermal conductivity value of the 

investigated AlN (3.2 - 13.2 Wm-1K-1), and γ-CuI (0.50 – 0.59 Wm-1K-1) thin films. 

4.3.2.4. Applicability of the quantitative 3ω method to the AFM 

The above sections introduce the necessary fundamentals of the 3ω Microscopy thermal 

characterization technique. Furthermore, the experimental 3ω Microscopy setup, variety of 

possible thermo-resistive probes and calibration procedure have been introduced above. Thus, 

it is appropriate at this point to question the applicability of the frequency-domain based 3ω 

method in combination with the AFM/SThM. 

The frequency dependence of the 3ω voltage signal was derived in Section 3.3.1 and is based 

on the temperature distribution of an ideal line source (Eq. (3.19)). If the derivation of the 

ideal line source is considered, it becomes obvious that this approach is based on the extension 

of the source in just one direction. Since the width of the heater 2𝑏, which is equivalent to the 

thermal exchange radius of the Pd/SiO2 probe (𝑟𝑡ℎ  ≈ 100 nm), deviates from 2𝑏 → 0, a 

limitation of this approach to the actual geometry is reasonable. One possibility to quantify 

this limitation is to correlate the thermal penetration depth 𝜆  of the resulting cylindrical 

propagating thermal wave and the width 2𝑏 of the line heater (𝑟𝑡ℎ of Pd/SiO2 probe). The 

exact analytical description of the temperature distribution (Eq. (3.19)) can be approximated 

using Eq. (3.22). Cahill [55] demonstrated that a complete solution for the temperature 

oscillations in a line source of finite width is unnecessary, if the ratio between the penetration 



Materials and Characterization Techniques 

132 

depth of the thermal wave and the half-width of the line heater (Pd/SiO2 probe) is larger than 

five (𝜆𝑠 𝑏⁄  > 5) to keep measurement errors of the 3ω method under 1% [55]. As a result, the 

slope of the temperature oscillation versus 𝑙𝑛(𝜔) curve is independent of the width of the line 

heater [55]. Therefore, for the 3ω Microscopy technique, the following precondition has to be 

satisfied: 

𝜆

𝑟𝑡ℎ 2⁄
> 5 (4.4) 

With a thermal exchange radius of about 100 nm and thermal penetration depth of several 

micrometers (between around 266 to 51 µm for frequencies between 100 and 2750 Hz), this 

condition is clearly satisfied for the 3ω Microscopy technique and the local thermal 

conductivity of the sample is then given by Eq. (4.3). 

Apart from this theoretical condition, fundamental requirements, which determine the suitable 

frequency range of 3ω Microscopy measurements have to be defined. The lower and upper 

frequency limits are given by the thickness of the substrate 𝑑𝑠  and the cut-off frequency 𝑓𝑐𝑢𝑡  

of the thermo-resistive probe, respectively. 

For low frequencies, the distance traveled by the thermal waves becomes comparable to the 

substrate thickness, thus inducing errors due to reflections of the thermal wave from the 

backside of the substrate and the poorly controlled thermal resistance between the substrate 

and the environment [52,70]. Therefore, the penetration depth of the thermal wave must be 

much smaller than the thickness of the substrate: 

Lower frequency limit:                             𝜆 ≪ 𝑑𝑠  (4.5) 

Jacquot et al. [70] suggested that the ratio between the substrate thickness 𝑑𝑠  and the thermal 

penetration depth 𝜆𝑠  should be greater than 2. The γ-CuI and AlN films studied in this thesis 

were deposited onto 525 µm and 640 µm thick Si substrates, respectively. Thus, considering 

the typical values of the specific heat capacity 𝑐𝑝,𝑆𝑖  (711 Jkg-1K-1 [53]), the density 𝜌𝑆𝑖  
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(2330 kgm-3 [53]) and the thermal conductivity 𝑘𝑆𝑖  of Si (147 Wm-1K-1 [53]), the thermal 

wave propagates at a distance 𝜆𝑠𝑖  of 266 µm beneath the samples at a frequency of 100 Hz. 

Therefore, the minimum frequency should be higher than 100 Hz, to achieve a 𝑑𝑠 𝜆𝑠𝑖⁄  ratio 

which is greater than 2. 

The maximum frequency of the 3ω Microscopy method is defined by the cut-off frequency 

𝑓𝑐𝑢𝑡  of the thermo-resistive Pd/SiO2 probe (𝑓𝑐𝑢𝑡  = 2750 Hz). The employed Pd/SiO2 probe 

behaves like a low-pass filter [58,71]. In order not to attenuate the thermal signal of the 

thermo-resistive probe, the maximum heating frequency has to be chosen within the probe’s 

bandwidth. Consequently, the 𝑓𝑐𝑢𝑡  limits the acquisition speed and the maximum heating 

frequency of the Pd/SiO2 probe for 3ω Microscopy measurements [58]. 

Therefore, the upper frequency limit must be smaller than the cut-off frequency of the Pd/SiO2 

probe: 

Upper frequency limit:                             𝑓𝑚𝑎𝑥 < 𝑓𝑐𝑢𝑡  (4.6) 

As a result, the suitable frequency range of our AFM/SThM combined 3ω technique, using 

the Pd/SiO2 probe and a Si substrate between 525 and 640 µm in thickness is between 100 

and 2750 Hz. 

Apart from the problem of defining a suitable frequency range, another question which has to 

be answered is, if the assumption of a line source is justified when the line source is V-shaped. 

Moreover, since the thermal conductivity of the thin film in contact with the probe is of 

interest, there is the question if this interaction between tip and thin film is explainable by a 

line source although the contact seems to be a point. 

The thermo-resistive-probe–sample system is obviously a combination of electrical and 

thermal field problems, since the material specific thermal characteristic of the thin film is to 

be determined from the amplitude of the periodical temperature oscillation and the resulting 

3ω voltage component across the Pd/SiO2 probe. In order to answer the above questions, Altes 
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et al. [63] studied the probe–sample system using FEM based simulation, with respect to the 

electrical–thermal combined fields. Altes et al. [63] demonstrated that the temperature 

distribution within the sample is hemispherical, as shown in Figure 4.18. Moreover, along the 

perpendicular direction to the thermo-resistive probe (line source), within the near field 

region, the logarithmic temperature decay of the line source is dominate [63], which fulfills 

the basic requirement of the 3ω method. For this reason, 3ω method should be applicable to 

the AFM/SThM system. 

 

Figure 4.18: Cross-section images obtained by FEM analysis illustrating the temperature distribution 

at the contact area between a Wollaston wire probe and the studied sample: (a) temperature 

distribution within the tip of a Wollaston wire probe, (b) temperature distribution inside the studied 

sample (adapted from Ref. [63]). 

4.3.2.5. Local thermal conductivity analysis 

The AFM/SThM measurement based on the 3ω method has been theoretically verified to be 

applicable for the determination of local thermal conductivities of thin films and substrate 

materials [63]. However, it is still ambiguous whether the AFM/SThM method is practically 

feasible on thin film structures. For this reason, various thin films will be investigated by the 

3ω Microscopy technique. 

Since, the thermal properties of γ-CuI and AlN thin films are extensively studied in Chapters 5 

and 6, they were used to verify the local thermal conductivity data obtained by the 

3ω Microscopy method. Details about their sample structure are listed in Table 4.2. The 

(a) (b)



Materials and Characterization Techniques 

135 

measurement procedures of the 3ω Microscopy are similar to those of the macroscopic 

3ω method, presented in Section 4.3.1.3 and will therefore not be repeated here. 

In order to obtain the local thermal properties, the samples were placed onto the AFM chuck 

at room temperature and the Pd/SiO2 probe was positioned onto the surface of the thin film 

sample. After the probe positioning, the heating power per unit length 𝑃𝑙  of the 

3ω Microscopy measurements was set in the range of 0.4 Wm-1. 

To remove the fundamental voltage component at a frequency ω, the voltage amplitude 

between the contacts of the Pd/SiO2 probe was balanced with the voltage of the reference 

resistor. The 3ω voltage amplitude 𝑉3𝜔(𝑓)  was then recorded for different heating 

frequencies, ranging from 100 Hz to 2500 Hz, as discussed in Section 4.3.2.4. Within this 

frequency range, the penetration depth of the thermal wave was varied from 266 to 53 µm. 

Finally, the measured data obtained from the Pd/SiO2 probe enable to determine the local 

thermal conductivities of the thin film samples by employing Eq. (4.3). Therefore, the thermal 

exchange radius 𝑟𝑡ℎ [58] of the Pd/SiO2 is assumed as a constant value. The measurement 

time spent on each point is 5 ms, which is enough time to reach the thermal equilibrium (see 

Figure 2.13). By performing the measurements inside a vacuum chamber with a pressure less 

than 4.0 Pa using the turbo pumping station of the Bruker AFM system, radiation and 

convection losses were reduced. 

The obtained local thermal conductivity values of AlN, and γ-CuI thin films were determined 

by averaging the thermal conductivity values over three 3ω Microscopy measurements for 

each thin film sample. The maximum deviation of the calculated values of these three 

measurements was below 3% for each sample. 

The experimental parameters of the 3ω Microscopy measurements corresponding to the AlN 

and γ-CuI thin films are summarized in Tables A.15 and A.16 of Appendix D, respectively. 

The results of the local thermal conductivity measurements of the investigated γ-CuI and AlN 

films are discussed in Chapter 7. 
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4.4. Summary 

In this chapter, the deposition parameters and conditions applied to prepare SiO2, Si3N4; AlN 

and γ-CuI thin films with different film thicknesses are introduced. The experimental 

techniques used to characterize the crystalline structure and morphology of these thin films 

are also briefly introduced. Furthermore, the experimental methodology employed to measure 

the cross- and in-plane as well as the local thermal conductivities of thin films is thoroughly 

explained in this chapter. The experimental procedures and measurement conditions to 

perform thickness-dependent thermal conductivity measurements employing the macro- and 

microscopic 3ω method have been given. Additionally, the procedures used to implement the 

novel 3ω Microscopy technique, specially developed to quantitatively measure the local 

thermal properties of thin films are reported. 
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 Cross- and in-plane Thermal 

Conductivity of AlN Thin Films 

5.1. Introduction 

As reported in Section 2.3.1, AlN thin films have been widely used in micro- and 

nanoelectronic applications, because of their outstanding physical properties, such as high 

piezoelectric coupling factor, excellent dielectric properties, wide band gap, and high thermal 

conductivity. Single crystalline AlN is one of the promising candidates for effective heat 

conductors in microelectronic devices due to its high thermal conductivity (320 Wm-1K-1) at 

room temperature [1], which makes it an ideal material to solve the thermal management 

problem. 

However, as explained in Chapter 2 before, thermal conductivities of thin film and coating 

materials could be substantially different from those of their bulk counterparts [2–9], which 

are generally attributed to two main reasons. Firstly, compared with the bulk crystalline 

materials, many thin films prepared using deposition technologies have impurities, 

dislocations, and grain boundaries, all of which tend to reduce the thermal conductivity of the 

films [4,7,8,10]. Secondly, even though a film with less defects can be prepared, it is still 

expected to have reduced thermal conductivity due to grain boundary scattering and phonon 

leakage in these thin film materials. These two effects affect cross- and in-plane heat transport 

differently, so that the thermal conductivities of the thin films are generally anisotropic in 

these two directions, even though their bulk counterparts have the isotropic properties. 

Therefore, precise measurement of the cross- and in-plane thermal conductivities of 

polycrystalline AlN thin films is important for developing and improving microelectronic 

devices. 



Cross- and in-plane Thermal Conductivity of AlN Thin Films 

145 

Therefore, in this chapter, experimental work and theoretical analysis have been conducted to 

understand the effects of crystallinity, grain/surface particle sizes, and interfacial structures 

of the AlN films on their thermal conductivities. It is for the first time that both the cross- and 

in-plane thermal conductivities of the AlN thin films were measured using an improved 

differential 3ω method (multi-heater 3ω approach). The fundamental theory, sample 

preparation method and experimental setup employed to perform multi-heater 3ω 

measurements have been previously introduced in Sections of 3.3.2.2, 4.3.1.1 and 4.3.1.2, 

respectively. 

5.2. Results and Discussion 

5.2.1. Thermal conductivity of SiO2 and Si3N4 reference samples 

During this investigation, the differential 3ω method (see Section 3.3.2.1) was employed to 

study the thickness dependency of the cross-plane thermal conductivities of SiO2 and Si3N4 

thin films with film thicknesses varied between 92 - 1002 nm and 298 - 1001 nm, 

respectively. 

Figure 5.1 exhibits the temperature oscillation amplitudes ∆𝑇2𝜔  obtained from 3ω 

measurements of SiO2 and Si3N4 thin films deposited on a p-type Si substrate. As the 

cross-plane thermal conductivity values of SiO2 and Si3N4 thin films are well-reported 

[5,8,11], they can be used as reference values to verify the applied 3ω method. The reference 

temperature oscillation of the bare Si substrate (solid lines) was obtained using Eq. (3.22). 

The thermal conductivity of the Si substrate calculated by Eq. (3.25) is 141 Wm-1K-1, which 

is 5% below the literature values of the thermal conductivity of pure Si (≈ 147-148 Wm-1K-1) 

[5,12,13]. This deviation is mainly due to the impurity scattering by the doped boron in the Si 

substrate [7,8]. 

The frequency-independent temperature shift in the real part of the thermal oscillation 

amplitude ∆𝑇𝑓  between the dotted linear fitting curves (thin films) and the solid line (Si 
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substrate) is shown in Figure 5.1. The frequency-independent offsets are the temperature rises 

(∆𝑇𝑓 ) generated by the SiO2 and Si3N4 films of different film thicknesses. The gradual 

increment of these offsets indicates that both thermal resistance and thermal conductivity of 

the SiO2 and Si3N4 films increase as the film thickness increases. 

 

 

Figure 5.1: The temperature oscillation amplitudes ∆𝑇2𝜔 for the substrate and film-on-substrate 

structures: (a) SiO2 thin films with film thickness 𝑑𝑓 varied between 92 and 1002 nm (b) Si3N4 thin 

films with film thickness varied between 298 and 1001 nm. The dotted linear fitting curves represent 

the temperature oscillation amplitudes of the film-on-substrate structures, which were experimentally 

measured by detecting the 3ω voltage across the metal line heaters. The thermal conductivity of the 

SiO2 and Si3N4 films were obtained by comparing the temperature amplitudes of the 

film-on-substrate structures with the corresponding value in the Si substrates. The solid lines 

represent the corresponding temperature amplitude of the Si substrates, calculated by Eq. (3.22). 
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Thermal conductivity data of the SiO2 and Si3N4 thin films calculated using Eq. (3.33) are 

summarized in Table 5.1. The obtained thermal conductivity of the SiO2 and Si3N4 films are 

0.88 to 1.10 Wm-1K-1 and 0.80 to 1.70 Wm-1K-1, which are in good approximation with 

published values for SiO2 and Si3N4 films fabricated by similar PECVD parameters [5,11]. 

The determined cross-plane thermal conductivity values of SiO2 and Si3N4 thin films were 

obtained by averaging the thermal conductivity values over five 3ω measurements for each 

SiO2 and Si3N4 film sample. The maximum deviation of the calculated values of these five 

measurements was below 2.5% for each sample. 

Table 5.1: Experimental results of the cross-plane thermal conductivity measurements of SiO2 and 

Si3N4 thin films using the differential 3ω method. 

No. Material Film thickness 𝑑𝑓  

[nm] 

Cross-plane thermal conductivity 𝑘𝑓⊥  

[Wm-1K-1] 

1 SiO2 

 

92 0.88 ± 0.026 

2 291 1.01 ± 0.029 

3 499 1.04 ± 0.031 

4 690 1.05 ± 0.032 

5 1002 1.10 ± 0.032 

6 Si3N4 

 

298 0.80 ±  0.019 

7 500 1.21 ±  0.032 

8 601 1.32 ±  0.038 

9 698 1.51 ±  0.042 

10 1001 1.70 ±  0.051 

 

Table 5.1 lists the experimental results obtained for the cross-plane thermal conductivities of 

SiO2 and Si3N4 thin films as a function of the film thickness 𝑑𝑓 . The experimental values are 

considerably lower than those of the corresponding bulk materials which are about 

1.4 Wm-1K-1 [11] and 30.0 Wm-1K-1 [5]. The measured thermal conductivity values of the 

SiO2 and Si3N4 thin films were about 21% - 37% and 94% - 97% smaller than those of their 

bulk counterparts. Furthermore, the film thermal conductivity values of both SiO2 and Si3N4 

increase with film thickness, but the increase rate decreases gradually with increasing 

thickness, as illustrated in Figure 5.2. The obtained values are in a reasonable range, 

considering the reduced thickness of the measured thin films, and are in good agreement with 
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experimental data reported by Yamane et al. [11] and Lee et al. [5] for thin SiO2 and Si3N4 

films at room temperature. These investigations have experimentally demonstrated that a 

significantly decrease in the thermal conductivity of amorphous solids occurs as the film 

thickness decreases, which can explain the low values obtained in this thesis. 

 

Figure 5.2: Cross-plane thermal conductivity of SiO2 (PECVD) thin films as a function of film 

thickness 𝑑𝑓. Filled squares represent the experimental data obtained in this study by the differential 

3ω method. The values are compared with other experimental results for PECVD SiO2 thin films 

obtained by Lee et al. [5] (triangles), and Yamane et al. [11] (diamonds). The dotted line is a fit of 

Eq. (5.1) to calculate the cross-plane thermal conductivity of PECVD SiO2 films, derived by Yamane 

et al. [11]. 

Film thickness dependence of SiO2 and Si3N4 thermal conductivity values, measured by 

Yamane et al. [11] and Lee et al. [5], are also depicted in Figure 5.2 for a comparison with 

the values obtained in this study. The dashed line represents the theoretical cross-plane 

thermal conductivity values of PECVD SiO2 films as a function of film thickness calculated 

by Yamane et al. [11]. The cross-plane conductivity values 𝑘𝑓⊥ are determined using [11]: 

𝑘𝑓⊥ =
𝑘𝑖

1 + 𝑘𝑖𝑅𝑖 𝑑𝑓⁄
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where 𝑑𝑓  is the film thickness, 𝑘𝑖  the intrinsic thermal conductivity of PECVD SiO2 films 

which is assumed to be a constant and independent of film thickness (𝑘𝑖  = 1.10 Wm-1K-1) 

[11], and 𝑅𝑖  is the thermal resistance between the PECVD SiO2 film and Si substrate 

(𝑅𝑖  = 2.9 × 10-8 m2KW-1) [11], respectively. Our results match remarkably well with the 

calculated thermal conductivity values for film thicknesses between 100 and 1000 nm. 

Therefore, our modified 3ω setup is capable to accurately measure the thermal conductivities 

of thin films with film thicknesses 𝑑𝑓  between around 100 and 1000 nm. In the following 

section, we will present and discuss the results obtained for AlN thin films with film 

thicknesses varied between 99 and 1009 nm. 

5.2.2. AlN thin film thermal conductivity 

After the analysis of the reference samples given in the previous section, the discussion 

focuses on the in- and cross-plane thermal conductivity measurements of AlN thin films 

deposited on Si substrates. Yet, measurements of both cross- and in-plane thermal 

conductivities of AlN thin films deposited by RF magnetron sputtering as a function of film 

thickness have not been reported in literature. 

In this section, the differential multi-heater 3ω method (see Section 3.3.2.2) was applied to 

study the thickness dependency of the cross- and in-plane thermal conductivities of the AlN 

thin films. This is achieved by subtracting the Si substrate contribution from the overall 

thermal response of the AlN film on Si substrate systems. Firstly, the thermal conductivity 𝑘𝑠  

of the Si substrate must be determined in order to set the 𝛥𝑇𝑓 reference for the differential 

multi-heater 3ω method, as introduced in Section 4.3.1.3. The thermal conductivity of the Si 

substrate calculated by Eq. (3.25) is 141 Wm-1K-1, which is approximately 5% smaller than 

the published values of pure Si (≈ 147-148 Wm-1K-1) [5,12,13] and about 5% higher than the 

literature value of p-doped Si (134 Wm-1K-1) [14]. This discrepancy is primarily caused by 

impurity scattering with the doped boron in the Si substrate [7,8], as also mentioned in 

Section 5.2.1. 
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The real parts of the in- and cross-plane amplitudes of the temperature oscillations ∆𝑇2𝜔 , 

measured within the 3ω line heaters as a function of the AC heating current frequency 𝑓 for 

the AlN thin films, are illustrated in Figure 5.3. The dotted lines represent the analytical linear 

fits performed based on the experimental data. The reference amplitudes of the temperature 

oscillations, associated with the bare Si substrate (solid line), are included as well for 

comparisons (calculated by Eq. (3.22)). For the thickness-dependent measurements, the 

heating frequency was limited to a range varied from 100 to 1000 Hz, confining the oscillation 

of the generated thermal wave well within the AlN/Si structure (see Section 4.3.1.3). 

As can be observed in Figure 5.3, the diffusion of the thermal oscillation into the AlN films 

of different thickness produces a frequency-independent temperature rise ∆𝑇𝑓  through the 

metal heaters, which gradually increases with film thickness. The offsets between the 

temperatures corresponding to the determined Si substrate (solid line) and experimental data 

(dotted lines) are the temperature rises (∆𝑇𝑓) generated by the AlN films of different film 

thicknesses. The gradual increment of these offsets indicates that the AlN thermal resistance 

and thermal conductivities increase as the film thickness increases. 

To obtain the 𝑘𝑓⊥  and 𝑘𝑓∥  values of the AlN films, their thermal properties have to be 

extracted from the AlN/Si structure. This was achieved by subtracting the reference signal of 

the Si substrate (solid line) from that of the sample including the AlN thin film (dotted lines), 

using Eq. (3.33) for the cross- and in-plane values. The experimental parameters 

corresponding to the AlN thin film samples, used to simultaneously determine the cross- and 

in-plane thermal conductivities, are listed in Tables A.9 and A.10 of Appendix D, 

respectively. The determined thermal conductivity values of the AlN thin films were obtained 

by averaging the thermal conductivity values over five 3ω measurements for each AlN 

sample. The maximum deviation of the obtained values of these five measurements was below 

2.5% for each sample. 
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Figure 5.3: The temperature oscillation amplitudes ∆𝑇2𝜔 for the Si substrate and AlN 

film-on-substrate structures with film thickness 𝑑𝑓 varied between 99 and 1009 nm for (a) the 

cross- (broad heater width, 2𝑏 ~ 25 µm) and (b) in-plane (narrow heater, 2𝑏 ~ 1.0 µm) case. The 

dashed lines represent the temperature oscillation amplitudes of the AlN film-on-substrate structures, 

which are experimentally measured using the 3ω multi-heater technique. The thermal conductivity of 

the AlN thin films are determined by comparing the temperature amplitudes of the AlN 

film-on-substrate structures with the corresponding value in the Si substrate. The solid line represents 

the corresponding temperature amplitude of the Si substrate, obtained by Eq. (3.22). 

Table 5.2 lists the experimental results of the in- and cross-plane thermal conductivities of the 

AlN thin films as a function of the film thickness. The thermal conductivity values of the AlN 

film samples with thicknesses varied from 99 to 1009 nm are between 3.2 and 14.9 Wm-1K-1 
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for the cross-plane cases and between 10.2 and 18.6 Wm-1K-1 for the in-plane cases. Table 5.2 

indicates that the in-plane thermal conductivities of the AlN thin films are approximately 

between 25% and 219% higher than the cross-plane ones. 

The main reason to explain this result is that along the in-plane direction, phonons traveling 

along the directions parallel to the interface are not disturbed, whereas those along the 

cross-plane directions have a limited mean free path due to the film thickness and boundary 

scattering at the interfacial structures between the thin film and substrate [4,7,15,16] (see 

Section 5.2.3). The experimental values for both the cross- and in-plane directions are 

substantially lower (between about 94% and 99%) than that of the corresponding bulk 

material which is around 320 Wm-1K-1 [1]. Furthermore, the film thermal conductivity values 

of both the cross- and in-plane directions increase with the film thickness as shown in 

Figure 5.4. For relatively thick films, the increase of the cross-plane thermal conductivity 

appears to be gradually attenuated [8]. 

Table 5.2: Experimental results of the in- and cross-plane thermal conductivity of AlN thin films by 

the multi-heater 3ω method, and approximation of the average grain size of the investigated AlN thin 

films determined by the results of the XRD (Eq. (5.2)) measurements and the calculated thermal 

conductivity of the polycrystalline AlN films with different grain sizes by Eq. (5.3). 

No. Film 

thickness 
𝑑𝑓  

[nm] 

Thermal conductivity value 

[Wm-1K-1] 

Average 

grain size 

value 

(XRD) DP 

[nm] 

Thermal 

conductivity values 

calculated by Slacks 
model 𝑘𝑝⊥ 

[Wm-1K-1] 

Cross-plane 𝑘𝑓⊥ In-plane 𝑘𝑓∥ 

11 99 3.2 ± 0.09 10.2 ± 0.30 11 16 

12 304 8.5 ± 0.22 12.5 ± 0.37 28 37 

13 511 11.0 ± 0.33 13.9 ± 0.42 45 55 

14 710 13.2 ± 0.40 16.4 ± 0.49 66 75 

15 1009 14.9 ± 0.43 18.6 ± 0.57 119 114 

 

The results obtained in this thesis are in good agreements with other experimental data 

reported by Zhao et al. [2], Choi et al. [7], Pan et al. [4] and Jaramillo-Fernandez et al. [16] 

for the cross-plane thermal conductivities of polycrystalline AlN films deposited by RF 

sputtering on Si substrates at room temperature. These investigations have reported values 
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that vary from 0.5 to 50 Wm-1K-1 (see Section 2.3.1), and have a strong dependence on film 

thickness (as in this thesis), as well as on deposition conditions and techniques. More recently, 

a similar trend has been observed by Belkerk et al. [9] and Duquenne et al. [17], who studied 

thermal transport properties AlN films deposited by balanced and unbalanced magnetron 

sputtering. Both studies found that the balanced magnetron process yielded cross-plane 

thermal conductivities of 2.5 to 50.0 Wm-1K-1 for 800 nm up to 3500 nm thick AlN films 

[9,17]. 

 

Figure 5.4: Cross- and in-plane thermal conductivity of AlN thin films as a function of film 

thickness. The squares represent the experimental data of the cross-plane conductivity and the 

diamonds the in-plane conductivity data obtained in this study by the multi-heater 3ω method. 

On the other hand, unbalanced magnetron sputtering led to cross-plane thermal conductivities 

between 20 and 50 Wm-1K-1 for film thicknesses varied from 150 to 3500 nm [9,17]. These 

investigations addressed the thickness-dependence problem qualitatively, by attributing the 

decrease of the cross-plane thermal conductivity with film thickness to synthesis conditions, 

microstructure and average grain size, according to the Scherrer equation (XRD analysis). 

Therefore, XRD analysis was utilized to get a qualitative approximation how strong the grain 

size 𝐷𝑃  of the AlN changes as a function of film thickness 𝑑𝑓 . The approximation of the grain 
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size was obtained by the Scherrer equation in this thesis. However, the effects of crystallinity, 

grain/surface particle sizes, and interfacial structures of AlN thin films on their cross- and 

in-plane thermal conductivities have not been investigated by other people so far. It is the first 

time that experimental work and theoretical analysis have been conducted to understand these 

effects. The results of these investigations are presented and discussed in the following 

section. 

5.2.3. AlN thermal conductivity versus crystalline structure 

Phonon transport in polycrystalline thin films has been proven to be strongly related to the 

structural features present within the thin films (see Sections 2.3). To investigate this 

correlation, the characterization of grain and surface particle sizes is mandatory. Therefore, 

experimental and theoretical analysis have been conducted to understand the effects of 

crystallinity, grain/surface particle sizes and interfacial structures of the AlN films on their 

cross- and in-plane thermal conductivities. 

 

Figure 5.5: The XRD 2𝜃 scan patterns (0002) of AlN thin films deposited on Si substrates. The 

thickness of the thin films varied between 99 and 1009 nm. 

XRD patterns of AlN peaks have been recorded (see Figure 5.5) to investigate the influence 

of the AlN film‘s microstructure on their cross- and in-plane thermal conductivity values. 

XRD analysis reveals that the AlN thin films are of crystalline structure regardless of the 
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of JCPDS-ICDD diffraction database), the polycrystalline hexagonal structure of wurtzite 

phase was detected in the films by XRD. In Figure 5.5, the 𝜃 − 2𝜃 spectra of the AlN thin 

films exhibit a single AlN peak near a Bragg angle 𝜃 of 36°, which is the characteristic of the 

(0002) orientation. 

It was reported that the grain size significantly affected the thermal conductivity due to the 

grain boundary scattering effect and larger grain size enhanced the thermal conductivity , 

because of the longer phonon MFP [4,8,10]. According to this finding, the results of the XRD 

analysis in this study were used to determine the average grain sizes 𝐷𝑃  of the AlN thin films. 

The average grain size of the thin film was calculated using the Scherrer equation [18]: 

𝐷𝑃 =
𝐾 ∙ 𝜆𝑤𝑎𝑣𝑒

𝛽 ∙ cos(𝜃)
 (5.2) 

where 𝐾  is the dimensionless shape factor (𝐾  = 0.9 [18]), 𝜆𝑤𝑎𝑣𝑒  the X-ray wavelength 

(𝜆𝑤𝑎𝑣𝑒  = 0.154 nm, see Section 4.2), 𝛽 the line broadening at half the maximum intensity 

(FWHM) in radians, 𝜃 the Bragg angle, respectively. Table 5.2 lists the determined average 

grain size values as a function of the AlN film thickness. The values for the average grain size 

are between 11 and 119 nm for the AlN films with thicknesses varied from 99 to 1009 nm. 

The average grain size values increase with the film thickness. 

To further support the grain size estimation by the Scherrer equation, the surface particle 

distribution and average size of the AlN films were investigated by AFM. Figure 5.6 presents 

the AFM images showing the surface morphologies (Figures 5.6(a) to (c)) and the surface 

particle size distribution (Figures 5.6(d) to (f)) of the 304, 511, and 710 nm AlN films with 

smooth surfaces and uniform grains. Surface particle distributions and average sizes of the 

AlN films were obtained by utilizing the NanoScope Analysis software. The evolution of the 

surface particle diameters of the 304, 511, and 710 nm AlN films is illustrated in Figure 5.7. 
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Figure 5.6: The AFM images of AlN films deposited on Si substrates with film thicknesses of (a) 

and (d) 304 nm, (b) and (e) 511 nm, (c) and (f) 710 nm to study the surface morphology and surface 

particle distribution and average particle size. The distribution of the surface particles in images (d) to 

(f) are highlighted in blue by the NanoScope Analysis software. 

With the decrease of film thickness, obvious changes in surface particle size distributions 

were observed. In Figures 5.6(d) to (f), the surface particle size distribution is indicated by 

the blue areas, which cover the detected particles of the AlN films. It is clearly detectable that 

the particle size drastically decreases as the film thickness is decreased. The average surface 

particle sizes for AlN films with film thicknesses of 304, 511, and 710 nm are 44, 103, and 

168 nm, respectively, suggesting that the average surface particle size decreases with 
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decreasing film thickness. Therefore, the surface particle size values for the AlN thin films 

measured by the AFM, qualitatively support the trend of the average grain size results 

obtained by the Scherrer model. 

 

Figure 5.7: Film thickness dependency of the surface particle diameter distribution obtained by AFM 

images of AlN thin films with film thicknesses varied between 304, 511 and 710 nm. 
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According to these results, it can be derived that the reduced thermal conductivity for the 

thinner AlN thin films are mainly caused by the decrease in the grain and surface particle 

sizes. Additionally, the reduction of the thermal conductivity values in comparison to the bulk 

values can be attributed to the shorter MFP of phonons. 

Slack et al. [10] reported that the grain size significantly affected the thermal conductivity of 

films due to the grain boundary scattering, because a smaller grain size could decrease the 

thermal conductivity of the film due to the shorter phonon MFP. Furthermore, Choi et al. [7], 

Pan et al. [4] and Jaramillo-Fernandez et al. [16] analyzed the XRD patterns of the AlN thin 

films in order to correlate the measured thermal conductivity with the microstructures of the 

films. They found that according to the XRD results, the increased thermal conductivity of 

thicker AlN thin films was primarily due to the increase in the average grain size [4,7,10]. 

The experimental work and results reported in this thesis support their observation. 

Slack et al. [10] proposed a model for the grain size dependence of the cross-plane thermal 

conductivity of the polycrystalline AlN. In this model, the thermal conductivity 𝑘𝑝⊥ of the 

polycrystalline AlN with an average grain size of 𝐷𝑃  can be determined by [10]: 

𝑘𝑝⊥
−1 = (𝐷𝑃 ∙ 𝑣 ∙

𝐶

3
)
−1

+ 𝑘𝑝𝑝
−1

 (5.3) 

where 𝑣 is the average sound velocity (6.98 × 103 ms-1), 𝐶 is the specific heat capacity per 

volume (6.4 × 105 Jm-3K-1), and 𝑘𝑝𝑝  is the thermal conductivity of the AlN single crystal 

(320 Wm-1K-1 [1]) [10]. Using the average grain sizes obtained from the Eq. (5.2), the thermal 

conductivity of the polycrystalline AlN films with the grain sizes between 11 and 119 nm can 

be calculated using the Slack’s model [10]. The calculated results are listed in Table 5.2, 

which suggest that the difference in the grain and surface particle sizes for different film 

thicknesses changes the thermal conductivity of the AlN films. However, the calculated 

thermal conductivity values are higher than the experimental data of our AlN films. This is 

reasonable since only the grain boundary scattering effect has been taken into account in 
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Slack’s model [10]. In other words, the obtained data imply that there are other mechanisms 

besides the grain boundary scattering, which significantly affect the thermal conductivity in 

this study. 

Therefore, EDX measurements were employed to analyze the chemical compositions of the 

deposited AlN films. Figure 5.8 presents the EDX results and the obtained atomic weight 

values of Al, N, O and Si elements of each AlN/Si film-on-substrate samples. As a common 

impurity of sputtered AlN films, the oxygen impurity was observed in the 99, 511 and 

1009 nm AlN films in this study. The ratio of the atomic weight of AlN:O in the AlN/Si 

film-on-substrate samples, which were fluctuated without a clear dependence on film 

thickness, are in the range between 36.9:1 and 50.0:1. It cannot be clearly distinguished 

whether the oxygen comes from the Si substrates or the AlN films. Figures 5.8(a) to (c) show 

that atomic weight of the Si substrate is decreasing, which is caused by the increasing 

thickness of the AlN films. Finally, the EDX results revealed that the oxygen content does not 

significantly increase with film thickness and therefore does not show to cause the 

thickness-dependence of cross- and in-plane thermal conductivity values of AlN thin films. 

Therefore, the difference between the data from Slack’s model and experiment may be also 

caused by the phonon scattering induced by oxygen defects as supported by EDX results, 

and/or other mechanisms such as a lattice mismatch between the thin film and substrate 

material. Normally, the interface between the film and substrate material shows distorted or 

amorphous microstructures, because of the lattice mismatch and the existence of surface 

defects [4,7,16]. Furthermore, the oxygen content, which causes the phonon scattering of 

defects and leads to a reduction in thermal conductivity, shows no significant correlation with 

the film thickness, as indicated by the EDX data. In other words, the improvement of 

interfacial structure may be the main reason for the enhancement of thermal conductivity of 

the investigated AlN films in our study. 
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Figure 5.8: EDX results of AlN/Si film-on-substrate samples with film thicknesses of (a) 99 nm, (b) 

511 nm, and (c) 1009 nm. The tables list the atomic weight in percent of Al, N, O and Si of the 

AlN/Si samples. The ratio of the atomic weight of AlN:O in the AlN films, which were fluctuant with 

no considerable dependence on film thickness, are in the range between 36.9:1 and 50.0:1. The 

atomic weight of the Si substrate is decreasing, which is caused by the increasing thickness of the 

AlN films. 
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In Figure 5.4, there is a decrease in the cross-plane thermal conductivity at around 304 nm, 

which is caused by the lattice mismatch between the AlN film and the Si substrate. It was 

reported that the interface between thin film and the substrate often has distorted or 

amorphous microstructures, because of the lattice mismatch and the existence of surface 

defects. [4,7,16]. 

As a result, it is supposed that the AlN thin film might have a graded changed interfacial 

layers, thus the cross-plane thermal conductivity of the 304 nm thick film in Figure 5.4 could 

be an average values of this graded changing structure, mainly caused by the differences of 

their lattice constants (Si (5.3 Å) [7], AlN (3.2 Å) [7]). 

To support this theoretical statement, the structures of the AlN/Si interfaces were investigated 

using SEM. Figures 5.9(a) and (b) show the cross-sectional SEM images taken at the AlN/Si 

interfaces of the (a) 304 nm and (b) 1009 nm AlN film. A thin interfacial AlN layer with a 

thickness of about 40 to 50 nm can be observed at the interface of the films (see dotted red 

colored lines in Figure 5.9). The evolution of this AlN/Si interface region (which might be 

disordered) in the AlN thin film reveals that the interface scattering might be another 

important factor, which influences the thermal conductivity of the thin films, especially in the 

cross-plane direction. 

The amorphous interface layers have also been observed by other groups in sputtered AlN 

films on Si substrates [4,7,16,19,20]. Therefore, it is reasonable to propose that the evolution 

of AlN regions with poor crystalline quality at the AlN/Si interface may have a significant 

influence on the differences between the cross- and in-plane thermal conductivity values of 

thin film samples. 

Based on the work of Cahill et al. [13] and Jacquot et al. [1], amorphous and disordered AlN 

has a lower thermal conductivity than that of polycrystalline AlN since there is no coherence 

in the atomic vibration of amorphous AlN. Therefore, our AlN samples can be considered as 

a two-layered structure with a low thermal conductive amorphous/disordered interface layer 
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and a relatively high thermal conductive top polycrystalline AlN layer. Jaramillo-Fernandez 

et al. [16] and Pan et al. [4] did also experimentally verified these two layered structure 

between AlN thin film and Si substrates. 

 

Figure 5.9: The cross-sectional SEM images of the (a) 304 nm and (b) 1009 nm thin AlN film 

deposited on Si substrate in order to investigate the structure of the AlN/Si interface. The SEM 

images show interfacial layers (red colored dashed lines) between the AlN films and the Si substrates, 

which affect the heat conduction in the cross-plane direction. The thickness of the AlN film and the 

interface layer are indicated by 𝑑1 and 𝑑2, respectively. 

By simply assuming that the AlN film is composed of a two layered structure with thicknesses 

of 𝑑1  and 𝑑2 , and thermal conductivity values of 𝑘1  and 𝑘2 , the resulting thermal 

conductivity 𝑘𝑒𝑓𝑓 can be expressed by: 
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(𝑑1 + 𝑑2)

𝑘𝑒𝑓𝑓
=
𝑑1

𝑘1
+
𝑑2

𝑘2
 (5.4) 

For example, if we insert the experimental data (Table 5.2) for the 304 nm AlN film obtained 

by the multi-heater 3ω technique in Eq. (5.4), we can determine the thermal conductivity of 

the disordered interface layer 𝑘2  with thickness 𝑑2 . 

Hereby, 𝑘𝑒𝑓𝑓 , 𝑘1  and 𝑘2  are the cross-plane, in-plane and disordered interface thermal 

conductivities, respectively. For the experimental data of the 304 nm AlN film we obtain a 

value of 3.0 Wm-1K-1 for the cross-plane thermal conductivity of the disordered interface layer 

(𝑘𝑒𝑓𝑓 = 8.5 Wm-1K-1, 𝑘1 = 12.5 Wm-1K-1, 𝑑1  = 259 nm, 𝑑2  = 45 nm). 

According to Eq. (5.4) and the results of the cross-sectional SEM, it is evident that the reduced 

thermal conductivity value of the in the interface layer causes a significant decrease in the 

measured cross-plane thermal conductivity values at a film thickness of about 304 nm. The 

thinner the AlN film, the greater is the influence of the interface layer between the AlN film 

and the Si substrate on the cross-plane thermal conductivity value. 

5.3. Summary 

This chapter presents a modified measurement procedure to determine the cross- and in-plane 

thermal conductivities of the AlN thin films. In this study, the multi-heater 3ω method was 

applied to study the thickness dependency of the cross- and in-plane thermal conductivities 

of AlN thin films deposited using RF magnetron reactive sputtering. 

The experimental results have shown that both cross- and in-plane thermal conductivities of 

the AlN thin films are significantly reduced compared to that of their bulk material 

counterparts. Furthermore, the film thermal conductivity values of both the cross- and 

in-plane ones decreases with the film thickness, but the decrease rate increases gradually with 

decreasing the film thickness for the cross-plane case. The XRD and AFM results indicated 

that the grain size and surface particle size of sputtered AlN films decreases with the decrease 
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in film thickness. According to these results, the decreased thermal conductivity of the AlN 

thin films with a smaller film thickness is mainly caused by the decrease in the average grain 

and surface particle sizes of the films. Theoretical analysis suggested that the difference of 

thermal conductivity values contributed by grain boundary scattering cannot fully explain the 

experimental data. It was considered that the amorphous and disordered interfacial regions at 

the AlN/Si interfaces, which have a much lower thermal conductivity than the polycrystalline 

AlN, played another important role in the differences in the thermal conductivity. This 

argument can be linked to the results of the cross-sectional SEM, which demonstrated that the 

amorphous and disordered layer at the interface obviously influences the heat transport in the 

cross-plane direction of the AlN film. The results indicated that improving the interfacial 

properties will significantly increase the thermal conductivity and promote the applications 

of AlN thin films in microelectronic devices. 

Additionally, this chapter showed that the AlN thin films can be used in microelectronics and 

MEMS applications to replace traditional dielectric layers such as SiO2 or Si3N4 as a 

heat-conducting layer owing to their significantly higher cross-plane thermal conductivities. 

Finally, it should be noted that the difference between the experimental data and theoretical 

calculation also implies that there are some other mechanisms influencing the thermal 

conductivity of the studied AlN thin films, which is worth further investigations. 
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 Thermoelectric Properties of p-Type CuI 

Thin Films 

6.1. Introduction 

The increasing requirements for applications of advanced materials in electronics, energy 

storage and harvesting require a fundamental understanding of the underlying physical 

properties of the respective materials. Of particular relevance for a sustainable future are 

materials for energy harvesting. One approach to achieve this, which has been discussing 

intensely in recent years, is thermoelectric energy conversion. This discipline deals with the 

motionless solid-state conversion of temperature differences into electrical energy and vice 

versa. Thermoelectric energy recovery has gained a growing importance, especially near room 

temperature range, because of its wide applications such as consumer electronics and solar 

cells [1]. 

Efficient thermoelectric materials are usually highly-doped semiconductors with energy 

bandgaps of 𝐸𝑔  given by [1,2]: 

𝐸𝑔 ≈ 10 𝑘𝐵𝑇𝑂 (6.1) 

in which the operating temperature and Boltzmann coefficient are represented by 𝑇𝑂 and 𝑘𝐵, 

respectively. Due to their small energy bandgaps (𝐸𝑔  << 2 eV), most of the well-established 

thermoelectric materials, like (Bi,Sb)2Te3 films [3,4] are optically opaque, which limits their 

potential applications such as smart screens or windows. Currently, only a limited amount of 

optically transparent thermoelectric materials, with their energy bandgaps larger than 3 eV 

are available [1]. Development of these optically transparent thermoelectric materials and thin 

films opens new fields of promising applications, including smart screens or windows for 

energy harvesting, power recovery, and optoelectronics [1,5–7]. 
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The applicability of certain materials to thermoelectrics can be assessed by their 

dimensionless figure of merit 𝑍𝑇, which only depends on material specific properties and 

should be maximized when the optimum efficiency is targeted at. The dimensionless figure 

of merit, ZT, is given by Eq. (1.1). As indicated by Eq. (1.1), high conversion efficiencies 

require materials with large Seebeck coefficient, large electrical and simultaneously low 

thermal conductivity values. Correspondingly, transparent thermoelectric materials originally 

should be belonged to the group of transparent conductor materials, which exhibit large  

𝑍𝑇-values. Both p- and n-type transparent thermoelectric materials are needed to realize 

thermoelectric devices consisting of connected p- and n-type thermoelectric modules (see 

Figure 2.1(c)) [1]. Most studies investigated n-type transparent conductors [1]. Well-studied 

n-type transparent conductors are In2O3 [8], SrTiO3 [9], and ZnO [10]. Among all of these 

n-type transparent conductors, Sn-doped In2O3 exhibits the largest figure of merit value 

(𝑍𝑇 ~ 0.14) at room temperature [8]. In contrast to n-type thermoelectric materials, p-type 

materials normally have low electrical conductivity values that are significantly below those 

of n-type transparent conductors, thus generally resulting in a reduced thermoelectric 

efficiency at room temperature, (e.g., 𝑍𝑇 ~ 0.001 for CuAlO2 [11], 𝑍𝑇 ~ 0.002 for CuCrO2 

[12]). Therefore, transparent p-type thermoelectric thin films are the major challenge in the 

development of transparent thermoelectric modules [1]. 

In this chapter, thermal conduction and thermoelectric properties of γ-CuI thin films have 

been investigated, because studies, performed by Yang et al. [13–15], found the high room 

temperature efficiency of γ-CuI films, acting as p-type transparent conductor. Recently, Yang 

et al. [15] reported the highest measured hole conductivity value at room temperature that is 

larger than 280 S/cm. Further, Yadav et al. [16] theoretically determined a large 𝑆-value of 

γ-CuI ( 𝑆  = 237 μVK−1 for a hole concentration of 1020 cm−3) at 300 K. Therefore, a 

record-high 𝑍𝑇-value (𝑍𝑇 ~ 0.21 at 300 K) of γ-CuI thin films can be predicted due to their 

large values of electrical conductivity 𝜎 and Seebeck coefficient 𝑆 as well as the expected low 

thermal conductivity 𝑘. This part of the report is a joint research work with the University of 
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Leipzig, and part of the results were jointly obtained with Dr. Chang Yang in the University 

of Leipzig. 

However, in spite of these previous experimental and theoretical results, the in- and 

cross-plane thermal conductivities of the γ-CuI thin films, one of the most critical properties 

for high conversion efficiencies, still remain unknown and further investigations are 

desperately needed. Therefore, the main focus of this chapter is the investigation of 

cross-plane (𝑘𝑓⊥) and in-plane (𝑘𝑓∥) thermal conductivities of polycrystalline γ-CuI thin film, 

as these are critical for designing and analyzing thermoelectric devices at room temperature. 

Experimental work and theoretical analysis have been conducted to understand the effects of 

crystallinity, grain/surface particle sizes, and interfacial structures of the γ-CuI films on their 

thermal conductivities. It is, for the first time, that both the in- and cross-plane thermal 

conductivities of γ-CuI thin films were measured as a function of film thickness. The thermal 

conductivities were obtained using our differential multi-heater 3ω method. The fundamental 

theory, sample preparation method and experimental setup employed to perform multi-heater 

3ω measurements of γ-CuI thin films have been previously introduced in Sections of 3.3.2.2, 

4.3.1.1 and 4.3.1.2, respectively. 

6.2. Results and Discussion 

6.2.1. Structural properties and chemical composition 

As demonstrated in Chapter 5, phonon transport in polycrystalline thin films has been proven 

to be strongly related to structural features within thin films. To investigate this correlation, 

the accurate characterization of surface morphology and surface crystallite/particle size is 

mandatory. However, effects of surface morphology, crystallinity and crystallite/surface 

particle sizes of γ-CuI thin films on their cross- and in-plane thermal conductivities have not 

been investigated so far. Therefore, experimental and theoretical analysis have been 

performed to understand the effects of crystallinity and surface particle sizes of the γ-CuI thin 



Thermoelectric Properties of p-Type CuI Thin Films 

170 

films on their cross- and in-plane thermal conductivities in order to improve the efficiency of 

thermoelectric devices based on γ-CuI films. 

In order to correlate the measured thermal conductivity values with microstructures of the 

film, XRD pattern of the 200 nm γ-CuI thin film was obtained and the results are summarized 

in Figure 6.1. 

 

Figure 6.1: The XRD 2𝜃 scan pattern of the 200 nm γ-CuI thin film deposited on Si (100) substrate. 

The XRD pattern exhibits three diffraction peaks at Bragg angles 𝜃 of 25°, 52° and 83°, which 

correspond to the (111), (222), (333) planes of CuI in a zinc-blende structure (adapted and modified 

from [1]). 

XRD analysis reveals that the γ-CuI thin films grown on Si (100) substrates are of crystalline 

structure. According to the standard diffraction powder pattern of γ-CuI (PDF 060246 of 

JCPDS-ICDD diffraction database), the polycrystalline zinc-blende structure of CuI was 

detected in the film by XRD. In Figure 6.1, the 𝜃-2𝜃 spectra of the γ-CuI thin film exhibits 

three diffraction peaks at Bragg angles 2𝜃 of 25°, 52° and 83°, which correspond to the (111), 

(222), (333) planes of CuI in a zinc-blende structure, suggesting the growth of γ-phase CuI is 

a bit preferred along the [111] direction [1]. 

10 20 30 40 50 60 70 80 90 100

in
te

n
si

ty
 [

ar
b

. 
u

n
it

s]

diffraction angle   [degree]

CuI (111)

CuI (222)

CuI (333)



Thermoelectric Properties of p-Type CuI Thin Films 

171 

 

Figure 6.2: AFM images of γ-CuI films deposited on Si substrates with film thicknesses of (a) and 

(d) 70 nm, (b) and (e) 200 nm, (c) and (f) 400 nm to study the surface morphology and surface 

particle/crystallite distribution and average particle/crystallite diameter. The distribution of the 

surface particles/crystallites in images (d) to (f) are highlighted in blue by the NanoScope Analysis 

software. The dotted triangles indicate small triangular-like crystallites, which are linked with the 

(111) orientation of γ-CuI films. 

The surface morphologies, surface particle size distribution and average surface particle size 

of γ-CuI films were investigated by AFM. Figures 6.2(a) to (c) present the AFM images 

showing the surface morphologies of the 70, 200, and 400 nm γ-CuI films. The investigated 
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γ-CuI films exhibit a very rough surface morphology, consisting of many small triangular- like 

crystallites, which are linked with the (111) orientation of γ-CuI films according to XRD 

patterns [1]. The random orientation of these grains indicates that the thin film has no in-plane 

epitaxial structures. Thus, we can conclude that the obtained γ-CuI thin films have a slightly 

preferred (111) orientation. These results are consistent with previous published results in 

literature [13–15]. 

Figures 6.2(d) to (f) illustrate the AFM images showing the surface particle/crystallite size 

distributions of the 70, 200, and 400 nm γ-CuI films. Surface particle distributions and 

average diameters of the γ-CuI films were obtained by utilizing the NanoScope Analysis 

software. In Figures 6.2(d) to (f), the surface particle/crystallite distribution is indicated by 

the blue areas, which cover the detected particles/crystallites of the γ-CuI films. With the 

decrease of film thickness, obvious changes in surface particle size distributions were 

observed. It is clearly detectable that the particle diameter decreases as the film thickness is 

decreased. The average surface particle/crystallite diameters for the γ-CuI thin films with film 

thicknesses of 70, 200, and 400 nm are 211, 267 and 341 nm, respectively. The evolution of 

the surface crystallite/particle diameter as a function of γ-CuI film thickness is summarized 

in Figure 6.3 and Table 6.1 on pages 171 and 180, respectively. 

In Section 5.2, we have demonstrated that the grain size significantly affected both cross- and 

in-plane thermal conductivities of polycrystalline AlN thin films due to the grain boundary 

scattering, because a smaller grain and a smaller surface particle diameters decrease the 

thermal conductivity of the films due to the shorter phonon MFP. The average surface 

crystallite diameter values of the γ-CuI thin films measured by AFM support the trend of a 

reduced average grain size for thinner films. According to these results, a decreasing thermal 

conductivity for thinner γ-CuI films, which is primarily related to the decrease in average 

crystallite diameter, can be expected. Experimental results to verify this prediction will be 

provided in Section 6.2.2.1. 
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Figure 6.3: Film thickness dependency of the surface particle/crystallite diameter distributions 

obtained by AFM images of γ-CuI thin films with film thicknesses varied between 70 and 400 nm. 
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Figure 6.4: (a) and (b) surface and (c) cross-sectional SEM images of a γ-CuI thin film with 200 nm 

film thickness. In order to investigate the cross-section of the γ-CuI film, the surface of the thin film 

was FIB-modified at the center of the film (see image (b)). The γ-CuI sample was tilted inside the 

SEM chamber with an angle of 52°. 

2 µmEHT = 15.00 kV | WD = 5.0 mm | Mag = 20K 

(a)

2 µmEHT = 15.00 kV | WD = 5.0 mm | Mag = 10K 

(b)

400 nmEHT = 15.00 kV | WD = 5.0 mm | Mag = 100K 

  = 200 nm CuI film

(c)
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SEM and EDX were employed for studying cross-section and chemical composition of the 

200 nm γ-CuI thin film used for the thermoelectric applications. Figure 6.4 shows the surface 

and cross-sectional SEM images of the γ-CuI thin film. Similar to the AFM images in 

Figures 6.2(a) to (c), Figures 6.4(a) and (b) show a very rough surface morphology, consisting 

of many small triangular-like crystallites, which are linked with the (111) orientation of γ-CuI 

films. In order to investigate the cross-section of the γ-CuI film, a small area of the 

cross-section of the film sample was obtained using focused ion beam (FIB) milling method. 

For the SEM image, the γ-CuI sample was tilted with an angle of 52°. The detailed 

microstructures could not be obtained from SEM analysis in Figure 6.4(c). However, the 

thickness of the 200 nm γ-CuI film corresponds well with the data evaluated by a surface 

profilometer. 

 

Figure 6.5: EDX results of γ-CuI/Si film-on-substrate samples with film thicknesses of 200 nm. The 

table lists the atomic weight in percentage of Cu(K) and I(L) of the γ-CuI/Si sample. The ratio of the 

atomic weight of Cu(K):I(L) in the γ-CuI film, is 1.3:1, indicating that the γ-CuI thin films are iodine 

deficient. Si and O are mainly attributed to the Si (100) substrate of the γ-CuI/Si samples. 

Finally, quantitative analysis of the chemical compositions of γ-CuI thin films was determined 

by EDX analysis. The atomic ratio of Cu(K) to I(L) in the films determined by EDX was 

Cu(K):I(L) = 1.3:1, indicating that the γ-CuI thin films are iodine-deficient [1] and not 

Element At %

I L 44.20

CuK 55.80

Rate Cu:I = 1.3:1
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stoichiometric. Hence, appropriately introducing more iodine into γ-CuI thin film can increase 

the hole concentration and the electrical conductivity [1]. Additionally, other elements such 

as Si and O have been detected in the γ-CuI film. Silicon is mainly attributed to the Si (100) 

substrate of the γ-CuI film-on-substrate samples and oxygen is mostly from surface 

adsorption. 

6.2.2. Thermoelectric properties 

6.2.2.1. Cross- and in-plane thermal conductivity 

In order to calculate the 𝑍𝑇-value, the thermal conductivity 𝑘 of the γ-CuI thin film has to be 

known. A small thermal conductivity value would significantly increase the 𝑍𝑇-value, and 

therefore, the thermoelectric performance of the γ-CuI thin film. However, the thermal 

conductivity value of γ-CuI has never been reported in literature [1]. Generally, the thermal 

conductivity of semi-conductive materials depends on different heat conduction processes, 

which are [17]: 

(1) 𝑘𝑒 , heat conduction dominated by electrons and/or and holes; 

(2) 𝑘𝑝ℎ , heat conduction predominantly by phonon scattering. 

The thermal conductivity 𝑘 is given by the Wiedemann–Franz law [18]: 

𝑘 = 𝑘𝑒 + 𝑘𝑝ℎ = 𝜎𝐿𝑇𝑂 + 𝑘𝑝ℎ  (6.2) 

with 𝜎 = 𝑒𝜇𝑝𝑝, 𝐿  and 𝑇𝑜  representing the electrical conductivity (𝜇𝑝 = 8.3 cm2V-1s-1 [1]),  

Lorenz factor (1.5 × 10-8 WΩK-2 for ideal non-degenerate semiconductors) and the operating 

temperature, respectively [18]. The determined 𝑘𝑒 -value for γ-CuI is between 0.02 and 

0.06 Wm-1K-1 for hole concentrations p between 1.7 × 1019 and 1.0 × 1020 cm-3 [1]. However, 

the 𝑘𝑝ℎ -value is independent on the film’s electrical properties, and can be experimentally 

obtained using the multi-heater 3ω technique [1]. 



Thermoelectric Properties of p-Type CuI Thin Films 

177 

In this study, the differential multi-heater 3ω technique was employed to analyze the thickness 

dependency of the in- and cross-plane thermal conductivities of the γ-CuI thin films with film 

thicknesses varied between 70 and 400 nm. 

For measuring the thermal conductivity of semiconducting films such as γ-CuI thin films, an 

additional electrical insulation layer between the electrical heater and γ-CuI thin film is 

needed (see Figure 4.6). In this work, a Si3N4 thin film (200 nm thick, deposited using 

PECVD) was deposited on top of the γ-CuI/Si film-on-substrate structure to serve as an 

electrical insulation layer. Si3N4 was used because of its well-known thermal properties 

[19,20], which have been discussed in Section 5.2.1. In multilayer systems, the voltage drop 

across 3ω heater depends on the temperature changes caused by the whole multilayer 

structure. The measured thermal transfer function is therefore the sum of the contributions of 

the thermal oscillations from different components of the system. To isolate the thermal signal 

changes caused exclusively by the investigated γ-CuI films, the differential multi-heater 3ω 

approach uses the average temperature difference measured between two similar sets of 

experiments, i.e., one involving the Si3N4/CuI/Si multilayer system and the other performed 

on a system without the studied γ-CuI film, which serves as a reference sample. The Si3N4/Si 

reference sample and the Si3N4/CuI/Si multilayer structure including the γ-CuI films of 

interest are illustrated in Figure 4.6 in Section 4.3.1.1. 

Firstly, the amplitudes of the temperature oscillations ∆𝑇2𝜔 , as a function of the AC heating 

current frequency of the Si3N4/Si reference sample must be measured in order to set the ∆𝑇𝑓 

reference level for the differential multi-heater 3ω method. The real parts of the amplitudes 

of the temperature oscillations ∆𝑇2𝜔  for both in- and cross-plane thermal conductivities, 

measured within the 3ω heaters, as a function of the AC heating current frequency 𝑓 for the 

Si3N4/Si reference sample, are illustrated in Figure 6.6. 
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Figure 6.6: The temperature oscillation amplitudes ∆𝑇2𝜔 for the Si substrate and Si3N4/Si 

film-on-substrate structures with Si3N4 film thickness 𝑑𝑓 of 200 nm for the (a) cross- (broad heater 

width, 2𝑏 ~ 25 µm) and (b) in-plane (narrow heater width, 2𝑏 ~ 1.0 µm) thermal conductivity 

determination of γ-CuI films. The dashed lines represent the temperature oscillation amplitudes of the 

Si3N4/Si film-on-substrate structures, which are experimentally measured using the 3ω multi-heater 

technique. The solid line represents the corresponding temperature amplitude of the Si substrate, 

obtained by Eq. (3.22). 
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For the 3ω measurements, the heating frequency 𝑓 was limited to a range varied from 100 to 

1000 Hz, in order to confine the oscillation of the generated thermal wave well within the 

Si3N4/Si structure (see Section 4.3.1.3). The dashed lines represent the analytical fit performed 

for the experimental data. The calculated (based on Eq. (3.22)) reference amplitude of the 

temperature oscillations, associated with that of the bare Si substrate (solid line), is included 

as well for a comparison. The slope of ∆𝑇2𝜔  as a function of the logarithm of the AC heating 

frequency yields the thermal conductivity of the Si substrate (𝑘𝑆𝑖  = 141 Wm-1K-1), which is 

in a good agreement with results presented in Section 5.2.1. The presence of the 200 nm Si3N4 

film produces a frequency-independent increase in the real part of the thermal oscillation 

amplitude ∆𝑇𝑓,𝑆𝑖3𝑁4, as can be observed in Figure 6.6. The cross-plane thermal conductivity 

calculated using Eq. (3.33) for the Si3N4 reference films is 0.61 Wm-1K-1. The determined 

value is consistent with experimental data obtained in Section 5.2.1 and also with data in our 

previous paper [19] and Lee et al. [21]. The determined cross-plane thermal conductivity 

values of the Si3N4 reference films were obtained by averaging the thermal conductivity 

values over five 3ω measurements for each Si3N4 reference film. In each case, the maximum 

deviation of the determined values of these five measurements was below 1.7% for each 

sample. 

After the analysis of the reference samples, the following discussion focuses on the in- and 

cross-plane thermal conductivity measurements of γ-CuI thin films included within the 

Si3N4/CuI/Si multilayer samples. The real parts of the amplitudes of the temperature 

oscillations ∆𝑇2𝜔  measured within the 3ω heaters for the cross- and in-plane directions, as a 

function of the AC heating current frequency for the Si3N4/CuI/Si multilayer samples, are 

illustrated in Figure 6.7. The dashed lines represent the analytical fits for the experimental 

data of the multilayer samples. The reference amplitudes of the temperature oscillations 

associated to the bare Si substrate (solid line) and to the reference sample including the 

200 nm Si3N4 film (filled circles), are included as well for comparisons. For the 

thickness-dependent measurements, the heating frequency 𝑓 was restricted to a range varied 



Thermoelectric Properties of p-Type CuI Thin Films 

180 

from 100 to 1000 Hz, in order to confine the oscillation of the generated thermal wave well 

within the Si3N4/CuI/Si multilayer structure (see Section 4.3.1.3). 

 

Figure 6.7: The temperature oscillation amplitudes ∆𝑇2𝜔 for the Si substrate, Si3N4/Si reference 

sample and Si3N4/CuI/Si multilayer sample with γ-CuI film thickness 𝑑𝑓 varied between 70 and 

400 nm for the (a) cross- (broad heater width, 2𝑏 ~ 25 µm) and (b) in-plane (narrow heater width, 

2𝑏 ~ 1.0 µm) thermal conductivity determination of γ-CuI films. The dashed lines represent the 

temperature oscillation amplitudes of the Si3N4/CuI/Si multilayer samples (filled squares, diamonds, 

triangles) and the temperature oscillation amplitudes of the Si3N4/Si reference structure (filled 

circles), which are experimentally measured utilizing the 3ω multi-heater technique. The solid line 

represent the corresponding temperature amplitude of the Si substrate, determined by Eq. (3.22). 
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It must be noted that the amplitudes of the thermal oscillations as a function of heating 

frequency ∆𝑇2𝜔(𝑓)  were obtained at comparable heating currents by similar heaters 

deposited on the Si3N4/CuI/Si multilayer samples and the Si3N4/Si reference structure. 

As can be observed in Figure 6.7, the dissipation of the thermal oscillation into the γ-CuI films 

of different thicknesses produces a frequency-independent temperature rise ∆𝑇𝑓,𝐶𝑢𝐼  through 

the 3ω heater, which gradually increases with film thickness. The offsets between the 

temperature readings corresponding to the determined Si substrate (solid line) and 

experimental data of the reference sample (dashed lines with filled circles) are the temperature 

rises (∆𝑇𝑓.𝑆𝑖3𝑁4) generated by the 200 nm Si3N4 film. The temperature offsets (∆𝑇𝑓,𝐶𝑢𝐼 ) 

between the temperature oscillations corresponding to the Si3N4/Si reference sample and the 

experimental data obtained from the Si3N4/CuI/Si multilayer samples are the temperature rises 

generated by the γ-CuI thin films of different thicknesses. The overall temperature rise 

∆𝑇𝑓,𝑚𝑢𝑙𝑡𝑖  of the heater, presented in Figure 6.7 was generated by the whole underlying 

structure, i.e. the Si3N4 reference film and the γ-CuI thin film. The gradual increment of this 

offsets indicates that the γ-CuI thermal resistance as well as thermal conductivities increase 

as the film thickness increases. 

To obtain the thermal conductivity values of γ-CuI films, their thermal properties have to be 

isolated. This was achieved by subtracting the signal of the Si3N4/Si reference sample (dashed 

lines with filled circles) from that of the Si3N4/CuI/Si multilayer sample (dashed lines with 

filled squares, diamonds, and triangles) including the γ-CuI thin film, using Eq. (3.34). The 

experimental variables corresponding to the Si3N4/Si reference and Si3N4/CuI/Si multilayer 

samples, used to simultaneously determine the cross- and in-plane thermal conductivities, are 

listed in Tables A.11 to A.14 of Appendix D, respectively. The maximum deviation of the 

obtained in- and cross-plane thermal conductivity values of γ-CuI thin film, based on five 3ω 

measurements for each sample, was found to be better than 2.3% in all cases. 
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Table 6.1 lists the experimental results of the in- and cross-plane thermal conductivities of the 

γ-CuI films as a function of the film thickness 𝑑𝑓 . The thermal conductivity values of the 

γ-CuI thin films with thicknesses varied from 70 to 400 nm are between 0.45 and 

0.56 Wm-1K-1 for the cross-plane cases and between 0.50 and 0.59 Wm-1K-1 for the in-plane 

cases. The experimental thermal conductivity values for γ-CuI films along both the cross- and 

in-plane directions are even lower than that of glass [22] or a phonon-liquid material like 

Cu2Se [23] (which was reported to be about 1.0 Wm-1K-1 at room temperature) [1]. Such low 

cross- and in-plane thermal conductivity values can be associated with the heavy element 

iodine, which leads to strong phonon-scattering at grain boundaries due to the polycrystalline 

structure of the γ-CuI thin films [1]. 

Table 6.1: Experimental results of the cross- and in-plane thermal conductivities of γ-CuI thin films 

by the multi-heater 3ω method and average surface crystallite/particle diameters of the investigated 

γ-CuI thin films determined by AFM analysis. 

No. Film thickness 𝑑𝑓  

[nm] 

Thermal conductivity value 

[Wm-1K-1] 

Average surface 

particle diameter value 

(AFM) 

[nm] 
Cross-plane 𝑘𝑓⊥ In-plane 𝑘𝑓∥ 

16 70 0.45 ± 0.011 0.50 ± 0.012 211 

17 200 0.51 ± 0.013 0.55 ± 0.016 267 

18 400 0.56 ± 0.016 0.59 ± 0.017 341 

 

Furthermore, the film thermal conductivity values along both the cross- and in-plane 

directions decrease with the film thickness, but the decrease rate of the cross-plane 

conductivity gradually increases with decreasing film thickness as shown in Figure 6.8. It was 

reported that the grain size substantially affects the thermal conductivity due to the grain 

boundary scattering effect and smaller grain sizes reduce thermal conduction, because of the 

shorter phonon MFP [24,25]. According to experimental results of the 3ω method and the 

surface particle analysis of the AFM images, it can be assumed that the decreased thermal 

conductivity of the γ-CuI thin films for a thinner film thickness is primarily due to the decrease 
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in the surface particle size of the triangular shaped γ-CuI crystallites (see Table 6.1 and 

Figure 6.2) and therefore the grain size. 

 

Figure 6.8: Cross- and in-plane thermal conductivity of γ-CuI thin films as a function of film 

thickness. The squares represent the experimental data of the cross-plane conductivity and the 

diamonds the in-plane conductivity data obtained in this study by the multi-heater 3ω method. 

Table 6.1 also indicates that the in-plane thermal conductivities of the γ-CuI thin films are 

between 5.4% and 11.1% higher than the cross-plane ones. The main reason to explain this 

result is that along the in-plane direction, phonons traveling along directions parallel to the 

interface are less disturbed, whereas those along the cross-plane direction have a limited 

phonon MFP due to the film thickness and grain boundary scattering at the interfacial 

structures between the thin film and substrate [25,26], similar to the investigated AlN 

film-on-substrate samples (see Section 5.2). Lin et al. [7] studied the interface of γ-CuI thin 

films deposited at a Si (100) substrate using cross-sectional SEM. The cross-sectional SEM 

observed a thin amorphous γ-CuI layer with thickness of about 20 nm between the Si substrate 

and the γ-CuI films, which could limit heat transport in the cross-plane direction [7]. 

As demonstrated in Section 5.2.3, it can be further assumed that the interface of thin films 

near the substrate generally has distorted or amorphous microstructures, because of the lattice 

mismatch and the existence of surface defects [25,26]. Consequently, considering the 
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differences in the lattice constants of the γ-CuI (6.05 Å) [27] and Si (5.3 Å) [26], it is expected 

that γ-CuI thin films might have a graded changed interfacial layers, thus the cross-plane 

thermal conductivity of γ-CuI films could be an average value of this graded changing 

structure. 

Finally, the total thermal conductivity values 𝑘𝑓 of the γ-CuI thin films with different hole 

concentrations can be estimated by the Wiedemann–Franz law (see Eq. (6.2)) [1]. Figure 6.9 

shows the room temperature (300 K) thermal conductivity values 𝑘𝑓 obtained by Eq. (6.2) of 

γ-CuI thin films with 𝑑𝑓  = 200 nm, in dependence on their hole concentration 𝑝. 

 

Figure 6.9: Total thermal conductivity values 𝑘𝑓 of γ-CuI thin films with 𝑑𝑓 = 200 nm, in 

dependence on their hole concentration 𝑝 at room temperature (300 K). Based on experimentally 

obtained in-plane thermal conductivity values (3ω method) the total film thermal conductivities were 

determined using Eq. (6.2) (adapted and modified from Ref. [1]). 

The hole concentrations 𝑝 varied between 1.7 × 1019 and 1.0 × 1020 cm-3 [1]. The average 

hole mobility value 𝜇𝑝 = 8.3 cm2V-1s-1 was experimentally determined and reported by Yang 

et al. [1] and was assumed as constant value that does not change with hole concentration. 

Figure 6.9 illustrates that the total thermal conductivity values of γ-CuI thin films slightly 
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increase with increasing hole concentration, caused by the increased amount of energy 

carriers, which improve heat conduction in thin films, as introduced in Section 2.3. 

It has to be mentioned that only the in-plane thermal conductivity values of γ-CuI thin films 

will be taken into account for further calculations of thermoelectric properties, as the thermal 

properties in in-plane direction are less influenced by the substrate material of thermoelectric 

devices based on γ-CuI thin films. 

6.2.2.2. Thermoelectric figure of merit 

The thermoelectric 𝑍𝑇 -values of the investigated γ-CuI thin films (𝑑𝑓  = 200 nm) were 

calculated using Eq. (1.1), based on experimentally and theoretically obtained in-plane 𝑘𝑓∥ 

and total film 𝑘𝑓 thermal conductivity , electrical conductivity 𝜎 and Seebeck coefficient 𝑆 

values, presented in Section 6.2.2.1. The experimental values of the electrical conductivity 𝜎 

and Seebeck coefficient 𝑆 were jointly obtained with Dr. Chang Yang in the University of 

Leipzig [1]. Figure 6.10 illustrates the obtained 𝑍𝑇-values using Eq. (1.1) in dependence of 

their hole concentration 𝑝 at 300 K [1]. 

 

Figure 6.10: Thermoelectric figure of merit (𝑍𝑇-values) of γ-CuI thin films with 𝑑𝑓 = 200 nm, in 

dependence on their hole concentration 𝑝 at room temperature (300 K). 𝑍𝑇-values were determined 

using Eq. (1.1). The dashed line indicates the saturation value of the thermoelectric figure of merit  

(adapted and modified from Ref. [1]). 
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The 𝑍𝑇-values increase as the hole concentration 𝑝 increases, and reaches saturation values 

at concentrations higher than 5 × 1019 cm-3. In this work, the highest 𝑍𝑇-value is 0.21 at 

300 K, which is in the range of PbTe’s (p-type) 𝑍𝑇-value in its bulk form (𝑍𝑇 = 0.3) [28]. 

The γ-CuI film’s efficiency of thermoelectric energy conversion can also be improved when 

operated at temperatures higher than 300 K. However, higher operating temperatures 

(𝑇𝑂 > 350 K) often result in a degraded electrical conductivity of γ-CuI films [1,29]. Yamada 

et al. [29] presented that this reduced electrical conductivity is related to the diffusion of 

iodine in γ-CuI thin films throughout heat treatment. Therefore, thermal stability of the γ-CuI 

thin films should be investigated in future studies by developing concepts of suitable capping 

layers [1]. 

Table 6.2 lists the room temperature figures of merit 𝑍𝑇 and energy band gaps 𝐸𝑔  of common 

p- and n-type thermoelectric materials, as well as the experimental values of the investigated 

γ-CuI film [1], which are also illustrated in Figure 6.11. 

Table 6.2: Carrier type, energy bandgap and room temperature thermoelectric performance of the 

γ-CuI thin film and other typical thermoelectric materials [1]. 

Carrier 

type 

Material Bandgap 

[eV] 

S2σ 

[10-3Wm-1K2] 

  

[Wm-1K-1] 

   

(300 K) 

Reference 

n Bi2Te3 0.21 4.84 1.3 1.1 [30] 

LaSrTiO3 2.3-3.2 2.3 9.1 0.08 [9,31] 

Al:ZnO 3.4 0.39 1.19 0.1 [10] 

In:SnO2 > 3.5 1.8 4 0.14 [8] 

p PbTe 0.32 3 3 0.3 [28] 

CuSe 1.23 0.6 – 0.8 0.8 0.2 [23] 

Ca3Co4O9 2.1 0.83 3.5 0.07 [32] 

CuAlO2 3.5 0.01 3.5 0.001 [11] 

CuCrO2 2.5-3.0 0.06 7.5 0.002 [12] 

γ-CuI 3.1 0.375 0.51 0.21 this work [1]  

 

Figure 6.11 shows that p-type γ-CuI provides the largest 𝑍𝑇-value of the reported transparent 

conductor materials, which is about 50% higher than those of transparent n-type conductors 
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like Al:ZnO [10] and In:SnO2 [8]. It is even 210 times larger than the 𝑍𝑇-value of CuAlO2 

[11], which also belongs to the group of p-type transparent conductors. Finally, Figure 6.11 

clearly illustrates the great potential of using γ-CuI as transparent p-type thermoelectric 

material, due to its outstanding thermoelectric performance at room temperature. 

 

Figure 6.11: 𝑍𝑇-values of common p- and n-type thermoelectric materials and γ-CuI thin film (this 

thesis) versus energy bandgap 𝐸𝑔. The blue colored region highlights the bandgap values of 

transparent conductor materials. For detailed data see Table 6.2 (adapted and modified from Ref. [1]). 

Regardless of γ-CuI’s promising thermoelectric properties, there is still some room for 

improvement. Experimental data presented in Section 6.2.2.1 reveal that it is possible to 

slightly reduce the film thickness of γ-CuI without significantly changing both Seebeck 

coefficient and electrical conductivity, in order to obtain a lower in-plane thermal conductivity 

value, which leads to a higher 𝑍𝑇-value. In Section 6.2.2.1 we have demonstrated that the 

in-plane thermal conductivity decreases as the film thickness decreases, and the in-plane value 

of the 70 nm γ-CuI film is about 8% lower than the in-plane value of the 200 nm film. Thus, 

the 𝑍𝑇-value could be further enhanced by about 8% and results in a slightly improvement of 

γ-CuI’s thermoelectric properties. 

0.0005

0.005

0.05

0.5

0 1 2 3 4

Z
T

 -
va

lu
e

 a
t 

3
0

0
 K

energy bandgap        [eV]

p-type

n-type

CuI (this work)

  

Bi2Te3 [30]

Ca3Co4O9

[32]

PbTe [28]

Cu2Se [23]

CuCrO2 [12] CuAlO2 [11]

LaSrTiO3 [9,31]

Al:ZnO [10]

In:SnO2 [8]
γ-CuI [1]

0.0005

0.005

0.05

0.5

transparent



Thermoelectric Properties of p-Type CuI Thin Films 

188 

Furthermore, Yang et al. [1] stated that the 𝑍𝑇-value of γ-CuI films can be further increased 

by significantly raising its hole concentration 𝑝. Due to unintentional doping the highest hole 

concentration value of this work was 1 × 1020 cm−3 [1,16]. Therefore, Yang et al. [1] 

suggested to switch to an extrinsic doping technique, as they are commonly used to achieve 

highly degenerate semiconductor materials. Furthermore, Yang et al. [1] also stated that 

phosphor, nitrogen, sulfur and selenium might be suitable for the extrinsic doping process of 

γ-CuI films. 

6.3. Summary 

In brief, transparent and flexible p-type γ-CuI thin films exhibited an outstandingly high 

thermoelectric performance at room temperature. It is the first time that the in- and cross-plane 

thermal conductivity of γ-CuI thin films have been reported. The multi-heater 3ω method was 

utilized to study the thickness dependency of the in- and cross-plane thermal conductivity of 

γ-CuI thin films. 

The experimental results have shown that both in- and cross-plane thermal conductivities of 

the γ-CuI thin films were even lower than that of glass. Such low cross- and in-plane thermal 

conductivity values at room temperature can be associated with the heavy element iodine, 

which leads to strong phonon-scattering at grain boundaries due to the polycrystalline 

structure of the γ-CuI thin films. Furthermore, the film thermal conductivity values of both 

the in- and cross-plane ones were found to decrease with decreasing film thickness, but the 

decrease rate increases slightly with decreasing the film thickness for the cross-plane direction 

case. 

The AFM combined with the software-supported surface particle observation indicated that 

the average surface particle/crystallite sizes of sputtered γ-CuI films decreased with the 

decrease in film thickness. According to these results, the decreased thermal conductivity of 

the γ-CuI thin films at a low film thickness is mainly assumed due to the decrease in the 

average grain size of the films, which leads to an increased grain boundary scattering. 
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The observed low thermal conductivity values are extremely beneficial for the thermoelectric 

properties of γ-CuI thin films. Therefore, a high 𝑍𝑇-value of 0.21 at room temperature has 

been achieved for the 200 nm γ-CuI film, which is 1000 times higher compared to any other 

p-type transparent materials and almost twice compared to n-type materials [1]. 
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 Characterization of local Thermal 

Properties of Thin Films using 3ω Microscopy 

7.1. Introduction 

Thin film technology has been developed rapidly in the past few years due to the advances in 

thin film preparation facilities and methods [1]. As a consequence, thin films have taken a 

prominent part in revolutionary development of micro- and nanoelectronic devices, MEMS 

and novel thermoelectric applications. Due to urgent requirements of a number of thermal 

management [1] and thermoelectric applications for energy harvesting [2], there is a 

significant demand for thermal conductivity characterization techniques of thin films [3], 

especially with high-spatially resolving techniques to analyze the local distribution of thermal 

characteristics, such as thermal conductivity. Therefore, a quantitative determination of the 

local thermal conductivity of thin films is mandatory within the fundamental 

characterizations. 

Commonly used thermal characterization techniques such as IR thermography [4], TDTR [5], 

and macroscopic 3ω method [6,7] have restricted lateral spatial resolutions due to their optical 

diffraction limit or metal strips deposited on the surface of the thin film sample. These 

characterization methods are incapable to obtain the local thermal conductivity of thin films. 

SThM overcomes these limits and enables to qualitatively record local distributions of 

temperature [3] and thermal conductivity [3] with high resolutions for both thin films and 

bulk materials. The SThM utilizes a thermo-resistive AFM probe (see Section 4.3.2.1), acting 

as both heat source and temperature sensor. 

Moreover, it has already been demonstrated that the SThM, combined with the fundamental 

3ω principle, is capable to quantitatively measure the local thermal conductivity of bulk 

materials with a spatial resolution in nanometer ranges [8,9]. Based on these preliminary 
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studies, we develop a new experimental technique, which merges the basic AFM/SThM and 

differential 3ω method, introduced in Section 4.3.2, in order to quantitatively determine the 

local thermal conductivity of thin films. To realize this new “3ω Microscopy”, the 

macroscopic 3ω method has been transferred to the microscopic level by combining the AFM 

with our extended differential 3ω method. Within this thesis, the 3ω Microscopy method is 

utilized to quantitatively measure the local thermal conductivities of thin-film-on-substrate 

systems, in order to demonstrate its potential as a promising and alternative thermal 

characterization technique. 

The 3ω Microscopy method was employed in this chapter to study the thickness-dependency 

of local thermal conductivities of γ-CuI and AlN thin films with film thicknesses varied 

between 70 - 400 nm and 304 – 710 nm, respectively. It is for the first time that the local 

thermal conductivities of the γ-CuI and AlN thin films were quantitatively measured as a 

function of film thickness. The fundamental theory, experimental setup and sample 

preparation method to perform 3ω Microscopy measurements have been previously 

introduced in Sections of 3.3.2/4.3.2 and 4.3.1.1/4.3.2.5, respectively. 

7.2. Results and Discussion 

7.2.1. Calibration of the 3ω Microscopy setup 

The SThM based on the 3ω method has been theoretically verified to be applicable for the 

determination of local thermal conductivities of thin films and substrate materials, which has 

been introduced in Section 4.3.2.4 [8]. However, it is still ambiguous whether the 

3ω Microscopy is practically feasible on thin film structures or not. For this reason, γ-CuI and 

AlN thin films will be investigated using the 3ω Microscopy technique. 

The quantitative local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  of thin films can be determined from 

Eq. (4.3), if the amplitude of the heating power 𝑃𝑙  applied in the thin film is known. Therefore, 

an experimental calibration for each thermo-resistive Pd/SiO2 probe was performed and 
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utilized for quantitatively measuring local thermal conductivities. In Section 4.3.2.3, it has 

been demonstrated that an experimental calibration for quantitative local thermal conductivity 

measurements can be performed, if one can do reference measurements of a flat bulk sample 

with a well-known thermal conductivity in a range that covers the expected thermal 

conductivity values of the investigated thin films. 

In this work, a commercial glass-ceramic reference material (BCR-724) was utilized as a 

calibration sample for the 3ω Microscopy technique. The thermal conductivity value of this 

reference sample was investigated by a hot wire technique, which is similar to 3ω method and 

the results were certified by the Institute for Reference Materials and Measurements of the 

Joint Research Centre (European Commission) [10]. The thermal conductivity value for the 

BCR-724 bulk sample with a diameter of 26.9 mm and a height of 22 mm is 

(4.08  ± 0.002) Wm-1K-1 at room temperature of 293 K [10]. The thermal conductivity of the 

BCR-724 is near to the range that covers the expected thermal conductivity values of the 

investigated γ-CuI (0.50 – 0.59 Wm-1K-1) [2] and AlN thin films (8.4 – 13.2 Wm-1K-1). 

Figure 7.1 exhibits the temperature oscillation amplitudes ∆𝑇2𝜔  obtained from the 

3ω Microscopy measurements of the BCR-724 reference sample. The amplitude of the 

heating power applied in the sample per unit length 𝑃𝑙  of the BCR-724 reference sample was 

obtained using Eq. (3.22). The slope of the frequency-dependent temperature oscillation 

amplitudes ∆𝑇2𝜔  was recorded. The obtained slope of the fitted temperature oscillation 

amplitude ∆𝑇2𝜔  (dashed line) was measured to be -0.178 Ks. Thus, the amplitude of the 

heating power applied in the sample per unit length is 0.4 Wm-1, with a slope of -0.178 Ks 

and a thermal conductivity of 4.08 Wm-1K-1. The theoretical approach of the 3ω Microscopy 

is applicable, as the measured temperature oscillation amplitudes ∆𝑇2𝜔 (𝑓) and the fitting 

curve calculated by Eq. (3.22) are in good agreements. 

For the 3ω Microscopy measurements, the heating frequency of the Pd/SiO2 probe was limited 

to a range varied from 100 to 2500 Hz, in order to confine the oscillation of the generated 
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thermal wave well within the reference sample (see Section 4.3.2.4). Moreover, the heating 

frequency lies within the theoretically permissible frequency range (100 - 2750 Hz) of the 

3ω Microscopy technique (derived in Section 4.3.2.4), using the Pd/SiO2 probe and a 525 or 

640 µm thick Si substrate. 

 

Figure 7.1: Experimental determination of heating power dissipated into the thin film sample by a 

reference measurement. Dashed line shows the linear fit of temperature oscillation amplitudes 

∆𝑇2𝜔(𝑓) obtained from a 3ω Microscopy measurements of the BCR-724 reference sample 

(𝑘𝑠 = 4.08 Wm-1K-1 at room temperature [10]). The amplitude of the heating power applied in the 

sample per unit length 𝑃𝑙 of the BCR-724 reference sample was obtained using Eq. (3.22). The 

obtained slope of the fitted temperature oscillation amplitudes ∆𝑇2𝜔(𝑓) (dashed line) is -0.178 Ks. 

The determined rms values of the dissipated heating power of the BCR-724 reference sample 

were obtained by averaging the power values over five 3ω measurements at different positions 

on the surface of the reference sample. In each case, the maximum deviation of the determined 

values of these five measurements was below 1.2% for each measurement. 

Previously reported theoretical and experimental investigations have assumed that the 

dissipated power into the specimen per unit length is a constant [3,9]. However, a simplified 

two-dimensional FEM model of our 3ω Microscopy setup (see Figure 7.2), including the thin 

film-on-substrate structure and the thermo-resistive Pd-tip, demonstrated that this assumption 
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is only valid for extremely high (≈ 𝑘 > 1000 Wm-1K-1) and low (≈ 𝑘 < 10 Wm-1K-1) thermal 

conductivity values (see Figure 7.3). Detailed information about the design and boundary 

conditions of the two-dimensional FEM simulation are listed in Appendix E. 

 

Figure 7.2: Simplified two-dimensional FEM simulation of the 3ω Microscopy setup, including the 

thermo-resistive Pd-tip and the investigated film-on-substrate structure. The FEM results of (a) 

surface temperature and (b) temperature contour of a film-on-substrate structure with thermal 

conductivity values 1.0 and 147.0 Wm-1K-1 of the film and the substrate were obtained by COMSOL 

Multiphysics. The Pd-tip was heated by an AC heating current of 10 mA (rms value) and both sides 

and the bottom of the FEM model were assumed as isothermal (293.15 K). 
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In Figure 7.3, the thermal FEM data obtained from COMSOL Multiphysics analysis indicate 

that the dissipated heating power was strongly dependent on the thermal conductivity of the 

investigated thin film material in the range between 10 up to 1000 Wm-1K-1. As the thermal 

conductivity values of the investigated γ-CuI thin films and the BCR-724 reference sample 

are clearly below 10 Wm-1K-1 [2] (see Table 6.1), we can assume that the dissipated heating 

is independent from the thermal conductivity of the γ-CuI films in this study. As the expected 

thermal conductivity values of AlN are at the beginning of the transition region between a 

constant or a thermal conductivity-dependent heating power value (see Figure 7.3), we also 

assume that the dissipated heating power of AlN is a constant value. 

 

Figure 7.3: Heating power 𝑃 (rms value) dissipated into the thin film sample depending on the 

thermal conductivity of the thin film material 𝑘𝑓 obtained from a simplified two-dimensional FEM 

simulations of the 3ω Microscopy setup, illustrated in Figure 7.2. 

FEM results obtained by Altes et al. [8] also showed that the amount of dissipated heat is a 

constant for materials with low and extremely high thermal conductivity values. Furthermore,  

FEM results from Altes et al. [8] demonstrated that the rms value of the dissipated heating 

power is frequency-independent within the permissible frequency range of 100 up to 2750 Hz. 
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7.2.2. Quantitative local thermal conductivity of γ-CuI thin films 

In Chapter 6, γ-CuI thin films with different film thicknesses have been systematically 

investigated using the conventional differential 3ω method. Normally, for a conventional 

thermal measurement, a metal strip is required to be evaporated on top of the thin film sample 

[5], however, the metal strip cannot be evaporated with an infinitesimally small width due to 

the limitation of process. Besides these fabrication limitations, it is intricate to produce various 

thin films to investigate the thermal conductivity influenced by film thickness. The 

3ω Microscopy overcomes this limitation by simultaneously recording the local thermal 

properties as well as the topography of the investigated thin films. 

In this study, 3ω Microscopy measurements to quantitatively obtain the local thermal 

conductivity of thin films were conducted in five consecutive steps: 

(1) Recording the topography of the thin film-on-substrate sample; 

(2) Measuring the local 3ω voltage of the thermo-resistive probe in contact with the 

surface of the thin film sample at an AC heating current frequency of 1000 Hz, which 

lies well within the theoretically permissible range of 100 to 2750 Hz; 

(3) Converting the local 3ω voltage 𝑉3𝜔  data into the local thermal oscillation amplitudes 

∆𝑇2𝜔  using Eq. (3.10); 

(4) Performing frequency-dependent 3ω measurements on the BCR-724 reference 

sample, in order to obtain the amplitude of the dissipated power per unit length 𝑃𝑙 , as 

described in Section 7.2.1; 

(5) Performing selective differential 3ω measurements on two specific points (minimum 

∆𝑇2𝜔,𝑚𝑖𝑛 and maximum ∆𝑇2𝜔,𝑚𝑎𝑥  temperature oscillation values) on the surface of 

the thin film sample in the frequency range between 100 and 2500 Hz, in order to 

determine the absolute local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  value for every position 

within the corresponding 3ω Microscopy image. 
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After the analysis of the BCR-724 reference samples given in the previous section, the 

following discussion will be focused on the local cross-plane thermal conductivity 

measurements of the γ-CuI thin films deposited on Si substrates. In this section, the 

3ω Microscopy technique was employed to quantitatively investigate the 

thickness-dependency of local thermal conductivities of γ-CuI thin films with film thicknesses 

varied between 70 and 400 nm. 

Figure 7.4 illustrates the images of spatially-resolved topography (a-c) and local thermal 

conductivity (d-f) of γ-CuI thin films with film thicknesses varied between 70 and 400 nm. 

The 3ω Microscopy measurements were performed with a scan area of 5 μm × 5 μm (with 

512 lines) at a scan rate of 1 Hz. 

Figures 7.4(a) to (c) present the AFM images showing the surface morphologies of the γ-CuI 

films with various thicknesses of (a) 70, (b) 200, and (c) 400 nm. The investigated γ-CuI films 

exhibit a very rough surface morphology, consisting of many small triangular-like crystallites 

(see dotted triangles in Figures 7.4(a) to (c)), which are linked to the (111) orientation of γ-CuI 

films according to XRD patterns [2], reported in Section 6.2.1. The random orientation of 

these grains indicates that the film has no apparent in-plane epitaxial structures. These results 

are consistent with experimental data in Section 6.2.1 and those previously published in 

literature [11–13]. 

Furthermore, Figures 7.5(a) to (c) illustrate the AFM images showing the surface 

particle/crystallite size distributions of the 70, 200, and 400 nm γ-CuI films. Surface particle 

distributions and average diameters of the γ-CuI films were obtained by utilizing the 

NanoScope Analysis software. 

 



Characterization of local Thermal Properties of Thin Films using 3ω Microscopy 

201 

 

Figure 7.4: (a-c) Topography AFM and (d-f) local thermal conductivity images of γ-CuI thin films 

with different thicknesses of (a) and (d) 70 nm; (b) and (e) 200 nm; (c) and (f) 400 nm deposited on 

Si (100) substrates, revealing the surface morphology and local cross-plane thermal conductivity 

values of the γ-CuI thin films. The 3ω Microscopy measurements were carried out at heating 

frequency of 1000 Hz with scan area of 5 μm × 5 μm by 512 lines at a scan rate of 1 Hz, under 

vacuum conditions (pressure < 4.0 Pa). The γ-CuI films exhibit a very rough surface morphology, 

consisting of many small triangular-shaped crystallites, which are indicated by the dotted triangles. 
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Figure 7.5: AFM images of γ-CuI films deposited on Si substrates with film thicknesses of (a) 

70 nm, (b) 200 nm and (c) 400 nm to study the surface particle/crystallite distribution and average 

particle/crystallite diameter. The distribution of the surface particles/crystallites are highlighted in 

blue by the NanoScope Analysis software. 

In Figures 7.5(a) to (c), the surface particle/crystallite distribution is indicated by the blue 

areas, which cover the detected particles/crystallites of the γ-CuI films. With the decrease of 

film thickness, obvious changes in surface particle size distributions were observed. Similar 

to experimental results of Section 6.2.1, it is clearly detectable that the particle diameter 
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decreases as the film thickness is decreased. The average surface particle/crystallite diameter 

for the γ-CuI thin films with film thicknesses of 70, 200, and 400 nm are 217, 251 and 395 nm, 

respectively. The average surface crystallite/particle size values are in good agreements with 

values presented in Table 6.1 of Chapter 6. At a different scanning position but equal scanning 

size (5 μm × 5 μm) on the surface of the same γ-CuI films, the corresponding values vary 

around 2.8% and 15.8% (see Table 6.1 of Chapter 6). The evolution of the surface 

crystallite/particle diameters as a function of γ-CuI film thickness is summarized in Figure 7.6 

and Table 7.1. According to these result, a decreasing thermal conductivity for thinner films 

can be derived, which is mainly caused by the decrease in average crystallite/grain sizes of 

the γ-CuI films and simultaneously increase in grain boundary scattering [2]. 

Figures 7.4(d) to (f) show spatially-resolved thermal conductivity images of the γ-CuI thin 

films with film thicknesses varied between 70 and 400 nm. Areas with low thermal 

conductivity values appear dark, whereas those with higher thermal conductivity values are 

bright in the 3ω Microscopy images. In order to determine the absolute local thermal 

conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙 value for every position within the corresponding 3ω Microscopy image, 

frequency-dependent differential 3ω measurements on two specific points (minimum 

∆𝑇2𝜔,𝑚𝑖𝑛 and maximum ∆𝑇2𝜔,𝑚𝑎𝑥  temperature oscillation amplitudes) of the γ-CuI thin films 

were performed, as introduced above. In Figures 7.4(d) to (f), M1 and M2 indicate the 

positions where the frequency-dependent 3ω measurements have been performed. 

Measurement positions M1 and M2 are highlighted by green and violet arrows, respectively 

(see Figures 7.4(d) to (f)). At measurement positions M1 and M2, the absolute values of 

minimum and maximum local thermal conductivity of each γ-CuI film have been obtained, 

respectively. 

The local thermal conductivity values of both the positions M1 and M2 of the thermal images 

were determined from two frequency-dependent temperature oscillation curves ∆𝑇2𝜔 (𝑓), 

obtained from two selective differential 3ω measurements. The real parts of the amplitudes of 

the temperature oscillations ∆𝑇2𝜔 (𝑓) measured using the thermo-resistive Pd/SiO2 probe, as 
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a function of the AC heating current frequency 𝑓 for the γ-CuI-film-on-Si-substrate samples, 

are illustrated in Figures 7.7(a) to (c). 

 

Figure 7.6: Film thickness dependency of the surface particle/crystallite diameter distributions 

obtained by AFM images of γ-CuI thin films with film thicknesses varied between 70 and 400 nm 

using the NanoScope Analysis software. 
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The dashed lines represent the analytical fits performed based on the experimental data of 

measurement positions M1 (minimal thermal conductivity: filled green diamonds) and M2 

(maximum thermal conductivity: filled violet squares). For the thickness-dependent 

measurements, the heating frequency of the Pd/SiO2 probe was limited to a range from 100 

to 2500 Hz, to confine the oscillation of the generated thermal wave well within the γ-CuI/Si 

structure (see Section 4.3.2.4). 

Firstly, the 𝑘𝑠-value of the Si substrate must be calculated, in order to set the 𝛥𝑇𝑓 reference 

for the differential 3ω method. The thermal conductivity of the Si substrate obtained by 

Eq. (3.25) is 141 Wm-1K-1, which is in a good agreement with experimental values obtained 

by the conventional macroscopic 3ω method (see Sections 5.2.1 and 6.2.2.1). The determined 

reference amplitudes of the temperature oscillations (using Eq. (3.22)), are associated with 

the bare Si substrate (solid line). As can be observed in Figures 7.7(a) to (c), the diffusion of 

thermal oscillation into the γ-CuI films at positions M1 and M2 produces a 

frequency-independent temperature rise ∆𝑇𝑓,𝑀1  and ∆𝑇𝑓,𝑀2 through the Pd/SiO2 probe, which 

decreases with the thermal conductivity of the γ-CuI films. The offsets between the 

temperatures corresponding to the determined Si substrate (solid line) and experimental data 

(dashed lines) are the temperature rises (∆𝑇𝑓,𝑀1  and ∆𝑇𝑓,𝑀2) generated by the γ-CuI thin films 

with different film thicknesses. The gradual increment of these offsets indicates that thermal 

resistance and maximum local thermal conductivities 𝑘𝑓,𝑀2  of the γ-CuI increase as the film 

thickness 𝑑𝑓  increases. 

To obtain the local cross-plane thermal conductivities of the γ-CuI thin film at measurement 

positions M1 and M2, their thermal properties have to be extracted by the differential 3ω 

approach, as demonstrated in Section 3.3.2.1. 
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Figure 7.7: The temperature oscillation amplitudes ∆𝑇2𝜔 for the Si substrate and γ-CuI 

film-on-substrate structures with γ-CuI film thicknesses 𝑑𝑓 of (a) 70 nm, (b) 200 nm and (c) 400 nm. 

The dashed lines represent the temperature oscillation amplitudes at positions M1 and M2, indicating 

the absolute minimum and maximum thermal conductivity of the γ-CuI/Si film-on-substrate 

structures, which are experimentally measured by the 3ω Microscopy technique. The solid line 

represents the corresponding temperature amplitude of the Si substrate, obtained by Eq. (3.22). 
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These results have been used to co-relate every position in the thermal 3ω Microscopy images 

with an absolute local thermal conductivity value, as depicted in Figures 7.4(d) to (f). The 

values at positions M1 and M2 represent minimum and maximum local thermal conductivity 

values of the γ-CuI films with the film thicknesses varied between 70 and 400 nm, 

respectively. 

Table 7.1: Experimental results of minimum and maximum local cross-plane thermal conductivity 

𝑘𝑓,𝑀1/2 values of γ-CuI thin films obtained by selective differential 3ω Microscopy measurements to 

enable the quantitative analysis of local thermal conductivity distributions. Average surface 

particle/crystallite diameter values of γ-CuI films determined by AFM analysis as a function of film 

thickness. 

No. Film thickness 𝑑𝑓  

[nm] 

Absolute local thermal conductivity 

value 

[Wm-1K-1] 

Average surface 

particle diameter 

value (AFM) 

[nm] minimum 𝑘𝑓,𝑀1  maximum 𝑘𝑓,𝑀2  

16 70 0.23 0.62 217 

17 200 0.29 0.70 251 

18 400 0.29 0.78 395 

 

The determined local minimum and maximum cross-plane thermal conductivity values of 

γ-CuI thin films were obtained by averaging the thermal conductivity values over three 3ω 

Microscopy measurements for each γ-CuI film. The maximum deviation of the determined 

values of these three measurements was below 3.1% for each sample. The random errors of 

the 3ω Microscopy measurements for a given γ-CuI film, based on the assumptions mentioned 

in Section 4.3.2.4, were found to be better than 3% in all cases. About 15% of the performed 

3ω Microscopy measurements could not be utilized for the evaluation of the local thermal 

conductivity data due to tip-wearing and contact problems between the thermo-resistive 

Pd/SiO2 probe and the thin film samples. 

In order to compare the local thermal conductivity results obtained by the 3ω Microscopy 

method with the experimental cross-plane thermal conductivity data determined by the 

conventional macroscopic 3ω method presented in Section 6.2.2.1, the local conductivity 



Characterization of local Thermal Properties of Thin Films using 3ω Microscopy 

208 

values have been averaged over the whole investigated scan-area (5 μm × 5 μm) for the γ-CuI 

thin films. Table 7.2 lists the experimental results of the averaged values of thermal 

conductivities for the γ-CuI films, obtained by the 3ω Microscopy method (𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙) and the 

macroscopic 3ω method ( 𝑘𝑓.𝑚𝑎𝑐𝑟𝑜 ), as a function of the film thickness 𝑑𝑓  at room 

temperature. 

The average cross-plane thermal conductivity values of the γ-CuI films with thicknesses 

varied from 70 to 400 nm are between 0.38 and 0.50 Wm-1K-1 obtained from the 

3ω Microscopy method, and between 0.45 and 0.56 Wm-1K-1 obtained from the macroscopic 

3ω method. Results listed in Table 7.2 indicate that the macroscopic thermal conductivity 

values of the γ-CuI thin films are in good agreements with those from the 3ω Microscopy 

ones. The average thermal conductivities obtained by the 3ω Microscopy method are between 

5.9% and 15.5% below the values measured from the macroscopic 3ω method but have an 

almost identical data progression. These minor variations are still good enough for the first 

approach of quantitative measurements of the local thin film thermal conductivity. 

Table 7.2: Experimental results of the cross-plane thermal conductivity of γ-CuI thin films obtained 

by the 3ω Microscopy and macroscopic 3ω method, as a function of film thickness. 

No. Film thickness 𝑑𝑓  

[nm] 

Cross-plane thermal conductivity value 

[Wm-1K-1] 

3ω Microscopy 

𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙  
Macroscopic 3ω method 
𝑘𝑓⊥  

16 70 0.38 ± 0.011 0.45 ± 0.011 

17 200 0.48 ± 0.014 0.51 ± 0.013 

18 400 0.50 ± 0.015 0.56 ± 0.016 

 

Moreover, the experimental thermal conductivity values are lower than that of glass [14] or a 

phonon-liquid material like Cu2Se [15] (which was reported to be about 1.0 Wm-1K-1 at room 

temperature). As mentioned in Section 6.2.2.1, such a low thermal conductivity value is 

associated with heavy element iodine, which leads to a strong phonon-scattering at grain 

boundaries due to the polycrystalline structure of the γ-CuI thin films [2]. 
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Figure 7.8 illustrates that a change of the local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  is dependent on 

the film thickness 𝑑𝑓  of the γ-CuI film, which confirms the experimental results obtained by 

the macroscopic 3ω method in Section 6.2.2.1. Therefore, we can conclude that our new 

3ω Microscopy approach is applicable to quantitatively determine the topography and local 

thermal conductivity of thin film materials, such as γ-CuI with a spatial resolution in the 

sub-micrometer range. 

 

Figure 7.8: Local thermal conductivity results obtained by 3ω Microscopy and the experimental 

cross-plane thermal conductivity values determined by the conventional macroscopic 3ω method of 

γ-CuI thin films as a function of film thickness. The diamonds represent the experimental data of the 

macroscopic 3ω method and the circles the 3ω Microscopy data at room temperature. 

In the following we will discuss experimentally obtained local thermal conductivity data 

shown in Figures 7.4(d) to (f). Figures 7.4(d) to (f) illustrate that the local thermal properties 

of thermoelectric γ-CuI thin films are strongly related to the film thickness, which supports 

the experimental data and discussions above. The areas of regions with higher thermal 

conductivity values are significantly larger as the film thickness increases, which can be 

verified by the average film thermal conductivity values 𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙 listed in Table 7.2 as function 

of film thickness 𝑑𝑓 . 
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Furthermore, the triangular-shaped crystallite structures, identified in the topography images 

(see Figures 7.4(a) to (c)) have also been detected from the thermal images. The 

triangular-shaped structures are highlighted by dashed triangles in both topography and 

thermal images. Figures 7.4(d) to (f) illustrate that heat transport takes place predominantly 

at the boundaries of these triangular structures and changes considerably as the film thickness 

increases. The 70 nm thick γ-CuI film shows very narrow and contorted paths of high thermal 

conductivity, whereas the 400 nm thick γ-CuI film offers extremely broad and straight paths 

of high thermal conduction, leading to a higher average film thermal conductivity, as 

illustrated in Figure 7.8. In Figures 7.4(d) to (f), the high thermal conductive paths are 

indicated by the devious red lines. The narrow and contorted highly thermal conductive paths 

show an increased potential in phonon-scattering, compared to wide and straight high 

conductive paths, which could result in an impaired and reduced thermal conduction. 

Furthermore, Figures 7.9(a) to (c) compare the local thermal conductivity and topography 

data obtained by vertical line measurements (see dashed blue and red colored lines in the 

topography and thermal images, respectively). Figures 7.9(a) to (c) show that the local 

thermal conductivities are normally higher at positions with small heights, which are the 

boundaries between triangular crystallites. Some of these regions have been highlighted by 

arrows in Figures 7.9(a) to (c). Moreover, the average local thermal conductivity values of 

𝑘̅𝑓,𝑙𝑖𝑛𝑒  along the vertical line measurements (see red colored dashed lines in Figures 7.9(a) to 

(c)) are in good agreements with the average film conductivity values 𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙 , listed in 

Table 7.2. On the basis of the experimental results of the 3ω Microscopy technique, it can be 

concluded that the decreased thermal conductivity of the γ-CuI thin films with decreased film 

thickness is mainly caused by the decreases in both the average surface crystallite (see AFM 

surface particle analysis in Figure 7.5 and Figure 7.6) and grain size. The grain size 

significantly affects the thermal conductivity due to the grain boundary scattering, because a 

smaller grain size could decrease the thermal conductivity of the film due to the shorter 

phonon MFP [2,16–18]. 
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Figure 7.9: Vertical line scans, indicated by blue and red colored dashed lines in Figures 7.4(a) to (f) 

representing the topography data and local thermal conductivity values of (a) 70 nm, (b) 200 nm and 

(c) 400 nm thin γ-CuI films, respectively. The red colored dashed line represent the film thermal 

conductivity value 𝑘̅𝑓,𝑙𝑖𝑛𝑒 averaged of the line scan in Figures 7.4(d) to (f). 
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7.2.3. Quantitative local thermal conductivity of AlN thin films 

After the investigation of the γ-CuI thin films provided in the previous section, the following 

discussions will be focused on the local cross-plane thermal conductivity measurements of 

AlN thin films deposited on Si substrates. Figure 7.10 shows the images of spatially-reso lved 

topography (a-c) and local thermal conductivity (d-f) of AlN thin films with film thickness 

varied between 304 and 710 nm. The 3ω Microscopy measurements were performed with a 

scan area of 1 μm × 1 μm (with 512 lines) at a scan rate of 1 Hz and under vacuum conditions 

(pressure < 4.0 Pa), in order to reduce convection losses of the thermo-resistive probe. 

Figures 7.10(a) to (c) present the AFM images showing the surface morphologies of the AlN 

films with various thicknesses of (a) 304, (b) 511, and (c) 710 nm. The studied AlN films 

have smooth surfaces and uniform round-shaped surface particle (see dotted circles in 

Figures 7.10(a) to (c). Figures 7.11(a) to (c) also illustrate the AFM images showing the 

surface particle/crystallite size distributions of the 304, 511, and 710 nm AlN films. Similar 

to experimental results of the γ-CuI films, it is observable that the particle diameter decreases 

as the film thickness is decreased. The average surface particle/crystallite diameters for the 

AlN films with film thicknesses of 304, 511, and 710 nm are 73, 100 and 108 nm, 

respectively. The average surface particle diameter value of the 511 nm film is in good 

agreement (3% higher) with the value presented in Section 5.2.3 of Chapter 5. At a different 

scanning position but equal scanning size (1 μm × 1 μm) on the surface of the same AlN films, 

the corresponding values of the 304 and 710 nm vary between 56% and 65%. 

The evolution of the surface crystallite/particle diameters as a function of AlN film thickness 

is summarized in Figure 7.12 and Table 7.3. According to these results, a decreasing thermal 

conductivity for thinner films can be derived, which is mainly caused by the decrease in 

average crystallite/grain sizes of the AlN films and simultaneously increase in grain boundary 

scattering [1,16–18]. 
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Figure 7.10: (a-c) Topography AFM and (d-f) local thermal conductivity images of AlN thin films 

with different thicknesses of (a) and (d) 304 nm; (b) and (e) 511 nm; (c) and (f) 710 nm deposited on 

a Si (100) substrate, revealing the surface morphology and local cross-plane thermal conductivity 

values of the AlN thin films. The 3ω Microscopy measurements were carried out at heating frequency 

of 1000 Hz with scan area of 1 μm × 1 μm by 512 lines at a scan rate of 1 Hz, under vacuum 

conditions (pressure < 4.0 Pa). The studied AlN films have uniform round-shaped surface particles, 

which are indicated by the dotted lines. 
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Figure 7.11: AFM images of AlN films deposited on Si substrates with film thicknesses of (a) 

304 nm, (b) 511 nm and (c) 710 nm to study the surface particle/crystallite distribution and average 

particle/crystallite diameter. The distribution of the surface particles/crystallites are highlighted in 

blue by the NanoScope Analysis software. 
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Figure 7.12: Film thickness dependency of the surface particle/crystallite diameter distributions 

obtained by AFM images of AlN thin films with film thicknesses varied between 304 and 710 nm 

using the NanoScope Analysis software. 
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Figures 7.10(d) to (f) illustrate spatially-resolved thermal conductivity images of the AlN thin 

films with film thickness varied between 304 and 710 nm. The real parts of the amplitudes of 

the temperature oscillations ∆𝑇2𝜔 (𝑓), measured using the thermo-resistive Pd/SiO2 probe, as 

a function of the AC heating current frequency 𝑓 for the AlN-film-on-Si-substrate samples, 

are illustrated in Figures 7.13(a) to (c). As can be seen in Figures 7.13(a) to (c), the diffusion 

of thermal oscillation into the AlN films at positions M3 and M4 produces a 

frequency-independent temperature rise ∆𝑇𝑓,𝑀3  and ∆𝑇𝑓,𝑀4 through the Pd/SiO2 probe, which 

decreases with increasing thermal conductivity. The offsets between the temperatures 

corresponding to the determined Si substrate (solid line) and experimental data (dashed lines) 

are the temperature rises (∆𝑇𝑓,𝑀3  and ∆𝑇𝑓,𝑀4) generated by the AlN thin films with different 

film thicknesses. The gradual increment of these offsets indicates that both minimum 𝑘𝑓,𝑀3  

and maximum 𝑘𝑓,𝑀4  local thermal conductivities of the AlN increase as the film thickness 𝑑𝑓  

increases. 

To obtain the local cross-plane thermal conductivities of the γ-CuI thin film at measurement 

positions M3 and M4 their thermal properties have to be extracted by the differential 3ω 

approach, as demonstrated in Section 7.2.2. The obtained thermal conductivity values 

𝑘𝑓,𝑀3/𝑘𝑓,𝑀4 at positions M3 and M4 of the AlN thin films are listed in Table 7.3 and are 

between 4.4 Wm-1K-1 and 19.7 Wm-1K-1, respectively. These results have been used to 

co-relate every position in the thermal 3ω Microscopy images with an absolute local thermal 

conductivity value, as depicted in Figures 7.10(d) to (f). 
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Figure 7.13: The temperature oscillation amplitudes ∆𝑇2𝜔 for the Si substrate and AlN 

film-on-substrate structures with AlN film thicknesses 𝑑𝑓 of (a) 304 nm, (b) 511 nm and (c) 710 nm. 

The dashed lines represent the temperature oscillation amplitudes at positions M3 and M4, indicating 

the absolute minimum and maximum thermal conductivity of the AlN/Si film-on-substrate structures, 

which are experimentally measured by the 3ω Microscopy technique. The solid line represents the 

corresponding temperature amplitude of the Si substrate, obtained by Eq. (3.22). 
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Table 7.3: Experimental results of minimum and maximum local cross-plane thermal conductivity 

𝑘𝑓,𝑀3/4 values of AlN thin films obtained by selective differential 3ω Microscopy measurements to 

enable the quantitative analysis of local thermal conductivity distributions. Average surface 

particle/crystallite diameter values of AlN films determined by AFM analysis as a function of film 

thickness. 

No. Film thickness 𝑑𝑓  

[nm] 

Absolute local thermal conductivity 

value 

[Wm-1K-1] 

Average surface 

particle diameter 

value (AFM) 

[nm] minimum 𝑘𝑓,𝑀3  maximum 𝑘𝑓,𝑀4  

12 304 4.4 15.7 73 

13 511 4.9 17.9 100 

14 710 5.2 19.7 108 

 

The determined local minimum and maximum cross-plane thermal conductivity values of 

AlN thin films were obtained by averaging the thermal conductivity values over three 3ω 

Microscopy measurements for each AlN film. The maximum deviation of the determined 

values of these three measurements was below 3.8% for each sample. The random errors of 

the 3ω Microscopy measurements for a given AlN film, based on the assumptions mentioned 

in Section 4.3.2.4, were found to be better than 3% in all cases. 

In order to compare the local thermal conductivity results obtained by the 3ω Microscopy 

method with the experimental cross-plane thermal conductivity data determined by the 

conventional macroscopic 3ω method presented in Section 5.2.2, the local conductivity values 

have been averaged over the whole investigated scan-area (1 μm × 1 μm) for the AlN thin 

films. Table 7.4 lists the experimental results of the averaged values of thermal conductivities 

for the AlN films, obtained by the 3ω Microscopy method (𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙) and the macroscopic 3ω 

method (𝑘𝑓.𝑚𝑎𝑐𝑟𝑜 ), as a function of the film thickness 𝑑𝑓  at room temperature. 

Table 7.4 shows that average cross-plane thermal conductivity values of the AlN films with 

thicknesses varied from 304 to 710 nm are between 8.1 and 11.1 Wm-1K-1 obtained from the 

3ω Microscopy method, and between 8.5 and 13.2 Wm-1K-1 obtained from the macroscopic 

3ω method. The average film thermal conductivities obtained by the 3ω Microscopy method 
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are between 4.7% and 15.9% smaller than values measured from the macroscopic 3ω method. 

Figure 7.14 demonstrates that the average thermal conductivity values of both 3ω techniques 

have an almost identical data progression. This difference is mainly caused by the value of 

the dissipated heating power, which was assumed to be slightly to low, as the thermal 

conductivity of the AlN film is directly at the transition region between a constant and a 

thermal conductivity-dependent heating power value (see Figure 7.3). However, theses minor 

variations are still good enough for the first approach of quantitative measurements of the 

local thermal conductivity of AlN films. 

Table 7.4: Experimental results of the cross-plane thermal conductivity of AlN thin films obtained by 

the 3ω Microscopy and macroscopic 3ω method, as a function of film thickness. 

No. Film thickness 𝑑𝑓  

[nm] 

Cross-plane thermal conductivity value 

[Wm-1K-1] 

3ω Microscopy 

𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙  
Macroscopic 3ω method 

𝑘𝑓⊥  

12 304 8.1 ± 0.24 8.5 ± 0.22 

13 511 9.4 ± 0.28 11.0 ± 0.33 

14 710 11.1 ± 0.33 13.2 ± 0.40 

 

Figure 7.14 illustrates that a change of the local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  is dependent on 

the film thickness 𝑑𝑓  of the AlN film, which confirms the experimental results obtained by 

the macroscopic 3ω method within Section 5.2.2. Finally, we can conclude that our new 

3ω Microscopy approach is applicable to quantitatively map the topography and local thermal 

conductivity of thin film materials, such as AlN with a spatial resolution in the 

sub-micrometer range. However, the 3ω Microscopy technique is limited to the assumption 

of a constant dissipated heating power, which is independent from the thin film’s thermal 

conductivity value. For future work the thermal conductivity-dependent heating power 

function 𝑃𝑙(𝑘𝑓) has to be analyzed more extensively and then included in the data evaluation 

of the 3ω Microscopy method. 
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Figure 7.14: Local thermal conductivity results obtained by 3ω Microscopy and the experimental 

cross-plane thermal conductivity values determined by the conventional macroscopic 3ω method of 

AlN thin films as a function of film thickness. The diamonds represent the experimental data of the 

macroscopic 3ω method and the circles the 3ω Microscopy data at room temperature. 

In the following we will discuss experimentally obtained local thermal conductivity data 

shown in Figures 7.10(d) to (f). Figures 7.10(d) to (f) illustrate that the local thermal 

properties of AlN thin films are strongly related to the film thickness, which supports the 

experimental data and discussions for γ-CuI films above. The areas of regions with higher 

thermal conductivity values are significantly larger as the film thickness increases, which can 

be verified by the average film thermal conductivity values 𝑘̅𝑓,𝑙𝑜𝑐𝑎𝑙  listed in Table 7.4 as 

function of film thickness 𝑑𝑓 . 

Furthermore, the round-shaped crystallite structures at the surface, identified in the 

topography images (see Figures 7.10(a) to (c)), have also been detected from the thermal 

images. These structures are highlighted by dashed circles in both topography and thermal 

images. Figures 7.10(d) to (f) illustrate that heat transport takes place predominantly between 

the boundaries of these surface structures and changes considerably as the film thickness 

increases. The 304 nm thick AlN film shows narrow and short contorted paths of high thermal 

conductivity, whereas the 511 and 710 nm thin AlN films show wide, long and straight paths 
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of high thermal conduction, leading to a significantly higher average film thermal 

conductivity, as illustrated in Figure 7.14. In Figures 7.10(d) to (f), the high thermal 

conductive paths are indicated by the devious red lines. The narrow and contorted highly 

thermal conductive paths show an increased potential in phonon-particle and 

phonon-boundary scattering, compared to wide and straight high conductive paths, which 

could result in an impaired and reduced thermal conduction, similar to experimental results 

obtained for γ-CuI films. 

7.3. Summary 

This chapter presents a novel 3ω Microscopy technique to quantitatively determine the local 

cross-plane thermal conductivities of thin-film-on-substrate systems. In order to satisfy the 

demand for high-spatially resolving techniques to quantitatively analyze thin film materials 

concerning their local thermal characteristic, the macroscopic 3ω method has been transferred 

to the microscopic level by combining the AFM with our extended differential 3ω method, 

which has never been reported in literature before. 

The key parameter for the quantitative thermal conductivity determination is the heating 

power which is dissipated into the thin film sample. It is crucial to determine the absolute 

local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  value for every position within the corresponding 

3ω Microscopy image and thereby enable the quantitative thermal conductivity analysis. An 

experimental method was demonstrated to obtain the rms value of the heating power. This 

experimental approach has been verified by the 3ω Microscopy measurement performed on 

BCR-724 reference samples. The experimental results were in good agreements with values 

obtained by the macroscopic 3ω method within this thesis. 

The main focus of this study was to investigate the thickness-dependency of local thermal 

conductivities of novel thermoelectric γ-CuI and AlN thin films with film thicknesses varied 

between 70 - 400 nm and 304 - 710 nm using the 3ω Microscopy technique. It is the first time 

that the local thermal conductivities of γ-CuI and AlN thin films were quantitatively measured 
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as a function of film thickness. The spatially-resolved 3ω Microscopy images demonstrated 

that heat transport predominantly takes place at the boundaries of triangular-shaped γ-CuI and 

round-shaped AlN structures and considerably changes as the film thickness increases. The 

thinnest γ-CuI and AlN films showed narrow and contorted paths of high thermal 

conductivity, whereas the thicker γ-CuI and AlN films showed very broad and straight paths 

of high thermal conduction, leading to higher average film thermal conductivity values. The 

narrow and contorted high thermal conductive paths show an increased potential in 

phonon-scattering, compared to wide and straight high conductive paths, which resulted in an 

impaired and reduced thermal conduction. 

Furthermore, the average film thermal conductivity values obtained by 3ω Microscopy are in 

good agreements with cross-plane values, measured using the macroscopic 3ω technique 

(presented in Chapter 5 and 6). Moreover, the experimental results have shown that the local 

thermal conductivity values of the γ-CuI thin films were lower than that of glass. Such low 

cross- and in-plane thermal conductivity values at room temperature can be associated with 

heavy element iodine, which leads to a strong phonon-scattering at grain boundaries due to 

the polycrystalline structure of the γ-CuI thin films. These low thermal conductivity values 

are also extremely beneficial for the thermoelectric properties of γ-CuI thin films, which are 

leading to a high thermoelectric figure of merit. Additionally, the film thermal conductivity 

values of both the 3ω Microscopy and macroscopic 3ω method decrease with decreasing film 

thickness 𝑑𝑓 . According to these results, it can be concluded that the novel 3ω Microscopy is 

capable to simultaneously determine the topography and absolute local thermal conductivity 

of low and medium thermal conductive thin films, such as γ-CuI and AlN within a spatial 

resolution in the sub-micrometer range. 

Finally, this chapter shows that the 3ω Microscopy extends the research field of thin film 

thermal characterization techniques. It combines the advantageous of both conventional 3ω 

method and AFM technology to quantitatively study the heat transport of thin film materials. 

The 3ω Microscopy has been proven to provide additional experimental findings, which 
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cannot be identified or detected by conventional thermal characterization methods like SThM 

or the macroscopic 3ω technique. Furthermore, not only its spatially-resolved quantitative 

local thermal characterization, but also its nondestructive characteristic and the fact that a 

preliminary sample preparation is not needed, making the 3ω Microscopy a promising and 

alternative thermal characterization method. 

Future investigations could consist of mapping both local cross- and in-plane thermal 

conductivity values as a function of film thickness using suspended thin film samples. 

Another interesting point would to quantitatively study both local electrical and thermal 

properties of thermoelectric γ-CuI, in order to provide local thermoelectric properties or 

𝑍𝑇-values that could help to improve the properties of innovative thermoelectric devices at 

room temperature. 
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 Conclusions and Future Work 

8.1. Conclusions 

For most micro- and nanoelectronic devices based on thin films applied in effective heat 

dissipation and thermoelectric devices for energy harvesting, thermal management is a critical 

topic for their performance and reliability. Therefore, this thesis focused on the investigat ions 

of cross- and in-plane thermal conductivities of both high- and low-thermal conductive thin 

film materials, i.e. AlN and γ-CuI. Highly thermal conductive AlN films, have been chosen 

for investigation as they are promising candidates for effective heat conductors in 

microelectronic devices. CuI films in their γ-phase, which exhibit low thermal conductivity 

values, have also been studied, because of their great interest in the field of novel 

thermoelectric applications. 

The literature survey pointed out that thermal conductivities of thin films can be substantially 

different from those of their bulk counterparts, which is generally caused by oxygen 

impurities, dislocations, and grain boundary scattering. All these could affect the thermal 

conductivity of the films. These effects also influence cross- and in-plane heat conduction 

differently, so that the thermal conductivities of the thin films are generally anisotropic in 

these two directions. Therefore, in this thesis, experimental and theoretical analysis have been 

conducted to understand the effects of crystallinity, grain/surface crystallite sizes, and 

interfacial structures of AlN and γ-CuI films on their thermal conductivities as a function of 

film thickness. An improved differential multi-heater 3ω method was established and used to 

study the thickness-dependency of cross- and in-plane thermal conductivities of γ-CuI and 

AlN thin films sputtered on p-type doped Si substrates with film thicknesses varied between 

70 – 400 nm and 100 – 1000 nm, respectively. 
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The thesis was also focused on thermal conductivity characterization techniques of thin films, 

especially for high-spatially resolving techniques to study the locally quantitative thermal 

characteristics, such as thermal conductivity. In order to meet this demand, our newly 

proposed 3ω Microscopy method, which combines the advantages of both the 3ω method and 

AFM technology, was applied to quantitatively measure the local thermal conductivities of 

γ-CuI and AlN thin films, with a spatial resolution in sub-micrometer range. 

The main conclusions obtained from these investigations are summarized as follows: 

(1) Cross- and in-plane thermal conductivities of film-on-substrate structures 

Experimental results obtained by the improved multi-heater 3ω method revealed that both 

the cross- and in-plane thermal conductivities of AlN and γ-CuI thin films were drastically 

reduced compared to their bulk materials. The measured thermal conductivity values of 

the AlN and γ-CuI thin films were about 94% – 99% and 65% – 74% smaller than those 

of their bulk counterparts. Furthermore, the cross- and in-plane thermal conductivities of 

the AlN and γ-CuI thin films were strongly dependent on the film thickness, as film 

thermal conductivity values of both the cross- and in-plane directions decreased with the 

decrease in film thickness. 

Both the XRD and AFM combined with the software-supported surface particle 

observation indicated that the average surface crystallite size of sputtered AlN and γ-CuI 

films decreased with the decrease in film thickness. According to these findings, the 

reduced thermal conductivity of the AlN and γ-CuI thin films with a smaller film 

thickness were primarily caused by the decrease in both average grain and surface 

crystallite size of the films. 

However, theoretical analysis suggested that the difference of thermal conductivity values 

contributed by grain boundary scattering cannot fully describe the experimental data. It 

was considered that amorphous and disordered interfacial regions at the film-substrate 

interfaces, which have a much lower thermal conductivity than those of the 
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polycrystalline AlN and γ-CuI films, significantly influenced the heat conduction 

perpendicular to the thin films. The amorphous and disordered layer at the interface 

influenced the heat transport in the cross-plane direction of the investigated thin films. 

The results suggested that improving the interfacial properties could increase the heat 

conduction in the cross-plane direction and support the applications of AlN and γ-CuI 

thin films as effective heat conductor and thermoelectric layer in microelectronic devices, 

respectively. 

 Additionally, this thesis showed that the AlN thin films can be utilized in micro- and 

nanoelectronic devices to replace traditional dielectric layers such as SiO2 or Si3N4,  

and as an effective heat-conducting film owing to their significantly higher cross- and 

in-plane thermal conductivities (about 264% to 1255% higher for the same film 

thickness). 

 One of the most critical properties for high thermoelectric conversion efficiencies of 

γ-CuI thin films, are their in- and cross-plane thermal conductivity values. Therefore, 

one main goal of this thesis was to study the in- and cross-plane thermal 

conductivities of polycrystalline γ-CuI thin film at room temperature. It was the first 

time that the in- and cross-plane thermal conductivity of γ-CuI thin films have been 

reported. The experimental results have shown that both in- and cross-plane thermal 

conductivities of the γ-CuI thin films were even lower than that of glass. Such low 

cross- and in-plane thermal conductivity values at room temperature have been 

associated with heavy element iodine, which leads to an increased phonon-scattering 

at grain boundaries due to the polycrystalline structure of the γ-CuI thin films. The 

observed low thermal conductivity values are extremely beneficial for the 

thermoelectric properties of γ-CuI thin films, which by far makes γ-CuI the most 

efficient, transparent and flexible p-type material for thermoelectric energy 

conversion at room temperature. 
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(2) Local thermal conductivity distribution of film-on-substrate structures 

This thesis presents a novel 3ω Microscopy technique to quantitatively determine the 

local cross-plane thermal conductivities of thin-film-on-substrate systems. In order to 

satisfy the demand for high-spatially resolving techniques to quantitatively analyze thin 

film materials concerning their local thermal characteristic, the macroscopic 3ω method 

has been transferred to the microscopic level by combining the AFM with our extended 

differential 3ω method, which has never been reported in literature before. 

It has been shown that the key parameter for the quantitative thermal conductivity 

determination is the heating power, which is dissipated into the thin film sample. It is 

crucial to determine the absolute local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  value for every 

position within the corresponding 3ω Microscopy image and thereby enable the 

quantitative thermal conductivity analysis. An experimental method and a simplified 

two-dimensional FEM model were demonstrated to obtain the rms value of the heating 

power. For the 3ω Microscopy measurements, the heating power was assumed as a 

constant value that does not change with the thermal conductivity of the investigated 

materials. 

It was the first time that the local thermal conductivities of γ-CuI and AlN thin films were 

quantitatively measured as a function of film thickness. The spatially-reso lved 

3ω Microscopy images demonstrated that heat transport predominantly takes place at the 

crystallite boundaries at the surface of γ-CuI and AlN films and significantly changes as 

the film thickness increases. The thinnest γ-CuI and AlN films exhibited short, narrow 

and contorted paths of high thermal conductivity, whereas the thicker γ-CuI and AlN films 

showed broad and straight paths of high thermal conduction, leading to considerably 

higher average film thermal conductivity values. The narrow and contorted high thermal 

conductive paths showed an increased potential in phonon-scattering, compared to wide 
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and straight high conductive paths, which resulted in an impaired and reduced thermal 

conduction. 

Furthermore, the average film thermal conductivity values obtained by 3ω Microscopy 

are in good agreements with cross-plane values, obtained by the macroscopic 3ω 

technique. According to these results, it can be concluded that the novel 3ω Microscopy 

is capable to simultaneously map the topography and absolute local thermal conductivity 

of low and medium thermal conductive thin films, such as γ-CuI and AlN within a spatial 

resolution in the sub-micrometer range. 

To summary, this thesis made good progress and improvements towards the thermal 

characterization and understanding of heat conduction in the cross- and in-plane direction of 

polycrystalline thin films by: 

 Modifying and implementing the differential multi-heater 3ω technique to measure 

both cross- and in-plane thermal conductivities of thin films simultaneously, without 

changing the sample during the measurement process, in order to investigate the 

thickness-dependency of their thermal conductivity values. 

 Studying the effects of crystallinity, grain/surface crystallite sizes, and interfacial 

structures of AlN and γ-CuI films on their cross- and in-plane thermal conductivities 

as a function of film thickness. 

 Developing and improving the 3ω Microscopy for thin films to extend the research 

field of thin film thermal characterization techniques. It combined the advantageous 

of both conventional 3ω method and AFM technology to quantitatively study the heat 

transport of thin film materials. The 3ω Microscopy has been proven to provide 

additional experimental findings, which cannot be detected by conventional thermal 

characterization methods like SThM or the macroscopic 3ω technique. Finally, not 

only its spatially-resolved quantitative local thermal characterization, but also its 
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nondestructive characteristic and the fact that a preliminary sample preparation is not 

needed, making the 3ω Microscopy an alternative thermal characterization technique.  

8.2. Future Work 

Although this thesis provides new approaches for thermal measurement techniques and useful 

insights about the heat conduction in both cross- and in-plane directions of thin films, there 

are still a number of improvements and future work that could be pursued. The recommended 

fields of future work are listed below: 

 Development of an analytical solution for measuring the thermal conductivity of 

multilayer structures with a bottom-heater-configuration, where the heater is placed 

between two films, by applying the differential 3ω approach. These 

bottom-heater-configurations are extremely useful, especially if the 3ω heater 

structure cannot be deposited on top of the investigated thin film. Additionally, this 

configuration is also beneficial for studying the influence of different capping or 

protective layers on top of thermoelectric or heat conductor films on their thermal 

conductivity, as the underlying heater structure does not change. Therefore, 

reproducibility and accuracy of the 3ω measurements can be enhanced as the boundary 

resistance between the metal heater, film and substrate is negligible. However, the 

3ω bottom-heater-geometry has only been studied numerical using FEM simulations 

and suitable analytical heat conduction models would be beneficial, in order to 

implement a 3ω bottom-heater-measurement technique [1]. 

 Temperature-dependent 3ω measurements of thin films would be useful to analyze the 

cross- and in-plane thermal conductivities as a function of ambient temperature. These 

investigations are extremely interesting for thermoelectric γ-CuI thin films, in order to 

further increase its thermoelectric 𝑍𝑇-value. However, Yang et al. [2] reported that it 

is not simple to increase the 𝑍𝑇 value of γ-CuI films immediately by increasing the 

operation temperature due to its insufficient thermal stability at temperatures above 
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350 K, because higher temperatures can result in degraded electrical conductivity of 

γ-CuI [2]. 

 In order to expand the amount of high-spatially resolving techniques to study the 

locally quantitative thermoelectric properties, such as electrical and thermal 

conductivity, the 3ω Microscopy technique should be combined with electrical AFM 

methods, such as a conductive atomic force microscopy (C-AFM). Similar to the 3ω 

Microscopy method, this combined measurement technique could be helpful to further 

improve the efficiency of thermoelectric devices based on thin film materials. 

 Advanced FEM simulations of the 3ω Microscopy setup are needed to further study 

the interaction between thermo-resistive AFM probe and the investigated thin film 

sample (e.g. interface resistance, effective contact area, tip wear). FEM simulations 

are also easy and cheap to design and test suitable geometries and materials for new 

thermo-resistive AFM probes (FIB modified probes), in order to improve the thermal 

resolution and reduce tip-wear of the 3ω Microscopy method. Furthermore, the 3ω 

Microscopy measurements assumed the dissipated heating power as a constant value. 

To further increase the accuracy of this thermal measurement technique, the heating 

power must be considered as function of the samples’ thermal conductivity value. 

Therefore, the dissipated heating power as a function of the samples’ thermal 

conductivity should be continued by using advanced FEM models. 
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Appendix 

A. Modified Bessel function 

Modified Bessel function of order zero 𝑲 : 

Detailed description in Ref. [1] (Appendix 3, page 109) 
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Where 𝜚 ≈ 0.57722 is the Euler-Mascheroni constant [2] and 𝐼0(𝑧) is given by: 
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Details about approximate solution: 

The integral in Eq. (3.19) has no direct analytical closed form. To obtain an approximate 

solution, Cahill [3] proposed to analyze its limits, when the thermal penetration depth 𝜆 is 

much larger than the metal strip’s half-width 𝑏 (𝜆 ≫ 𝑏) and when the thermal penetration 

depth is much smaller than the half-width 𝑏 of the metal strip (𝜆 ≪ 𝑏). Therefore, the average 

amplitude of the heater’s thermal oscillation ∆𝑇2𝜔|𝑎𝑣𝑔  as a function of heating frequency 𝑓 

can be divided into a linear regime (𝜆 ≫ 𝑏) at low frequencies and a planar regime (𝜆 ≪ 𝑏) 

at high frequencies [3]. The transition regime can be defined between these two cases. 

For the linear regime, Borca-Tasciuc et al. [4] suggested that 𝜆 𝑏⁄  > 5 in order to keep 

measurement errors of the 3ω method under 1%. As presented in Figure 3.7, the linear regime 

is that part where the in-phase (real part) temperature oscillation ∆𝑇2𝜔  decreases linearly as a 

function of thermal excitation frequency 2ω and where the out-of-phase (imaginary part) 

temperature oscillations component has a constant negative value. This regime is defined 

within the range of low frequencies, if the thermal penetration depth is much larger compared 

to the half-width of the heater (𝜆 ≫ 𝑏) [3]. In this case, the wave number of the thermal 

oscillation is defined over a domain such that 1 𝜆⁄ < 𝜂 < 1 𝑏⁄  [5]. Then the upper limit of the 

integral in Eq. (3.19) can be replaced by 1 𝑏⁄ . Additionally, sin(𝜂𝑏) 𝜂𝑏⁄  can be evaluated at 

the limit where 𝑏 tends towards 0 [3]: 

lim
𝑏→0

sin(𝜂𝑏)

𝜂𝑏
= 1 (A.4) 
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After these, the approximated solution of Eq. (3.19) is given by 
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ln (

i𝑏2

𝑎
) + ln(2)]

=
𝑃𝑙

𝜋𝑘
[−

1

2
ln(𝜔) −

1

2
ln (

i𝑏2

𝑎
) + −

1

2
ln(2) + ln(2)]

=
𝑃𝑙

𝜋𝑘
[−

1

2
ln(𝜔) −

1

2
ln (

i𝑏2

𝑎
) + const] 

(A.5) 

Where the constant can be written as: 

const = −
1

2
ln(2) + ln(2) =

1

2
ln(2)  (A.6) 

Detailed solution for the spatial and temporal temperature distribution of a line-heater is given 

by [3]: 

𝑇(𝑟, 𝑡) =
𝑃𝑙

𝑘𝜋
𝐾0(𝑞𝑟) ∙ 𝑒

𝑖2𝜔𝑡 (A.7) 

where 𝐾0  
is the zeroth-order-modified Bessel function. For very small arguments of the 

modified Bessel function the exact analytical description can be approximated as 
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demonstrated by Cahill et al. [1]. If the thermal penetration depth is much larger compared to 

the half-width of the heater or the distance from the heater 𝑟  ( 𝜆 ≫ 𝑟 ) [3], 𝐾0  can be 

approximated by neglecting terms of higher order. Finally, the amplitude of the line heater’s 

temperature oscillation can be approximated by [3,6]: 

∆𝑇2𝜔|𝑎𝑣𝑔 =
𝑃𝑙

𝜋𝑘
[− ln [(

𝑎

i2𝜔
)
−1 2⁄

∙ 𝑟] + ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[−

1

2
ln [(

𝑎

i2𝜔
)
−1

∙ 𝑟2] + ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[−

1

2
[ln (

𝑟2

𝑎
)+ ln(i2𝜔)]  + ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[−

1

2
[ln(𝑟2) − ln(𝑎)]  −

1

2
ln(i2𝜔) + ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[
1

2
[ln(𝑎) − ln(𝑟2)]  −

1

2
ln(i2𝜔) + ln(2) − 𝜚] =

=
𝑃𝑙

𝜋𝑘
[
1

2
ln (

𝑎

𝑟2
) −

1

2
ln(2𝜔) −

1

2
ln(i) + ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[
1

2
ln (

𝑎

𝑟2
) −

1

2
ln(2𝜔) −

1

2

𝜋i

2
+ ln(2) − 𝜚]

=
𝑃𝑙

𝜋𝑘
[
1

2
ln (

𝑎

𝑟2
) −

1

2
ln(2𝜔) + ln(2) − 𝜚 −

𝜋i

4
]

=
𝑃𝑙

𝜋𝑘
[
1

2
ln (

𝑘

𝜌𝑐𝑝𝑏
2
) −

1

2
ln(2𝜔) + 𝛾] − i

𝑃𝑙

4𝑘
 

(A.8) 

B. Thermal design rules 

Tables A.1 to A.4 summarize the main approximations and design rules introduced in 

Chapters 3 and 4, which have been applied to measure the thermal conductivity of thin films 

using the differential 3ω method. The experimental design rules applied to keep measurement 

errors of the 3ω method below 1% and to perform thin film thermal conductivity 

measurements within the acceptable range of the various approximations are briefly 

discussed. 
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The 3ω measurements were performed by recording the amplitude of the 3ω voltage 𝑉3𝜔 (𝑓) 

for heating frequencies, ranging from 100 to 1000 Hz. Thus, considering the typical values of 

the specific heat capacity 𝑐𝑝,𝑆𝑖  (711 Jkg-1K-1 [7]), the density 𝜌𝑆𝑖  (2330 kgm-3 [7]) and the 

thermal conductivity 𝑘𝑆𝑖  of Si (147 Wm-1K-1 [7]), the thermal wave propagates at a distance 

𝜆𝑠  between 266 and 84 µm (using Eq. (3.13)) beneath the sample surface at frequencies 

between 100 and 1000 Hz. 

In this thesis the thickness 𝑑𝑠  of the Si substrate varies between 525 and 640 µm. For the 

cross- and in-plane measurements the heater-half width 𝑏 was in the range between about 0.5 

and 12.5 µm. The length of the metal heaters was constant with a value of 9 mm. The substrate 

thickness, penetration depth of the thermal wave, the heater-half width and length are the most 

critical parameters for the applied 3ω approximations. 

Table A.1: Approximations and design rules of the 3ω film-on-substrate samples to study the 

cross- and in-plane thermal conductivities of thin films using the differential 3ω method. The design 

rules have been chosen to keep measurement errors at about 1%. In this thesis the frequency range of 

the heating current was defined to keep measurement errors at about 1% [3,4,8]. 

Approximation Design 

criteria 

   

[µm] 

  
[mm] 

  

[µm] 

Heating current frequency   

[Hz] 

100 

(𝝀  = 266 µm) 

1000 

(𝝀  = 84 µm) 

Substrate is 

semi-infinite 

𝑑𝑠

𝜆𝑠
> 2 

525 - - 2.0 6.3 

 640 - - 2.4 7.6 

Heater is 

infinitely long 

𝑙

𝑑𝑠
> 4.7 

525 9 - 17.1 17.1 

 640 9 - 14.1 14.1 

Substrate sees 

heater as 

line-source 

𝜆𝑠

𝑏
> 5 

- - 0.5 532 168 

 - - 12.5 21.3 6.7 

 

One of the most important conditions required to use the one-dimensional heat conduction 

model is that the heater width must be wide (cross-plane) or narrow (in-plane) compared to 

the investigated film thickness, in order to study both the cross- and in-plane thermal 
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conductivity (see Section 3.3.2). Eq. (3.30) and Eq. (3.38) provide the design rules for the 

cross- and in-plane thermal conductivity, respectively. Tables A.2 and A.3 show that in both 

cases most of the values are in an acceptable range of the one-dimensional heat flow 

approximation. However, only one value for the 70 nm γ-CuI is slightly higher than the design 

criteria, but is still in a tolerable range for the in-plane measurement, as the experimental data 

did not show any noticeable deviations or errors. 

Table A.2: Design criteria (see Eq. 3.30) of the AlN and γ-CuI film-on-substrate samples to 

determine the cross-plane thermal conductivities using the differential 3ω method [3,4,8]. 

Thin film 

material 

  

[µm] 

   

[nm] 

  ⊥ 

[Wm-1K-1] 

  ∥ 

[Wm-1K-1] 
 

  

(
  ⊥

  ∥
)

  ⁄

 

[ ] 

AlN 12.5 99 3.2 10.2 70.7 

12.5 304 8.5 12.5 33.9 

12.5 511 11 13.9 21.7 

12.5 710 13.2 16.4 15.7 

12.5 1009 14.9 18.6 11.0 

γ-CuI 12.5 70 0.45 0.5 169.4 

12.5 200 0.51 0.55 60.1 

12.5 400 0.56 0.59 30.4 

 

Table A.3: Design criteria (see Eq. 3.38) of the AlN and γ-CuI film-on-substrate samples to 

determine the in-plane thermal conductivities using the differential 3ω method [4]. 

Thin film 

material 

  

[µm] 

   

[nm] 

  ⊥ 

[Wm-1K-1] 

  ∥ 

[Wm-1K-1] 
 

  

(
  ⊥

  ∥
)

  ⁄

 

[ ] 

AlN 0.5 99 3.2 10.2 2.8 

0.5 304 8.5 12.5 1.3 

0.5 511 11 13.9 0.8 

0.5 710 13.2 16.4 0.6 

0.5 1009 14.9 18.6 0.4 

γ-CuI 0.5 70 0.45 0.5 6.7 

0.5 200 0.51 0.55 2.4 

0.5 400 0.56 0.59 1.2 
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Table A.4: Design criteria (see Eq. 3.40) of the AlN and γ-CuI film-on-substrate samples to 

determine the cross- and in-plane thermal conductivities using the differential 3ω method and to 

approximate the Si substrate as isothermal (𝑘𝑠 → ∞) [4,8]. 

      ⊥   ∥    
𝐄𝐫𝐫𝐨𝐫 ≈  

  ⊥ ∙   ∥

  
 

 

 [nm] [Wm-1K-1] [Wm-1K-1] [Wm-1K-1] [%] 

AlN 99 3.2 10.2 141 0.1641 

304 8.5 12.5 141 0.5344 

511 11 13.9 141 0.7690 

710 13.2 16.4 141 1.0888 

1009 14.9 18.6 141 1.3939 

γ-CuI 70 0.45 0.5 141 0.0011 

200 0.51 0.55 141 0.0014 

400 0.56 0.59 141 0.0016 

 

 

C. Experimental uncertainty analysis 

In order to determine the thermal conductivity of thin films using the 3ω method, several 

experimental parameters such as the 3ω voltage, film thickness and heating power must be 

individually measured by different methods and equipment. Each of these experimental 

methods and measurement devices possess a limited measurement accuracy. When 

mathematical operations are performed on these measured parameters to obtain the thermal 

conductivity of the investigated thin film, the uncertainties due to accuracy limitations of the 

measurement device or method propagates, which can influence the measured thermal 

conductivity results. 

For a given function 𝐹 defined in terms of uncorrelated parameters {𝑥, 𝑦, … } by a general 

equation 𝑓{𝑥, 𝑦, … }, the contribution of the uncertainties related to parameters {𝑥, 𝑦, … } to the 

combined standard uncertainty, can be determined by partial derivatives of each of these 

experimental parameters [9]. 
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If the variation in the measured parameters {𝑥,𝑦, … } are small, a first order approximation of 

the Taylor expansion can be used to obtain a reasonable estimation of the propagation of 

uncertainty from the experimental data. Therefore, the uncertainties of the 3ω measurements 

±∆𝑓 are given by [10]: 

∆𝑓 = √(
𝜕𝑓

𝜕𝑥
∆𝑥)

2

+ (
𝜕𝑓

𝜕𝑦
∆𝑦)

2

+ ⋯ (A.9) 

Eq. (A.9) shows that the squared combined standard uncertainty ∆𝑓  of the parameter of 

interest 𝐹, is a weighted sum of the squared standard uncertainties of the input experimental 

parameters {𝑥, 𝑦, … }. The partial derivatives are called sensitivity coefficients [10]. 

In Section 3.3.2.1, the cross- and in-plane thermal conductivity of thin films is determined by 

Eq. (3.33) and Eq. (3.34). Since the first harmonic voltage 𝑉𝜔  is (about) three orders of 

magnitude greater than the 3ω voltage 𝑉3𝜔  and the fact that a high-purity signal generator and 

digital lock-in amplifier utilized in the 3ω measurements are highly accurate, uncertainties in 

the first harmonic voltage 𝑉𝜔 , the power per unit length 𝑃𝑙 , and the heating frequency 𝑓, are 

normally negligible [11]. Due to the accurate measurement of every 3ω heater structure, the 

heaters dimensions 𝑙 and 2𝑏 can also be neglected. Furthermore, for the 3ω Microscopy 

technique the voltage 𝑉𝜔 , the power per unit length 𝑃𝑙 , the thermal exchange radius 𝑟𝑡ℎ, and 

the frequency 𝑓 were also neglected. 

Therefore, in 3ω measurements, the uncertainty of the measured film thermal conductivity 𝑘𝑓 

mostly originates from the uncertainties of the measurement of the film thickness 𝑑𝑓 , the 

metal heaters temperature coefficient of resistance 𝛼 and the measured amplitude of the 3ω 

voltage 𝑉3𝜔 . 
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Then considering uncertainties in the calibration of the thin film sample of interest and the 

reference sample (if needed), and assuming that the variables 𝑑𝑓 , 𝛼 and 𝑉3𝜔  are uncorrelated, 

the uncertainty ∆𝑘𝑓 of our differential 3ω measurements can be estimated by [9]: 

∆𝑘𝑓  = √(
𝜕𝑘𝑓

𝜕𝑉3𝜔
∆𝑉3𝜔)

𝑟+𝑓

2

+ (
𝜕𝑘𝑓

𝜕𝑉3𝜔
∆𝑉3𝜔)

𝑟

2

+ (
𝜕𝑘𝑓

𝜕𝛼
∆𝛼)

𝑟+𝑓

2

+ (
𝜕𝑘𝑓

𝜕𝛼
∆𝛼)

𝑟

2

+ (
𝜕𝑘𝑓

𝜕𝑑𝑓
∆𝑑𝑓)

2

  (A.10) 

Table A.5 lists the partial derivatives of the differential 3ω measurements considered for the 

uncertainty analysis as well as their corresponding sensitivity coefficients. 

Table A.5: Partial derivatives for the uncertainty propagation of the differential 3ω method. 

Coefficient of sensitivity Partial derivative 

(
𝜕𝑘𝑓
𝜕𝑉3𝜔

)
𝑟+𝑓

 −
𝑑𝑓

4
(

𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

[(
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

𝑎𝑣𝑔

−2

 

(
𝜕𝑘𝑓
𝜕𝑉3𝜔

)
𝑟

 
𝑑𝑓

4
(

𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

[(
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

𝑎𝑣𝑔

−2

 

(
𝜕𝑘𝑓
𝜕𝛼

)
𝑟+𝑓

 
𝑑𝑓

4
(

𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼
2 ∙ 𝑉𝜔

)
𝑟+𝑓

[(
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

𝑎𝑣𝑔

−2

 

(
𝜕𝑘𝑓
𝜕𝛼

)
𝑟

 −
𝑑𝑓

4
(

𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼
2 ∙ 𝑉𝜔

)
𝑟

[(
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

𝑎𝑣𝑔

−2

 

(
𝜕𝑘𝑓
𝜕𝑑𝑓

) 
1

4
[(

𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟+𝑓

− (
𝑉3𝜔 ∙ 𝑏

𝑃𝑙 ∙ 𝛼 ∙ 𝑉𝜔
)
𝑟

]

−1

 

 

Although the sample preparation process results in repeatable and uniform 3ω heater 

structures, small differences in the heater width, length and the temperature coefficient of 

resistance are always present from one sample to another and cannot be avoided. Therefore, 

these parameters are measured separately for every film-on-substrate sample, as demonstrated 

in Section 4.3.1.3. Therefore, it is obvious that the uncertainty of the film thermal conductivity 

strongly depends on the investigated film-on-substrate sample. One example of the 

uncertainty analysis for the cross-plane thermal conductivity measurement of a γ-CuI thin 
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film with a thickness of 200 nm is demonstrated in Table A.6. For this example the heating 

power per unit length 𝑃𝑙  (3.99 and 4.01 Wm-1), the heater half-width 𝑏 (12.14 and 11.92 µm) 

and first harmonic voltage 𝑉𝜔  (1.51 V) of the γ-CuI film sample and the Si3N4 reference 

sample must be known. 

Table A.6: Example of an experimental uncertainty analysis of a 200 nm thin γ-CuI thin film 

investigated by the differential 3ω method. 

 Value Sensitivity coefficient Standard deviation Weighted 
uncertainty 

   , +  334 µV 
(
𝜕𝑘𝑓

𝜕𝑉3𝜔
∆𝑉3𝜔)

𝑟+𝑓

 
-63.6 × 103 ∆𝑉3𝜔,𝑟+𝑓 1.0 × 10-9 1.31 × 10-14 

   ,  297 µV 
(
𝜕𝑘𝑓

𝜕𝑉3𝜔
∆𝑉3𝜔)

𝑟

 
62.8 × 103 ∆𝑉3𝜔,𝑟  1.5 × 10-7 9.55 × 10-3 

𝜶 +  0.00434 K-1 
(
𝜕𝑘𝑓

𝜕𝛼
∆𝛼)

𝑟+𝑓

 
4.90 ∆𝛼𝑟+𝑓 1.5 × 10-7 9.41 × 10-3 

𝜶  0.00430  K-1 
(
𝜕𝑘𝑓

𝜕𝛼
∆𝛼)

𝑟

 
-4.33 ∆𝛼𝑟  9.9 × 10-6 4.85 × 10-4 

   200 nm 
(
𝜕𝑘𝑓

𝜕𝑑𝑓
∆𝑑𝑓) 

13.1 × 10-6 ∆𝑑𝑓 9.6 × 10-6 4.16 × 10-4 

   0.51 Wm-1K-1   ∆𝑘𝑓  1.34 × 10-2 

 

The last column of Table A.6 shows the contribution of the weighted uncertainty of each 

experimental variable to the standard overall uncertainty of 𝑘𝑓 . For this example, the 

propagation of uncertainty from the input experimental variables result in an overall 

uncertainty of ∆𝑘𝑓 = 1.34 × 10-2, which is equal to 2.63%. For the other 3ω film-on-substrate 

samples, the combined standard uncertainty was always below 3%, which is tolerable for 

differential 3ω measurements [8]. 

D. Experimental parameters 

The experimental parameters and values of the 3ω measurements corresponding to the 

macroscopic 3ω method and the 3ω Microscopy technique are listed in Tables A.7 to A.14 

and Tables A.15 to A.16, respectively. 
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Table A.7: Experimental values of the macroscopic 3ω method to determine the cross-plane thermal 

conductivity of SiO2 thin films using Eq. (3.33). 

Parameter Unit SiO2 (cross-plane) 

1 2 3 4 5 

   nm 92 291 499 690 1002 

  mW 30.1 30.6 30.6 31.9 31.5 

∆   K 0.0527 0.146 0.237 0.377 0.504 

   µm 6.64 6.74 6.87 6.18 6.33 

  mm 9.0 9.0 9.0 9.0 9.0 

 

Table A.8: Experimental values of the macroscopic 3ω method to determine the cross-plane thermal 

conductivity of Si3N4 thin films using Eq. (3.33). 

Parameter Unit Si3N4 (cross-plane) 

6 7 8 9 10 

   nm 298 500 601 698 1001 

  mW 57.8 56.6 57.4 55.9 55.2 

∆   K 0.396 0.429 0.451 0.464 0.597 

   µm 6.07 6.07 6.44 6.17  

  mm 9.0 9.0 9.0 9.0 9.0 

 

Table A.9: Experimental values of the macroscopic 3ω method to determine the cross-plane thermal 

conductivity of AlN thin films using Eq. (3.33). 

Parameter Unit AlN (cross-plane) 

11 12 13 14 15 

   nm 99 304 511 710 1009 

  mW 45.5 55.3 45.2 56.1 44.6 

∆   K 0.0262 0.0350 0.0383 0.0529 0.0548 

   µm 5.92 6.25 6.10 6.38 6.10 

  mm 9.0 9.0 9.0 9.0 9.0 

 

Table A.10: Experimental values of the macroscopic 3ω method to determine the in-plane thermal 

conductivity of AlN thin films using Eq. (3.33). 

Parameter Unit AlN (in-plane) 

11 12 13 14 15 

   nm 99 304 511 710 1009 

  mW 161.5 160.5 158.2 158.1 163.3 

∆   K 0.176 0.439 0.646 0.759 0.985 

   µm 0.99 0.99 1.0 1.0 1.0 

  mm 9.0 9.0 9.0 9.0 9.0 
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Table A.11: Experimental values of the macroscopic 3ω method to determine the cross-plane thermal 

conductivity of γ-CuI thin films using Eq. (3.34). 

Parameter Unit γ-CuI (cross-plane) 

16 17 18 

   nm 70 200 400 

  mW 35.3 35.9 35.6 

∆   K 0.0247 0.0649 0.114 

   µm 25.01 24.28 25.05 

  mm 9 9 9 

Table A.12: Experimental values of the macroscopic 3ω method to determine the in-plane thermal 

conductivity of γ-CuI thin films using Eq. (3.34). 

Parameter Unit γ-CuI (in-plane) 

16 17 18 

   nm 70 200 400 

  mW 45.2 47.1 47.1 

∆   K 0.72 1.91 3.56 

   µm 0.98 1.0 0.99 

  mm 9 9 9 

 

Table A.13: Experimental values of the macroscopic 3ω method to determine the cross-plane thermal 

conductivity of Si3N4 reference films using Eq. (3.33). 

Parameter Unit Si3N4 

(reference) 

19 

   nm 200 

  mW 36.1 

∆   K 0.055 

   µm 23.84 

  mm 9 

 

Table A.14: Experimental values of the macroscopic 3ω method to determine the in-plane thermal 

conductivity of Si3N4 reference films using Eq. (3.33). 

Parameter Unit Si3N4 

(reference) 

19 

   nm 200 

  mW 47.4 

∆   K 1.396 

   µm 0.99 

  mm 9 
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Table A.15: Experimental values of the 3ω Microscopy technique to determine the local cross-plane 

thermal conductivity of γ-CuI thin films using Eq. (4.3). 

Parameter Unit γ-CuI (3ω Microscopy) 

16 17 18 

M1 M2 M1 M2 M1 M2 

   nm 70 70 200 200 400 400 

  ⁄  Wm-1 0.4 0.4 0.4 0.4 0.4 0.4 

∆   K 1.22 0.452 2.76 1.14 5.52 2.05 

    nm 100 100 100 100 100 100 

 

Table A.16: Experimental values of the 3ω Microscopy technique to determine the local cross-plane 

thermal conductivity of AlN thin films using Eq. (4.3). 

Parameter Unit AlN (3ω Microscopy) 

12 13 14 

M3 M4 M3 M4 M3 M4 

   nm 304 304 511 511 710 710 

  ⁄  Wm-1 0.4 0.4 0.4 0.4 0.4 0.4 

∆   K 0.276 0.077 0.417 0.114 0.546 0.144 

    nm 100 100 100 100 100 100 

 

E. FEM Simulation 

The quantitative local thermal conductivity 𝑘𝑓,𝑙𝑜𝑐𝑎𝑙  of thin films can be determined from 

Eq. (4.3), if the amplitude of the heating power 𝑃𝑙  applied in the thin film is known. Therefore, 

a simplified two-dimensional FEM model of the 3ω Microscopy setup, including the 

thermo-resistive probe and the film-on-substrate sample was designed (see Figure 7.2 and 

Figure A.1). Numerical FEM simulations within the time-domain were performed to study 

the dissipated heating power value as a function of the sample’s thermal conductivity. The 

FEM simulations were developed and performed using COMSOL Multiphysics software. 

Figure A.1(a) shows the geometry of the two-dimensional FEM model. A thin film with a 

thickness of 100 nm was deposited on a Si substrate. In order to study the dissipated heating 

power value as a function of the film’s thermal conductivity 𝑘𝑓 was varied between 0.1 and 

10000 Wm-1K-1. 
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Figure A.1: Simplified two-dimensional FEM simulation of the 3ω Microscopy setup, including the 

thermo-resistive Pd-tip and the investigated film-on-substrate structure: (a) FEM model including the 

heat source and boundary conditions; (b) mesh structure of the film-on-substrate sample generated 

using COMSOL Multiphysics software. The Pd-tip was heated by an AC heating current (see 

Eq. (3.3)) and both sides and the bottom of the FEM model were assumed as isothermal (293.15 K). 

For the density 𝜌𝑓  and specific heat capacity 𝑐𝑝,𝑓 of the thin film we defined values of 

2200 kgm-3 and 730 Jkg-1K-1, respectively. The Si substrate has a constant thermal 
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conductivity 𝑘𝑠  = 147 Wm-1K-1 [7], density 𝜌𝑠  = 2330 kgm-3 [7] and specific heat capacity 

𝑐𝑝,𝑠 = 711 Jkg-1K-1 [7]. For the Pd-tip we used values of 𝑘ℎ  = 72 Wm-1K-1, 𝜌ℎ  = 12023 kgm-3 

and specific heat capacity 𝑐𝑝,ℎ = 240 Jkg-1K-1. 

After defining the basic geometries, a mesh for the investigated film-on-substrate structure 

and the thermo-resistive Pd-tip was applied, as illustrated in Figure A.1(b). For our FEM 

simulations we used an extremely fine mesh structure (highest mesh element density of 

COMSOL Multiphysics software) to assure a sufficiently high accuracy within the contact 

area between the thermo-resistive tip and the thin film. The value of the heating current 

applied to the metallic line was 10 mA. The frequency for 3ω Microscopy measurements was 

chosen to be 1000 Hz (see Section 7.2.1). Figure A.1(a) illustrates the boundary conditions 

and heat source of the FEM model. The thin film, substrate and Pd-tip were considered as 

isotropic. Furthermore, ideal thermal contacts between the thin film and substrate were 

assumed. As introduced in Section 2.3, radiation of the Pd-tip (3ω heater) can be neglected 

[3,12]. 

Numerical Simulations were performed using the Joule heating module of the COMSOL 

Multiphysics software. The basic equations of the Joule heating model, applied for the Pd-tip 

and the film-on-substrate structure can be written as (see also differential equation of heat 

conduction, Eq. (2.11)) [13]: 

𝜕

𝜕𝑥
(𝑘𝑓

𝜕𝑇𝑓

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑓

𝜕𝑇𝑓

𝜕𝑦
) − 𝑐𝑝,𝑓𝜌𝑓

𝜕𝑇𝑓

𝜕𝑡
= 0 (A.11) 

𝜕

𝜕𝑥
(
𝜕𝑇𝑠

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜕𝑇𝑠

𝜕𝑦
)−

1

𝑎𝑠

𝜕𝑇𝑓

𝜕𝑡
= 0 (A.12) 

𝜕

𝜕𝑥
(
𝜕𝑇ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜕𝑇ℎ

𝜕𝑦
) −

1

𝑎ℎ

𝜕𝑇ℎ

𝜕𝑡
+
𝑃(𝑡)

𝑘ℎ
= 0 (A.13) 

where 𝑃(𝑡)  is the time-dependent heating power (see Eq. (3.3)), 𝑎 the diffusivity and 𝑘 the 

thermal conductivity. The subscripts 𝑓, 𝑠, and ℎ refer to the thin film, substrate and Pd-tip 
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(3ω heater), respectively. Results of the thermal conductivity-dependent heating power values 

obtained by FEM analysis are provided in Section 7.2.1. 
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