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Abstract 
 

Semiconductors are essential to all technology fields. The continuous need for 

higher speeds and higher power semiconductors, coupled with the continuous 

miniaturization trend has led to the necessity of proper thermal management in 

semiconductors, to minimize component failure. 

Thermal characterization tools are essential for proper thermal 

management and component design. This Thesis is dedicated to describing a 

developed non-contact photothermal beam deflection technique, employing a 

mid-IR laser as a modulated pump beam, and a visible laser as a probe beam. 

The modulated Laser beam creates a temperature gradient on both sides of the 

sample’s surface, causing a deflection of the probe beam which is synchronized 

with the modulation of the pump beam. A position sensitive detector allows the 

measurement of the probe beam deflection through synchronous lock-in 

amplification. 

For a given modulation frequency, the offset distance between the 

probe and heating beam is varied, and the deflection components (Transverse 

and longitudinal deflections) are recorded through a home-made software. 

Measurements are repeated for different frequencies and data are fitted to 

theoretical mathematical models to retrieve the thermal diffusivity of the 

measured sample. 

Using a mid-IR heating laser has given the technique developed in this 

thesis unique features, such as the ability to measure most types of samples 

without the need of any metal layer on the sample’s surface, as is the case with 

other non-contact thermal characterization techniques. 

The Technique was validated successfully on different samples with 

known thermal diffusivities. Another unique feature is the ability of this 

technique to perform subsurface imaging and subsurface profiling. This feature 

was used to successfully image subsurface defects. 

Two other applications were also investigated to prove the power of 

this technique: 

- Measurement of in-plane and cross-plane thermal diffusivities for a set of 

samples. 

- Measurement thermal transport by surface modes in ultra-thin layers (down 

to 3nm in thickness). 
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Résumé 
 

Les semi-conducteurs sont essentiels à tous les domaines de technologie. Le 

besoin continuel pour des semi-conducteurs plus rapides et plus puissants, 

associé à la tendance à la miniaturisation, a conduit à la nécessité d'une gestion 

thermique efficace des semi-conducteurs, afin de minimiser les défauts des 

composants. 

Les outils de caractérisation thermique sont essentiels pour une bonne 

gestion thermique et pour la conception des différents composants. Cette thèse 

est consacrée à la description d'une technique photo-thermique de déviation de 

faisceau (sans contact), basée sur l'effet mirage, utilisant un laser moyen IR 

comme faisceau de pompe de chauffage modulé, et un laser visible comme 

faisceau de sonde rasant la surface de l'échantillon. 

Le faisceau laser modulé crée un gradient de température dans l'air au 

voisinage de la surface de l'échantillon, provoquant ainsi une déviation du 

faisceau de sonde. Cette déviation est synchronisée avec la modulation du 

faisceau de pompe.  Un détecteur de position permet de mesurer la déviation du 

faisceau de sonde grâce à une amplification synchrone à verrouillage.  

Pour une fréquence de modulation donnée, la distance pompe-sonde 

est variée et les composantes de la déflexion (déflexions transversale et 

longitudinale) du faisceau de sonde, sont enregistrées en fonction de la distance 

de décalage des deux faisceau pompe-sonde. 

Les mesures sont répétées pour différentes fréquences. Un logiciel 

spécialisé permet d'adapter les données à des modèles mathématiques 

théoriques et d'obtenir ainsi le paramètre de diffusivité thermique de 

l'échantillon. 

L'utilisation du laser infrarouge a donné à cette technique des 

caractéristiques uniques, telles que la capacité à mesurer la plupart des types 

d'échantillons, sans qu'il soit nécessaire de prendre des mesures spéciales ou de 

déposer une couche métallique sur la surface de l'échantillon, comme c'est le 

cas avec d'autres techniques de caractérisation thermique sans contact. 

La technique a été validée avec succès sur différents échantillons 

présentant des diffusivités thermiques connues. Une autre caractéristique 

unique est la capacité de cette technique à réaliser une imagerie et un profil de 

la sous-surface. Cette caractéristique a été utilisée pour imager avec succès des 

défauts de sous-surface. 

Deux autres applications ont également été étudiées pour illustrer la capacité de 

cette technique: 

- Mesure de diffusivités thermiques dans le plan et en travers du plan pour un 

ensemble d'échantillons (in-plane and cross-plane thermal diffusivity). 
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- Mesure de la diffusivité thermique pour des couches ultra-minces (jusqu'à 3 

nm d'épaisseur), permettant également d’identifier une autre caractéristique 

pour cette technique: la génération d'ondes de surface qui augmentent 

considérablement la diffusivité thermique du matériau. 
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Introduction 
 

Semiconductors have become an essential aspect of our lives since the invention 

of the transistor in 1948. They can be found in all sorts of electronic devices: 

computers, mobile phones, vehicles, trains, aircraft, bank cards, television sets, 

etc.  

Semiconductors manufacturing and optimization are in continuous 

progress with the need for higher power devices, faster multi-cores CPUs, 

greater performance GPUs, complicated ASICs, etc. 

Also, the constant miniaturization trend of semiconductor chips, was 

Accentuated during the past 10 years, especially with the prevalence of internet 

and wireless devices, 4G and 5G enabled mobile phones and networks, and the 

newly emerging internet of things (IOT), and connected devices, etc. In fact, 

CPUs are being manufactured with billions of transistors in each chip, with a 

size of 7nm for each transistor, operating at clock speeds of several GHz. 

Efficient thermal management strategy is a key step toward a better 

performance of semiconductor-based electronics described above. The primary 

goal of thermal management is to evacuate heat generated by microchips via 

external heat diffusion channels with the highest possible conductivity.   The 

success of thermal management materials has a significant impact on the 

lifetime and reliability of electronic components. Nevertheless, proper thermal 

managements requires the measurement of the thermal transport characteristics 

of thin films and understanding of the laws governing heat flow at a small scale. 

Nowadays, many thermal characterization techniques are available. 

Some of them are contact methods, which lead to considerable errors.  Other 

methods are non-contact techniques, such as thermo-reflectance, opto-thermal 

Raman and photothermal beam deflection techniques. However, most of these 

techniques are either restricted to certain types of samples, limited to bulk 

sample characterization only, used for specially suspended 2D materials, or 

require special sample handling, such as the deposition of metal layers on the 

sample surface, which limits their versatility. This lack of a "universal" or "near 

universal" technique was the main motivation for this work. 

Among the non-contact thermal characterization techniques, the 

photothermal beam deflection technique (also known as the mirage effect) has 

been successfully used to measure the thermal diffusivity of bulk materials and 

later of thin films. The mirage effect, or the deflection of light beams caused by 

thermal gradients in the refractive index of air, has been known since antiquity. 

It began with the Greek historian Diodorus Siculus and has been reported in 

several publications and research works. It was also mentioned in ancient China 
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and Japan, as well as in the tale of Northern. In contemporary times, the mirage 

has been detailed in Wood's famous textbook. 

Gaspard Monge (1746-1818), the designer of descriptive geometry and 

founder of the École Polytechnique in France, was the first to scientifically 

describe the phenomenon of mirage. While in Egypt following Napoleon, he 

noticed the phenomenon and detailed it in an article: During a walk from 

Alexandria to Cairo, he noticed what appeared to be lakes in the distance. He 

also saw an inverted reflection of distant villages. He explained the 

phenomenon by stating that the light beams were distorted by the superheated 

layer of air directly above the sand.  The heat radiated from the desert surface 

warms the air directly above it and decreases its density.  There is a separating 

layer between the hottest and coldest layers, which acts as a lens and deflects 

or refracts light rays from the sky to the coldest layer. The greater the 

temperature difference, the greater the impact of the mirage. He introduced the 

French expression "se mirer" (to look at oneself), and "Mirage" is its English 

translation  [1]. 

Two groups discussed almost simultaneously the new method of 

measuring the temperature rise of a material irradiated by a modulated light 

beam using the mirage effect. Fournier et al. revealed the concepts of the 

method at the Topical Meeting on Photoacoustic Spectroscopy in Ames. Later, 

they published an extended version in Applied Physics Letters  [2]. Murphy and 

Aamodt [3] detailed the same procedure and cite Fournier's paper in a study 

published in the Journal of Applied Physics. Boccara et al  [4] developed a 

technique to calculate the absorption coefficient of the sample from the thermal 

gradient in the air layer near the sample surface. In this approach, the periodic 

heat created by a modulated pump laser beam on the sample causes a refractive 

index gradient of the medium above, which periodically deflects a probe beam 

passing over the solid surface (the mirage effect). 

Available photothermal beam deflection techniques, as well as other 

techniques, are not capable of measuring certain types of samples (polar, 

transparent samples, etc.). This gap in available techniques motivated us to 

venture into the development of a new versatile optical configuration for 

thermal diffusivity measurement that would allow the measurement of a wide 

range of samples (including bulk samples, thin films, etc.) without the need for 

special sample preparation or deposition of layers. 

This thesis describes the work done to develop a mid-infrared 

photothermal beam deflection technique, a non-contact thermal 

characterization technique that allowed us to measure the thermal diffusivity of 

various materials. We used a mid-infrared heating beam, which differentiates 

our approach from available photothermal beam deflection techniques that 

normally use a pumping beam in the visible region. 
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Using a mid-infrared pump laser improves accuracy and makes the 

approach suitable for a wider range of materials, since the vast majority of 

materials are opaque in the mid-infrared spectral region due to vibrational 

resonances. Furthermore, a mid-infrared laser promotes greater interaction with 

the vibrational modes of the atoms, inducing more heating in the sample, and 

allowing higher modulation frequencies to be achieved for the pump beam, 

when thin films need to be measured. 

The developed technique offers a unique capability for immediate and 

sensitive detection of defects buried at great depths below the measured surface. 

Unlike previous photothermal beam deflection studies, which most often 

require the deposition of a metal layer to generate a heating point and thermal 

waves on the surface of an optically thin material, the proposed methodology 

can induce periodic heating on the surface without the deposition of an 

absorbing metal layer since most materials in the mid-infrared spectral region 

are optically thick. 

In addition, the complex mid-infrared dielectric function is particularly 

sensitive to defects. Therefore, the suggested methodology is suitable for highly 

sensitive and direct detection of subsurface defects.  We have successfully 

applied the proposed technique to measure the thermal diffusivities of 

extremely transparent and highly reflective materials easily and without any 

deposition. Another unprecedented feature is the simultaneous ability of this 

technique to perform subsurface imaging and profiling, and this has been 

applied for subsurface defect detection and imaging. 

 

This manuscript consists of five chapters, organized as follows: 

 

- The first chapter presents the theoretical background and relevant 

optical and physical concepts. 

 

- The second chapter introduces common non-contact thermal 

characterization techniques: thermoreflectance, opto-thermal Raman, and the 

photothermal beam deflection technique (Mirage effect), laying the 

groundwork for our own mid-infrared photothermal beam deflection technique 

(conveniently called IR-PBD). Section 2.3 of the second chapter describes the 

theory and mathematical model of this technique. 

 

- The third chapter builds on Section 2.3 and presents our own 

implementation of IR-PBD. Verification of the technique for measuring thermal 

diffusivity for different samples was done for silicon (Si) substrate, 

polycrystalline quartz (α-SiO2) and sintered aluminum nitride (AlN) substrates. 

Another major development we describe is the unique subsurface imaging 
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capability of the proposed technique, whereby we imaged subsurface structural 

defects and damage generated by H+ ion bombardment at about 62 µm below 

the surface of a 4H-SiC substrate. (The results highlighted in this chapter are 

published in a peer-reviewed journal (J. Younes et al., 2020)  [5]). 

 

- The fourth chapter also discusses another application of the 

developed IR-PBD: the measurement of in-plane and cross-plane thermal 

diffusivities for four samples bombarded with proton ions with different 

irradiation doses. This chapter also highlights the ability of the developed 

technique to measure anisotropic thermal diffusivities. 

 

- The fifth chapter describes another application of the developed IR-

PBD: the measurement of in-plane thermal diffusivity by surface 

electromagnetic mode in quasi two-dimensional thin films.  

 

- A conclusion at the end summarizes the thesis work and presents 

future perspectives. 
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1 Optical Theory and Physics for 
Semiconductor Characterization 

1.1 Motivation 
 

In this chapter, we provide an overview of the physics of elementary excitations 

in semiconductors, which is crucial to understand the functionality and 

applications of the technique developed in this thesis. We describe the 

interaction of light with semiconductors and discuss the physics of the 

elementary excitations that determine the response of the material under 

examination in each spectral range. We formulate the response function on the 

basis of classical physics to clearly present the main phenomena resulting from 

the light-matter interaction to a wide audience.  

1.2 Electromagnetic waves in free space 
 

Before discussing the optical properties of semiconductors, it would be 

instructive to review the fundamental properties of electromagnetic waves. The 

relatively simple behavior of these waves in free space underlies their much 

more complex interaction with solids. It will be shown how to relate the 

electromagnetic behavior of a semiconductor to quantities characteristic of the 

microscopic nature of the solid, such as the dielectric function ε(ω) and the 

frequency dependent absorption coefficient α(ω). These can then be related to 

reflectance, transmittance, and absorbance, which are key properties for 

photothermal measurements. 

Maxwell's equations describe the fundamental electromagnetic 

behavior. In free space, their solutions describe undamped transverse waves 

consisting of electric and magnetic fields oscillating perpendicularly and 

propagating at the fixed speed of light. However, the electromagnetic field 

interacts with the constituent charges of a solid to produce new phenomena that 

do not exist in space: the waves are damped when they transmit energy to the 

solid, the speed of propagation depends on the frequency and longitudinal 

electromagnetic waves can appear. 

In this chapter, Maxwell's equations in free space are presented before 

focusing on their solutions in solids, which require the constitutive equations. 

These relate current and charge to the electric field, thus defining the physics 
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of the light-matter interaction. With the exception of magnetic effects, the 

presentation is general. After this discussion, expressions for reflectivity, 

transmission and absorption coefficient are provided. 

 

In SI units, Maxwell's equations are as follows: 

𝛻 × 𝑯 = 𝒋 +
𝜕𝑫

𝜕𝑡
 

𝛻 × 𝑬 =  −
𝜕𝑩

𝜕𝑡
 

𝛻 ⋅ 𝑫 = 𝜌 

𝛻 ⋅ 𝑩 = 0 

 

Eq. 1.1 

where H is magnetic field strength, j is current density, D is the displacement 

vector, Ε is the electric field, Β is magnetic induction, ρ is the free carrier 

charge density, t is time, and 𝛻 is the vector gradient operator, which in 

cartesian coordinates is  �̂�
𝝏

𝝏𝒙
+ �̂�

𝝏

𝝏𝒚
+ �̂�

𝝏

𝝏𝒛
. 

These equations are written in a solvable form when relations between D and 

E, and Β and H, are known. The basic definitions are of the fields in these 

equations are presented below: 

 

𝑫 =  𝜺𝟎𝜠 +  𝜬 =  𝜺𝜺𝟎𝜠 

𝜝 =  𝜇0𝜢 + 𝜧 =  𝜇𝜇0𝜝 

Eq. 1.2  

Eq. 1.3 

 

where 𝜺𝟎 is the permittivity of free space (𝟖. 𝟖𝟓 × 𝟏𝟎−𝟐 𝑪𝟐 𝑵−𝟏 𝒎−𝟐), Ρ is 

electric dipole per unit volume, 𝝁𝟎 is the permeability of free space 

(𝟒𝝅 × 𝟏𝟎−𝟕𝑵𝒔𝟐𝑪−𝟐), M is magnetic dipole per unit volume, ε is the electrical 

permittivity of a medium other than the vacuum, and μ is the magnetic 

permeability of a medium other than vacuum. 

These formal constitutive equations can only be written in detail if the 

details of the medium are known. 

In the most elementary medium, vacuum (or free space), in which there 

is no free charge density or current flow, j = 0 and ρ= 0. Because there is no 

electrostatic or magnetic polarization, the constitutive equations written as: 

 

𝑫 =  𝜺𝟎𝜠 

𝜝 =  𝜇0𝜢 

Eq. 1.4  

Eq. 1.5 

 

Upon using the expressions of D and B in equations Eq. 1.1, we obtain 
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𝛻2𝑬 = 휀0𝜇0

𝜕2𝑬

𝜕𝑡2
 

 

Eq. 1.6 

𝛻2𝑩 = 휀0𝜇0

𝜕2𝑩

𝜕𝑡2
 Eq. 1.7 

 

which have the standard wave equations form. These show that there is some 

parallelism between the E and B fields, and that any electromagnetic wave 

contains both fields. As the discussion is limited to non-magnetic media, it will 

focus only on E, which is responsible for important physical effects in a 

semiconductor. 

An oscillatory disturbance propagating at a speed determined by the 

medium is the standard solution for a wave equation of the form shown in Eq. 

1.6. The oscillatory form solution is the following: ⅇ𝑖(𝒒.𝒓−𝜔𝑡), where r is the 

displacement vector; t is time; the wave vector q points in the direction of wave 

propagation and has a magnitude 2π/λ = 2πf where λ is wavelength and f = 1/ λ 

is the wavenumber (expressed in Number of waves per centimeter, or cm-1); and 

ω is the radian frequency 2𝜋𝜈, with 𝜈 the frequency of wave oscillation in hertz. 

The speed of wave propagation is ω/q. 

If the wave is assumed to propagate along the positive z-axis, the wave 

behavior is easier to visualize, and the solution remains completely general. The 

supposed solution is then: 

 

𝑬(𝑧, 𝑡) = 𝑬𝟎ⅇ𝑖(𝑞𝑧−𝜔𝑡) Eq. 1.8 

 

where the vector E0 denotes the direction and maximum strength of the electric 

field. When this is used in equation Eq. 1.6, it can be found that: 

 

𝑞2 = 휀0𝜇0𝜔2 Eq. 1.9 

 

which gives for the electric field: 

 

𝑬 = 𝑬𝟎ⅇ𝑖𝜔(𝑧√ 0𝜇0−𝑡) Eq. 1.10 

 

Eq. 1.9 determines a dispersion relation between q and ω, or, from a quantum 

perspective, between photon momentum and energy. In semiconductors, 

however, more complex dispersion relations emerge, resulting in frequency-

dependent velocities. 
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When Maxwell's equations for B are solved, the magnetic field follows 

the electric field, propagating at the same speed but oscillating perpendicular to 

E. Both E and B oscillate perpendicular to the propagation direction, resulting 

in transverse electromagnetic waves. The fact that they are transverse is directly 

derived from Maxwell's third equation, which gives 𝛻 ⋅ 𝑫 = 휀0𝛻 ⋅ 𝑬 = 0 when 

ρ = 0; this gives immediately 𝑞 ⋅ 𝑬 = 0, that is, the E field is perpendicular to 

the direction of propagation. In a semiconductor, ∇⋅D is not necessarily zero, 

with the result that the electric field can acquire a longitudinal component. 

Finally, it is worth noting that nothing in the solution for E(z,t), in equation Eq. 

1.10, causes energy loss. In other words, a wave propagating in free space and 

encountering nothing but vacuum never loses amplitude. 

1.3 Electromagnetic waves in semiconductors 
 

A solid, as opposed to free space, contains both moving free charges 

and bound charges. Conduction electrons and valence band holes are the free 

charges in a semiconductor. The bound charges are stuck in the lattice structure, 

as are the atomic charges that make up the lattice and the internal electrons that 

are tightly localized at the atomic level. Maxwell's equations are affected by the 

current and charge density caused by the free charges, as well as by the 

polarizability of the bound charges. 

The effect of bound charges in Maxwell’s equations will be considered 

at first. These charges generate a dipole moment per unit volume, resulting in a 

polarization vector P. The magnitude of P to the first approximation is 

proportional to the magnitude of E and these two vectors are both in the same 

direction, so the relationship between P and E becomes: 

 

𝑷 = 𝜒휀0𝑬 Eq. 1.11 

 

where 𝜒 is called the 'susceptibility'. The full relationship between P and E is 

more complicated, with P relying on higher orders of E. If only the linear 

approximation is used, the equation Eq. 1.2 becomes: 

 

𝑫 = 휀0𝑬 + 𝑷 = 휀0(1 + 𝜒)𝑬 = 휀𝑙𝑎𝑡(𝜔)휀0𝑬 Eq. 1.12 

 

where εlat =  (1 + χ) is the dielectric response function describing the 

polarization. It is called 휀𝑙𝑎𝑡 to remind us that it is due to electrons bound into 
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the lattice and lattice atoms. The polarization is frequency-dependent, as 

demonstrated in Section 1.6, and thus 휀𝑙𝑎𝑡 is frequency-dependent. 

The effects of free electrons and holes current could also be 

incorporated into Eq. 1.12, but it is more helpful to consider them by taking 

advantage of the relation between the charge current and the electric field 

according to the microscopic variant of Ohm's law: 

 

𝒋 = 𝜎(𝜔)𝑬 Eq. 1.13 

 

where σ(ω) is the electrical conductivity, which is also frequency-dependent. 

More complex non-linear relationships, and even spatially non-local 

relationships, are possible, but they will not be discussed in this manuscript. By 

substituting the linear relations Eq. 1.12 and Eq. 1.13 into Maxwell's equations 

Eq. 1.1 and maneuvering to eliminate B, the wave equation for the electric field 

E in a solid is obtained: 

𝜵 × 𝜵 × 𝑬 =  𝜵𝟐𝑬 − 𝜵(𝜵. 𝑬) = 𝜺𝒍𝒂𝒕𝜺𝟎𝝁𝟎

𝝏𝟐𝑬

𝝏𝒕𝟐
+ 𝝈𝝁𝟎

𝝏𝑬

𝝏𝒕
 Eq. 1.14 

 

where the term 𝜵2𝑬 − 𝜵(𝜵. 𝑬) is a standard expansion of the double cross-

product 𝛻 × 𝛻 × 𝑬. 

This equation for E differs from the result obtained in free space (Eq. 1.6) in 

that the term 𝛻. 𝑬, which was zero in free space, may be finite nonzero here, 

implying the existence of longitudinal waves. It also differs from (Eq. 1.6) in 

that the last term on the right, includes the current of free charges. Effect of 

charges can be understood by considering a plane-wave solution, so that the 

electric field can be written as 𝑬 = 𝑬𝟎ⅇ𝑖(𝑞𝑧−𝜔𝑡). The substitution of this solution 

in Eq. 1.14 gives: 

 

𝑞2𝐸 − 𝒒(𝒒. 𝑬) = 휀𝑙𝑎𝑡휀0𝜇0𝜔2𝑬 + 𝜎𝜇0𝑖𝜔𝑬 = 𝜔2휀(𝜔)휀0𝜇0𝑬 Eq. 1.15 

 

In the right-side term, the newly defined quantity 휀(𝜔) is the total dielectric 

response function, given by: 

 

휀(𝜔) = 휀𝑙𝑎𝑡(𝜔) +
𝑖𝜎(𝜔)

휀0𝜔
 Eq. 1.16 

 

It combines the effects of bound charge polarization and free carrier current in 

the semiconductor and is frequency-dependent due to 휀𝑙𝑎𝑡(𝜔), σ(ω), and the 

denominator in the second term. In the linear response limit, ε(ω) turns out to 
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be the central quantity that describes the electromagnetic-semiconductor 

interaction. 

Because of the longitudinal term 𝒒(𝒒. 𝑬), equation Eq. 1.15 cannot be 

solved immediately for q versus ω. However, the solution becomes clear when 

E is written as the sum of transverse and longitudinal components as 

 

𝑬 = 𝐸𝑡 �̂� + 𝐸𝑞�̂� Eq. 1.17 

 

where �̂� is a unit vector perpendicular to the propagation direction located in the 

x-y plane, and �̂� is a unit vector along q. Equation Eq. 1.15 can be re-written in 

the form: 

[(
𝜔

𝑐
)

2

휀(𝜔) − 𝑞2] 𝐸𝑡 �̂� + (
𝜔

𝑐
)

2

휀(𝜔)𝐸𝑞�̂� = 0 

 

Eq. 1.18 

Because the components are linearly independent, Eq. 1.18 can only be 

satisfied if the coefficients of �̂� and �̂� are both zero. As a result: 

𝑞2 =
𝜔2

𝑐2
휀(𝜔) Eq. 1.19 

is the generalized dispersion relation for transverse waves in a solid of total 

dielectric function ε(ω), and 

 

ε(ω) = 0 Eq. 1.20 

 

is the requirement for longitudinal modes to exist. When the explicit forms of 

ε(ω) are derived later in Section 1.5, these two abstract statements will make 

more sense. Eq. 1.20 provides conditions for existence of longitudinal waves.  

It is also important to realize that 휀(𝜔) is a complex quantity. It is 

usually written as 휀 = 휀𝑅 + 𝑖휀𝐼. If the polarization and conduction processes in 

the semiconductor are lossy, which is always the case, 휀𝑙𝑎𝑡 and σ each also 

include imaginary parts. This means that the wave vector's magnitude 𝑞 is also 

a complex quantity 𝑞 = 𝑞𝑅 + 𝑖𝑞𝐼 . When this is applied to the plane wave 𝐸 =

𝐸0ⅇ𝑖(𝑞𝑧−𝜔𝑡)used to solve equation Eq. 1.14, the result is: 

 

𝑬 = 𝑬𝟎ⅇ−𝑞𝐼𝑧ⅇ𝑖(𝑞𝑅𝑧−𝜔𝑡) Eq. 1.21 

 

This demonstrates that the imaginary part of the wavevector derived from 

equation Eq. 1.19 describes the damping of the electrical field while 

penetrating the medium, whereas the real part relates to the propagation of 
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the electromagnetic radiation within the medium. These observations can be 

translated into a more familiar form for optical use by defining a new quantity 

known as the complex index of refraction, �̅� = 𝑛 + 𝑖𝑘 as follows: 

 

�̅� = 𝑛 + 𝑖𝑘 = √휀(𝜔) Eq. 1.22 

 

Combining equations Eq. 1.19, Eq. 1.21, and Eq. 1.22 one obtains 

 

𝑬 = 𝑬𝟎ⅇ−𝑘𝑞0𝑧ⅇ𝑖(𝑛𝑞0𝑧−𝜔𝑡) Eq. 1.23 

 

where 𝑞0 = 𝜔/𝑐 is the vacuum wavevector. The complex refractive index and 

the complex wave vector have an immediate physical meaning in Equation Eq. 

1.23. It can be readily noticed that the real part of �̅� is related to the wave 

propagation via the definition of propagation velocity  𝑣 = 𝜔/(𝑛𝑞0). It is 

therefore in the familiar elementary definition for the refractive index 𝑛 = 𝑐/𝑣, 

which is the ratio of the speed of light in vacuum to that in a solid. 

The imaginary part of �̅�, on the other hand, describes the decrease in 

the electric field as the wave penetrates the medium. This field attenuation is 

expressed by the damping term ⅇ−𝑘𝑞0𝑧. This explains why k is known as the 

'extinction coefficient.' It will make more sense when the transmittance of a 

semiconductor is considered in the following section. 

1.4 Quantities for semiconductor optical characterization 

1.4.1 Reflectance, transmittance, and absorbance 

It should now be obvious that if we understand the dielectric function of a solid 

as a function of frequency, we will know everything about its microscopic 

optical response. Real measurements, on the other hand, are made under 

macroscopic conditions. The light is projected on the surface of a sample, which 

is usually a slab with flat faces. Spectroscopy, (visible or infrared), measures 

the amount of light reflected from the front surface or transmitted through the 

back surface, depending on the geometry of the sample. Although reflectance 

and transmittance are not measured in photoluminescence and Raman 

spectroscopy, the behavior of light at the air-semiconductor interfaces is 

important in determining the conditions and significance of the measurement. 

If the sample is not a slab of a single material but consists of layers of 
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semiconductors, each interface between different materials affects the incoming 

electromagnetic waves in any type of spectroscopy. 

Boundary conditions used with Maxwell's partial differential equations 

govern the behavior of electromagnetic waves at interfaces. They can be used 

to calculate the fraction of incident light that is reflected at an interface between 

two materials and the fraction that is transmitted across the interface. Consider 

a typical sample, a slab of thickness d made of a single type of semiconductor, 

as shown in Figure 1.1. The reflectance and transmittance of radiation are 

affected by the angle of incidence. The behavior at the interface depends on the 

polarization of the light at any angle other than normal incidence. Only normal 

incidence is considered here, but the full equations can be found in many 

references [6]. However, at normal incidence, the polarization is insignificant. 

The interface is considered to be perpendicular to the +z-direction of wave 

propagation. The Fresnel amplitude coefficients for reflectance and 

transmittance at the front surface, derived from Maxwell's boundary conditions, 

are: 

 

Figure 1.1 A semiconductor sample of thickness d (medium 2) between media 1 

and 3, showing the incident, reflected, and transmitted intensities. Each medium 

is described by its complex refractive index 𝑛𝑗 + 𝑖𝑘𝑗  (j = 1, 2, 3). These determine 

the reflectance and transmittance of the sample. 

 

 

𝑟 =
𝐸𝑟

𝐸𝑖

=
�̅�1 − �̅�2

�̅�1 + �̅�2

 

𝑡 =
𝐸𝑡

𝐸𝑖

=
2�̅�1

�̅�1 + �̅�2

 

Eq. 1.24 

 

where 𝐸𝑖, 𝐸𝑟, and 𝐸𝑡  are the incident, reflected, and transmitted electric field 

amplitudes respectively, and 𝑛1 and 𝑛2 are the two media's complex refractive 
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indices. In a real experiment, we measure the fraction of the incident intensity 

that is reflected (denoted here as R) or the fraction of the incident intensity that 

is transmitted (denoted here as T). The intensity is proportional to the amplitude 

squared, so that 𝑅 = 𝑟𝑟∗ = |𝑟|2and 𝑇 = 𝑡𝑡∗ = |𝑡|2. To put this in a familiar form, 

medium 1 is considered to be the air, with 𝑛1 = 1 and 𝑘1 = 0, and the slab to be 

a semiconductor with �̅� = 𝑛 + 𝑖𝑘. Then the reflectance can be expressed as: 

 

𝑅 =
(𝑛 − 1)2 + 𝑘2

(𝑛 + 1)2 + 𝑘2
 Eq. 1.25 

 

This only gives the reflectance from the first surface, or the total reflectance 

from a semi-infinite medium. This is approximated by a finite sample that 

absorbs light heavily, resulting in little light reaching the back surface, which 

then has little effect on the front surface reflection. Another assumption which 

often stands, at least over part of a spectral range, is that 𝑛 > 1 and 𝑘 ≪ 1. Then 

equation Eq. 1.25 becomes: 

 

𝑅 =
(𝑛 − 1)2

(𝑛 + 1)2
 Eq. 1.26 

 

In this case, the reflectance represents the real part of the refractive index rather 

than the absorbing part. The reflectance can be total, i.e., R=1, under two 

conditions: whenever k≫n and near a longitudinal mode, where ε(ω)=0 and thus 

n=0. 

In some cases, the light can be reflected or transmitted at the back side 

of the slab. In these cases interference fringes are created and the reflectance R' 

and transmittance T' of the semiconductor slab in the air should be written as: 

 

𝑅′ =
4𝑅 𝑠𝑖𝑛2 𝜃

(1 − 𝑅2)2 + 4𝑅2 𝑠𝑖𝑛2 𝜃
 

𝑇′ =
(1 − 𝑅2)

(1 − 𝑅2)2 + 4𝑅2 𝑠𝑖𝑛2 𝜃
 

Eq. 1.27 

 

 

where R is the front surface reflectance from Eq. 1.25. The 𝑠𝑖𝑛 𝜃 terms in these 

expressions are related to interference effects. When the reflectance is at its 

lowest and the transmittance is at its highest,  𝑠𝑖𝑛 𝜃 = 0.  Reflectance minima 

and transmittance maxima (i.e., a bright fringe) occurs when f = m/2nd where 

m = 0, 1, 2, ... The distance between two successive bright fringes is ∆𝑓 =

1/2𝑛𝑑. As a result, observing such interference fringes provides a simple 

method for determining layer thickness if n is known. 
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For a medium with significant absorption, Eq. 1.27 becomes overly 

complicated. There is, however, a simplifying case that occurs frequently in 

actual measurements. If the spectrometer's resolution is greater than the spacing 

between the interference fringes, the equations can be averaged over the phase 

angle.  The transmittance of an absorbing slab becomes: 

 

𝑇′ =
[(1 − 𝑅)2 + 4𝑅 𝑠𝑖𝑛2 𝜙]ⅇ−𝛼𝑑

1 − 𝑅2ⅇ−2𝛼𝑑
 Eq. 1.28 

 

in which two new quantities have been defined: 𝜙 = 𝑡𝑎𝑛−1[2𝑘/(1 − 𝑛2 − 𝑘2)] 

and the absorption coefficient: 

 

𝛼 =
2𝜔𝑘

𝑐
= 4𝜋𝑓𝑘 Eq. 1.29 

 

When wavenumber 𝑓 is used, the term on the right is more convenient. The term 

𝑠𝑖𝑛 𝜙  in equation Eq. 1.28 is frequently small enough to be ignored, resulting 

in an even simpler form: 

 

𝑇′ =
(1 − 𝑅)2ⅇ−𝛼𝑑

1 − 𝑅2ⅇ−2𝛼𝑑
 Eq. 1.30 

 

The intensity transmitted through the slab is affected both by the reflectance of 

the front surface R and by an exponential decay, as shown in Eq. 1.30, which 

refers to Eq. 1.23 that includes the extinction coefficient. The meaning of the 

term ⅇ−𝛼𝑑 , can be made clearer if equation Eq. 1.30 is considered in the limit 

where there is no front surface reflection (R = 0), implying that reflection losses 

do not reduce the transmitted intensity at the front surface. The incident 

intensity 𝐼𝑖 and the transmitted intensity leaving the back surface 𝐼𝑡 are related 

by: 

 

𝐼𝑡 = 𝐼𝑖ⅇ
−𝛼𝑑 Eq. 1.31 

 

The absorption coefficient is defined as the fractional change in intensity per 

unit length of penetration caused solely by absorption in the semiconductor.  

Because of this direct connection to physical processes, the absorption 

coefficient is a more useful spectroscopic quantity than transmittance. 

Absorption is often proportional to the concentration N of absorbing entities, 

which can be useful for quantitative characterization. As such, it is useful to 

define an absorption cross-section 𝜎 = 𝛼/𝑁. When the front surface reflectance 
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R and thickness d is known, equation Eq. 1.30 can be used to calculate 𝛼 when 

the transmittance is measured under appropriate conditions. 

Eq. 1.25 to Eq. 1.30 cover the most common cases encountered in 

practice for a slab of bulk semiconductor in air. For structures with two or three 

layers, there are similar expressions, but with a high complexity that require 

preferably dedicated computer evaluation software (such as MATLAB). In most 

cases, it is more efficient to use a computer program that traces through the 

Fresnel coefficients (equation Eq. 1.24) at each interface, eventually calculating 

the structure's total reflectance or transmittance. This 'interface-by-interface' 

approach has the advantage of being able to be applied to as many layers as 

required, allowing for the analysis of complex layered semiconductor 

microstructures. However, as the following section will show, it is not always 

necessary to analyze the entire structure (depending on the wavelength). 

1.4.2 Penetration depth 

The absorption coefficient 𝛼, defined by Eq. 1.31, can be expressed in a way 

more suitable for studying what optical radiation probes in a semiconductor 

structure. A quantity known as the skin depth or penetration depth can be 

defined as 𝛿 = 1/𝛼. It is related to the transmitted and incident intensities 

according to: 

 

𝐼𝑡 = 𝐼𝑖ⅇ
−

𝑧
𝛿 

Eq. 1.32 

 

Thus, 𝛿 is the distance over which the incident intensity drops to 1/e of its value 

at the semiconductor's surface. This characteristic length would allow the 

estimation of how far light penetrates a semiconductor. It is usually dependent 

on the frequency and physical properties of the measured semiconductor. 𝛿 is 

typically between 0.1 – 1 µm in silicon and around 0.1 µm in GaAs in the visible 

light region [7]. The strongest absorption is usually encountered in the middle 

and far infrared. Thus, most semiconductor epitaxial layers and microstructures, 

whose thickness rarely exceeds a few micrometers, are generally permeable to 

infrared radiation. Table 1.1 provides values of 𝛿 for commonly encountered 

materials. 

1.4.3 Spatial resolution 

The diffraction limit sets the lower limit of spatial resolution in optical 

characterization. The diameter d of the smallest size spot that can be formed by 
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a light of wavelength λ passing through a lens of focal length F and diameter D 

is [8]: 

 

𝑑 = 1.22
𝐹𝜆

𝐷
 Eq. 1.33 

 

The spot size for an experiment excited by an Ar+ laser's 488 nm line could thus 

be as small as 0.6 𝜇𝑚. Although in practice this ideal value is unlikely to be 

achieved, visible light (or laser) resolution is sufficient to see spatial detail on 

a scale appropriate for device geometries. At longer infrared wavelengths, such 

resolution is not possible, but infrared maps can still provide useful information 

on the scale of tens of micrometers to millimeters. 

1.5 Physics of semiconductors 
 

Electromagnetic radiation can interact with all elementary excitations that make 

up a semiconductor, as well as the lattice atoms and impurity atoms. The 

interaction can be expressed in terms of the quantum mechanical properties of 

the semiconductor, such as the bandgap and phonons, or in terms of the classical 

effect of an oscillating electric field on a charge. In order to understand 

fundamental optical properties, a review of fundamental semiconductor physics 

is first provided. This review briefly highlights the physics of band structure, 

lattice vibrations, free carrier transport, and impurity effects. Detailed theories 

of semiconductors can be found in solid-state physics textbooks by 

Blakemore [9], Ashcroft and Mermin [10],  Kittel [11] and others. They all 

contain enough information about the physics and optical properties of 

semiconductors. Wooten [13], which deals with the optical properties of solids 

in general, and Pankove [14], a typical work on the optical properties of 

semiconductors, are two more specialized works. Other works, for example, 

Willardson and Beer  [12], review the optical properties of specific classes of 

semiconductors. Superlattices and their optical properties are discussed by 

Cottam and Tilley  [13]. 

Group IV semiconductors, germanium and silicon, are the oldest, best 

known and most widely used semiconductors. Binary compounds have also 

been extensively studied, which has expanded the range of fundamental 

semiconductor properties and applications. Driven by the need for diverse 

properties, more complex ternary and quaternary semiconductor alloys have 

recently been developed. The electro-optics industry relies on AlxGa1-xAs. Hg1-

xCdxTe as an infrared detector material; InxGa1-xAsyP1-y allows for the selection 
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of both bandgap and lattice parameters to match a substrate; and Pb1-xSnxTe as 

an early and useful zero-narrow-gap system. Other, uncommon semiconductors 

exist, such as III-VI chalcopyrites, despite their limited applications. 

The introduction of microstructures is a second trend that is emerging 

in parallel with the increased use of alloys. Microstructures of various types 

now lead the research topics in new semiconductor physics and the development 

of new devices. 

 

1.5.1 Bulk crystals 

One way to understand the fundamental properties of semiconductors is to 

compare them to metals, and insulators. At all temperatures, metals are 

distinguished by their high electrical conductivity, opacity to visible light, and 

shiny luster. These characteristics result from their high concentrations of free 

electrons, which are close to 1023 cm-3. Electrons move easily in an electric 

field, and their number does not vary significantly with temperature. Insulators, 

on the other hand, have a high resistance to current flow and may be transparent. 

Because almost all the electrons in an insulator are bound into its basic 

crystalline structure, these properties result from a lack of free carriers.  

A semiconductor can switch from insulator-like to metal-like as its free 

carrier density varies between 109 to 1021 cm-3. This huge variation can be 

caused by introducing impurities in the material or by changing its temperature. 

Both effects are a direct result of a semiconductor's most distinguishing feature, 

the bandgap. The gap is caused by the quantum physics of the crystalline 

semiconductor, and the reasons for its presence are briefly explained below. 

A crystalline semiconductor is formed of a continual geometric array 

of atoms, like the diamond structure of a Si or the cubic structure of GaAs. 

When each component atom is isolated in space, its electrons are housed in 

discrete energy levels. Nevertheless, in a crystalline structure, the 

accompanying electrons interact with each other since the atoms are less than a 

nanometer apart. Pauli exclusion principle dictates that every atomic level be 

divided into several levels to accommodate the various electrons. Because the 

new levels are so close together, they form a continuous band of electronic 

energies. Every atom that joins the array contributes more electrons, each of 

which enters the band at higher energy. The ‘Fermi energy’ is the energy at 

which the last electron resides. 

However, the electronic energy band does not continue uninterrupted 

from zero to the ‘Fermi energy’. Quantum mechanics factors impose forbidden 

energy levels. Electron waves moving through the lattice, like water waves 

splashing among a regular array of wooden pilings, are successively affected 
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by the periodic potential from the lattice's ionic cores. Electrons with 

wavelengths and motion directions that match the geometric constraints of the 

lattice propagate through the structure, while others are canceled by destructive 

interference. Canceled wavelengths correspond to missing momenta 

and therefore missing energies, leading to prohibited regions or gaps within 

the continuous band of energies. 

 

Figure 1.2 (a) Conduction and valence bands in a semiconductor, with the 

bandgap and an impurity level in the gap depicted. (b) Diagram of energy 

versus wave vectors illustrating the quadratic relationship for electrons and 

holes, the Fermi energy Ef, and multiple hole bands. 

 

The highest gap and the electron population of the valence band 

directly below it, determine whether a solid is a metal, conductor, or insulator. 

If the topmost band is only partially filled with electrons, those electrons with 

the highest energies can move from valence to higher states in the conduction 

band with only a small amount of energy added. As a result, they are easily 

mobile. This defines a metal and explains why, even at low temperatures, 

movable electrons are always available. 

If, on the other hand, the band below the highest gap is filled, the size 

of the gap determines whether the material is a semiconductor or an insulator. 

This is outlined schematically in Figure 1.2(a). Thermal energies are too low 

with a large gap to promote electrons from the lower valence band to the empty 

conduction band above the gap. At room temperature, such material has very 

few free carriers. It acts as an insulator. In a solid with a smaller gap, however, 

thermal energy can excite some electrons to the upper band, where their number 
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is highly dependent on temperature. This characterizes a semiconductor, that 

behaves like a poor metal at high temperatures and like an insulator at low 

temperatures. 
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The value of the gap energy separating semiconductors and insulators is 

somewhat arbitrary, but it is commonly taken to be around 3eV. 

Full quantum calculations provide a detailed picture of valence and 

conduction band energy E as a function of electron momentum p or electron 

wave vector k, as defined by the de Broglie relation 𝒑 = ℏ𝒌. The E versus k 

diagrams for silicon and GaAs are shown in Figure 1.3 and Figure 1.4, 

respectively. Due to the change in lattice properties along different crystalline 

axes, both demonstrate the directional character of the electronic band structure. 

Various bands are depicted in the figures, for example, along the (100) and 

(111) directions. Because of the directional nature, the bandgap, or the smallest 

energy difference between a valence band state and a conduction band state, 

may not occur at the point of minimum momentum (𝑘𝑥 , 𝑘𝑦, 𝑘𝑧) = (0,0,0).  

Figure 1.4 shows that GaAs is a semiconductor with a direct bandgap, with the 

conduction minimum directly above the valence band maximum. Figure 1.3 

depicts an indirect gap in silicon, with the lowest minimum in the conduction 

band displaced from (0,0,0). In this case, an electron moving from the valence 

to the conduction band must undergo a wavevector change. 

These band properties have a significant impact on the semiconductor's 

optical behavior. If an electron absorbs a photon with an energy greater than 

the gap value, it will be elevated from the valence band to the conduction band. 

The values range from visible to near infrared. Because momentum must also 

be conserved, whether the gap is direct or indirect has a significant impact on 

absorptive and photoluminescent processes near it. 

Electrons that enter the conduction band are free to move. Ordinary 

free electrons of mass m0 have the following energy-momentum relationship in 

a vacuum: 

 

𝐸 =
𝑝2

2𝑚0

 

 

Eq. 1.34 

Mobile electrons in a semiconductor crystal obey a similar quadratic law near 

the bottom of a band, except that their interaction with the atomic cores gives 

them an effective electronic mass m* rather than m0. Their energy-wave vector 

relationship is as follows: 
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Figure 1.3  Silicon “energy versus wavevector diagram”. The arrow denotes the 

indirect gap of 1.1 eV (at 300 K), which is the smallest energy separation between 

the valence and conduction bands. It is distant from the point where the 

wavevector k = 0.  [15] 

 

𝐸 =
ℏ2𝑘2

2𝑚∗
 

 

Eq. 1.35 

Figure 1.2(b) depicts this quadratic relationship. In addition to their effective 

mass, mobile electrons in the conduction band are described by their  

concentration n, scattering time 𝜏, or the average time between collisions, and 

mobility 𝜇, which is defined as the velocity produced per unit electric field. The 

d.c. mobility is derived from the simple Drude model for electronic behavior.  

The mobility is related to the scattering time as  

 

𝜇 =
ⅇ𝜏

𝑚∗
 

 

Eq. 1.36 
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where e represents the elemental electronic charge. All these parameters 

combine in the resistivity ρ, which characterizes the electrical properties of a 

semiconductor, or its inverse, the electrical conductivity 𝜎. These are related in 

the Drude model and the d.c. limit by: 

 

The movement of charged particles is not limited to the conduction band. When 

an electron is excited from the valence band to the conduction band, an effective 

positive charge is left behind. This positive charge moves in the opposite 

direction of the electron when an electric field is applied.  The resulting entity, 

known as a 'hole,' also contributes to a semiconductor's electrical behavior. 

Electrons and holes have different effective masses, with holes having larger 

Figure 1.4 GaAs “energy versus wavevector diagram”. The arrow represents 

the direct gap of 1.4 eV (at 300 K), the smallest energy separation between the 

valence and conduction bands. It is located at the point where the wavevector 

k equals zero.  [15] 

𝜎 =
1

𝜌
= 𝑛ⅇ𝜇 =

𝑛ⅇ2𝜏

𝑚∗
 

 

Eq. 1.37 
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values. The different curvatures of the electron and hole E-k parabolas are 

depicted in Figure 1.2(b). The holes mobilities are generally much lower than 

electron mobilities.  

Semiconductor crystals consist of a three-dimensional lattice of atoms 

held together by spring-like joining forces. This lattice supports characteristic 

normal vibrational modes, the frequency-wavenumber relationship (i.e., the 

dispersion relationship) being derivable from classical solutions to the 

equations of atomic motion. 

 

 

 Figure 1.5 : Linear chain of atoms with alternating masses Μ1 and M2, and 

alternating charges +q and -q, connected by springs whose force constant is C. 

 

A linear chain of atoms with alternating masses Μ1 and M2, and 

alternating charges +q and -q, connected by springs whose force constant is C, 

is a simple model that describes the lattice vibrations in a binary material like 

GaAs. The equations of motion for this system produce normal modes. The 

dispersion relation (ω versus Κ) is depicted in Figure 1.6. The modes are: 1- 

optical, in which atoms of opposite charge vibrate out of phase to produce an 

oscillating dipole moment that couples to light, 2- or acoustical, which means 

modes propagating with a constant speed near Κ=0. 

Each type can be transverse or longitudinal. The vibrational frequency 

of the transverse optical (TO) mode at K = 0 is: 

 

𝜔𝑇𝑂 = √2𝐶 (
1

𝑀1

+
1

𝑀2
) Eq. 1.38 

 

which lies in the infrared for most semiconductors. Resonant absorption occurs 

when the incoming frequency ω matches 𝜔𝑇𝑂 . There is a longitudinal optical 

(LO) mode as well, whose frequency ωLO also lies in the infrared. Typical LO 

and TO frequencies are shown in Table 1.1. These modes (LO and TO) are 

important for Raman and photoluminescence processes, where also 

2 other types of phonons (transverse and longitudinal acoustic phonons (TA 

and LA)) may conjointly play a role. 

For ternary materials like AlxGa1-xAs, each sublattice (in this case, the 

GaAs and AlAs sublattices) have one TO frequency. Each TO mode is 

normally visible individually within the infrared and Raman spectra, thus 
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providing helpful insight for the material. The TO and LO modes coincide both 

at K= 0 in a single element semiconductor like silicon or germanium (where the 

charge doesn't alternate sign from atom to atom). 

 

 

Figure 1.6 Phonon frequency versus wavevector (dispersion relation) diagram 

for a linear chain with alternating masses M1 and M2, with M1> M2. The optical 

mode frequency 𝜔𝑇𝑂 is given by Eq. 1.38. ω1 and ω2 are (2C/M1)0.5 and (2C/ 

M2)0.5, respectively. The maximum wavevector permitted by the cyclic nature of 

the chain is Κ = π/a, where a is the distance between two adjacent masses. 

 

Although the classical model for lattice normal modes is correct, the vibrations 

can also be treated as quantized entities. Photons are quanta associated with 

electromagnetic waves, and similarly, Phonons are quanta associated with 

mechanical lattice vibrational waves. A phonon with frequency Ω and 

wavevector K has both energy ℏΩ and momentum ℏK. The quantum features 

become most important in processes such as Raman scattering, where it is 

useful to speak of phonon creation and destruction, or when electrons and lattice 

vibrations interact, exchanging energy and momentum. 

The most basic type of impurities is substitutional impurity, such as an 

arsenic atom replacing a silicon atom in the pure silicon lattice. Every silicon 

atom in the pure material is linked to four of its closest neighbors via covalent 

bonds, each of which requires a shared electron. An arsenic atom with five 

valence electrons, has one more electron than what the basic silicon four-hook 

structure requires. Because the fifth electron is loosely bound, it can easily enter 
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the conduction band. As a result, arsenic in silicon, and any foreign atom with 

more electrons than the host atom it replaces, donates an electron to the crystal 

and is a donor impurity. Similarly, a foreign atom with fewer electrons than the 

atom it replaces, such as silicon on an arsenic site in GaAs, accepts an electron 

from the lattice and is an acceptor impurity. 

An electron from a substitutional impurity, such as arsenic in silicon, 

is closer to the conduction band than a valence electron in an energy level 

diagram like the one shown in Figure 1.2(a). Even at room temperature or 

lower, thermal energy may be enough to excite the electron across the small 

energy difference to the conduction band. A photon with at least the same 

energy as the energy difference can also move an electron from an impurity 

level to the conduction band. The ionization energy of such an impurity can be 

calculated using the hydrogen atom theory. In the far-infrared region, the 

resulting values are a few millielectron-volts. As a result, one-way impurities 

appear in optical measurements is through infrared absorption caused by 

photoionization. 

A second type of optical effect can occur due to an impurity atom. Such 

an atom modifies its local lattice environment, influencing the vibrational 

behavior of its surroundings. This may result in the emergence of new infrared 

vibrational modes. These new modes are useful for analyzing interstitial 

impurities that exist between lattice sites. Because their geometry is less 

obvious and they can form molecule-like complexes, they are more complex 

than substitutional types. Defects, such as missing or displaced lattice atoms, 

can also be seen when vibrational modes are created. 

1.5.2 Microstructures 

All of the physics described for bulk crystalline semiconductors are also present 

in semiconductor microstructures ranging from epitaxial layers to single and 

multiple quantum wells to superlattices and other heterostructures. Except near 

the surfaces and the interfaces, there is generally no significant change in 

fundamental behavior for layers that are micrometers thick (Figure 1.6). 

However, as the layers shrink to the nanometer levels, fundamental properties 

change, and thus become more interesting. This is why these nanostructures are 

built and constructed in the first place. Nonetheless, the general principles of 

semiconductor optical behavior can also be used to perform a great deal of 

useful microstructure characterization. This is notably true in the mid- to far-

infrared, where some concepts that are applied well for bulk 

semiconductors additionally work well for complex microstructures. 

However, two aspects of microstructure physics influence their optical 

characterization. One aspect is the shift in energy bands, which can be seen in 
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a single quantum well. For example, in the case of a thin layer of GaAs 

sandwiched between two layers of AlxGa1-xAs. Because the alloy includes 

a larger bandgap than the binary structure, electrons tend to 

stay confined within the GaAs layer. In such a potential well, the electronic 

energy states lie in the z-direction, that is perpendicular to the plane of the 

layers, and are quantized. The quantized portion of the energy is as follows: 

 

𝐸𝑛 =
ℏ

2𝑚∗
(

𝑛𝜋

𝐿𝑧
)

2

       𝑛 = 1, 2, 3,   .  .  . Eq. 1.39 

 

where Lz is the well's width. For the confined holes, a similar set of bound 

energy levels exists. Transitions between these new sets of energy states can be 

seen in the absorption spectra of quantum wells and superlattices and are 

important in photoluminescence research. Because the energy levels are related 

to layer thickness, carrier distribution, and interface quality, such spectra 

provide fundamental information about the structures as well as 

characterization data. 

A second aspect or effect that differs in microstructures, is the 

significant change in the phonons in a superlattice. Some may spread 

throughout the entire microstructure, similar to a bulk crystal, whereas others 

are restricted to specific layers. For example, if we consider a superlattice made 

of alternating layers of GaAs and AlAs, the longitudinal modes propagate 

perpendicular to the plane of the layers in the z-direction. If the properties of 

the two materials match, they can couple directly across the interfaces between 

the layers. The longitudinal acoustic (LA) modes of GaAs and AlAs have 

similar dispersion relations, as shown in Figure 1.7, but the LO modes differ 

in frequency by more than 100 cm -1. As a result, the LA modes continue 

throughout the structure, whereas the LO modes that originate in each type of 

material are limited to those layers only. The dispersion relation for both 

confined and propagating modes is very different from the dispersion relation 

in the bulk. The largest possible wavevector in the linear diatomic chain, which 

models a bulk crystal, is 2π/2a, where 2a is the spacing between like atoms and 

the repeat period for the chain's symmetry (Figure 1.6). For a natural crystal, 

this is typically less than a nanometer. However, the repeat period in a 

superlattice is significantly longer, lowering the maximum K vector. This 

results in new folded modes, as shown in Figure 1.7, which can be significant 

in microstructure Raman spectra. 
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Figure 1.7 Dispersion relations for the LO and LA phonons in bulk GaAs and 

AlAs. LO phonons don't propagate throughout a GaAs-AlAs 

superlattice, however, LA phonons do. The 

shaded space shows folded dispersion curves for a superlattice whose period is 

far larger than the lattice spacing.  [16] 

1.6 Optical response of semiconductors 
 

Semiconductors interact with light in the 0.1 - 1000 µm spectral range (10 - 105 

cm-1, 0.001 - 12eV). The dominant effect in the near-ultraviolet-visible-near-

infrared region (0.4 - 5 µm, 0.2*104 to 2.5*104 cm-1, 0.24 - 3.1 eV) is absorption 

at the gap and by impurities. This causes photoluminescence, providing a 

sensitive measurement of semiconductor properties, under certain conditions. 

Absorbed visible light also induces Raman scattering. Raman investigates TO, 

LO, and other phonon modes, which reflect the semiconductor's crystalline state 

and provide alloy information. It is also sensitive to carriers and impurities as 

well. In the middle to far-infrared, the TO and LO modes can also be seen (10 

- 300 µm, 30 - 103 cm-1, 0.004 - 0.12eV). Also, impurities effects appear here 

as well, either through the new vibrational modes they induce or through 

photoexcitation or photoionization of their electrons if they are shallow enough. 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI078/these.pdf 
© [J. Younes], [2021], INSA Lyon, tous droits réservés



Optical Theory and Physics for Semiconductor Characterization  

Joan Younes / PhD Thesis in Physics / 2021 / Institut national des sciences appliquées de Lyon 40 

Very shallow impurities can be ionized in the more Far Infrared (100-1000 µm, 

10 - 102 cm-1, 0.001 - 0.01 eV), and free-carrier absorption becomes significant. 

 

Important material properties for device fabrication and manipulation of their 

optical properties for different applications are the dielectric function and the 

refractive index. For this purpose, many models have been proposed and used 

to calculate these properties. This section presents some models based on 

classical or semi-classical concepts. 

1.6.1 Phonons 

The Lorentz model provides a classical picture of the energy carrier motion 

within a material; it simulates the motion of carriers as a classical damped 

harmonic oscillator, as shown in Figure 1.8. Such a model enhances our 

understanding of semiconductor optical properties. The model begins with the 

equation of motion of a damped oscillator with a restoring force provided by an 

applied external field  [17–26]: 

𝜇
𝑑

𝑑𝑡
(

𝑑𝑥

𝑑𝑡
) +  𝜇𝛤

𝑑𝑥

𝑑𝑡
+ 𝜇𝜔𝑗

2𝑥 =  −ⅇ𝐸𝑜ⅇ−𝑖𝜔𝑡 Eq. 1.40 

 

 

 

Figure 1.8 schematic representation of Lorentz oscillator model 

 

All the components of the above differential equation have the same definition 

as in the Drude model, with minor differences such as 𝜇 used to denote the 

reduced mass of the carriers and index j to denote the number of the oscillator.  

 

Again, the linear diatomic chain model shown in Figure 1.5 for a binary 

semiconductor, that yielded Figure 1.6,  also expresses the lattice dielectric 

function 휀𝑙𝑎𝑡(𝜔). Under an applied electric field 𝛦 =  𝐸0ⅇ−𝑖𝜔𝑡, and assuming a 

frictional force proportional to velocity, the displacement of the positive ions' 

u relative to the negative ones is:  [17–26] 
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𝒖 ∝
𝐸0ⅇ−𝑖𝜔𝑡

𝜔𝑇𝑂
2 − 𝜔2 − 𝑖𝛤𝜔

    Eq. 1.41 

where the term 𝛚𝐓𝐎 
𝟐 refers to the spring restoring force and 𝛤 is the frictional 

term's strength. According to the definition, this yields the polarization vector 

P, which can be expressed as 

𝑷 = 𝑁𝑞𝒖  Eq. 1.42 

where N denotes the number of ion pairs per cubic centimeter, and q denotes 

the ionic charge. The lattice dielectric function 휀𝑙𝑎𝑡(𝜔) in the semiconductor 

then takes the form given by   𝑹 = 𝒏𝒊𝒏𝒇𝑷. The solution is as follows  [17–26]: 

 

휀𝑙𝑎𝑡(𝜔) = (𝑛 + 𝑖𝑘)2 = 휀(∞) +
𝑆𝜔𝑇𝑂

2

𝜔𝑇𝑂
2 −  𝜔2 − 𝑖𝛤𝜔

                           Eq. 1.43 

 

The constant 𝜺(∞), the high-frequency limit of 휀𝑙𝑎𝑡(𝜔) , is derived from deeply 

bound valence electrons with a flat frequency response in the infrared. The 

strength of the oscillator S is proportional to N. It is related to the zero-

frequency static dielectric constant 휀(0) and the high-frequency dielectric 

constant 𝜺(∞) by  [17–26]: 

 

휀(0) ≡ 휀𝑙𝑎𝑡(0) = 휀(∞) + 𝑆                           Eq. 1.44 

 

Eq. 1.43 is the Lorentzian form of the infrared lattice response, which is also 

useful for impurity-induced local vibrational modes. In the ideal case without 

damping, i.e., for Γ = 0, its physical meaning is clear. It develops into: 

 

휀𝑙𝑎𝑡(𝜔) = 휀(∞) +
𝑆𝜔𝑇𝑂

2

𝜔𝑇𝑂
2 − 𝜔2

                           Eq. 1.45 

 

which has a resonance at 𝜔 = 𝜔𝑇𝑂 . Moreover, 휀𝑙𝑎𝑡(𝜔)  becomes zero, 

supporting a longitudinal mode at the longitudinal optical frequency 𝜔𝐿𝑂. The 

condition 휀𝑙𝑎𝑡(𝜔) = 0 results in  [17–26]: 

 

𝜔𝐿𝑂
2

𝜔𝑇𝑂
2 =

휀(0)

휀(∞)
              Eq. 1.46 
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This equation is known as the Lyddane-Sachs-Teller relationship. Since ε(0) >

ε(∞),𝜔𝐿𝑂 > 𝜔𝑇𝑂, the increase in the energy of the longitudinal mode is due to 

the macroscopic electric field associated with the longitudinal oscillations. In 

binary materials, separate TO and LO modes exist; both are important in 

infrared and Raman scattering. The oscillator strength S = 0 for covalent group 

IV semiconductors, so ε(0) = ε(∞) and 𝜔𝐿𝑂 = 𝜔𝑇𝑂  at zero wave-vector. 

When n and k are calculated from Eq. 1.43 and used in Eq. 1.25 for 

reflectance R, the result is a reflectance peak very close to 𝜔𝑇𝑂. The peak value 

is R = 1 in the ideal undamped case and very high even in real semiconductors 

with a small damping term. The minimum in R occurs when n = 1. This 

minimum R is usually very close to the wavevector defining 𝜔𝐿𝑂 for which n = 

0. The maximum at 𝜔𝑇𝑂 and minimum near 𝜔𝐿𝑂 are important features in 

infrared reflectance spectra interpretation, but there is a fundamental physical 

difference. The peak denotes resonant energy absorption, whereas the minimum 

denotes the presence of a longitudinal mode with no resonant absorption.  

Curve A in Figure 1.9 depicts R versus wavevector for a bulk 

semiconductor with few carriers. This curve clearly displays the lattice TO and 

LO features. Similar effects would be observed for other semiconductors at any 

of the TO and LO frequencies shown in Table 1.1.   [17–26]. 

Eq. 1.43 can be extended for the ternary or quaternary alloy to include 

the effects of oscillating sublattices and can be written in the form  [17–26]: 

 

휀𝑙𝑎𝑡(𝜔) = 휀(∞) + ∑
𝑆𝑗𝜔𝑇𝑂𝑗

2

𝜔𝑇𝑂𝑗
2 − 𝜔2 − 𝑖𝛤𝑗𝜔

𝐽

𝑗=1

                           Eq. 1.47 
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Figure 1.9 Infrared reflectance for a binary semiconductor, n-CdTe. 

(■,▲,●):Experimental data. (    ): Best theoretical fit from Eq. 1.58 and Eq. 

1.25. Carrier concentration n in cm-3: curve A, 5.1 x 1016; curve B, 4.1 x 1017; 

curve C, 1.3 x 1018. Curve A shows nearly pure lattice response, with a TO peak, 

and an LO minimum at 170 cm-1
 . As n increases, the minima at the coupled 

plasmon-phonon frequencies ω± move to higher frequencies, and the low-

frequency reflectance increases.  [27] 

 

where j denotes the number of sublattices, each of which has its own TO 

frequency, oscillator strength, and damping constant. Curve A in  

Figure 1.9 shows the reflectance for a sample of Al1-xGaxAs with few carriers, 

demonstrating the two lattice TO modes. The intensities and frequencies of the 

peaks change as x changes, providing a useful characterization tool.  

 

1.6.2 The Drude free carriers model 

 

The Drude model is a simple model developed to describe the motion of free 

carriers within a semiconductor under the influence of an external 

electromagnetic field. It assumes that in the absence of this external 

electromagnetic field, electrons or free carriers within a semiconductor have 
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random motions with zero average velocity, but that once the field is applied, 

the electrons align in the direction of this external field, giving rise to non-zero 

average velocities, carrying current and heat from which the basic properties of 

the semiconductor, such as electrical conductivity or thermal conductivity, can 

be measured.  

The following classical theories can be used to model the motion of an electron 

or free carrier in one dimension [17–26]: 

 

𝑚𝑒�̈� =  −𝑚𝑒𝛾�̇� − ⅇ𝐸  Eq. 1.48 

 

where 𝑚𝑒 is the electron's mass, e is the elemental charge, E is the applied 

external electric field, and γ is the strength of the electron's collision with 

neighboring molecules and atoms (or scattering rate, which is equal to the 

inverse of the scattering time 𝛾 = 1/ 𝜏  ). 

 

The applied electric field can be a harmonic field of the form: 𝐸 = 𝐸𝑜ⅇ−𝑖𝜔𝑡 

where Eo is the amplitude of the field and ω is the angular frequency. The above 

differential equation has a solution of the form 𝑥 = 𝑥𝑜ⅇ−𝑖𝜔𝑡   so that �̈� =

 −𝑖𝜔�̇� =  − 𝜔2𝑥 . This leads to  [17–26]: 

                            

𝑑𝑥/𝑑𝑡 = (ⅇ𝐸/𝑚)/(𝑖𝜔 − 𝛾) Eq. 1.49 

 

Using the relationships 𝐽 = 𝜎𝐸 =  −𝑛𝑒ⅇ�̇�, one can calculate the conductivity, 

the dielectric function, and the refractive index as follows  [17–26]: 

 

The conductivity: 

 

𝜎 (𝜔) =  

𝑛𝑒ⅇ2

𝑚𝑒

𝛾 − 𝑖𝜔
=  

𝜎𝑜

1 − 𝑖(
𝜔
𝛾 )

 Eq. 1.50 

 

where: 

 

𝜎𝑜 =  
𝑛𝑒ⅇ2

𝑚𝑒𝛾
=  

𝑛𝑒ⅇ2𝜏

𝑚𝑒

 Eq. 1.51 

 

is the DC conductivity. 

 

 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI078/these.pdf 
© [J. Younes], [2021], INSA Lyon, tous droits réservés



Optical Theory and Physics for Semiconductor Characterization  

Joan Younes / PhD Thesis in Physics / 2021 / Institut national des sciences appliquées de Lyon 45 

The dielectric function can now be written in the following form: 

 

휀(𝜔) =  휀∞ − 
𝜎𝑜𝛾

휀𝑜(𝜔2 + 𝑖𝜔𝛾)
  =   휀∞ − 

𝜔𝑝
2

𝜔(𝜔 + 𝑖𝛾)
 Eq. 1.52 

 

where 𝜔𝑝 is defined as the plasma frequency: 

 

𝜔𝑝
2 =  

𝜎𝑜𝛾

휀𝑜

=  
𝑛𝑒ⅇ2

𝑚𝑒휀𝑜

   Eq. 1.53 

 

If ω >> γ, the above dielectric function can be approximated by: 

 

휀(𝜔) ≈ 휀∞ −  
𝜔𝑝

2

𝜔2
(1 − 𝑖

𝛾

𝜔
)   Eq. 1.54 

 

Finally, the refractive index and extinction coefficient can be approximately 

given by  [17–26]: 

 

  𝑛 ≈ 𝑘 ≈ √
𝜎𝑜

2𝜔휀𝑜

        Eq. 1.55 

 

The Drude model produces reasonably accurate results at room, intermediate, 

and high temperatures, but fails to produce accurate results at low temperatures 

as we will be briefly explaining below  [17–26]. For these reasons, new models 

were proposed, one of which is the Lorentz model described quickly in the 

phonons section. 

The analysis of infrared free carriers is aided by the fact that their 

energies generally exceed those of photons with wavelengths greater than 

50μm. This implies that the carriers do not perceive individual photons, and a 

classical theory is appropriate. The scattering time 𝜏, which depends on the 

scattering centers in the material, electronic energy, and temperature, is a key 

component of the free-carrier theory. 
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Figure 1.10 Infrared reflectance for a ternary semiconductor, Al0.14Ga0.80As. 

Carrier concentration n in cm-3: curve A, 3.2 x 1016; curve B, 1.8 x 1018; curve 

C, 2.8 x 1018; curve D, 4.8 x 1018. Curve A shows nearly pure lattice response, 

with peaks at 270 cm-1 and 370 cm-1 from the GaAs-like and AlAs-like TO 

modes, respectively. Curves B, C, and D show increased low wavenumber 

reflectance, and plasmon-phonon minima related to free carriers. [28] 

 

The Drude model with a constant scattering time 𝜏 is the most basic classical 

theory for electrons in semiconductors. The accuracy of this model was verified 

for GaAs and InP at long infrared wavelengths [29,30]. Some researchers, have 

added semi-classical features to the Drude model  [27,31], while others, have 

introduced a frequency-dependent 𝜏(𝜔) [32,33]. These improvements 

illuminate the underlying physics while complicating the analysis without 

significantly improving its accuracy. 

The Drude model works well in conjunction with the effective-mass 

approximation (𝑚∗) to produce the a.c. conductivity 𝜎(𝜔)  required for the total 

dielectric function 휀(𝜔). The electromagnetic field can be treated in the limit q 
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→ 0 because the momentum of an infrared photon is much less than the 

electronic momentum. The equation of motion of electrons (a similar 

development can be followed for a hole) can be written in a more suitable form 

as  [17–26]: 

 

𝑚∗ [
𝑑𝑣

𝑑𝑡
+

𝑣

𝜏
] = ⅇ𝐸0ⅇ−𝑖𝜔𝑡     Eq. 1.56 

 

where 𝑣 is the electron velocity. The term 𝑚∗𝑣/𝜏 is a frictional force, assumed 

proportional to 𝑣 and containing the constant scattering time 𝜏. Similarly to Eq. 

1.50 , and from the solution to Eq. 1.56, and the relations 𝐣 =  𝒏𝒆𝐯 =  𝝈𝚬 ( 𝐣 is 

current density), the a.c. conductivity can be written as  [17–26]: 

 

𝜎(𝜔) =
𝑛ⅇ2𝜏

𝑚∗(1 − 𝑖𝜔𝜏)
    Eq. 1.57 

 

which becomes the d.c. result 𝜎0 = nⅇ2τ/𝑚∗ when 𝜔 =  0. 

We now have all the information required to construct a complete 

infrared dielectric response function 휀(𝜔) for a semiconductor. Substituting  

𝜎(𝜔) and  휀𝑙𝑎𝑡(𝜔) from Eq. 1.57 and from Eq. 1.47 into Eq. 1.16 yields the total 

dielectric response  [17–26]: 

 

휀(𝜔) = (𝑛 + 𝑖𝑘)2 = 휀(∞) + ∑
𝑆𝑗𝜔𝑇𝑂𝑗

2

𝜔𝑇𝑂𝑗
2 −  𝜔2 − 𝑖𝛤𝑗𝜔

𝐽

𝑗=1

  −   
𝜔𝑝

2

𝜔 (𝜔 +
𝑖
𝜏)

     Eq. 1.58 

 

where the last term denotes the free carrier contribution and is written to 

emphasize the free carriers' characteristic plasma frequency  [17–26]: 

𝜔𝑝
2 =

𝑛ⅇ2

휀0𝑚∗
     Eq. 1.59 

which is the natural frequency of their collective longitudinal oscillations and 

contains 𝑛 𝑎𝑛𝑑 𝑚∗.  Eq. 1.58 also depends on 𝜏 . If 𝜔𝑝 and 𝜏 are measured from 

infrared data, and 𝑚∗ is known, then carrier density n and mobility 𝜇 =

 ⅇ𝑟/𝑚∗ can be calculated. On the other hand, if n is known, the determining of 

𝜔𝑝 yields 𝑚∗ , giving infrared measurements an important role in exploring band 

structure. However, even if 𝑚∗  is unknown, an infrared determination of 𝜔𝑝 and 
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𝜏 directly gives the d.c. resistivity, which is given by 𝜌 =  𝑚∗/𝑛ⅇ2𝑟 =

 1/(휀0𝜔𝑝
2

 𝜏)  [17–26]. 

To better understand how 𝜔𝑝 and 𝜏 influence infrared spectra, let us 

consider a non-polar semiconductor like silicon, without a resonant TO term. 

The dielectric function transforms into: 

 

휀(𝜔) = (𝑛 + 𝑖𝑘)2 = 휀(∞) −  
𝜔𝑝

2

𝜔 (𝜔 +
𝑖
𝜏)

     Eq. 1.60 

 

This allows us to calculate the portion of the absorption 𝛼𝑓𝑐 due to free carriers. 

At moderate carrier densities in the very far-infrared, it is  [17–26]: 

 

𝛼𝑓𝑐 =
𝜔𝑝

2𝜏

𝑐√휀(∞)(1 + 𝜔2𝜏2)
     Eq. 1.61 

 

which is proportional to free carrier density and is affected by 𝜏. When 𝜔𝜏 ≫

 1, which is true for materials with relatively high mobility, the absorption 

increases as 𝜆 2, implying that carriers become increasingly important at longer 

wavelengths. 

Transmission data can be used to detect free-carrier absorption, which 

also affects reflectance spectra. Figure 1.10 and  

Figure 1.9 show that as the extinction coefficient k dominates the 

reflectance expression, reflectance increases with wavelength and carrier 

concentration (Eq. 1.26). Other characteristics of reflectance spectra are related 

to 𝜔𝑝 and 𝜏. Consider Eq. 1.60 with undamped electrons 𝜔𝑝/ √휀∞   . For 

simplicity take( 𝜏 → ∞). ε(ω) is zero at a frequency commonly known by 

'plasma-edge frequency' ωpe which from Eq. 1.60 is 𝜔𝑝/ √휀∞  . For ω >  ωpe,  

n is positive and k is 0; infrared waves propagate in the solid. There is no wave 

propagation for ω <  ωpe, because n is negative, and k is non-zero. The 

reflectance is high for <  ωpe , and drops dramatically at ωpe. This plasma edge 

provides a direct method for calculating carrier concentration from reflectance 

spectra. Figure 1.11 depicts its appearance in silicon spectra, where it is visible 

due to the lack of features related to phonons. Table 1.1 shows typical 𝜔𝑝𝑒 

values for various semiconductors  [17–26]. 

The longitudinal plasma mode is also useful and informative in binary 

and ternary semiconductors that support resonant TO modes. The carriers do 

not shift the transverse optical modes, but the LO mode is shifted because 
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mobile carriers screen its associated macroscopic field. Instead of distinct 

plasmon and phonon modes, the carriers and phonons interact to produce 

longitudinal coupled modes with two new characteristic frequencies, 𝜔+ and 

𝜔−, defined by setting 휀(𝜔)  =  0 in Eq. 1.58. These are, in the simplified limit 

of no phonon or plasmon damping  [17–26]: 

 

2𝜔±
2 = (𝜔𝐿𝑂

2 + 𝜔𝑝𝑒
2 ) ± √(𝜔𝐿𝑂

2 − 𝜔𝑝𝑒
2 )2 +

4휀(∞)𝜔𝐿𝑂
2 𝜔𝑝𝑒

2

휀(0)
 Eq. 1.62 

 

Because the reflectance has a minimum near 휀(𝜔 ) = 0, the frequencies are 

identified with two reflectance minima, which Olson and Lynch first observed 

in the infrared. Most semiconductors with typical carrier densities have 𝜔+ and 

𝜔− in the mid-to-far-infrared range. When damping is factored into these 

calculations, the main effect is to shift the reflectance minima from zero to finite 

values that depend on free carrier scattering. As an example, Figure 1.10 shows 

plasmon-phonon minima in a ternary semiconductor. Raman spectra also show 

the plasmon and coupled plasmon-phonon modes  [17–26]. 
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Figure 1.11  Reflectance spectra for η-silicon, showing the plasma edge 

as a function of carrier concentration, for η = 1.1 x 1017 to 1.0 x 1030 

cm-3  [34] 

1.6.3 Kramers-Kronig Method and Relations 

 

Another powerful method devised by scientists is the Kramers-Kronig method 

or relation, which is a linearized simple way of estimating the dielectric 

response function of various structured materials, including amorphous, 

polycrystalline, single crystalline, and many others. This method allows one to 

convert complex relations into linear response functions with real and 

imaginary parts that can be calculated and related to each other using Cauchy 

integrals. This method was used in recent studies by FTIR spectroscopic 

analysis, which produced acceptable and accurate results when compared to 

other techniques. One limitation of this method or analysis is the evaluation of 

Cauchy integrals or the difficulty in developing programs that can estimate such 

integrals. The Kramers-Kronig analysis is discussed in this section  [17–26]. 

The Fresnel coefficient of reflectivity is a complex entity, just like the 

dielectric function defined in the Lorentz method discussed above. It can be 

expressed as  [17–26]: 
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𝑟(𝜔) = 𝐴(𝜔)ⅇ𝑖𝜃(𝜔) Eq. 1.63 

 

Where A is an amplitude and θ is a phase.  

The Fresnel coefficient of reflectivity can be linearized in the 

following way: 

 

  𝑙𝑛(𝑟(𝜔)) = 𝑙𝑛 ( √𝐴(𝜔)) + 𝑖𝜃(𝜔)       Eq. 1.64 

 

What is measured in experiment is the reflectivity defined as 𝑟 × 𝑟∗ where 𝑟∗is 

the complex conjugate of 𝑟. Thus, a reflectivity measurement yields 𝐴2.  

Let us now introduce the Kramers-Kronig theorem, which will be used to 

calculate the real and imaginary parts of ln (𝑟) given in Eq. 1.64. The Kramers-

Kronig relation states that the response function of a damped harmonic 

oscillating system is represented by 𝜶(𝝎) = 𝜶𝟏(𝝎) + 𝒊𝜶𝟐(𝝎), where α1 and 

α2 are the real and imaginary parts of the response function, defined as:  

 

𝑥(𝜔) = 𝛼(𝜔)𝐹(𝜔)    Eq. 1.65 

 

Where F(ω) is the total force of the harmonic system given by: 

 

𝑚𝑗

𝑑

𝑑𝑡
(

𝑑𝑥

𝑑𝑡
) + 𝛾𝑗

𝑑𝑥

𝑑𝑡
+ 𝜔𝑗

2𝑥 = 𝐹(𝜔) Eq. 1.66 

 

where j denotes the number of oscillators in the system, and m and γ are the 

mass and damping coefficients, respectively. As a result, the response function, 

as in Drude and Lorentz oscillators, can be written as: 

 

𝛼(𝜔) =  ∑
𝑓𝑗

𝜔𝑗
2 − 𝑖𝛾𝑗𝜔 − 𝜔2

  

𝑁

𝑗=1

= ∑
𝑓𝑗 (𝜔𝑗

2 + 𝑖𝛾𝑗𝜔 − 𝜔2)

(𝜔𝑗
2 − 𝜔2)2 +  (𝛾𝑗𝜔)2

   Eq. 1.67 

 

Where 𝑓𝑗 =
1

𝑚𝑗
  is a constant and j runs over the number of oscillators or atoms, 

assuming there are N atoms represented as oscillators within the given system. 

To apply the Kramers-Kronig relation, the function has to satisfy the 

following conditions: 

1- The poles of the response function should be located entirely below the real 

axis. 
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2- The integral of 
α(ω)

ω
 should vanish as ω approaches to ∞ in the upper semi-

infinite complex ω-plane, with α(ω)→0 as ω→± ∞ 

3- The real and imaginary parts of the response function (namely α1(ω) and α2 

(ω)) should be even and odd to ω respectively.  

 

Figure 1.12  the segments and the upper semi-infinite complex plane for 

Cauchy integral. 

 

Having satisfied the above condition, the response function can be evaluated 

using the Cauchy Integral expressed below: 

 

𝛼(𝜔) =
𝑃

𝑖𝜋
 ∫

𝛼(𝑠)

𝑠 − 𝜔
 𝑑𝑠  

∞

−∞

 Eq. 1.68 

 

where P denotes the principal value of the integral. Integrating over the segment 

A, then arc B, then Segment C (Figure 1.12), the Cauchy integral transforms 

to: 

 

∫
𝛼(𝑠)

𝑠 − 𝜔
 𝑑𝑠  →  𝛼(𝜔) ∫

𝑖𝑢ⅇ𝑖𝜃

𝑢ⅇ𝑖𝜃
 𝑑𝜃 =  −𝑖𝜋𝛼(𝜔)     

0

𝜋

 

    

∞

−∞

 

 

Eq. 1.69 

with: 

 

𝑠 = 𝑤 + 𝑢ⅇ𝑖𝜃 Eq. 1.70 

 

Using the even and odd properties of the real and imaginary part of the response 

function in Eq. 1.67, the above integral can be separated into 2 parts: 
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𝛼1(𝜔) =
𝑃

𝜋
 (∫

𝛼2(𝑠)

𝑠 − 𝜔
 𝑑𝑠 +  ∫

𝛼2(𝑝)

𝑝 − 𝜔
 𝑑𝑝  

∞

0

   
∞

0

)    Eq. 1.71 

 

𝛼2(𝜔) = −
𝑃

𝜋
 (∫

𝛼1(𝑠)

𝑠 − 𝜔
 𝑑𝑠 −   ∫

𝛼1(𝑝)

𝑝 − 𝜔
 𝑑𝑝  

∞

0

   
∞

0

)             Eq. 1.72 

 

In the above equations Eq. 1.71 and  Eq. 1.72, p is a dummy variable and can 

be replaced by s, further reducing to:  

 

 
1

𝑠 − 𝜔
+

1

𝑠 + 𝜔
=  

2𝑠

𝑠2 − 𝜔2
    Eq. 1.73 

1

𝑠 − 𝜔
+

1

𝑠 + 𝜔
=  

2𝑠

𝑠2 − 𝜔2
                                    

Eq. 1.74 

𝛼1(𝜔) =
2𝑃

𝜋
 (∫

𝑠𝛼2(𝑠)

𝑠 − 𝜔
 𝑑𝑠   

∞

0

)             
Eq. 1.75 

𝛼2(𝜔) = −2𝜔
𝑃

𝜋
 (∫

𝛼1(𝑠)

𝑠 − 𝜔
 𝑑𝑠   

∞

0

) 
Eq. 1.76 

 

The Kramers-Kronig relations can be applied to reflectivity measurement to 

measure the phase of the Fresnel coefficient of reflectivity from the amplitude 

which is usually measured experimentally. Applying Kramers-Kronig relation, 

the phase of 𝑟 takes the form: 

 

  𝜃(𝜔) = −𝜔
𝑃

𝜋
 (∫

𝑙𝑛(𝑅)

𝑠 − 𝜔
 𝑑𝑠   

∞

0

)  Eq. 1.77 

𝜃(𝜔) = −
1

2𝜋
 (∫ 𝑙𝑛 (|

𝑠 + 𝜔

𝑠 − 𝜔
|) 

𝑑𝑙𝑛(𝑅(𝑠))

𝑑𝑠
𝑑𝑠   

∞

0

)         Eq. 1.78 

 

The measured amplitude and the calculated phase allow obtaining the Fresnel 

coefficient of reflectivity r(ω) in the measured spectral range. From the 

knowledge of  r(ω), the complex dielectric function ε(ω) can be obtained from 

the relation 𝑟(𝜔) =
√ (𝜔)−1

√ (𝜔)+1
.         

 

After presenting the basic physics and optical properties of 

semiconductors in this chapter, we present in the following chapter the most 

widely used experimental techniques that take advantage of these properties to 

measure the thermal properties of semiconductors.
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2 Commonly used optical techniques 
for thermal characterization 

 

The widespread usage of nanostructures and nanomaterials has created a fresh 

set of problems in thermal management, but it has also opened up new avenues 

for energy conversion, storage, and generation, as well as a slew of other 

technical possibilities. Normal thermal calculation techniques hit their limits at 

the microscale and below, and many innovative approaches have been created 

to address these limitations. Contactless photothermal approaches have been 

extensively used in recent years and have shown their benefits in terms of 

flexibility, temporal and spatial resolution, and even sensitivity in some cases. 

The thermal properties of bulk materials, thin films, multilayers, suspended 

structures, and nanomaterials have all been measured using optothermal Raman, 

Thermo-reflectance, and photothermal beam deflection method. An attempt to 

briefly cover the fundamentals of these methods with some typical applications 

is made in this chapter.  

For certain technical advancements, a material's ability to conduct heat 

is of vital importance. Joule heating in microelectronic components is one of 

the most prominent problems, which limits system efficiency due to inadequate 

heat dissipation. Thermal conductivity determines a material's ability to 

dissipate heat; Fourier's law of heat conduction states that the heat flux density 

over a temperature gradient is the product of thermal conductivity and 

temperature gradient. 

While methods for measuring the thermal conductivity of bulk 

materials have long been developed, characterizing thin films and interfaces, as 

well as micro- and nanostructures, which are all extremely common in modern 

applications, is much more difficult [35,36]. 

Size effects begin to occur when the structure's characteristic 

dimensions, such as the thickness of a thin layer, are close to or smaller than 

the mean free path or wavelength of the heat carriers in the structure, i.e., 

electrons or phonons, and the thermal behavior is significantly altered relative 

to the bulk content. This can be seen in thin films by a decrease in thermal 

conductivity, (also in-plane), below a certain thickness that varies depending 

on the substrate. Many aspects, from planning to functionalization and design, 

may affect thermal conductivity at the micro- and nanoscale, and are of 

considerable importance not only to the scientific/academic community but also 

to technical applications, as evidenced by various publications, including many 

review papers [35,37–40]. 
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2.1 Transient Thermoreflectance  

2.1.1 Theory 

There are two types of thermal characterization techniques: steady state and  

transient measurements. The Fourier law of heat conduction in its differential 

form: 

 

𝑞 = −𝜅𝛻𝑇 Eq. 2.1 

 

is the basis for steady state measurements. Here, 𝑞 is the heat flux density, 𝛻𝑇 

is the temperature gradient, and  

𝜅 is the thermal conductivity. The local heat flux and temperature gradient are 

measured in steady state calculations, and the thermal conductivity can be 

estimated. Temperature sensors are used to determine the temperature gradient 

for a spatial difference, and the heat flux is known and is constant over time, 

i.e., 𝛿𝑞/𝛿𝑡 = 0. 

The steady state techniques have some disadvantages, including 

parasitic heat loss, temperature sensors contact resistance, lengthy waiting 

times to achieve steady state. Also, samples must typically be larger than a few 

millimeters. Transient approaches are often preferred for nanoscale 

measurements due to these disadvantages. 

A time-dependent heat source and a localized temperature probe laser 

are used in transient measurements. Paddock and Eesley, who used picosecond 

thermoreflectance to calculate the thermal diffusivity of thin metal films, 

introduced the time-domain thermoreflectance technique in 1986  [41]. The 

procedure has also been used to determine the thermal and acoustic properties 

of bulk samples  [42], thin films  [43,44], interfaces  [45–48] and liquids  [49–51] 

etc. It has also been used to investigate heat transfer fundamentals including 

phonon scattering processes [52] and non-equilibrium electron–phonon 

interactions  [53,54]. It has also seen widespread use in the field of picosecond 

ultrasonics. [55] The temperature of the sample is modulated using a pulsed or 

frequency-modulated laser (the pump beam) in the thermoreflectance 

technique, and the temperature change is detected by measuring the reflectance 

of a second laser (the probe beam). The energy of the pump beam pulse is 

absorbed optically at the sample surface, causing a local temperature  rise. The 

temperature-induced stress at the surface changes its optical properties, 

resulting in a variation in reflectivity 𝛥𝑅. This is the thermoreflectance 

effect  [56]. 
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The sample surface is usually coated with a thin metal layer called the 

transducer to ensure that the pump laser is absorbed at the sample surface. Over 

a temperature range of a few degrees, the reflectivity change 𝛥𝑅/𝑅 caused by a 

temperature change 𝛥𝑇 is linear in the transducer. 

∆𝑅

𝑅
= (

1

𝑅

𝛿𝑅

𝛿𝑇
) ∆𝑇 = 𝐶𝑇𝑅∆𝑇 Eq. 2.2 

where 𝐶𝑇𝑅  is the proportionality constant or thermoreflectance 

coefficient. 𝐶𝑇𝑅 is usually in the range of 10−5 to 10−3 K−1. Optical reflection, 

light polarization, the interplay of electrical bands and electronic transitions, 

and electron–phonon interactions all influence a sample's thermoreflectance. As 

a result, the effect is greatly influenced by the wavelength of the probe beam 

and the material of the transducer. The measured reflectivity change of the 

probe beam is an analog for the local temperature change when 𝐶𝑇𝑅 is known. 

Since thermoreflectance is a transient process, it does not require knowledge of 

the absolute temperature increase. However, the wavelength-transducer 

material couple must be selected in a way to maximize 𝐶𝑇𝑅  and thus obtain the 

maximum temperature resolution. 

The thermoreflectance technique can be implemented in time-domain 

thermoreflectance (TDTR) or frequency-domain thermoreflectance (FDTR). 

 

2.1.2 TDTR setup 

 

The thermoreflectance response is measured by the TDTR method as a function 

of the time between the arrival of the pump and probe pulses on the sample 

surface, where the pump beam deposits a periodic heat flux on the sample 

surface and the probe beam detects the resulting temperature shift by 

reflectance change. Figure 2.1 shows a schematic diagram of a standard TDTR 

setup  [57]. 

Due to its excellent beam efficiency and ultrafast pulses, the current 

most popular TDTR implementation relies on a Ti:Sapphire mode locked laser 

with a wavelength about 800 nm, a repetition rate of 80 MHz, and laser pulses 

of 100 fs. An optical isolator is installed at the laser's output to shield the 

oscillator from back-reflections. The Laser power is modified with λ/2 

waveplates along the optical path. to split the laser beam into two, namely the 

pump beam and the probe beam, a polarizing beam splitter (PBS) change the 

quantities heading to the pump and probe beam directions, as the probe beam 

strength centered on the sample should be weak enough in contrast to the pump 
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beam to prevent the sample self-heating. This solution cross-polarizes the pump 

and probe beams at the same time, simplifying detection as discussed below. 

The pump beam is modulated using an electro-optic modulator (EOM) 

attached to a function generator. Modulating the beam at frequencies ranging 

from 0.2 MHz to 20 MHz, is the most general implementation. The 

susceptibility to basic thermal parameters, specifically thermal conductivity and 

thermal boundary conductance (TBC), is increased or decreased by using 

various modulation frequencies [58]. The lock-in amplifier used for signal 

acquisition uses this frequency generated by the function generator as a 

reference. For cost-effectiveness, acousto-optic modulators (AOM) may be 

used instead of EOM  [59–62]. However, An AOM runs at lower frequencies 

(in general <1 MHz), thus it lacks the flexibility of EOMs in terms of studying 

a wider range of materials and structures. For greater spatial resolution, the 

pump beam is then centered on the sample using a microscope objective.   A 

mechanical delay line is used to delay the probe beam relative to the pump 

beam. Because of the probe beam's long optical path, this approach necessitates 

careful adjustment of the delay stage to prevent signal variations caused by 

misalignment, which could lead to misinterpretations of the measured values.   

After that, the probe beam is centered on the sample in the same way 

that the pump beam was. Due to the small value of the thermoreflectance 

coefficient, the reflected pump beam is around 104 times more powerful than 

the thermoreflectance signal. As such, the pump signal should be entirely 

filtered out, leaving only the probe beam to enter the photodetector, to ensure 

proper data analysis. Placing a PBS between the objective and the detector will 

achieve a first stage of filtering with >99 percent efficiency with cross-

polarized beams. To gain still more filtering, a second stage is normally paired 

with the first. There are three different configurations that can be used to do 

this: 1- Spatial filtering: the pump beam is held parallel to the probe beam but 

slightly shifted before the focusing objective so that its reflection can be filtered 

out with an aperture behind which the probe beam is detected by a fast 

photodetector; 2- the two-tint configuration  [63], in which two beams slightly 

shifted in wavelength, usually at 785  ±  5 nm, are separated with a sharp-edged 

wavelength filter before the focusing objective; 3- the two-color 

separation  [49,64], with non-linear optical crystals like barium borate (BBO), 

second harmonic generation will transform any beam—usually the 
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Figure 2.1 Schematic of a typical transient thermoreflectance setup. The 

acronyms PBS, BS, EOM, and λ/2 stand for polarizing beam splitter, beam 

splitter, electro-optic modulator, and half-wave plate, respectively  [57]. 

 

pump to maintain an optimum thermoreflectance coefficient—to 400 nm, 

allowing for simple color separation and filtering. The first design is simpler to 

apply but only works with optically flat samples (surface roughness < 15nm), 

while the other two work for optically rough samples, but also limit the 

available laser power, which might make it difficult to test certain high thermal 

conductivity materials like diamond, depending on the initial power and 

efficiency of the second harmonic generation. 

A fast-response photodiode detector collects the reflected probe beam 

and converts the optical signals into electrical signals. The photodetector's RF 

electrical signal is then fed into a lock-in amplifier that is synced to the EOM 

modulation frequency. At the modulation frequency, the RF lock-in amplifier 

produces an in-phase (𝑉𝑖𝑛)  and an out-of-phase (𝑉𝑜𝑢𝑡) signal. The selection 

of a lock-in amplifier should be done with caution. While higher harmonics can 

be used to calculate thermal properties  [58], using the fundamental frequency 

eliminates data processing complications. In fact, if the EOM modulation 

output is a square wave, a lock-in amplifier with sine wave multipliers is desired 

to prevent signal interference with higher square wave harmonics. If the pump 

beam modulation is a sine wave, a more cost-effective alternative may be 

chosen. By adding modulation to the probe signal, (by means of a chopper for 
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example as shown in Figure 2.1) a double lock-in scheme may be implemented 

to prevent coherent signal pick-up at the detector frequency  [65]. 

A reversible flip-mirror in front of the aperture or the filter 

accompanying the detector is typically used to allow a complementary metal–

oxide–semiconductor (CMOS)/charge–coupled device (CCD) camera to 

monitor the sample surface and pump and probe beams. This ensures that the 

pump and probe beams are aligned and focused on the sample surface. To obtain 

the thermal properties of the sample in most TDTR experiments, the signals are 

taken as the phase of the observed temperature response as conveyed by the 

reflected probe beam, computed as 𝜑 = 𝑡𝑎𝑛−1(𝑉𝑜𝑢𝑡/𝑉𝑖𝑛), or equivalently the 

ratio 𝑅 = −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡. The benefit of using the phase signal for data reduction 

over the amplitude signal is that it does not require normalization. Furthermore, 

when the 𝑉𝑜𝑢𝑡 signal is weak, the normalized amplitude signal loses sensitivity 

to the sample's thermal properties. However, care must be taken to account for 

the additional phase shift induced into the measured signals by wires, electronic 

devices, and optical components. The fact that the 𝑉𝑜𝑢𝑡 signal in TDTR 

experiments should be constant over the zero-delay period can usually be used 

to cancel this phase shift caused by the instrumentation. 

Due to its high absorption (the 99% absorption depth is 60 nm) and an 

unusually large thermoreflectance coefficient 𝑑𝑅/𝑑𝑇 ∼ 10−4 𝐾−1  at the 800nm 

wavelength, an Al thin layer with a thickness of ∼100 nm is a typical option 

for the transducer layer for a Ti:sapphire oscillator whose wavelength 

is centered around 800 nm. Because of this high thermoreflectance coefficient, 

the thin metallic transducer layer not only allows for the assumption of a surface 

heat flux boundary condition, simplifying the analysis, but it also increases the 

overall SNR. 

Aside from the unknown thermal properties of the sample layer to be 

calculated, there are several other input parameters that influence the signals in 

TDTR experiments that must be pre-determined as precisely as possible (such 

as the laser spot size, thermal conductivity of the transducer layer, thickness 

and heat capacity of each layer in the sample stack). The most popular methods 

for determining these input parameters are briefly listed below: 

While several methods, such as the knife-edge method and patterned 

sample image method, can be used to characterize the laser spot size, measuring 

the spatial correlation between the pump and probe focal spots is a precise and 

simple-to-use methodology for TDTR. With a positive delay time of ∼100 ps 

and a high modulation frequency of 10 MHz, the pump beam spot is swept 

across the probe beam spot in this process. Fitting the 𝑉𝑖𝑛 profile to a Gaussian 

function 𝑉𝑖𝑛 ∼ ⅇ𝑥𝑝(−𝑥𝑐
2/𝑤0

2), where 𝑥𝑐 is the offset distance, yields the root-

mean-square (RMS) average of the pump and probe spots 𝑤0. Since the TDTR 

signals are influenced by the RMS average of the pump and probe spot sizes 
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rather than their individual sizes, this basic approach works well for TDTR 

studies (see Section 2.1.3 for more information on thermal modeling).  

The thermal conductivity of the metal transducer layer can be 

determined using a four-point probe electrical resistance measurement and the 

Wiedemann-Franz law, 𝐾𝑚 = 𝐿𝑚𝑇/𝑅𝐶′ℎ𝑚 ,where 𝐿𝑚 is the Lorenz number for 

the metal film, 𝑇 is the temperature, 𝑅 is the electrical resistance measured using 

a four-point probe, and 𝐶′ is a constant related to the sample lateral size and the 

spacing between the probe needles. Picosecond acoustics may be used to 

calculate the metal transducer thickness ℎ𝑚. As metal film is deposited on the 

sample, a wide and clean glass slide is normally placed next to the sample, and 

the four-point probe measurement is done on the metal film deposited on the 

glass slide instead. The four-point probe measurements are usually only done 

at room temperature. The additional electrical resistivity of the metal film 

relative to its pure bulk equivalent is thought to be primarily caused by 

temperature-independent impurity scattering, in order to be able to evaluate 

the thermal conductivity of the metal film at other temperatures. The four-point 

probe at room temperature will thus estimate the additional electrical resistivity 

of the metal film, which, when added with the temperature-dependent thermal 

conductivity of its bulk equivalent from the literature, provides the temperature-

dependent thermal conductivity of the metal film. 

The heat capacities of the metal transducer film and sub-layers are 

usually considered to be the same as those of their bulk form and can be found 

in the literature. Frequency-dependent TDTR tests will concurrently assess the 

thermal conductivity and heat capacity of samples whose heat capacities are not 

commonly available in the literature or are not observable using standard 

techniques such as differential scanning calorimetry. 

For TDTR experiments, an estimate of the steady-state temperature 

rise is also necessary, as the temperature rise must be minimal (usually less than 

10 K) to ensure that the reflectance variation is linearly proportional to the 

temperature change.  ΔT =
A0

2√πw0

1

K
 , (where A0 is the laser power absorbed by 

the sample), is Cahill's  [66] term for steady-state temperature increase for a 

semi-infinite solid. The temperature increase for thin layers and interfaces can 

be calculated as  ΔT =
A0

πw0
2

h

K
 and T =

A0

πw0
2

1

G
 , respectively. Please keep in mind 

that these formulas are only meant to be used as a rough estimate. More 

elaborate derivations can be found in reference  [67]. Thermal properties are 

normally extracted using a multilayer model. Details are given in the next 

section.  
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2.1.3 Thermal model and signal analysis 

TDTR is used to determine thermal transport properties by modifying free 

parameters (unknown thermal properties) in a thermal transport model to 

achieve the best fit between the model prediction and the experimental results. 

Despite considerable progress in observing fascinating or even counter-intuitive 

phenomena in nanoscale thermal transport, most studies still use the effective 

thermal conductivity of nanostructured materials as a shared language to 

understand observations and interact through communities in physics, 

materials, and engineering. The bulk of the theoretical work in the literature 

used Fourier's law of heat conduction with an effective thermal conductivity to 

derive thermal properties. When applying a diffusive thermal transport model 

to systems where phonons with long mean-free paths (MFPs) carry a large 

fraction of the heat, caution is advised  [68–71] . 

Early TDTR data reduction methods may only be extended to a few simple 

situations with a lot of assumptions. Cahill  [66] made a significant contribution 

to the data interpretation of TDTR studies in 2004. The so-called "pulse 

accumulation" effect was taken into account when solving the three-dimensional 

heat diffusion equation via multi-layered structures, i.e., the contribution of a new 

pulse must account for the previous pulse that has not dropped to a negligible 

value. Schmidt's model [72] for anisotropic heat conduction was expanded to 

include thin films, which are most likely anisotropic due to the size effect of energy 

carriers. Though further simulation work is required for TDTR calculations in 

different complex contexts, the thermal model for the most common case in TDTR 

experiments is highlighted here.  

Figure 2.2 depicts a diagram of the sample structure used in TDTR 

studies. Both the laser profile and the thermal properties of the sample are 

presumed to be axisymmetric rather than in-plane anisotropic in this simple 

model; both heating and sensing take place on the sample's top surface; and the 

different phonon modes are assumed to be in thermal equilibrium, resulting in 

effective thermal properties Kr, Kz, C, and G can be considered for each layer. 

The thermal modeling of TDTR experiments consists of two steps: the first is 

to solve heat diffusion in a multilayer stack, and the second is to model the data 

collected from the experiments. 
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Figure 2.2 Schematic of a typical Multi-layered sample in thermoreflectance 

measurements. The acronyms Kr, Kz, stand for Thermal Conductivities in the 

radial and through-plane direction respectively. C is the volumetric heat 

capacity. G is the interfacial thermal conductance between 2 layers  [57]. 

 

2.1.3.1 Solution of multi-layered sample heat diffusion equation  
 

Several papers have been published on the use of layered structures to solve the 

one-dimensional heat diffusion equation [73–75]. Feldman's algorithm [74,75] 

was expanded to three-dimensional heat conduction by Cahill [66], who used it 

to measure thermal responses in TDTR. Schmidt [76], on the other hand, took 

Carslaw and Jaegar's [73] solution to heat conduction in solids and generalized 

it to account for three-dimensional and anisotropic heat conduction. Using a 

quadrupole method [77], we summarize the solution of the anisotropic heat 

diffusion equations in cylindrical coordinates for a multilayered structure. The 

governing equation based on Fourier's law of heat conduction is written as:  

 

𝐶
𝜕𝑇

𝜕𝑡
=

𝜂𝐾𝑧

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇

𝜕𝑟
) + 𝐾𝑧

𝜕2𝑇

𝜕𝑧2
 Eq. 2.3 

 

where Kr and Kz are the sample's thermal conductivities in the radial and 

through-plane directions, respectively, 𝜂 = 𝐾𝑟/𝐾𝑧 is the anisotropic thermal 

conductivity parameter, and C is the volumetric heat capacity. This parabolic 

partial differential equation can be simplified into an ordinary differential 

equation by applying the Fourier transform to the time variable t and the Hankel 

transform to the radial coordinate r [25]: 

𝜕2𝛩

𝜕𝑧2
= 𝜆2𝛩 Eq. 2.4 
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Where Θ is the Frequency domain temperature, 𝜆2 = 4𝜋2𝑘2𝜂 + 𝑖𝜔𝐶/𝐾𝑧. k is the 

Hankel transform variable, and ω is the angular frequency [25]. The solution 

for this differential equation can be expressed as follows: 

𝛩 = ⅇ𝜆𝑧𝐵+ + ⅇ−𝜆𝑧𝐵− Eq. 2.5 

𝐵+, 𝐵− are 2 complex constants to be determined upon the boundary conditions. 

 

Eq. 2.1 and Eq. 2.5 lead to the heat flux 𝑄 = −𝐾𝑧(
𝑑𝛩

𝑑𝑧
), and can be written as: 

𝑄 = 𝛾(−ⅇ𝜆𝑧𝐵+ +  ⅇ−𝜆𝑧𝐵−) Eq. 2.6 

where 𝛾 = 𝐾𝑧𝜆. 

 

Eq. 2.5 and Eq. 2.6 can be written as matrices to simplify the derivations: 

 

[
𝛩
𝑄

]
𝑖,𝑧=𝐿

= [
1 1

−𝛾𝑖 𝛾𝑖
] [ⅇ𝜆𝐿 0

0 ⅇ−𝜆𝐿
]

𝑖

[𝐵+

𝐵−]
𝑖

= [𝑁]𝑖 [𝐵+

𝐵−]
𝑖
 Eq. 2.7 

 

𝐵+, 𝐵− are the properties of layer i. By matrix inversion of Eq. 2.7, and 

substituting L=0, we obtain: 

 

[𝐵+

𝐵−]
𝑖

=
1

2𝛾𝑖
[
𝛾𝑖 −1
𝛾𝑖 1

] [
𝛩
𝑄

]
𝑖,𝑧=0

= [𝑀]𝑖 [
𝛩
𝑄

]
𝑖,𝑧=0

 Eq. 2.8 

 

Another matrix is used as the relation between the heat flux and the temperature 

at the top of a lower layer (i+1, z=0) to those at the bottom of an upper layer (i, 

z=L), where heat is transferred through the interface: 

 

[
𝛩
𝑄

]
𝑖+1,𝑧=0

= [
1 −1/𝐺
0 1

]
𝑖

[
𝛩
𝑄

]
𝑖,𝑧=𝐿

= [𝑅]𝑖 [
𝛩
𝑄

]
𝑖,𝑧=𝐿

 Eq. 2.9 

G is the interface conductance between the 2 consecutive layers. The 

temperature and the heat flux relation between the bottom of the layered sample 

with respect to those on the top sample surface would become: 
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[
𝛩
𝑄

]
𝑖=𝑛,𝑧=𝐿𝑛

= [𝑁]𝑛[𝑀]𝑛 … [𝑅]1[𝑁]1[𝑀]1 [
𝛩
𝑄

]
𝑖=1,𝑧=0

= [
𝐴 𝐵
𝐶 𝐷

] [
𝛩
𝑄

]
𝑖=1,𝑧=0

 

Eq. 2.10 

 

The boundary conditions at the bottom of the substrate allows us to consider 

𝑄𝑧→∞ = 0. Substituting in Eq. 2.10: 0 = C𝛩𝑖=1,𝑧=0 +  D𝑄𝑖=1,𝑧=0. 

The temperature response versus the applied heat flux of unit (which 

is essentially Green’s function �̂�  [66]) can be written as: 

�̂�(𝑘, 𝜔) =
𝛩𝑖=1,𝑧=0

𝑄𝑖=1,𝑧=0

= −
𝐷

𝐶
 Eq. 2.11 

 

Now with �̂� known, the temperature response is simply the product of this 

function with the heat source flux at the surface (in the frequency domain).  

 

2.1.3.2 Model of the different acquired signals 
 

To model the different signals, we start by considering the laser pulses as Dirac 

delta function (𝛿), since the pulse duration is quite short (< 0.5 ns) compared to 

the pulsing rate at 80 MHz (12.5 ns). The pump laser intensity can be written 

in real space as: 

 

𝑝1(𝑟, 𝑡) =
2𝐴1

𝜋𝑤1
2 ⅇ𝑥𝑝 (−

2𝑟2

𝑤1
2 ) ⅇ𝑖𝜔0𝑡 ∑ 𝛿(𝑡 − 𝑛𝑇𝑠 − 𝑡0)

∞

𝑛=−∞

 Eq. 2.12 

 

Representing a train of pump beam pulses modulated by a sinusoidal wave of 

frequency 𝜔0. 𝑇𝑠 is the period of the laser pulsing repetition rate. 𝑇𝑠 =
1

𝑓𝑟𝑒𝑝
=

2𝜋/𝜔𝑠. 𝐴1 is the average laser power. 𝑤1 is the laser radius. 𝑡0 is an arbitrary 

time shift for the laser pulses. 

By applying Hankel space transform and Fourier time transform, on 

Eq. 2.12, we obtain the following: 

𝑃1(𝑘, 𝜔) = 𝐴1 ⅇ𝑥𝑝(−𝜋2𝑘2𝑤1
2/2)𝜔𝑠 ∑ 𝛿(𝜔 − 𝜔0 − 𝑛𝜔𝑠)

∞

𝑛=−∞

ⅇ−𝑖𝑛𝜔𝑠𝑡0 Eq. 2.13 

 

Substituting Eq. 2.13 in Eq. 2.11, leads to the following: 
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𝛩(𝑘, 𝜔) = 𝑃1(𝑘, 𝜔)�̂�(𝑘, 𝜔) Eq. 2.14 

 

The temperature distribution on the surface due to the modulated pump beam, 

can be derived by applying inverse Hankel transform to the previous equation, 

leading to: 

 

𝛩(𝑟, 𝜔) = ∫ 𝑃1(𝑘, 𝜔)�̂�(𝑘, 𝜔)
∞

0

𝐽0(2𝑘𝜋𝑟)2𝜋𝑘𝑑𝑘 Eq. 2.15 

 

The inverse Fourier transform would give the temperature distribution with 

respect to time 𝜃(𝑟, 𝑡). 

Similarly, the probe beam, that detects the temperature variation due 

to the pump beam pulses, has the following intensity form: 

 

𝑝2(𝑟, 𝑡) =
2𝐴2

𝜋𝑤2
2 ⅇ𝑥𝑝 (−

2𝑟2

𝑤2
2 ) ⅇ𝑖𝜔0𝑡 ∑ 𝛿(𝑡 − 𝑚𝑇𝑠 − 𝑡0 − 𝑡𝑑)

∞

𝑚=−∞

 Eq. 2.16 

 

And in frequency domain through Fourier transform, it takes the following 

expression: 

 

𝑝2(𝑟, 𝜔) =
2𝐴2

𝜋𝑤2
2 ⅇ𝑥𝑝 (−

2𝑟2

𝑤2
2 ) ∑ 𝛿(𝜔 − 𝑚𝜔𝑠)ⅇ−𝑖𝑚𝜔𝑠(𝑡0+𝑡𝑑)

∞

𝑚=−∞

 Eq. 2.17 

 

A convolution between the sample surface temperature profile and the probe 

profile, would lead after some derivations to the following form  [76]: 

 

∆𝛩(𝜔) = 𝐴1 ∫
∑ 𝛿(𝜔 − 𝜔0)�̂�(𝑘, 𝜔0 + 𝑛𝜔𝑠)ⅇ𝑖𝑛𝜔𝑠𝑡𝑑

∞

𝑛=−∞

× ⅇ𝑥𝑝 [−𝜋2𝑘2(𝑤1
2 + 𝑤2

2)/2]2𝜋𝑘𝑑𝑘

∞

0

 Eq. 2.18 

 

Let 𝑤0 = √(𝑤1
2 + 𝑤2

2)/2 (the RMS average of the probe and pump beam radii). 

We can express the temperature response due to harmonic heating as follows:  
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∆𝑇(𝜔) = 𝐴1 ∫ �̂�(𝑘, 𝜔)ⅇ𝑥𝑝 (−𝜋2𝑘2𝑤0
2)2𝜋𝑘𝑑𝑘

∞

0

 Eq. 2.19 

 

Substituting the above in Eq. 2.18 leads to the following: 

 

∆𝛩(𝜔) = 𝛿(𝜔 − 𝜔0) ∑ ∆𝑇(𝜔0 + 𝑛𝜔𝑠)ⅇ𝑖𝑛𝜔𝑠𝑡𝑑

∞

𝑛=−∞

 Eq. 2.20 

 

By inverse Fourier transform, we obtain the signal that is measured by the 

detector, expressed in the time domain. 

 

∆𝑅(𝑡) = ⅇ𝑖𝜔0𝑡 ∑ ∆𝑇(𝜔0 + 𝑛𝜔𝑠)ⅇ𝑖𝑛𝜔𝑠𝑡𝑑

∞

𝑛=−∞

 Eq. 2.21 

 

The acquired signal is passed through the lock-in amplifier which multiplies it 

by a reference in-phase, and another reference out of phase (shifted by 90 

degrees), both at frequency 𝜔0 [78]. We obtain the following two components,  

 

𝑉𝑖𝑛 = 𝑅ⅇ[∆𝑅(𝑡)] =
1

2
∑ [∆𝑇(𝜔0 + 𝑛𝜔𝑠) + ∆𝑇(−𝜔0 + 𝑛𝜔𝑠)]ⅇ𝑖𝑛𝜔𝑠𝑡𝑑

∞

𝑛=−∞

 Eq. 2.22 

 

𝑉𝑜𝑢𝑡 = 𝐼𝑚[∆𝑅(𝑡)]

=
1

2
∑ [∆𝑇(𝜔0 + 𝑛𝜔𝑠) − ∆𝑇(−𝜔0 + 𝑛𝜔𝑠)]ⅇ𝑖𝑛𝜔𝑠𝑡𝑑

∞

𝑛=−∞

 
Eq. 2.23 

 

The above signals emanating from the lock-in amplifier are measured for 

different values of time delay 𝑡𝑑. Fitting the ratio of −𝑉𝑖𝑛/𝑉𝑜𝑢𝑡 to the thermal 

model would allow measurement of the different sample thermal parameters 

(𝐾𝑧, 𝐾𝑟 , 𝐺)  [66]. 

2.2 Opto-thermal Raman 
 

As previously mentioned, Raman spectroscopy allows for the detection of 

infrared vibrational modes that would otherwise go undetected or inactive using 

Fourier or infrared spectroscopic analysis. From this point of view, Raman 

spectrometers became a part of a scientists' daily lives in the laboratory. 

Furthermore, the rapid advancement seen in thin film manufacturing and 
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property investigation necessitates ongoing adjustments and advancement to 

experimental measuring tools, and Raman spectroscopy is no exception. One 

such progress, as previously mentioned, is the introduction of opto-thermal 

Raman spectrometers, which are increasingly being used in thermal and optical 

analysis. To that end, the goal of this section is to introduce the reader to such 

systems, namely opto-thermal Raman spectrometers, by discussing their 

theoretical background and application. 

Raman thermometry, also known as opto-thermal thermometry, is a 

type of thermometry, that uses light within Raman spectroscopy, is a 

straightforward, steady-state, destruction less (damage less) technique for 

measuring the thermal properties of any material, specifically its thermal 

conductivity, by using the Raman signal as thermometer  [79,80]. The Raman 

Signal is studied in order to estimate local temperature and visualize 

temperature-related phonon properties. The determination of the temperature 

ratio between Stokes and Anti-Stokes intensities, as expressed below, is one of 

the widely used methods. 

 

 𝐼𝐴

𝐼𝑆

=  𝐴
𝑛

𝑛 + 1
= 𝐴ⅇ

−
ℎ𝜔

𝐾𝐵𝑇 Eq. 2.24 

 

Where ℎ, 𝜔, 𝐾𝐵, and 𝑇, denotes the reduced Planck constant, angular frequency 

of phonons, Boltzmann constant and the temperature respectively. A is a 

normalization or calibration constant experimentally determined and n is the 

phonon population, or phonon volumetric-density of state in energy levels 

involved in anti-stokes and stokes processes. 

Another method for estimating temperature from Raman spectra is to 

use the peak position and FWHM, both of which are temperature sensitive and 

dependent. Because of the anharmonicity of the lattice potential, an increase 

(decrease) in temperature causes thermal expansion (contraction) and hence a 

change in interatomic forces. The position of the Raman peak changes as the 

aforementioned changes at the level of interatomic forces, results in a redshift 

to lower wave numbers as the temperature rises. It is worth to mention that the 

broadening of the linewidth determined by Raman spectroscopy, is due to the 

temperature dependence of phonon lifetime, originated from an-harmonic terms 

with the interacting potential. As a result, spectral position peaks and FWHM 

of the desired sample, are thoroughly analyzed as the sample is replaced under 

the laser spot within the mentioned spectrometer, as a mean of determining its 

temperature change and determining that desired thermal properties.  

The Raman peaks and their positions are highly dependent and 

sensitive to experimental conditions, which is one of the method's drawbacks. 

The normalizing or calibration constant may also play a role in peak position, 
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but the dependence of these peaks on sample structure and purity is a well -

known issue. As a result, impurities, defects, and voids play a role at the level 

of these peaks, resulting high uncertainty in estimating properties. However, 

these are technical issues that can be resolved during the experimental or 

deposition phases. As a result, the method has been widely used in crystallized 

semiconductors, insulators and metals, thin films, and especially two-

dimensional samples, yielding fairly accurate results. It is critical to draw the 

reader's attention to the fact that the method fails for amorphous samples or 

systems due to a lack of symmetry and crystalline structure or shape. 

 

Figure 2.3: Figure showing a Raman spectrometry (a) and Raman thermometry 

or opto-thermal Raman spectroscopy (b & c)  [79]. 
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2.2.1 Raman Thermometry: single laser configuration 

Raman spectrometers or thermometers (with a single laser source), use laser 

excitation as a heat source as well as a temperature monitor at the same time. A 

microscope objective focuses the excited laser on the sample surface. Varying 

the power of the incident laser beam affects the local temperature of the sample. 

It's worth noting that the temperature variation on the sample is strongly 

dependent on the sample's optical and thermal properties. As a result, thermal 

conductivity can be estimated using measurements of thermal diffusivity taken 

by this method, by using a certain thermal model. We assume that the absorbed 

laser light is equal to the power density for heating the sample, expressed as: 

 

 𝑃(𝑥, 𝑦, 𝑧) =  𝛼0

2𝑃𝑎

𝜋𝜎2
 ⅇ

−2(
𝑥2+ 𝑦2

𝜎2 )
ⅇ−𝑎𝑜𝑧 

  Eq. 2.25 

 

The above equation can be modified by transferring from cartesian to 

cylindrical coordinates as follows:  

 

𝑃(𝑟, 𝑧) =  𝛼0

2𝑃𝑎

𝜋𝜎2
 ⅇ

−2(
𝑟2

𝜎2)
ⅇ−𝑎𝑜𝑧

= 𝑃(𝑟)𝑓(𝑧) 

  Eq. 2.26 

 

Where P(r) denotes the radial component of the power density and f(z) the z-

plane or out of plane component. Furthermore, Pa, 𝛼𝑜, and 𝜎 denote the absorbed 

power, optical absorption coefficient, and the laser beam’s spot radius, 

respectively. Each material's thermal conductivity can be measured, by 

suffixing to isotropic and semi-infinite material: 

 

𝐾 =  
𝑃𝑎

4 Δ𝑇 𝜎√𝜋
 Eq. 2.27 

 

Where Δ𝑇 =  𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −  𝑇𝑠𝑖𝑛𝑘  is the temperature difference between the 

warmed sample and the surrounding atmosphere, which serves as a heat sink; 

this value represents the sum of temperature increase. Since the laser is heating 

and probing the sample at the same time, the temperature measured should be 

calculated and believed to be spatially distributed similarly to that of power 

density, as stated explicitly below:  
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𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =  
∫ 𝑇(𝑟)ⅇ

−(
𝑟2

𝜎2)
𝑟𝑑𝑟

∞

0

∫  ⅇ
−(

𝑟2

𝜎2)
𝑟𝑑𝑟

∞

0

   Eq. 2.28 

 

Where T(r) is the temperature distribution, which follows the same trend as the 

laser density distribution, as seen below: 

  

𝑇(𝑟) =  
2𝑃𝑎

𝐾𝜎√𝜋
 ⅇ

−2(
𝑟2

𝜎2)
 𝐼𝑂(2 (

𝑟2

𝜎2
))   Eq. 2.29 

 

Where Io denotes the modified Bessel function of zeroth order. One should be 

careful when using materials with low absorbance, since these materials can 

repel a considerable portion of the laser light, recommending, for such 

cases, semi-analytical and simulation research. 

Raman thermometry has the advantage of being able to achieve sub-

micrometer and, in some cases, nanometer resolution, which allows for the 

analysis of thermal properties at these ranges of resolution or depth. Such 

credentials in Raman Spectroscopy and thermometry have been greatly 

improved, and they are being further demonstrated in experimental sectors and 

facilities. One such advancement was the introduction of Tip Enhanced Raman 

Spectroscopy or thermometry, which allowed the study of optical and thermal 

properties at nanometer even reaching 10 nm resolutions. 

Another breakthrough for measuring thermal properties using Raman 

thermometry is the use of Finite Element schemes (FEM), as such simulations 

provide for greater flexibility in adjusting the laser heating capacity and 

visualizing its impact on the thermal properties under investigation. 

Furthermore, such simulation can be extended to any substance, even 

complicated materials that can be difficult to produce at times. It may also 

expand the field of study that affects thermal properties within the studied 

samples by adding boundary conditions, grain-size, and limits, extending the 

finite size of the sample, structures, impurities, and several heating sources or 

processes such as heat conduction or convection from the atmosphere.  

The calculation of absolute absorbed power results in a typical source 

of error and confusion in such approaches. Since the temperature increase is 

directly proportional to the spread of laser power, any change in laser power 

would influence thermal conductivity or the measured thermal property. To 

avoid such errors, the calculation power absorption should include or pass 

through the steps shown in the figure below: 

 

1. Calibration of incident laser power with secondary sensors 
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2. Calibration of reflected power with secondary sensors using highly 

reflective mirrors and optical devices. 

3. Finally simultaneous measurement of incident reflected and transmitted 

powers using the sample. 

 

These calibrations consider all potential losses, such as absorption and 

reflection from the microscope's various components and instruments. To 

mitigate or even prevent nonlinear responses from optical devices, it is best to 

calculate the power in relation to incident capacity. As a result, after properly 

adjusting the laser light on the sample surface, the reflectance, absorbance, and 

transmittance are determined from incident, reflected, and transmitted powers. 

The absorbance for instance is calculated as follows: 

 

𝐴 = 1 − 𝑅 − 𝑇 = 1 − 
𝑃𝑟

𝑃𝑖

−
𝑃𝑡

𝑃𝑖

   Eq. 2.30 

 

Where A, R and T are the relative absorptivity, reflectivity and transmittivity 

respectively and Pi, Pr, and Pt denote the incident, reflected and transmitted 

power.  

 

 

 

Figure 2.4: Schematic representation of the Raman thermometry and the 

calibration steps followed  [79] 
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2.2.2 Two-laser Raman thermometry 

 

The heating and low power density dispersed laser are segregated in this 

process, which is close to that of single laser Raman thermometry. It is worth 

noting that the heating laser is centered on the lower section of the examined 

sample, while the low powered laser is focused on the upper section of the 

above samples. The benefit of a two-laser device over a single laser process is 

that thermal conductivity or thermal property calculation is independent of 

weight distribution. As a result, this method does not take into account the 

absorbing strength of the sample, particularly when the sample is 2-D, and 

instead provides a thermal map, facilitating thermal property analysis.  

This method is similar to that of a single laser Raman thermometry 

with the following minor difference: the heating laser and low power probe 

laser are separated. The heating laser is focused on the lower section of the 

investigated sample, whereas the low power laser on the upper section of the 

mentioned samples as shown in Figure 2.4(c). The advantage of the two-laser 

system over that of single laser method, is the independence of thermal 

conductivity or thermal property measurement from the absorbed power 

distribution. Thus, the two-laser method does not need to make some 

assumptions about the power absorbed in the sample, especially when the 

sample is a 2-D one, it directly provides the thermal map, thus facilitating 

thermal property analysis. 

In the case of two-dimensional samples, there is no temperature 

variation along the third dimension, which is also assumed to be purely 

diffusive, with an analytical model that follows Fourier's law, as expressed 

below: 

 

𝑃𝑎

𝐴
=  −𝐾(𝑇)

𝑑𝑇

𝑑𝑟
 Eq. 2.31 

 

Where 𝑃𝑎 represents absorbed power, A, K and T denote cross-sectional area, 

the thermal conductivity, and the temperature respectively. With the thickness 

of the sample t given the cross-sectional area can be reduced to: 

 

𝐴 = 2𝜋𝑡𝑟 Eq. 2.32 

 

When the heat flux is enclosed in a hypothetical cylinder with radius r, the 

previous equation can be written as follows: 
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𝑃𝑎

2𝜋𝑡
=  −𝐾(𝑇)𝑟

𝑑𝑇 

𝑑𝑟
 Eq. 2.33 

𝑃𝑎

2𝜋𝑡
=  −𝐾(𝑇)

𝑑𝑇 

𝑑(𝑙𝑛(𝑟))
= −𝐾(𝑇)𝜃(𝑟) Eq. 2.34 

 

As a result, the thermal conductivity can be estimated as:  

 

𝐾(𝑇) = −
𝑃𝑎

2𝜋𝑡𝜃(𝑟)
 Eq. 2.35 

 

In case the thermal conductivity is independent of temperature and radial 

position r, i.e. constant, the variation of the temperature within the sample can 

be obtained analytically and can be fitted linearly on a log-lin plot:  

 

𝑑𝑇 =
−𝑃𝑎

2𝜋𝑡𝐾𝑟
𝑑𝑟  

 

Eq. 2.36 

 

 

Figure 1.1: Schematic representation of thermal conductivity calculation of 2-

dimensional cylindrical sample using 2 laser Raman thermometer  [81]. 
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Integrating we obtain:  

 

∫ 𝑑𝑇 =  ∫
−𝑃𝑎

2𝜋𝑡𝐾𝑟
 𝑑𝑟

𝑟

𝑟𝑜

𝑇

𝑇𝑂

 

 

Eq. 2.37 

𝑇 = 𝑇0 + 
𝑃𝑎

2𝜋𝑡𝐾
 𝑙𝑛 (

𝑟𝑜

𝑟
) Eq. 2.38 

 

However, at elevated temperature, the thermal conductivity is not independent 

of temperature and should be considered in the above analysis, usually, for 

semiconductors, the thermal conductivity varies as 
1

𝑇𝑥
  where x is an integer. 

 

 

 

Figure 1.2: figure showing the temperature variation within a sample measured 

using 2 – laser Raman thermometry  [82] 
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Figure 1.3: figure showing the temperature variation within a silicon sample 

measured using 2 –laser Raman thermometry, linear and analytical maps 

respectively [81]. 

 

As a result, when the absorbed power is uniform along with the 

thickness, the two-laser Raman technique, in conjunction with the analytical 

model described above, can be used. This is true for any material that exhibits 

a temperature-dependent phonon Raman scattering signal. When the 

temperature coefficient at a given temperature range can be determined, the 

Raman shift vs temperature must be pre-calibrated. 

The temperature resolution is determined by the material under 

consideration and can be estimated using the spectral resolution. 

Diffraction limits the spatial resolution, which can be as low as 300 

nm. This technique has been used to measure the thermal conductivity of 

suspended quasi-2D structures such as Si membranes of various thicknesses, 

porous membranes, phononic crystals (PnCs), and 2D materials, and it is 

especially useful for studying the temperature dependence of thermal 

conductivity in the most unexplored temperature range (400–1000 K). 

As previously stated, Raman Thermometry has become a part of a 

scientist's life in the laboratory, where they study a variety of different 

properties of various materials. As technology advances and the demand for 

materials, particularly low-dimensional materials, grows, a thorough 

understanding of their thermal properties becomes increasingly important. This 

will lead to further advancements in Raman spectroscopy and thermometry, 

such as Laser flash Raman thermometry or spectroscopy, Energy transport -state 
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resolved Raman and frequency-domain ET-Raman, Time-domain differential 

Raman, Frequency-resolved Raman, and others. 

2.3 Photothermal beam deflection Technique 

2.3.1 Background 

The previously discussed thermoreflectance technique is one of the many 

optical heating methods that use lasers as heating sources. The Figure 2.5 

shows different measurement methods. 

In the presence of a pulsed heating pump Laser beam alone, 

represented in Green in the Figure 2.5, (i.e. absence of a probe beam), acoustic 

emission and thermal emission techniques can be used. 

In addition to a pump beam, if a probe laser beam is used with 

relatively high incidence angles, photothermal displacement (due to surface 

bump effect) and photothermal reflection techniques can be probed. 

If the probe Laser beam is grazing or glancing the surface of the 

sample, the mirage technique (photothermal beam deflection) can be 

investigated. 

 

 

 

 

 

Figure 2.5: Figure showing the different configurations for a pump – probe 

beam optical heating methods. Depending on the probe Laser presence and 

direction, different methods can be used of detection can be used  [83]. 
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In this section the theory of the Mirage photothermal beam deflection technique 

is reviewed. In the next chapter, special attention will be given to the 

description of the new configuration of a mid-infrared photothermal beam 

deflection developed in our thermal physics laboratory at The American 

University of Beirut. 

2.3.2 Theory of the mirage signal (J. Younes et al., 2020)  [5] 

 

 

 

Figure 2.6: Figure showing an illustration of the mirage effect, along with the 

temperature gradient in the air adjacent to the sample’s surface. Deflection of the 

probe beam are shown for three offset distances between the pump and the probe 

beam  [84] 

 

The mirage signal or the vector angular deflection of the probe beam, M, can 

be expressed as a function of the spatial variation of temperature in the air as : 

M = − ∫
1

n

dn

dT
∇Tg(r) × dr

+∞

−∞

 Eq. 2.39 

where n is the air index of refraction and 𝑇𝑔(𝑟) is the temperature distribution 

in the air  [5,85–88]  Since in laser flash experiments the generated thermal 

waves are damped very fast, it is reasonable to assume that the term 
1

n

dn

dT
  is a 
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constant over the thermal wave path. Moreover, it is normal practice to consider 

dr constant in one direction because the angular deflection is in the order of 

mrad. Assuming that the direction along which dr is constant is the y-direction, 

Eq. 2.39 reduces to 

 

𝑀 = −
1

𝑛

𝑑𝑛

𝑑𝑇
𝛻𝑇�̅�(𝑥, 𝑧) × �̂� Eq. 2.40 

 

where 𝑇�̅�(𝑥, 𝑧) is a spatial-dependent temperature averaged over the y-direction. 

According to Eq. 2.40, the angular deflection of the probe beam can be 

evaluated to a high degree of accuracy if the spatial distribution of temperature 

in the air is known.  

Let us now consider that the air occupies the region 𝑧 < 0 and the 

sample occupies the region 𝑧 ≥ 0. Since the IR radiations are absorbed in the 

surface layers of the measured sample, we can reasonably consider that the 

wave equation takes the form: 

 

𝛻. [𝜅𝑔𝛻𝑇�̅�(𝑥, 𝑧)] + 𝜅𝑔𝑞𝑔
2𝑇�̅�(𝑥, 𝑧) = 0 Eq. 2.41 

  

in the air (i.e. for 𝑧 < 0) and the form 

 

𝜕

𝜕𝑥
[𝜅𝑠,𝑥

𝜕𝑇�̅�(𝑥, 𝑧)

𝜕𝑥
] +

𝜕

𝜕𝑧
[𝜅𝑠,𝑧

𝜕𝑇�̅�(𝑥, 𝑧)

𝜕𝑧
] + 𝜅𝑠,𝑧𝑞𝑠

2𝑇�̅�(𝑥, 𝑧)

= −𝛿(𝑥)𝛿(𝑧) 

Eq. 2.42 

below the surface of the measured sample (i.e. for 𝑧 ≥ 0), where we have 

assumed that the heating beam induces a point-like source of unit strength 

localized at x=0 and z=0. We have also defined a thermal wavenumber in the 

air as 

𝑞𝑔 = (1 + 𝑖) (
𝜔

2𝛼𝑔
)

1
2⁄

 
Eq. 2.43 

 

and a thermal wavenumber in the sample as 

 

𝑞𝑠 = (1 + 𝑖) (
𝜔

2𝛼𝑠,𝑧
)

1
2⁄

 
Eq. 2.44 

 

In Equations Eq. 2.41 - Eq. 2.44, 𝛼 is the thermal diffusivity, κ is the thermal 

conductivity, and 𝜔 is the frequency of modulation of the heating beam. The 

parameters of the air above the sample are indicated by the subscript ‘g’ (for 
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gas), the parameters of the sample in the x-direction are indicated by the 

subscripts ‘s,x’(for sample along the x-direction), and the parameters of the 

sample in the z-direction are indicated by the subscripts ‘s,z’(for sample along 

the z-direction). To reduce further the dimensionality of the problem, we write 

�̅�(𝑥, 𝑧) as a Fourier transform in x. Then, upon introducing the Fourier 

transform of �̅�(𝑥, 𝑧) in Equations Eq. 2.41 and Eq. 2.42 and taking the x 

derivative of the resulting equations, the wave equation takes the form  

 

𝜕

𝜕𝑧
[𝜅𝑔

𝜕𝑡𝑔(𝑘, 𝑧)

𝜕𝑧
] + 𝜅𝑔𝑘𝑔

2𝑡𝑔(𝑘, 𝑧) = 0;  𝒛 < 𝟎 Eq. 2.45 

 

in the air and the form 

 

𝜕

𝜕𝑧
[𝜅𝑠,𝑧

𝜕𝑡𝑠(𝑘, 𝑧)

𝜕𝑧
] + 𝜅𝑠,𝑧𝑘𝑠

2𝑡𝑠(𝑘, 𝑧)  = −
1

2𝜋
𝛿(𝑧); 𝒛 ≥ 𝟎 Eq. 2.46 

 

in the sample, where 

𝑘𝑔 = (𝑞𝑔
2 − 𝑘2)

1
2⁄
 

Eq. 2.47 

 

and 

𝑘𝑠 = (𝑞𝑠
2 −

𝛼𝑠,𝑥

𝛼𝑠,𝑧

𝑘2)

1
2⁄

 
Eq. 2.48 

 

The solution of the wave equations in the air (Eq. 2.45) and in the sample (Eq. 

2.46) are of the form 

𝑡𝑔(𝑘, 𝑧) = 𝐶𝑔ⅇ−𝑖𝑘𝑔𝑧 Eq. 2.49 

with 𝑧 < 0 and 

𝑡𝑠(𝑘, 𝑧) = 𝐶𝑠ⅇ𝑖𝑘𝑠𝑧 Eq. 2.50 

with 𝑧 ≥ 0, repectively. Given that the temperature must be continuous across 

the plane defined by 𝑧 = 0, and the heat flux must have a discontinuity 

corresponding to the source strength on the same plane, the boundary conditions 

of the problem become: 

 

𝑡𝑔(𝑘, 0) = 𝑡𝑠(𝑘, 0) Eq. 2.51 
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And 

 

𝜅𝑠,𝑧

𝜕𝑡𝑠(𝑘, 𝑧)

𝜕𝑧
|

𝑧=0

− 𝜅𝑔

𝜕𝑡𝑔(𝑘, 𝑧)

𝜕𝑧
|

𝑧=0

=
−1

2𝜋
 Eq. 2.52 

 

Upon solving Equations Eq. 2.51 and Eq. 2.52 for the constant 𝐶𝑔, we find 

 

𝐶𝑔 =
𝑖

2𝜋(𝜅𝑠,𝑧𝑘𝑠 + 𝜅𝑔𝑘𝑔)
 Eq. 2.53 

 

The angular deflection of the probe beam, thus, can be written as 

 

𝑀 =
𝑖

2𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
�̂� × 𝛻 ∫ 𝑑𝑘

ⅇ𝑖(𝑘𝑥−𝑘𝑔𝑧)

(𝜅𝑠,𝑧𝑘𝑠 + 𝜅𝑔𝑘𝑔)

+∞

−∞

 Eq. 2.54 

 

To take into account the finite sizes of the heating and probe spots , we assume 

that both beams have Gaussian profiles. Upon considering that the heating beam 

is centered at x = 0 and the probe beam is centered at a distance x from the 

origin and at a height h above the surface, the transverse component of the 

angular deflection of the probe beam (i.e. the component in the x-direction) 

takes the form 

 

𝑀𝑡𝑟𝑎𝑛𝑠 =
−1

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑔𝑐𝑜𝑠(𝑘𝑥)ⅇ𝑖𝑘𝑔ℎⅇ−𝑘2𝑅1
2 4⁄

(𝜅𝑠,𝑧𝑘𝑠 + 𝜅𝑔𝑘𝑔)

+∞

0

 Eq. 2.55 

 

and the longitudinal component of the angular deflection of the probe beam (i.e. 

the component in the z-direction) takes the form 

 

𝑀𝑙𝑜𝑛𝑔 =
−𝑖

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑠𝑖𝑛(𝑘𝑥)ⅇ𝑖𝑘𝑔ℎⅇ−𝑘2𝑅1
2 4⁄

(𝜅𝑠,𝑧𝑘𝑠 + 𝜅𝑔𝑘𝑔)

+∞

0

 Eq. 2.56 

 

where 𝑅1 and 𝑅2 are the radii of the heating and probe beams, respectively. In 

Equations Eq. 2.55 and Eq. 2.56, we make use of the symmetries of the integrals 

to express the deflection components in terms of integrals from zero to infinity 

with trigonometric functions in x. In principle, in the limit of isotropic medium 

(i.e., 𝜅𝑠,𝑥 = 𝜅𝑠,𝑧 and 𝛼𝑠,𝑥 = 𝛼𝑠,𝑧), the thermal diffusivity of the measured sample 

can be deduced from the transverse and longitudinal deflection of the probe 
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beam through the dependence of 𝑞𝑠 on the sample thermal diffusivity (see Eq. 

2.44). 
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3 Mid-IR photothermal beam 
deflection technique for fast 
measurement of thermal diffusivity 
and highly sensitive subsurface 
imaging (J. Younes et al., 
2020)  [5] 

3.1 ABSTRACT 
 

The resonances of phonon and plasmon modes make the absorbance coefficient 

of materials tremendously high in the mid-infrared spectral range, which allows 

for a mid-infrared excitation laser to heating the surface layers of these 

materials with high efficiency. Further, phonon scattering by defects and defect-

induced localized vibrational modes affect the local infrared dielectric function 

and hence, the local infrared absorption coefficient. In this manuscript, I present 

a mid-infrared photothermal beam deflection technique that takes advantage of 

the strong interaction between infrared optical excitations and vibrational 

modes to measure the thermal diffusivity of materials without any sample 

preparation and takes advantage of the strong dependence of the infrared 

complex dielectric function on defects to detect subsurface defects with high 

sensitivity. I demonstrate the importance of the developed technique by 

measuring the thermal properties of highly transparent and reflective samples 

and detecting defects undetectable with any of the existing optical methods.  

Namely, using the developed technique, I found that the thermal 

diffusivities of high-quality Si, crystalline AlN, and crystalline α-SiO2 

substrates are 1.00 ± 0.05, 0.67 ± 0.02, and 0.09 ± 0.01, respectively, and we 

record highly resolved images of structural subsurface defects, as well as 

defects produced by ion-implantations at a depth of 62 µm under the surfaces 

of 4H-SiC substrates. 
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3.2 INTRODUCTION 
 

Recent developments in materials processing for high-efficiency electronic 

systems have been accompanied by an increase in the power density of the end 

electronic device. Thus, materials free of defects, which may accumulate a high 

amount of heat in a small volume  [89], are essential requirements for fast heat 

dissipation and extending the device lifetime. It is, therefore, indispensable for 

device failure prevention to have a nondestructive technique for both accurate 

measurement of materials’ thermal properties and highly sensitive detection of 

subsurface defects. 

Thermoreflectance and optothermal Raman spectroscopy are widely 

used optical techniques for measuring the thermal properties of solids. The 

thermoreflectance technique is based on measuring the variation of the 

reflectance of a probe beam as a function of the variation of the temperature of 

the measured sample due to energy put in it at a given rate in the form of laser 

pulses  [90,91]. The relation between the reflectance of the probe beam and the 

local temperature of the sample provides a measure of the thermal conductivity 

in the sample investigated. Although the thermoreflectance technique has 

proven to be successful in accurately measuring the thermal properties of 

materials, it requires sample preparation and is invasive as the classical scheme 

in this technique uses a metal thin film transducer heated by an optical pulse 

(pump) in the visible spectral range  [90].  Optothermal Raman spectroscopy 

also has attracted much attention for the optical investigation of the thermal 

transport in solids  [92,93]. It has emerged as a steady method that can reveal 

the thermal conductivity of the measured sample through the dependence of the 

Raman peak on the optical excitation power. The Raman peak position depends 

on the temperature of the sample in the region where the light is focused. Hence, 

it can be used as a thermometer to measure the variation of local temperature 

as a function of input power. Upon using Fourier law, such a relationship readily 

leads to an accurate evaluation of the thermal conductivity of the sample 

investigated. Optothermal Raman spectroscopy does not require any sample 

preparation to measure the thermal conductivity of solids. However, it is limited 

to two-dimensional materials and three-dimensional materials of low thermal 

properties  [94–96]. This limitation is due to that fast heat dissipation in a three-

dimensional material of high thermal properties prevents a local temperature 

rise and, consequently, a shift in the Raman peak as a function of the excitation 

laser power. 

The photothermal beam deflection (PBD) technique, on the other hand, 

has emerged as a multi-purpose analysis method of a variety of solids, liquids, 

and gases. It consists of optically generating and detecting rapidly damped 

thermal waves in the measured solid or the surrounding medium. The thermal 
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wave generation is commonly achieved by employing short laser pulses focused 

on the surface of the sample, while the temporal and spatial distributions of 

temperature, which are the principal determinants of the thermal properties of 

the material, are detected by the mirage effect  [97–104], or through the thermal 

radiation of the sample  [105–110]. The advantage of the PBD technique on the 

thermoreflectance and optothermal Raman techniques is that it can be used to 

estimate the defect concentration level on the surface and in the volume of the 

measured material through the measurement of the optical absorption 

coefficient associated with these defects  [111–122]. Such a simultaneous 

measurement of the thermal properties and defect level in materials is indeed 

strategic for in-line process control, as well as to optimize defect-free materials 

of high thermal properties for the manufacturing of high-performance electronic 

devices.  

Among the various PBD techniques, the ones configured for pump-

probe measurements have the advantage that can simultaneously measure 

thermal transport properties in the sample investigated and provide valuable 

information about defect concentrations on and beneath the measured surface. 

As will be described in the next section, for accurate analysis of the recorded 

signal, it is required that the pump laser light be absorbed in the surface layers 

of the measured sample. Hence, the measured sample should be optically thick. 

The reported pump-probe PBD experiments nevertheless use pump lights with 

wavelengths in the optical range from near-infrared (NIR) to near-ultraviolet 

(NUV). These wavelengths can be absorbed in the surface layers only when the 

measured material is opaque in this spectral range. Such a requirement limits 

the use of these experiments to the class of materials presenting electron 

resonances in the NIR-NUV spectral range  [123–129]. Moreover, even when 

the material investigated is opaque due to electron resonances, the excitation of 

electronic structures often may generate an electron-hole plasma similar in 

many respects to the thermal wave, hindering the detection of intrinsic thermal 

properties of the measured material  [130]. A PBD experiment with a mid-IR 

pump laser has been successfully used for the special case of skin spectroscopy 

and non-invasive glucose measurement  [131]. It demonstrated the possibility 

of incorporating a mid-IR pump laser in a PBD experiment. In this contribution, 

I present a PBD technique with a mid-IR pump laser (IR-PBD) to extend the 

applicability of the conventional PBD methods. The advantage of a mid-IR 

pump laser is that it makes the technique more accurate and applicable for a 

wider range of materials, as the vast majority of materials are opaque in the 

mid-IR spectral range due to vibrations resonances. It would also present a 

unique capability to detect, directly and with high sensitivity, defects buried at 

large depths beneath the measured surface. Unlike the existing PBD 

experiments, which require the deposition of a metallic layer to create a heating 
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spot on the surface of an optically thin material  [97], the proposed technique 

is capable of creating periodic heating on the surface without depositing of any 

metallic absorbing layer as most of the materials are optically thick in the mid-

IR spectral range. Further, the complex dielectric function in the mid-IR is very 

sensitive to defects through their local and extended vibration 

modes  [132,133], as well as through their contribution to the enhancement of 

anharmonic vibrations  [134]. Hence, the local absorption of the IR heating 

beam strongly depends on the degree of defect concentration in the measured 

region. This highly sensitive response of defect to a mid-IR excitation makes 

the proposed technique suitable for highly sensitive and direct detection of 

subsurface defects. The technique uses the bending of a visible probe beam due 

to the mirage effect to monitor the damping of the optically generated thermal 

waves in the air and evaluate thermal properties of the material, whereas it uses 

the bending of the probe beam due to thermoelastic surface deformation for 

direct subsurface imaging of defects in the measured sample.  

We use the developed technique to measure the thermal diffusivities 

of highly transparent and highly reflective materials in the visible spectral 

range. We demonstrate that the developed IR-PBD technique can measure the 

thermal diffusivities of these materials with accuracy and without any 

deposition. We present an approach to take into account the thermoelastic 

deformation of the surface in the analysis of the photothermal beam deflection 

due to the mirage effect. Another critical development we present is that we 

demonstrate the unprecedented subsurface imaging power of the proposed 

technique by imaging structural subsurface defects and damages induced at 

about 62 µm beneath the surface of a 4H-SiC substrate. 

3.3 EXPERIMENTAL SETUP AND DATA ANALYSIS 
 

In this section, the developed experimental setup and is presented. I highlight 

necessary experimental procedures to eliminate all sources of experimental 

errors. 

3.3.1 Experimental setup (General simplified description) 

A simplified diagram of the experimental setup is depicted in Figure 3.1. A 

10.6 µm wavelength CO2 laser beam is modulated at different frequencies using 

an acousto-optic modulator and focused on the sample surface using a 3 cm 

effective focal length lens. The CO2 laser beam is combined with a low power 

argon-ion laser beam for visualization and alignment purposes. An IR camera  
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and a single axis positioning stage are used to drive the sample surface to the 

exact focal point of the heating beam. The IR camera is also used to monitor 

the variation of the local absorbance of the surface during data acquisition, 

through the measurement of the back-reflected IR beam. The mechanical and 

thermal responses of the region irradiated by the IR heating beam is monitored 

by using a He-Ne laser probe beam incident to the sample surface at very small 

angles. 

 

Figure 3.1 Simplified diagram of the developed IR-PBD apparatus [5]. 

 

 

The amplitudes and phases of the longitudinal component (parallel to the 

heating beam) and the transverse component (perpendicular to the heating 

beam) of the He-Ne probe beam after interacting with the sample and the air 

layer above the heated region are measured with a four-quadrant photodetector 

whose outputs are amplified with a two-channel lock-in amplifier. As depicted 

in Figure 3.1, the heating beam is moved across the sample surface 

perpendicularly to the probe beam using a single axis positioning stage. All the 

measurements are repeated for several different frequencies.  
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Figure 3.2 Sketch of surface thermoelastic deformation and generation of 

thermal waves in the sample and the air upon heating by mid-infrared laser [5]. 

 

The interactions of both the heating and probe beam with the measured 

sample, as well as the physical phenomena occurring in the heated region, are 

schematized in Figure 3.2. The periodic sample irradiation leads to the 

generation of thermal waves, which damp rapidly in the air layer in contact with 

the sample surface. The periodic temperature gradient in the air accompanying 

the thermal waves gives rise to a periodic gradient of refraction index capable 

of periodically deflecting the He-Ne laser probe beam passing very close to the 

sample surface, at the frequency of the modulation of the heating beam. 

However, besides the induced temperature gradient in the air, the thermoelastic 

deformation of the surface may significantly deflect the longitudinal component 

of the He-Ne probe beam. It is worth noting here that the important 

thermoelastic deformation of the surface due to the high absorbance of IR in 

the surface layers makes the largest contribution to the deflection of the 

longitudinal component of the probe beam. Thus, the transverse component of 

the probe beam is deflected due to only the mirage effect, whereas the 

longitudinal component of the probe beam is deflected primarily by the 

thermoelastic deformation of the surface. 
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3.3.2 Detailed experimental setup with components description. 

 

 

Figure 3.3 Diagram with further details about the developed IR-PBD  [5]. 

 

I built the whole setup completely in-house at the Thermal Physics Lab of AUB. 

The whole setup is installed on a pneumatic optical table, to minimize 

vibrations and noise introduced in the system and surrounded by plexi-glass 

shielding for safety due to IR. 

 

Below is a description of the main components of the developed IR-PBD setup: 

 

- A platform whose height can be adjusted by means of a precise motor holds 

a CO2 IR Laser, and Acousto-Optic Modulator and a Focusing Lens. 

 

-  Pump beam Laser: the pump laser used in the system is a CO2 IR Laser 

that emits a continuous wave (CW). The wavelength of the Laser can be 

adjusted between 10.3 𝜇𝑚 and 10.8 𝜇𝑚, with an output power of 1 Watt. 

Since the wavelength of the Laser and its power output depends on the 

Temperature of the CO2, a heating controller combined with a water- and 

air-cooling system (precise temperature chiller) is used to maintain the 
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Laser at a constant temperature around 81.5 ℉ , to stabilize both the 

wavelength at 10.6 𝜇𝑚 and the power. The Laser beam diameter is 2.4 mm, 

with a divergence of 5.5 mrad, and an horizontal polarization. 

 

-  Pump beam modulation: The modulator chosen for the pump beam is an 

Acousto-Optic modulator (AOM) that is driven through a dedicated RF 

Generator. The RF Generator is controlled by a Square wave Function 

Generator. The AOM works by deflecting the Laser at a pulsed rate (set by 

the frequency generator). The AOM has been chosen with specific rise time, 

with Germanium window, with an aperture of 9.4 mm. The operational 

wavelength is 10.6 𝜇𝑚 . Two beams are exiting the AOM: the zeroth order 

beam that is not deflected and varies in our case between 100 mW and 700 

mW and is stopped by a beam stopper. The first order beam exiting the 

AOM is used as the actual heating pump beam which is pulsed at the 

frequency set by the function generator, and the intensity of this heating 

beam is set by the amplitude of the square wave and varies between 0 and 

700 mW. As such we can control both the intensity and the pulsing rate of 

the heating. Both the AOM and its RF Generator are cooled by a dedicated 

stable water cooler/re-circulator to maintain a temperature of around 292K. 

 

- The intensity of the pump beam Laser is constantly monitored at the output 

of the AOM, by a high-speed Power meter, that is used to compensate for 

any potential fluctuation in the pump beam power. 

 

- An argon Laser is superimposed (through a beam combiner), with the IR 

pump beam emanating from the AOM, as an aid to facilitate the proper 

alignment of the IR laser beam on the sample. 

 

- The Focusing lens is a special mid-IR focusing lens of 3 cm focal distance. 

 

- Probe beam Laser: the used probe beam Laser is a He-Ne red Laser having 

a wavelength of 632.8 nm, with a power of 5 mW CW, a beam diameter of 

0.81 mm, and a divergence of 1 mrad. A focusing lens with focal distance 

of 20 cm is mounted on the output of the Laser to focus the Laser on the 

sample surface. The Laser beam incident towards the sample is grazing the 

surface of the sample, and the reflected beam continues towards the center 

of the photodetector. 

 

- Position Sensitive Detector: to measure the deflection of the Probe beam, 

we employ a 4-quadrant sensitive photodetector. The detector has a built-in 

amplifier circuitry with response up to 250 KHz. The detector works 
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between 400 nm and 1100 nm. The diameter of the beam incident on the 

detector should be less than 3.0 mm, in order to work properly. The detector 

has 3 output channels: H, V and SUM, that determine the transverse 

deflection of the Laser spot, the longitudinal deflection and the SUM of all 

Quadrants (used to compensate for fluctuation in the probe beam). The 

detector is also mounted on a 2 -axis translation stage combined with 

rotation to allow horizontal and vertical positioning of the probe beam in 

the center of the 4-quadrants. 

 

 

 

Figure 3.4: Diagram of the four-quadrant position sensitive photodetector. 

 

- The deflection outputs of the detector are connected to a dual channel Lock-

in amplifier, whose reference channel is taken from the same function 

generator controlling the pulse rate. 
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Figure 3.5: Transverse deflection (white) and Longitudinal deflection (red) of the 

probe beam as shown in an extract of one of the windows of the control software. 

The amplitude of the longitudinal deflection is much larger than the transverse 

deflection, due a contribution from the surface photothermal displacement effect 

(the surface bump induced by the heating beam). 

 

- The other detector channel (SUM), and the output of the power meter are 

connected to an in-house developed acquisition system (comprising of a 

National Instruments sbRIO Board with built-in FPGA and 4 channel 

Analog inputs PCB). I have programmed the acquisition system to act as a 

2-channel software defined Lock-in Amplifier specifically for the 

correction of the fluctuations of the Pump and probe beams. This lock-in is 

also referenced to the same function generator. The usage of the FPGA 

allows for fast and accurate lock-in amplification. I have also completely 

developed the FPGA software in-house to allow for any needed 

modification or optimization. 

 

 

- The sample is mounted on a moving stage that can move the sample in X, 

Y and Z direction, that allows positioning of the sample and also focusing 

the pump beam on the sample surface. 

 

- The part of the heating pump beam that is reflected off the sample surface 

is directed towards an IR camera through a set of polarizer-analyzer to 

minimize the intensity of the heating beam to a level safe for the IR camera. 

The image given by the IR camera would allow adjusting the sample 

position to put it in focus in front of the focusing lens (during the alignment 

procedure), by minimizing the pump beam spot size as seen on the IR 
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camera, when moving the sample stage in the Z direction. Furthermore, it 

would allow to monitor the sample surface absorption (actually the back 

reflectivity) and normalize the mirage signals against this measured 

reflectivity (cf. section 3.4.1). 

 

- A PC is connected to the 2 lock-in amplifiers and the motorized stages. The 

control software runs on this PC. I have written the control software on 

Labview platform. The software controls the whole setup, acquisition, lock-

in amplifiers, power meter, etc. and allows for signals visualization, data 

acquisition and recording in excel format. This data is then analyzed by a 

Matlab code developed in-house that performs the fitting procedure and 

allows the extraction of the thermal diffusivity as per the thermal model 

detailed in the Theory of the Mirage technique (cf. section 2.3.2 and section 

3.3.3) 

 

Note 1: the CO2 Laser (pump heating beam) is horizontal and perpendicular to 

the sample that is held vertical. 

Note 2: the probe beam Laser is horizontal and perpendicular to the 4-quadrant 

photodetector. 

Note 3: the sample, probe beam and detector are held in the same position, 

however the heating pump beam (along with the AOM and the focusing lens) is 

moved to vary the distance between the Pump and probe beam. 

 

3.3.3 Signal analysis (J. Younes et al., 2020) [5] 

The Theory of the mirage signal has already been established previously in 

section 2.3.2, where the transverse and longitudinal deflection components have 

been modelled and derived. 

Nevertheless, due to the strong contribution of the thermoelastic 

deformation of the surface to the deflection of the longitudinal component of 

the probe beam, taking into account both the longitudinal and transverse 

components of the probe beam would overestimate the thermal diffusivity of 

the measured sample. Therefore, to evaluate the thermal diffusivity of the 

measured sample accurately, we take into account the amplitude and phase of 

only the transverse component of the probe beam, which is deflected due to the 

mirage effect. Yet, while the longitudinal component of the probe beam cannot 

be used to analyze the thermal transport in the measured sample, it is of utmost 

importance for highly sensitive detection of subsurface defects, because the IR 

absorbance, and consequently the thermoelastic deformation of the surface, is 

strongly affected by the presence of defects beneath the absorbing surface. In 
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Section 3.4, we illustrate how the thermoelastic deformation of the surface may 

lead to a significant overestimation of the thermal diffusivity, and how it is of 

great use in subsurface imaging. 

3.4 RESULTS AND DISCUSSION  [5] 
 

The analysis model presented previously considers that incident energy is 

absorbed in the surface layers of the measured sample, or more precisely, in a 

layer substantially thinner than the wavelength of the generated thermal wave. 

Hence, the validity of the model assumption, and consequently, the ability of 

the analysis model to extract from the measured vector angular deflection of the 

probe beam accurate value of thermal diffusivity increases as the optical 

absorption coefficient of the measured material increases. 

As mentioned previously, the strong interaction between infrared 

optical excitation and lattice or plasma vibration modes strikingly enhances the 

optical absorption coefficient of a wide class of materials in the mid-IR spectral 

range. Therefore, the IR-PBD measurement technique with detection by the 

mirage effect presented in this contribution has the advantage, compared to 

similar experimental setups with visible pump laser, of highly accurate 

measurement of thermal diffusivity and broader applicability. 

To demonstrate the advantage of using a mid-IR pump laser in a PBD 

experiment, we present below thermal diffusivity measurements on samples 

unmeasurable by using similar setups with a visible pump laser (because of their 

high reflectivity and transmissivity in the visible spectral range). We also show 

that the use of a mid-IR pump laser adds a new dimension to the applicability 

of the PBD experiment by allowing for highly sensitive subsurface imaging 

with a good spatial resolution. 

3.4.1 Measurement of materials thermal diffusivities (α) using IR-

PBD  [5] 

Irrespective of the wavelength of the heating source, the principal difficulty in 

determining the thermal diffusivity of the measured sample using photothermal 

beam deflection by the mirage effect stems in that the theory of the mirage 

signal involves, in addition to the sample thermal diffusivity α, a large number 

of unknown experiment parameters. These parameters are the thermal 

properties of the air, the radius of the heating beam 𝑅1, the radius of the probe 

beam 𝑅2, and the height of the probe beam above the surface h. Indeed, separate 

experiments have to be carried out to reduce the number of free adjustable 
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parameters, and consequently, make the data fitting procedure faster and more 

accurate.  Accordingly, we have first performed measurements with different 

heating beam powers to determine whether the induced temperature gradient in 

the air deviates the average thermal conductivity and diffusivity of the air from 

their known values at room temperature. We noticed that the laser power has 

no noticeable effects on the shapes of the transverse and longitudinal signals, 

and thus the local temperature rise has no effect on the parameters of the air 

determining the deflection of the probe beam. This result allowed us to consider 

αg and 𝜅𝑔 as the room temperature thermal diffusivity and thermal conductivity 

of the air. We obtained the radius of the heating beam 𝑅1from the measured 

transverse component of the deflected probe beam whose maximum is situated 

one beam radius from the axis of the excitation beam, and we determined the 

radius of the probe beam 𝑅2 by using the knife-edge method. At that point, the 

unknown parameters in the analysis model are only the thermal diffusivity of 

the measured sample and the height of the probe beam above the surface h.  

The theory of the mirage signal accounts for the transverse and 

longitudinal deflection of the probe beam due to the mirage effect. However, 

the probe beam can also deflect due to some thermoelastic mechanisms not 

accounted for in the theory of the mirage signal, causing some systematic 

measurement errors. The principal measurement error may result from the 

deflection of the probe beam by the thermal bump or the thermoelastic surface 

deformation. This deflection mechanism primarily affects the longitudinal 

component of the vector angular deflection of the probe beam M  [97]. To 

reduce such a measurement error, we consider in the fitting procedure only the 

transverse component of M, which is very slightly affected by the thermoelastic 

surface deformation. We demonstrate below the strong effect of the 

thermoelastic surface deformation on the longitudinal signal.  

Another possible source of systematic error is the local variation in the 

absorbance of the measured surface. To avoid such a potential error in the 

measurement, we monitor the sample surface absorption through the back 

reflectivity of the heating beam using an IR camera. Then, we normalize the 

mirage signals using the obtained results.    

An additional error may arise from the procedure adopted to fit the 

recorded signal to the theory of the mirage signal. The usual approach to deduce 

the unknown parameters from a PBD experiment with detection by the mirage 

effect is to fit simultaneously all the data recorded at different heating beam 

modulation frequencies to the analysis model using the multivariable least-

squares fitting methods  [135]. However, this fitting procedure implies that the 

parameter h, which describes the height of the probe beam above the surface, is 

independent of the modulation frequency of the heating beam. Such an 
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assumption may lead to a large error in evaluating the thermal diffusivity of the 

measured sample because  

 

 

Figure 3.6 The squares of the fitting errors when both the longitudinal and 

transverse signals from silicon are considered, and when only the transverse 

signal from silicon is considered. 

 

the perpendicular distance between the surface and probe beam (ℎ) strongly 

depends on the modulation frequency of the heating beam. The dependence of 

ℎ on the heating beam modulation frequency can be seen if we realize that ℎ =

ℎ0 − 𝑎𝑡ℎ∆𝑇𝐿𝑒𝑓𝑓, where ℎ0 is the height of the probe beam above the surface 

when the pump laser is off, 𝑎𝑡ℎis the coefficient of linear thermal expansion, 

∆𝑇 is the change in temperature over an average effective length 𝐿𝑒𝑓𝑓. Now, if 

we replace ∆𝑇 by the absorbed energy per volume divided by the sample heat 

capacity, and consider that the energy absorbed per cycle is 
𝛽𝑃

2𝑓⁄  , where 𝛽 is 

the optical absorption coefficient, P is the power incident on the sample, and 𝑓 

is the heating beam modulation frequency, we obtain the expression ℎ = ℎ0 −
𝑎𝑡ℎ𝛽𝑃𝐿𝑒𝑓𝑓

2𝐴𝐿ℎ𝜋𝑓𝜌𝐶⁄ . This expression demonstrates the dependence of h on 
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the heating beam modulation frequency. Here, 𝐿ℎ is the heated length, 𝐴 is the 

heated area, 𝜌 is the mass density, 𝐶 is the heat capacity per unit mass. 

Therefore, to obtain an accurate value for the thermal diffusivity of the 

measured sample, we fit each of the spectra measured at different modulation 

frequencies separately with setting h and the thermal diffusivity α as free 

adjustable parameters and plot, for each modulation frequency, the squares of 

the errors versus thermal diffusivity. Then, we consider the thermal diffusivity 

of the measured sample to be the value corresponding to the minimum of the 

curve acquired by summing all the obtained curves of the squares of the errors 

versus thermal diffusivity.  

We also note here that if the heated length, which is given by 𝐿𝑡ℎ =

√𝛼 𝜋𝑓⁄ , is greater than the radius of the heating beam, the heated area or the 

radius of the effective hot spot radius on the sample depends on the modulation 

frequency. To avoid such an effect yielding an additional dependence of the 

signal on the modulation frequency, we make experimental arrangements to 

keep 𝐿𝑡ℎ smaller than 𝑅1 for all the measured modulation frequencies. As will 

be shown below, this fitting procedure allows evaluating the thermal diffusivity 

of all the measured samples accurately.  

We first performed measurements on high-quality silicon (Si) 

substrate. We recorded the magnitudes and phases of the transverse and 

longitudinal components of the vector angular deflection of the probe beam and 

fitted the recorded data twice, one time with considering both the transverse 

and longitudinal signals and another time with considering only the transverse 

signal. In both trials, we considered that the parameter h, which measures the 

height of the probe beam from the surface, depends on the heating beam 

modulation frequency. In Figure 3.6, we show the minima of the squares of the 

fitting errors in the two-dimensional space of 𝛼 and h obtained from fitting both 

the transverse and longitudinal signals. We also show the minima of the squares 

of the fitting errors obtained from fitting only the transverse signal. As can be 

noticed, the best fit of both the transverse and longitudinal signals leads to a 

value of 2.0 cm2.s-1 for the thermal diffusivity of Si. This value is about twice 

the reported thermal diffusivity of Si  [98,136,137]. However, when we fit only 

the transverse signal, we obtain a thermal diffusivity value of 1.00 cm2.s-1, 

which is in good agreement with reported thermal diffusivity values of pure 

crystalline Si. Indeed, the thermoelastic deformation of the sample surface 

caused by the local heating unavoidably enhances the longitudinal signal, and 

hence leads to an overestimation of the thermal diffusivity when the 

longitudinal signal is considered in the fitting procedures. One can better 

visualize how the thermal diffusivity is overestimated when the longitudinal 

signal is taken into account by comparing the recorded longitudinal and 

transverse signals with the calculated ones when both longitudinal and 
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transverse signals are considered (in Figure 3.7), and when only the transverse 

signal is considered in 

 

 

Figure 3.7 Magnitudes and phases of the transverse and longitudinal components of 

the vector angular deflection as a function of the offset distance between the heating and 

probe beam for four different frequencies for a silicon substrate. The experimental data 

are shown using symbols. The theoretical spectra are represented by solid lines. The 

theoretical curves are obtained by fitting both the longitudinal and transverse signals 

using the multivariable least squares fitting methods. 

 

the fitting procedure (in Figure 3.8). Figure 3.7 shows that when both the 

transverse and longitudinal signals are taken into account, the magnitude and 

phase of the longitudinal signals are well described, whereas the magnitude and 

phase of the transverse signal are poorly described at all the modulation 

frequencies, and the thermal diffusivity is overestimated. However, Figure 3.8 

shows that considering only the transverse signal in the fitting procedure gives 

a precise value for the thermal diffusivity, although the magnitude and phase of 

the longitudinal signal are poorly described. These results add support to that 

the effect of thermoelastic surface deformation on the longitudinal signal leads 

to a significant overestimation of the thermal diffusivity.  
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Figure 3.8 Magnitudes and phases of the transverse and longitudinal components of 

the vector angular deflection as a function of the offset distance between the heating 

and probe beam for four different frequencies for a bare silicon substrate. The 

experimental data are shown using symbols. The theoretical spectra are represented by 

solid lines. The theoretical curves are obtained by fitting only the transverse signal using 

the multivariable least-squares fitting methods. 

 

Since it is difficult to account for the sample curvature and correct the 

longitudinal signal, the best convenient way to obtain a reliable value for the 

thermal diffusivity of the measured sample is to omit the longitudinal signal in 

the fitting procedure.  

For further assessment of the reliability of the developed IR-PBD 

technique, we have also used it to measure the thermal diffusivity of 

polycrystalline quartz (α-SiO2) and sintered aluminum nitride (AlN) substrates. 

The minima of the squares of the fitting errors in the two-dimensional space of 

𝛼 and h obtained from fitting the transverse signals of α-SiO2, poly-AlN, and 

Si to Eq. 2.55 are shown together in Figure 3.9. 
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Figure 3.9 The errors squares of the fitting of the magnitude and phase of the 

transverse signals from substrates of silicon, polycrystalline quartz, and 

polycrystalline sintered aluminum nitride. 

 

 

 

Table 3.1  
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Figure 3.10 Magnitude and phase of the transverse component of the vector angular 

deflection as a function of the offset distance between the heating and probe beam for six 

different frequencies for an α-SiO2 substrate. The experimental data are shown using 

symbols. The theoretical spectra are represented by solid lines. The theoretical curves are 

obtained by fitting the transverse component of the signal using the multivariable least -

squares fitting methods. 
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Figure 3.11 Magnitude and phase of the transverse component of the vector angular 

deflection as a function of the offset distance between the heating and probe beam for six 

different frequencies for a sintered AlN substrate. The experimental data are shown using 

symbols. The theoretical spectra are represented by solid lines. The theoretical curves are 

obtained by fitting the transverse component of the signal using the multivariable least-

squares fitting methods. 

 

 

 

Table 3.1 Thermal properties of substrates of Si, α-SiO2, and sintered AlN 

determined from the IR-PBD technique described in this work and from previous 
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investigations. The mass density and specific heat capacity of Si are obtained from 

Refs.  [138,139] respectively. The mass density and specific heat capacity of α-

SiO2 are obtained from Refs. [140,141], respectively. The mass density and 

specific heat capacity of AlN are obtained from Refs.  [142,143] respectively.  

 

Material Present work Previous investigations 

 

Thermal 

diffusivity 

(cm2.s-1) 

Thermal 

conductivity 

(W.K-1.m-1) 

Thermal 

diffusivity 

(cm2.s-1) 

Ref. 

Thermal 

conductivity 

(W.K-1.m-1) 

Ref. 

Si 1.00 ± 0.05 160 ± 8 0.8-1.00  [98,136,137] 142-160  [139,144,145] 

α-SiO2 0.09 ± 0.01 15 ± 0.7 0.03-0.07  [146] 7-14  [146] 

poly-AlN 0.67 ± 0.02 164 ± 5 0.12-0.98  [147–150] 100-272  [147,151,152] 

 

  

3.4.2 Highly sensitive subsurface defects imaging using mid-IR-

PBD 

 

In this part of Section 3.4, we demonstrate the high subsurface imaging power 

of the proposed technique by imaging subsurface structural defects and defects 

induced by implanting a low dose of H+ ions at about 62 µm beneath the surface 

of a 4H-SiC substrate. By using mid-IR spectroscopic measurements, we show 

that the use of a mid-IR pump laser has the advantage of highly sensitive 

detection of subsurface defects. We also provide a detailed analysis of the 

spatial resolution of the proposed subsurface imaging technique. 

 Let us start first with the principle of PBD imaging. In a PBD 

experiment, the energy of the pump laser light absorbed in the irradiated region 

converts into heat. As the pump beam intensity is modulated, the heat is 

generated repeatedly at the modulation frequency. This mechanism results in 

the generation and propagation of thermal and elastic waves, which induce 

localized surface bumping occurring at the modulation frequency, leading to a 

periodic longitudinal deflection of a probe beam incident on the irradiated 

region. The presence of subsurface defects may scatter the generated thermal 

and elastic waves. It may also affect the absorption of the incident light. These 

processes may change the size and shape of the thermoelastic deformation of 

the heated region, and consequently, change the direction along which the probe 

beam deflects. Since the use of a four-quadrant photodetector permits the 

detection of such a change in deflection caused by subsurface defects, it appears 

that by fixing both the pump and probe lasers, moving the sample 
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perpendicularly to the heating beam, and measuring the deflection from the 

thermally deformed surface, images from subsurface defects can be recorded.  

The signal of the beam deflection at the detector is given by: 

 

𝑆 = 𝛾 {2𝐷 [
𝑑𝑢𝑧

𝑑𝑟(𝑟0)⁄ ] + 2𝑢𝑧(𝑟0) 𝑠𝑖𝑛 𝜃 + 𝑠𝑚𝑎𝑙𝑙ⅇ𝑟 𝑡ⅇ𝑟𝑚𝑠} Eq. 3.1 

 

where 𝐷 denotes the distance from the sample to the detector, 𝑢𝑧 is the surface 

displacement, 𝜃 is the angle of incidence of the probe beam, 𝑟0 is the probe 

beam spot position relative to the pump beam spot, and 𝛾 is the sensitivity of 

the detector  [153]. The first term in Eq. 3.1 describes the contribution to the 

signal from a deflection by the slope of the thermoelastic surface displacement, 

while the second term is a measurement of the contribution to the signal from a 

small deflection of the probe beam by the vertical surface displacement. The 

second term is smaller than the first term by a factor in the order of the ratio of 

the sample-detector distance to the pump beam radius (around 104 in our 

experimental setup). The smaller terms are related to a minimal contribution to 

the signal from a slight displacement of 𝑟0 during laser pumping. Thus, one can 

reasonably assume that the signal is due only to the first term in Eq. 3.1, and 

therefore is directly proportional to the slope of the thermoelastic surface 

displacement  [153]. To derive an expression for the slope of the thermoelastic 

surface displacement 
∂uz

∂r
 and predict the signal intensity on the detector, the 

equation for thermal diffusion: 

 

𝜕𝑇

𝜕𝑡
= 𝜅𝛻2𝑇 +

�̅�

𝜌𝐶
 Eq. 3.2 

 

and the thermoelastic Navier-Stokes equation for the displacement 𝑢𝑞 

 

𝛻2𝑢𝑞 +
1

1 − 2𝜈

𝜕ⅇ

𝜕𝑞
−

2(1 + 𝜈)

1 − 2𝜈
𝛼𝑡ℎ

𝜕𝑍

𝜕𝑞
+

𝑋𝑞

𝐺
= 0 Eq. 3.3 

 

where: 

2𝐺 =
𝐸

1+𝜈
 ;  ⅇ = 휀𝑥 + 휀𝑦 + 휀𝑧 Eq. 3.4 

 

have to be solved with appropriate initial and boundary conditions  [153]. In 

Equations Eq. 3.2 - Eq. 3.4, �̅� is the heat generated per unit time and per unit 

area, 𝑞 is a Cartesian coordinate (x, y, or z), 𝑍 indicates differences of 
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temperature, 𝐸 is Young’s modulus, ν is Poisson’s ratio, 𝛼𝑡ℎ is the coefficient 

of linear thermal expansion, 휀𝑞denotes a displacement gradient in the q-

direction, and 𝑋𝑞stands for a strain gradient in the q-direction. As demonstrated 

in Ref.  [153], by using Green’s functions for a slab pumped with a Gaussian 

beam, the solution to Eq. 3.2 and Eq. 3.3 providing the slope of the 

thermoelastic surface deformation in cylindrical coordinates takes the  form 

 

𝜕𝑈𝑧

𝜕𝑟
(𝑟, 0) = 𝑓(𝛽𝑙𝑜𝑐𝑎𝑙, 𝑅, 𝐷) Eq. 3.5 

 

where 𝛽𝑙𝑜𝑐𝑎𝑙 is the local optical absorption coefficient, R stands for the local 

thermal properties, and D is a parameter related to the power and radius of the 

pump beam. The slope of the thermoelastic surface displacement was found to 

be insensitive to elastic properties. One can readily notice from Eq. 3.5 that the 

contrast in a subsurface image recorded in a PBD experiment depends on local 

variations in the thermal properties within the heat-reaching depth, i.e., within 

a depth of 𝜇𝑠 = √2𝛼
𝜔⁄  , and local variations in the optical absorption 

coefficient within the light-reaching depth, i.e., within a depth of 𝜇𝛽 = 1
𝛽⁄ . 

Here, 𝛽 is the macroscopic optical absorption coefficient of the measured 

sample. It follows from the above that either the thermal diffusion length or the 

wavelength of the pump laser beam determines the spatial resolution of a PBD 

subsurface imaging technique. It is in the order of the thermal diffusion length 

if the subsurface defect presents thermal properties different from those of the 

host material. However, it can be significantly enhanced to the order of the 

wavelength of the pump laser light in the material (which is smaller than that 

in the air) if the defect has an optical absorption coefficient different from that 

of the host material. 

For direct assessment of the sensitivity of the developed technique to 

detect deep subsurface defects, we focused an H+ ion beam on a small area at 

the surface of a commercial c-oriented 4H-SiC substrate. We set the dose and 

energy at 1014 H+ ions/cm2 and 10 keV, respectively, to create a defective area 

of about 250 x 250 µm2 at a depth of 62 ± 2 µm. Then, we scanned the sample 

surface with measuring both the amplitude and phase of the longitudinal 

component of the probe beam deflected from the periodically deformed surface. 
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Figure 3.12 Amplitude and phase images of a defective subsurface region induced by ions 

implantation. A structural defect could be detected in the phase image  [5]. 

The modulation frequency in these measurements was set at 2.5 kHz. 

We obtained extremely reproducible and well-contrasted amplitude and phase 

images of the defective subsurface region induced by the ions implantation. 

These images are shown in Figure 3.12. The obtained results show that the 

phase image is more sensitive than the amplitude image to the borders of the 

defective region. We attribute this difference in sensitivity between the 

amplitude and phase images to that the limitation of the efficiency of the four -
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quadrant photodetector affects mainly the amplitude of the signal. Besides the 

precise imaging of such a deep defective region in the sample investigated, we 

could detect a well-resolved structural defect with regular geometric shape in 

the phase image. Based on the principle of PBD subsurface imaging presented 

above, we present in the rest of this section a detailed analysis of the high 

sensitivity and good spatial resolution achieved by using a pump laser in the 

mid-IR spectral range.  

Let us investigate first the advantage of a mid-IR pump beam in terms 

of sensitivity. In Figure 3.13, we present mid-IR reflectivity spectra of three 

samples of 4H-SiC cut from the same substrate, but two of them uniformly 

irradiated by H+ ions at different doses to have samples with various defect 

concentrations. The energy of the incident ions was set at 10 keV to create 

defects distributed uniformly at a depth of 62 ± 2 µm from the surface. We also 

present in Figure 3.13 the extinction coefficient curves obtained from the 

Kramers-Kronig conversion of the IR reflectivity spectra of the three measured 

samples  [154]. It is clear that the presence of defects significantly alters the 

reflectivity and extinction coefficient, and consequently, the absorption 

coefficient in the mid-IR spectral range. However, the effect of defects on the 

extinction coefficient weakens rapidly as the wavelength shifts towards the 

visible spectral range. These results demonstrate that pumping with a mid-IR 

laser provides efficient optical sensing of defects embedded beneath the 

surface, which explains the observed high sensitivity of the developed 

technique to subsurface defects. The effect of defects on the absorption 

coefficient only in the mid-IR is understandable if we realize that the presence 

of a subsurface defect induces local vibrational modes and damps the normal 

vibrational modes, whose frequencies are in the mid-IR spectral range. Hence, 

it alters the local complex dielectric function and absorption coefficient only in 

the mid-IR spectral range  [155]. It results that due to the strong effect of defects 

on the local optical absorption coefficient in the mid-IR spectral range, the use 

of a mid-IR pump laser in a PBD subsurface defects imaging has the advantage 

of greater sensitivity to defects situated at a depth 𝜇𝛽 from the surface.  
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Figure 3.13 Reflectivity and extinction coefficient spectra of intact and ion-irradiated 

silicon carbide substrates showing the strong dependence of the absorption of a polar 

material on the defect level in the mid-infrared spectral range. 

Let us now investigate the spatial resolution that can be achieved when a mid-

IR pump laser is used in a PBD subsurface imaging technique. As mentioned 

earlier, when the sample is heated with a mid-IR laser, the spatial resolution is 

determined by the wavelength of the electromagnetic wave propagating inside 

the material. However, the coupling of the electric field of the mid-IR pump 

beam with the electric field associated with a longitudinal zone-center optical 

phonon mode gives rise to a phonon-polariton electromagnetic wave 

propagating in the sample [156]. In general, the phonon-polariton dispersion 

relation is given by  
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(𝑐𝑘)2 = 휀(𝜔)𝜔2 Eq. 3.6 

 

where 𝑐 is the speed of light in vacuum, and 휀(𝜔)is the complex dielectric 

function of the measured sample. The phonon-polariton dispersion relation 

associated with the intact SiC sample is plotted in Figure 3.14 assuming real 

wavenumber 𝜔 and complex wavevector 𝑘. The real and imaginary parts of 

휀(𝜔) are derived from the reflectivity spectrum of the measured sample using 

the Kramers-Kronig conversion technique. The phonon-polariton dispersion in 

Figure 3.14 clearly shows that for the wavenumber of the used pump laser 

beam, the slope of the phonon-polariton dispersion curve is very small. Such a 

small slope indicates that the group velocity of the phonon-polariton wave 

generated by the mid-IR pump laser beam is significantly lower than the group 

velocity of light in vacuum and the group velocity of visible light in the 

measured sample. This low speed of the phonon-polariton wave can be 

understood if we realize that the phonon-polariton wave, as it results from the 

coupling between photon and phonon, has a photon-phonon mixed character, 

which makes its velocity near phonon resonances closer to the phonon speed. 

As a result, the wavelength of the phonon-polariton electromagnetic wave 

propagating in the sample is significantly smaller than the wavelength of the 

pump laser beam (10.6 µm). Consequently, the slope of the thermoelastic 

surface deformation in an IR-PBD subsurface imaging experiment is sensitive 

to defects significantly smaller than the wavelength of the pump laser. The 

detector nevertheless integrates the deflection of the entire probe beam, then 

weights by the overall detected intensity. This detector function makes the 

spatial resolution of the IR-PBD subsurface imaging technique determined 

mainly by the size of the probe beam spot. Thus, the use of a mid-IR pump 

beam in a PBD subsurface imaging experiment has the advantage of greater 

sensitivity to subsurface defects and spatial resolution determined by the 

diffraction limit of the probe beam.  

The high sensitivity and good spatial resolution of the developed IR-

PBD subsurface imaging technique are not restricted to polar materials 

supporting phonon-polariton electromagnetic waves. The electric field of a 

mid-IR heating source can also couple to the electric field caused by the 

collective oscillations of free charges in metals or doped crystals to give rise to 

a plasmon-polariton propagative electromagnetic wave  [157], whose 

dispersion relation is very similar to that of a phonon-polariton electromagnetic 

wave. In that case, subsurface defects remain detectable through induced local 

variations in the optical absorption coefficient with a resolution in the order of 

the wavelength of the probe beam. However, in the case of nonpolar undoped 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI078/these.pdf 
© [J. Younes], [2021], INSA Lyon, tous droits réservés



Mid-IR photothermal beam deflection technique for fast measurement of thermal diffusivity and highly sensitive subsurface 

imaging (J. Younes et al., 2020)  [5] 

Joan Younes / PhD Thesis in Physics / 2021 / Institut national des sciences appliquées de Lyon 109 

insulators, the spatial resolution degrades to the order of the Pythagorean sum 

of the pump and probe laser radii (𝑅1
2 + 𝑅2

2)
1

2⁄   [153].   

 

 

Figure 3.14 Dispersion relation of the phonon-polariton electromagnetic wave in 4H-SiC 

crystal. The IR complex dielectric properties for the calculation of the dispersion relation 

are obtained from Kramers-Kronig conversion of the reflectivity spectrum. 

3.5 Conclusion 
 

We presented a mid-IR photothermal beam deflection setup for fast 

measurement of thermal diffusivities of a broad class of materials and highly 

sensitive subsurface imaging. The developed setup uses the mirage effect to 

detect heat waves generated by the mid-IR source. We chose the excitation 

wavelength to be in the mid-infrared spectral range to ensure maximum 

absorption of light energy by phonon and plasmon modes in the surface layers 

of the sample, and consequently allow for thermal diffusivity measurement 
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without the need of any sample preparation. We demonstrated the importance 

of the mid-IR pump laser in a PBD experiment by measuring materials of 

extreme transmissivity and reflectivity in the visible spectral range without any 

metallic coating, which is unavoidably needed for measurement with a visible 

pump laser. We also emphasized the suitability of the proposed technique for 

highly sensitive imaging of subsurface defects in materials. We demonstrated 

the high subsurface detection power of the proposed technique by detecting 

damages induced by ions implanted at a depth of 62 ± 2 µm below the surface, 

and subsurface structural defects in a 4H-SiC substrate. We showed that the 

developed mid-IR setup takes advantage of the strong dependence of materials 

absorption coefficients in the mid-IR on defects to image defects buried at a 

large depth below the surface with high sensitivity. We provided a detailed 

analysis of the spatial resolution that could be achieved. We demonstrated that 

due to the low velocity of the phonon-polariton or plasmon-polariton near 

resonances in the mid-IR spectral range, the spatial resolution of an IR-PBD 

imaging technique could be in the order of the wavelength of the probe beam 

for materials supporting these electromagnetic waves. As the proposed 

technique simultaneously measures the thermal diffusivity and images 

subsurface defects with high sensitivity and good spatial resolution, it is 

expected to respond to important industrial needs for enhancing the 

performance of novel electronic devices.  
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4 Thermal and infrared analysis of 
the directional dependence of heat 
transport and defect formation in 
proton-irradiated 4H-SiC [158] 

4.1 Introduction 
 

The effect of the proton irradiation dose on the thermal transport anisotropy, 

free carrier density, and directional dependence of defect formation in 4H-SiC 

is studied using thermal wave scattering and infrared spectroscopy. Thermal 

waves are generated by infrared laser pulses, and the thermal diffusion length 

is measured along and perpendicular to the sample surface by using the 

deflection of a laser probe beam due to the mirage effect. The effect of the 

proton irradiation dose on the in-plane and cross-plane thermal diffusivity is 

measured as a function of depth. It is demonstrated that proton irradiation 

causes significant damage mainly in the direction perpendicular to the sample 

surface. Irradiation-induced free carriers contributing to heat transport in the 

sample plane are revealed by the Kramers-Kronig analysis of infrared 

reflectivity spectra of the studied samples. Measurements of cross-plane 

thermal diffusion lengths in the irradiated samples are converted into  depth 

profiles of defect density. It is shown that the highly damaged zone in irradiated 

4H-SiC thickens and approaches the proton reaching depth as the irradiation 

dose increases. Thermal wave scattering complemented by infrared 

spectroscopy is proposed as an efficient approach for the directional analysis of 

irradiation-induced modification of physical and structural properties of 

materials. 

Silicon carbide (SiC) crystallizes in many structures called polytypes. 

The 4H-SiC polytype, which consists of four atomic layers stacked in a 

hexagonal Bravais lattice, has attracted increased attention because it 

corresponds to a wide-bandgap semiconductor with electrical, mechanical, and 

thermal properties suitable for high-power devices operating in harsh 

environments  [159–165], such as nuclear reactors  [166–168]. Extensive 

research has therefore been conducted on the effects of many types of nuclear 

irradiation on 4H-SiC  [169–182]. However, the irradiation of 4H-SiC by 

protons has gained particular interest since it was discovered that the proton 

slicing technology allows obtaining ultrathin freestanding single-crystalline 
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4H-SiC substrates. This technology consists in irradiating a bulk crystal with 

protons to produce a highly damaged and fragile zone at a depth close to the 

end of the trajectory of the protons. Then, thin layers and flakes are detached 

from the irradiated bulk crystal by supplying additional energy, often in the 

form of heat  [183,184]. 

Lattice damages due to proton irradiation of 4H-SiC have been 

detected experimentally  [185–190], and it is now well known that a highly 

damaged zone forms close to the end of the trajectory of the protons. However, 

the structure of the irradiation-damaged 4H-SiC lattice and the extent to which 

proton irradiation alters the physical properties of 4H-SiC remain unclear. 

Unveiling these properties of proton-irradiated 4H-SiC is certainly crucial to 

predict the performance and lifetime of devices based on 4H-SiC material 

exposed to a given proton irradiation dose. The experimental techniques 

commonly used to characterize proton-irradiated materials are secondary ion 

mass spectroscopy (SIMS), Rutherford backscattering spectroscopy (RBS), and 

cross-sectional Raman spectroscopy. SIMS and RBS are accurate in measuring 

the depth profiles of ions concentrations in proton-irradiated samples  [191]. 

Channeling RBS and cross-sectional Raman spectroscopy, on the other hand, 

have been widely used to provide a depth profile of the defect density in 

irradiated materials  [186–188]. Nevertheless, none of these techniques is 

suitable for revealing the crystallographic directions along which defects form 

and measuring the effect of proton irradiation on the anisotropy of physical 

properties of the irradiated material. 

In this section, we tackle this issue and perform a directional analysis 

of thermal diffusivity and depth profiles of defect density in 4H-SiC substrates 

irradiated with protons at 3MeV with different irradiation doses using the 

interaction of in-plane and cross-plane thermal waves with irradiation induced 

defects. Thermal waves are generated by a modulated infrared (IR) pumping 

laser beam, and the temperature gradient on the surface is detected using the 

deflection of a He-Ne probe beam due to the mirage effect. Then, the 

photothermal spectrum analysis, comparatively rare for the techniques 

commonly used to characterize irradiated materials, is performed based on a 

simple model to obtain directional-dependent thermal transport properties and 

depth profiles of defect density in the measured samples. The IR reflectivity 

spectra of the studied samples were analyzed using the Kramers-Kronig 

theorem to complement the IR photothermal measurements and obtain a full 

picture of the effect of the irradiation dose on structural and electronic 

properties of 4H-SiC. The advantage of using an IR pumping beam comes from 

the fact that 4H-SiC has a high absorption coefficient for IR excitations, allowing 

the absorption of a significant amount of the incident IR light in the surface 

layers, which is essential for locating the depths of the scattering centers. The 
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advantage of IR spectroscopy, on the other hand, stems from the fact that defects 

in polar materials can be detected through their marked signatures in the IR 

spectrum and that the density of free carriers can be revealed through the coupling 

between plasmon modes and infrared active longitudinal phonon modes. 

4.2 METHODS 
 

Five samples were cut from a commercial n-type c-oriented 4H-SiC wafer of 

electrical resistivity equal to 0.021 Ω.cm. Four of them were irradiated with 3 

MeV protons (H+ ions) at different doses, and one sample was left intact. The 

irradiation doses were set at 2.5 x 1015, 5.0 x 1015, 1.0 x 1016, and 2 x 1016 

ions/cm2. The implantation of the H+ ions was carried out at room temperature 

and the irradiated samples were tilted about 7° relative to the axis of the ion 

beam to avoid ion channeling effect. Classical Monte Carlo simulations 

performed using the SRIM code  [192] showed that the concentration depth 

profiles of hydrogen in the irradiated samples exhibit narrow peaks centered at 

a depth of 60 ± 5 µm. Thus, as shown schematically in Figure 4.1, each of the 

irradiated samples studied in this work consists of an irradiated layer with a 

thickness 𝑎1= 60 ± 5 µm separated from an intact 4H-SiC substrate by a zone 

of high concentration of H+ ions. The only difference between the samples is 

the irradiation dose.  

The cross-plane and in-plane thermal diffusion length in the samples 

were studied using an IR photothermal beam-deflection technique. The 

schematic diagram describing the IR photothermal experiment used is 

illustrated in Figure 4.1. This was discussed extensively in Sections (3.3.1 and 

3.3.2), but I will briefly describe it as well: an acousto-optic modulator 

modulates a 10.6 µm wavelength CO2 laser focused on the sample surface. The 

absorption of the incident IR beam by the infrared-active phonon and plasmon 

modes causes periodic local heating and periodic displacement of the surface, 

as well as the generation of rapidly damped thermal waves in the air above the 

heated surface. An incident He-Ne laser probe beam with a grazing angle (~1° 

from the sample surface) is reflected off the heated surface.  Since the heating 

beam, the probe beam, and the surface normal lie in the same plane, the surface 

displacement deflects only the longitudinal component (parallel to the heating 

beam) of the probe beam. Thermal waves generated in the air, on the other hand, 

give rise to periodic temperature and refractive index gradients capable of 

periodically deflecting the longitudinal and transverse components of the probe 

beam at the modulation frequency of the infrared heating beam. The deflection 

of the transverse component of the probe beam is thus due solely to the mirage 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI078/these.pdf 
© [J. Younes], [2021], INSA Lyon, tous droits réservés



Thermal and infrared analysis of the directional dependence of heat transport and defect formation in proton -irradiated 4H-SiC 

[158] 

Joan Younes / PhD Thesis in Physics / 2021 / Institut national des sciences appliquées de Lyon 114 

effect. The angular deflections of both components are recorded with a four-

quadrant photodetector whose outputs are amplified with a two-channel lock-

in amplifier. More details about the experimental setup can be found in Section 

3.3.1 and 3.3.2 and in Ref.  [5,193]. Then, the in-plane and cross-plane thermal 

diffusion length in the measured sample are obtained as a function of the 

modulation frequency by fitting the measured angular deflection of the 

transverse component vs. the offset distance between the heating beam and 

probe beam to a formalism for the mirage effect assuming a periodic and 

anisotropic heating of the sample (cf. Section 2.3.2 and Ref.  [5]). For the intact 

sample (which can be considered as a semi-infinite material), it is assumed that 

periodic heating generates a single forward-going thermal wave in the sample. 

In that case, the formalism for the deflection of the transverse component of the 

probe beam is written as (cf. Section 2.3.2, Ref.  [5]): 

 

𝑀𝑡𝑟𝑎𝑛𝑠 =
−𝑖

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑔𝑠𝑖𝑛(𝑘𝑥)ⅇ𝑖𝑘𝑔ℎⅇ−𝑘2𝑅1
2 4⁄

(𝜅1,𝑧𝑘1 + 𝜅𝑔𝑘𝑔)

∞

0

 Eq. 4.1 

 

where x is the offset distance between the heating beam and probe beam. Here, 

n is the index of refraction of the air, 𝑅1 is the radius of the heat spot on the 

sample surface, 𝑅2 is the radius of the probe beam above the heated region, h is 

the height of the probe beam from the surface, к1,𝑧 is the cross-plane thermal 

conductivity of the sample, and к𝑔 is the thermal conductivity of the air. The 

thermal wavevector in the sample is defined as 

 

𝑘1 = (𝑞1
2 −

𝐿𝑡ℎ
2

𝐿𝑡ℎ,𝑧
2 𝑘2)

1
2⁄

 
Eq. 4.2 

 

where 𝐿𝑡ℎ and 𝐿𝑡ℎ,𝑧 are respectively the in-plane and cross-plane thermal 

diffusion length. The thermal wavenumber 𝑞1 depends on 𝐿𝑡ℎ,𝑧 according to 

 

𝑞1 = (1 + 𝑖) (
1

𝐿𝑡ℎ,𝑧
) Eq. 4.3 
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Figure 4.1 Schematic representation of the proton-irradiated 4H-SiC samples investigated 

in this work and the infrared photothermal beam-deflection technique. 

 

The thermal wavevector in the air is given by  𝑘𝑔 = (𝑞𝑔
2 − 𝑘2)

1
2⁄
, where 𝑞𝑔 =

(1 + 𝑖)(𝛺 2𝛼𝑔⁄ )
1 2⁄

,  𝛺 is the angular modulation frequency, and 𝛼𝑔 is the 

thermal diffusivity of the air. The derivation of Eq. 4.1 is detailed in 

Refs.  [5,193] and in Section 2.3.2. To reduce the number of adjustable 

parameters, 𝑅2 is measured using the knife-edge method and 𝑅1 is estimated 

from the photothermal beam-deflection theory, which predicts that the 

maximum of the transverse signal amplitude occurs at 𝑟 = 1.1 × 𝑅1  [194]. 
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Moreover, we can notice from Eq. 4.2 and Eq. 4.3 that Lth,z has almost the same 

effect on the real and imaginary part of the thermal wavevector k1. In other 

words, Lth,z affects in the same way the propagation term and damping term of 

the generated thermal wave and therefore has no significant influence on the 

amplitude and phase of the transverse signal. Consequently, for the case of 

semi-infinite materials, the photothermal beam-deflection technique is 

insensitive to 𝐿𝑡ℎ,𝑧 and the only adjustable parameters are 𝑅1, h, and the in-plane 

thermal diffusion length 𝐿𝑡ℎ.   

For a given modulation frequency 𝛺, the in-plane thermal diffusivity 

𝛼//  is related to 𝐿𝑡ℎ by 

 

𝐿𝑡ℎ = √
𝛼//

𝜋𝛺
 Eq. 4.4 

 

Thus, the in-plane thermal diffusivity of the intact sample can be obtained by 

measuring 𝐿𝑡ℎfor several modulation frequencies and calculating the slope of 

the straight line passing through origin that best fits the measured 𝐿𝑡ℎ
2  vs. 1 𝜋𝛺⁄ . 

As mentioned previously, the irradiated samples are considered to be 

formed by an irradiated layer with a thickness 𝑎1= 60 ± 5 µm separated from an 

intact 4H-SiC substrate by a zone of high concentration of hydrogen. It is 

therefore assumed that in the case of irradiated samples, the thermal waves 

generated are backscattered at the interface between the irradiated and intact 

4H-SiC. When forward-going and backward-going thermal waves are taken into 

account, the formalism for the angular deflection of the transverse component 

of the probe beam takes the form: 

 

𝑀𝑡𝑟𝑎𝑛𝑠
′ =

−𝑖

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑔𝑠𝑖𝑛(𝑘𝑥)ⅇ𝑖𝑘𝑔ℎⅇ−𝑘2𝑅1
2 4⁄

(𝜅1,𝑧𝑘1𝑐𝑜𝑡ℎ(𝜃1) + 𝜅𝑔𝑘𝑔)

∞

0

 Eq. 4.5 

 

The complex constant 𝜃1 describing the relative amplitude and phase between 

the forward-going and the backward-going thermal waves in the irradiated 

region is given by: 

 

𝜃1 = −𝑖𝑘1𝑎1 + 𝑎𝑡𝑎𝑛ℎ (
𝜅1,𝑧. 𝑘1

𝜅2,𝑧. 𝑘2
) Eq. 4.6 

 

Here, 𝑘1 and 𝑘2 are the thermal wavevectors in the irradiated and intact 4H-SiC, 

respectively. These wavevectors depend on the in-plane and cross-plane 

thermal diffusion length, which in turn depend on the modulation frequency 
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(see Eq. 4.2 and Eq. 4.3). The parameters 𝜅1,𝑧 and 𝜅2,𝑧 are the cross-plane 

thermal conductivities of the irradiated and intact 4H-SiC, respectively.  The 

derivation of Eq. 4.5 is detailed in Ref.  [195] and in Supplementary 

Information at the end of this chapter (Section 4.5.1).  It is worth noting that 

the relative amplitude and phase between the forward-going and the backward-

going thermal waves in the irradiated 4H-SiC makes the angular deflection of 

the transverse component of the probe beam dependent on both the in-plane and 

cross-plane thermal diffusion length. Consequently, in the case of multilayer 

systems, the adjustable parameters are 𝑅1, h, as well as the in-plane thermal 

diffusion length 𝐿𝑡ℎ and the cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧. The in-

plane and cross-plane thermal diffusivity of the irradiated 4H-SiC can be 

obtained by following the procedure presented above for the case of a semi-

infinite material.  

To obtain information about the effect of the irradiation dose on 

structural and electrical properties of 4H-SiC, Fourier transform IR (FTIR) 

reflectivity measurements were performed on the samples described above. The 

measurements were carried out in the frequency range 400-4000 cm-1 with a 

spectral resolution better than 2 cm -1 using a deuterated triglycine sulfate 

(DTGS) detector and a potassium bromide (KBr) Beam-splitter. The IR beam 

was unpolarized and the angle of incidence was set at 45° to excite zone center 

optical phonon modes of different symmetries  [196]. The reflectivity spectrum 

of each sample was normalized to the reflectivity spectrum of a gold mirror and 

the reproducibility of the measurements was verified by measuring the 

reflectivity spectra of the samples several times. The FTIR spectrometer was 

designed with the appropriate care to ensure that the reflected electromagnetic 

waves meet the plane wave approximation for accurate Kramers-Kronig 

conversion of the reflectivity spectra. It is worth noting that the resonance of 

the phonon and plasmon modes in the IR spectral range makes the absorption 

coefficient of 4H-SiC very high for an IR excitation. Furthermore, the 

irregularities at the hydrogen-enriched interface between the irradiated and 

intact 4H-SiC scatter the infrared light and prevent interference between the 

rays reflected from the irradiated 4H-SiC and the rays reflected from the intact 

4H-SiC. Therefore, the recorded IR reflectivity spectra are essentially dictated 

by phonon and plasmon modes in the irradiated 4H-SiC, and their Kramers-

Kronig conversions provide the real and imaginary parts of the infrared 

dielectric functions of the irradiated 4H-SiC layers only.  
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4.3 RESULTS AND DISCUSSION 
 

The amplitudes and phases of the transverse signals obtained from the intact 

sample for nine different modulation frequencies are presented in Figure 4.2 as 

a function of the offset distance between the heating beam and probe beam. The 

amplitude increases as the heating beam moves closer to the probe beam, then 

goes sharply to zero when the two beams overlap. At this point, the phase shifts 

by 2𝜋 and the amplitude repeats itself as a mirror image. When the phase of the 

signal reaches −2𝜋 or +2𝜋, it changes sign. Beyond an offset distance of a few 

thermal diffusion lengths, mechanical coupling to the direct heated regions of 

the sample dominates, causing the phase to fluctuate. This part of the recorded 

spectra was omitted from consideration in the data analysis. As described in 

Section 4.2, while the angular deflection of the probe beam is insensitive to the 

cross-plane thermal diffusion length in the intact sample, the in-plane thermal 

diffusion length in that sample can be accurately obtained for each modulation 

frequency by fitting both the amplitude and phase of the transverse signals to 

Eq. 4.1. The high quality of the multi-parameter least squares fits of the 

amplitudes and phases of the transverse signals from the intact sample is 

illustrated by solid lines in Figure 4.2. The in-plane thermal diffusivity of the 

intact sample is obtained, as shown in Figure 4.3, from the slope of the straight 

line passing through origin that best fits the measured 𝐿𝑡ℎ
2  with respect to 1 𝜋𝛺⁄ . 

An in-plane thermal diffusivity of 2.0±0.04 cm2/s is obtained for intact 4H-SiC. 

This value corresponds to an in-plane thermal conductivity of 443 W/m.K, 

which is in agreement with previously reported results of thermal measurements 

and first-principles calculations on 4H-SiC  [197,198]. 

The amplitudes and phases of the transverse signals obtained from the 

proton-irradiated 4H-SiC samples for nine different modulation frequencies are 

presented in Supplementary Information at the end of this chapter (Section 

4.5.2) vs. the offset distance between the heating beam and probe beam. The 

shapes of these curves are similar to the shapes of the curves obtained from the 

intact sample. However, the best fit of the transverse signals from the 

irradiated samples to Eq. 4.1, which considers  
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Figure 4.2 Magnitudes and phases of transverse photothermal signals from an intact 4H-

SiC substrate relative to the offset distance between the heating beam and probe beam for 

nine different heating beam modulation frequencies. The symbols represent the 

experimental data. The solid lines represent the fits of the experimental data to a 

formalism for the angular deflection of the probe beam due to the mirage effect with taking 

into account a single forward-going thermal wave. 

 

a single forward-going thermal wave, gave no reasonable result. Reasonable 

values for the thermal diffusion lengths in the implanted layers of these samples 
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were obtained only by fitting the measured transverse signals to Eq. 4.5, which 

accounts for the backscattering of thermal waves at the hydrogen-enriched zone 

at the proton reaching depth. As demonstrated in Section 4.2, the backscattering 

of thermal waves at the interface between the irradiated and intact 4H-SiC 

makes both the in-plane and cross-plane thermal diffusion length measurable. 

The high quality of the multi-parameter least squares fits of the magnitudes and 

phases of the transverse signals from the irradiated samples is illustrated by 

solid lines in Supplementary Information at the end of this chapter (section 

4.5.2).  

The cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧 in the 4H-SiC layer 

irradiated with a proton dose of 2.5 x 1015 ions/cm2 is shown in Figure 4.4(a) 

vs. 1 𝜋𝛺⁄ . The cross-plane thermal diffusivity 𝛼⊥of that layer can be obtained 

from 𝐿𝑡ℎ,𝑧
2 × 𝜋𝛺. For high modulation frequencies, i.e., when the thermal wave 

dies out before reaching the irradiation-induced highly damaged zone, 𝛼⊥ turns 

out to be 0.81 cm2/s. This value is about 38% lower than the cross-plane thermal 

diffusivity of defect-free 4H-SiC (as can be concluded from Refs.  [197] 

and  [198]), indicating irradiation-induced defects along the axis of the 

hexagonal unit cell of the irradiated 4H-SiC. For moderate modulation 

frequencies, the thermal diffusion becomes of the order of the irradiated layer. 

Thus, the thermal wave scatters at the highly damaged zone in the irradiated 

4H-SiC layer, causing 𝛼⊥ to drop and  𝐿𝑡ℎ,𝑧
2  to deviate from the linear 

dependence on 1 𝜋𝛺⁄ . For low modulation frequencies, the thermal wavelength 

becomes significantly larger than the thickness of the irradiated 4H-SiC layer, 

and thus the rate at which thermal waves scatter by irradiation-induced defects 

decreases with the modulation frequency. Therefore, 𝐿𝑡ℎ,𝑧
2  increases again 

with 1 𝜋𝛺⁄ .   

The in-plane thermal diffusion length 𝐿𝑡ℎ in the 4H-SiC layer irradiated 

with a proton dose of 2.5 x 1015 ions/cm2 is shown in Figure 4.4(b) vs. 1 𝜋𝛺⁄ . 

As demonstrated in Section II, the slope of the straight line passing through 

origin that best fits the measured 𝐿𝑡ℎ
2  vs. 1 𝜋𝛺⁄  gives the in-plane thermal 

diffusivity of the 4H-SiC layer whose thickness is determined by the thermal 

wave reaching depth. For high modulation frequencies, the thermal wave is 

extinguished before reaching the highly damaged zone, and hence, the 

measured 4H-SiC layer does not include that zone. In that case, the slope of the 

straight line passing through origin that best fits the measured 𝐿𝑡ℎ
2  vs. 1 𝜋𝛺⁄  

shows that the in-plane thermal diffusivity is 2.07 ± 0.04 cm2/s. This value is 

comparable and even slightly higher than the in-plane thermal diffusivity of the 

intact sample, indicating that proton irradiation with a dose of 2.5 x 10 15 

ions/cm2 causes no noticeable damage in the basal plane of the 4H-SiC 

hexagonal unit cell. The origin of the observed slight increase in in-plane 
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thermal diffusivity of the irradiated 4H-SiC will be discussed later. For lower 

modulation frequencies, the thermal wave generated at the surface reaches the 

severely damaged zone, and hence the measured 4H-SiC layer includes this 

zone.  

 

 

Figure 4.3 Square of in-plane thermal diffusion length in intact 4H-SiC substrate vs. 

1 𝜋𝛺⁄ , where 𝛺 is the heating beam modulation frequency. The data set is fitted to a 

straight line passing through origin whose slope is equal to the in-plane thermal diffusivity 

of the measured sample. The uncertainties are determined by the experiment sensitivity 

and the scatter in the data points.  

 

As the thermal diffusivity of the highly damaged layer is low  [199–

203], the slope of the straight line passing through origin that best fits 𝐿𝑡ℎ
2  vs. 

1 𝜋𝛺⁄  decreases, indicating that the overall in-plane thermal diffusivity of the 

measured layer drops to 1.93 ± 0.04 cm2/s. The relationship between the in-

plane thermal diffusivity of the highly damaged zone and the overall in-plane 

thermal diffusivity of the measured 4H-SiC layer is provided in 4.5.3. 

To complement the photothermal measurements, we performed FTIR 

reflectivity measurements on the intact and irradiated samples. The FTIR 

reflectivity spectra from the samples investigated are shown together  
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Figure 4.4 Infrared analysis of 4H-SiC substrate irradiated with protons at 3MeV with a 

dose of 2.5 x 1015 H+ ions/cm2. (a) Square of cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧
2  vs. 

the inverse of the heating beam modulation frequency. (b) Square of in-plane thermal 

diffusion length 𝐿𝑡ℎ
2  vs. the inverse of the heating beam modulation frequency. The slopes 

of the straight line passing through origin that best fit the data points give the in-plane 

thermal diffusivity for high and low heating beam modulation frequencies. The 

uncertainties are determined by the experiment sensitivity and the scatter in the data 

points. The vertical dashed line is introduced to highlight the fact that 𝐿𝑡ℎ,𝑧
2  and 𝐿𝑡ℎ

2  

undergo the strongest deviation from the linear behavior for the same modulation 

frequency. (c) Imaginary parts of the infrared dielectric functions of intact 4H-SiC and 

the irradiated sample. (d) Imaginary parts of the inverse of the negative of the dielectric 

functions of intact 4H-SiC and the irradiated sample.  
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in Figure 4.9. The frequency-dependent infrared complex dielectric functions 

휀(𝜔) of the samples were obtained from the Kramers-Kronig (KK) conversion 

of the measured FTIR reflectivity spectra. The KK theorem was implemented 

with necessary precautions to minimize the error that can result from integration 

over a finite frequency range  [154]. The resonances of the TO phonon modes 

are obtained from the imaginary part of the dielectric function and the 

resonances of the LO phonon modes are obtained from the imaginary part of 

the negative of the inverse of the dielectric function. The plasmon modes (i.e., 

the vibration modes corresponding to collective oscillations of free carriers) are 

also infrared-active and should show signatures in the IR spectrum. However, 

the frequencies of the LO phonon and plasmon modes usually occur very close 

to each other, and therefore, they couple through their associated electric fields 

to give rise to the so-called longitudinal plasmon-phonon mode  [204–207]. The 

plasmon-phonon coupling manifests itself by a resonance frequency higher than 

that of the LO phonon mode and by a broad and asymmetric resonance line in 

the IR spectrum. 

The resonance lines of the infrared-active transverse optical (TO) 

phonons in the intact sample and the sample irradiated with a dose of 2.5 x 1015 

ions/cm2 are shown in Figure 4.4 (c), and the resonance lines of the infrared-

active longitudinal optical (LO) phonon modes in these samples are shown in 

Figure 4.4  (d). The detected phonons are of pure E1 symmetry and mixed A1 

and E1 symmetry. The identification of the symmetries of the infrared-active 

phonons in 4H-SiC is provided in section 4.5.4. No noticeable effect of proton 

irradiation at a dose of 2.5 x 1015 ions/cm2 is observed on the imaginary part of 

the infrared dielectric function. This result indicates that the density of lattice 

damage induced by proton irradiation at a dose of 2.5 x 1015 ions/cm2 is high 

enough to scatter cross-plane thermal waves, but low enough to be observed in 

vibrational spectroscopy. As the substrate used in this work is n-type, the 

resonance line of the LO phonon in the intact sample exhibits an asymmetric 

peak with a broad tail at high frequencies, indicating coupling between the 

mixed A1 and E1 symmetry LO phonon mode with a plasmon mode. The 

resonance line of the LO phonon in the sample irradiated with a proton dose 

of 2.5 x 1015 ions/cm2, however, is shifted towards higher frequencies and is 

broader, indicating irradiation-induced additional free carriers in the 

implanted layer. As demonstrated above, proton irradiation of 4H-SiC with 

a dose of 2.5 x 1015 ions/cm2 causes no noticeable damage in the basal plane 

of the 4H-SiC hexagonal unit cell. Hence, the additional free carriers 

generated by proton irradiation can contribute to heat transport in the plane 

of the sample and raise the in-plane thermal diffusivity of the irradiated layer 

over that of the intact  
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Figure 4.5 Infrared analysis of 4H-SiC substrate irradiated with protons at 3MeV with a 

dose of 5.0 x 1015 H+ ions/cm2. (a) Square of cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧
2  vs. 

the inverse of the heating beam modulation frequency. (b) Square of in-plane thermal 

diffusion length 𝐿𝑡ℎ
2  vs. the inverse of the heating beam modulation frequency. The slopes 

of the straight line passing through origin that best fit the data points give the in-plane 

thermal diffusivity for high and low heating beam modulation frequencies. The 

uncertainties are determined by the experiment sensitivity and the scatter in the data 

points. The vertical dashed line is introduced to highlight the fact that 𝐿𝑡ℎ,𝑧
2  and 𝐿𝑡ℎ

2  

undergo the strongest deviation from the linear behavior for the same modulation 

frequency. (c) Imaginary parts of the infrared dielectric functions of intact 4H-SiC and 

the irradiated sample. (d) Imaginary parts of the inverse of the negative of the dielectric 

functions of intact 4H-SiC and the irradiated sample. 

 

sample, which explains the fact that the in-plane thermal diffusivity of the 

implanted layer is slightly higher than that of the intact sample. Signature from 
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the E1 symmetry LO phonon is not observed because the plasmon-phonon mode 

resonance line overwhelms it.  

The cross-plane and in-plane thermal diffusion length in the sample 

irradiated with a proton dose of 5.0 x 1015 ions/cm2 are shown in Figure 4.5 (a) 

and Figure 4.5 (b), respectively, for nine different modulation frequencies. For 

a modulation frequency of 12 kHz, the cross-plane thermal diffusivity 𝛼⟘is 0.77 

± 0.04 cm2/s, which is about 41% lower than the cross-plane thermal diffusivity 

of defect-free 4H-SiC  [197,198]. As the modulation frequency decreases (i.e., 

as the thermal wave generated at the surface reaches a greater depth) ,  𝛼⟘ 

decreases gradually, indicating that the density of the irradiation-induced 

defects along the axis of the hexagonal unit cell of 4H-SiC increases with depth. 

For the modulation frequency for which the cross-plane thermal diffusion 

length is of the order of the irradiated layer, the thermal wave scatters at the 

highly damaged zone, preventing 𝐿𝑡ℎ,𝑧
2  from increasing with 1 𝜋𝛺⁄  and causing 

𝛼⟘to drop rapidly. For sufficiently low modulation frequencies, the thermal 

wavelength becomes significantly larger than the thickness of the irradiated 4H-

SiC layer, so the rate at which thermal waves scatter by irradiation-induced 

defects decreases. Therefore, 𝐿𝑡ℎ,𝑧
2  increases again with 1 𝜋𝛺⁄ .  

The slope of the straight line passing through origin that best fits 𝐿𝑡ℎ
2  

with respect to 1 𝜋𝛺⁄  for the high modulation frequencies shows that the in-

plane thermal diffusivity 𝛼// of a 4H-SiC layer irradiated by protons at a dose 

of 5.0 x 1015 ions/cm2 but not containing the highly damaged zone is 2.14 ± 

0.04 cm2/s. This value of 𝛼//, which is slightly higher than that of the in-plane 

thermal diffusivity of intact 4H-SiC, indicates that proton irradiation with a 

dose of 5.0 x 1015 ions/cm2 causes no noticeable damage in the basal plane of 

the 4H-SiC unit cell and generates free carriers that contribute to heat transport. 

Evidence of irradiation-induced free carriers is demonstrated above for an 

irradiation dose of 2.5 x 1015 ions/cm2 and will be demonstrated later for an 

irradiation dose of 5.0 x 1015 ions/cm2.  For lower modulation frequencies, i.e., 

when the measured 4H-SiC layer contains the heavily damaged zone, 𝛼// drops 

to 1.89 ± 0.04 cm2/s.  

The resonances of the infrared-active TO and LO phonons in the intact 

sample and the sample irradiated with a dose of 5.0 x 1015 ions/cm2 are shown 

in Figure 4.5 (c) and Figure 4.5 (d), respectively. As can be seen in Figure 4.5 

(c), the intensity of the resonance line of the TO phonon in the irradiated layer 

is lower than that of the resonance line of the TO phonon in the intact 4H-SiC, 

indicating that for a proton irradiation dose of 5.0 x 1015 ions/cm2, the lattice 

deterioration reaches a level detectable in vibrational spectroscopy. The 

comparison between the resonance lines of the LO phonons in the irradiated 

layer and in the intact 4H-SiC, shown in Figure 4.5 (d), clearly demonstrates 
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Figure 4.6 Infrared analysis of 4H-SiC substrate irradiated with protons at 3MeV with a 

dose of 1.0 x 1016 H+ ions/cm2. (a) Square of cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧
2  vs. 

the inverse of the heating beam modulation frequency. (b) Square of in-plane thermal 

diffusion length 𝐿𝑡ℎ
2  vs. the inverse of the heating beam modulation frequency. The slopes 

of the straight line passing through origin that best fit  the data points give the in-plane 

thermal diffusivity for high and low heating beam modulation frequencies. The 

uncertainties are determined by the experiment sensitivity and the scatter in the data 

points. The vertical dashed line is introduced to highlight the fact that 𝐿𝑡ℎ,𝑧
2  and 𝐿𝑡ℎ

2  

undergo the strongest deviation from the linear behavior for the same modulation 

frequency. (c) Imaginary parts of the infrared dielectric functions of intact 4H-SiC and 

the irradiated sample. (d) Imaginary parts of the inverse of the negative of the dielectric 

functions of intact 4H-SiC and the irradiated sample. 

 

that a proton irradiation dose of 5.0 x 1015 ions/cm2 generates 

additional free carriers whose collective vibrational mode couples with the LO 

phonon mode.  
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The cross-plane and in-plane thermal diffusion length in the sample 

irradiated with a proton dose of 1.0 x 1016 ions/cm2 are shown in Figure 4.6 (a) 

and Figure 4.6 (b), respectively, for nine different modulation frequencies. For 

this irradiation dose, the curve corresponding to 𝐿𝑡ℎ,𝑧
2  vs. 1 𝜋𝛺⁄  gradually 

deviates from a straight line as the modulation frequency increases. Then, it 

decreases sharply for modulation frequencies for which the cross-plane thermal 

diffusion lengths are of the order of the thickness of the irradiated layer and 

increases again for frequencies for which the cross-plane thermal diffusion 

lengths are significantly larger than the thickness of the irradiated layer. 

However, the rate at which this curve increases at low frequencies is markedly 

lower than the rate at which it increases for lower irradiation doses. This 

behavior of the 𝐿𝑡ℎ,𝑧
2  vs. 1 𝜋𝛺⁄  curve indicates that the highly damaged zone in 

the layer irradiated with a proton dose of 1.0 x 1016 ions/cm2 is significantly 

thicker than that in the layers irradiated at lower doses. The dependence of 𝛼// 

on the modulation frequency shown in Figure 4.6 (b) demonstrates, on the other 

hand, that even at such a high irradiation dose, the proton irradiation causes no 

noticeable damage in the basal plane of the 4H-SiC unit cell and the induced 

free carriers contribute to the heat transport in the plane of the irradiated layer. 

The fact that the drop in 𝛼// when the thermal wave reaches the highly damaged 

region is now greater than that observed for lower irradiation doses also 

indicates that the highly damaged zone in the layer irradiated at a dose of 1.0 x 

1016 ions/cm2 is thicker than that in the layers irradiated at lower doses (see 

Section 4.5.3).    

The resonance lines of the infrared-active TO and LO phonons in the 

intact sample and the sample irradiated with a dose of 1.0 x 1016 ions/cm2 are 

shown in Figure 4.6 (c) and Figure 4.6 (d), respectively. As shown in Figure 

4.6 (c), at an irradiation dose of 1.0 x 1016 ions/cm2, the mixed A1 and E1 

symmetry TO phonon mode splits into two different modes. This phonon mode 

splitting is due to the effect of the stress field on the TO phonon resonance 

frequency in the highly damaged zone  [208]. Thus, at an irradiation dose of 1.0 

x 1016 ions/cm2, the highly damaged zone becomes thick enough to be detected 

in IR spectroscopy. The comparison between the resonance lines of the LO 

phonon modes in the irradiated layer and the intact 4H-SiC substrate 

demonstrates, as for the layers irradiated at lower doses, irradiation-induced 

additional free carriers whose collective vibrational mode couples with the  LO 

phonon mode. The cross-plane and in-plane thermal diffusion length in the 

sample irradiated with a proton dose of 2.0 x 1016 ions/cm2 are shown in Figure 

4.7 (a) and Figure 4.7 (b), respectively, for nine different modulation 

frequencies. The very pronounced drop of  𝐿𝑡ℎ,𝑧
2  for moderate modulation 

frequencies and the strong decrease of 𝛼// when the thermal wave reaches the 
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Figure 4.7 Infrared analysis of 4H-SiC substrate irradiated with protons at 3MeV with a 

dose of 2.0 x 1016 H+ ions/cm2. (a) Square of cross-plane thermal diffusion length 𝐿𝑡ℎ,𝑧
2  vs. 

the inverse of the heating beam modulation frequency. (b) Square of in-plane thermal 

diffusion length 𝐿𝑡ℎ
2  vs. the inverse of the heating beam modulation frequency. The slopes 

of the straight line passing through origin that best fit the data points give the in -plane 

thermal diffusivity for high and low heating beam modulation frequencies. The 

uncertainties are determined by the experiment sensitivity and the scatter in the data 

points. The vertical dashed line is introduced to highlight the fact that 𝐿𝑡ℎ,𝑧
2  and 𝐿𝑡ℎ

2  

undergo the strongest deviation from the linear behavior for the same modulation 

frequency. (c) Imaginary parts of the infrared dielectric functions of intact 4H-SiC and 

the irradiated sample. (d) Imaginary parts of the inverse of the negative of the dielectric 

functions of intact 4H-SiC and the irradiated sample. 
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highly damaged region indicate that when the proton irradiation dose 

increases to 2.0 x 1016 ions/cm2, the thickness of the highly damaged zone 

increases further. The value of 𝛼// obtained for high modulation frequencies is 

very comparable to that of the intact 4H-SiC, indicating that even an extremely 

high irradiation dose (about one fifth of the dose at which 4H-SiC flakes are 

exfoliated  [209]) does not cause any noticeable damage in the basal plane of 

the 4H-SiC unit cell. The resonance lines of the infrared-active TO and LO 

phonons in the intact sample and the sample irradiated with a dose of 2.0 x 1016 

ions/cm2 are shown in Figure 4.7 (c) and Figure 4.7 (d), respectively. As the 

irradiation dose increases to 2.0 x 1016 ions/cm2, the splitting of the mixed 

symmetry TO phonon mode becomes more pronounced, indicating a further 

increase in the thickness of the highly damaged zone, while the resonance line 

of the LO phonon continues to reveal irradiation-induced free carriers.  

According to the above discussion, proton irradiation induces defects 

mainly along the axis of the 4H-SiC unit cell. The depth profile of the axial 

defect density in the irradiated layer can be obtained from the cross-plane 

thermal diffusion length measured at different modulation frequencies. Let z be 

the depth of a scattering center (pint defect, dislocation, impurity, etc.). Due to 

the high damping of the thermal wave generated on the surface by the IR heating 

beam, it is reasonable to assume that the characteristic thermal wavelength 𝜆𝑧 

is equal to the cross-plane thermal diffusion length  [195]. The sensitivity of 

the thermal wave to the scattering center at depth z increases as 𝜆𝑧 increases. 

For instance, if 𝜆𝑧 ≤ 𝑧, the thermal wave is insensitive to the defect as it 

vanishes before reaching depth z, and if 𝜆𝑧 is slightly larger than z, the thermal 

wave hardly interacts with the defect at depth z. Nevertheless, if 𝜆𝑧 > 2𝑧, the 

thermal wave does not scatter at depth z because of the diffraction limit. 

Consequently, the most sensitive thermal wave to the scattering center at depth 

z is the one whose wavelength is equal to 2z. On the other hand, the strength of 

the thermal wave scattering can be determined from the relative difference 

between the cross-plane thermal diffusion length in the measured layer and 

intact 4H-SiC  (∆𝐿𝑡ℎ,𝑧 𝐿𝑡ℎ,𝑧)⁄ . Here, 𝐿𝑡ℎ,𝑧 is the cross-plane thermal diffusion 

length in intact 4H-SiC and ∆𝐿𝑡ℎ,𝑧 is the absolute difference between the cross-

plane thermal diffusion length in the measured layer and intact 4H-SiC. Thus, 

the plot of  ∆𝐿𝑡ℎ,𝑧 𝐿𝑡ℎ,𝑧⁄  vs.  𝐿𝑡ℎ,𝑧 2⁄   (which, as mentioned above, is equal to 

𝜆𝑧 2⁄ ) provides a measure of the strength of thermal wave scattering as a 

function of the scattering center depth in the measured layer. In other words, 

such a plot provides a depth profile of the axial defect distribution in the 

measured layer.  

The plots of  ∆𝐿𝑡ℎ,𝑧 𝐿𝑡ℎ,𝑧⁄  vs.  𝐿𝑡ℎ,𝑧 2⁄  for the irradiated 4H-SiC layers 

are presented in Figure 4.8. These plots show that for low proton irradiation 
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doses, the highly damaged zone is at approximately 12 µm from the hydrogen-

enriched interface between the irradiated and intact 4H-SiC. However, as the 

proton irradiation dose increases, the heavily damaged zone approaches the 

hydrogen-enriched interface, which is located at a depth of 60 ± 5 µm. The plots 

illustrated in Figure 4.8 also show that, in accordance with the conclusion 

drawn from the behavior of 𝐿𝑡ℎ,𝑧
2  in the irradiated 4H-SiC layers, the thickness 

of the highly damaged zone increases as the proton irradiation dose increases.  

 

 

 

 

Figure 4.8 Plots of the relative differences between the cross-plane thermal diffusion 

lengths in the irradiated 4H-SiC layers investigated in this work and in intact 4H-SiC vs. 

the half of the cross-plane thermal diffusion length in intact 4H-SiC revealing the depth 

profiles of the defect density in 4H-SiC substrates irradiated with protons at 3MeV with 

different irradiation doses. 
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Figure 4.9: Fourier transform infrared (FTIR) reflectivity spectra of the intact 

and proton-irradiated 4H-SiC samples. Due to the high absorption coefficient of 

4H-SiC for an infrared excitation and the irregularities of the hydrogen-enriched 

interface between the irradiated and intact 4H-SiC, the interference between the 

rays reflected from the irradiated 4H-SiC and the rays reflected from the intact 

4H-SiC is unlikely. As a result, the recorded IR reflectivity spectra are essentially 

dictated by phonon and plasmon modes in the irradiated 4H-SiC. 

4.4 CONCLUSION 
 

Directional analysis of thermal diffusivity and depth profiles of defect density 

in proton-irradiated 4H-SiC substrates is performed using the interaction of 

thermal waves with irradiation-induced defects and IR spectroscopy. Pulses 

from a 10.6 µm wavelength CO2 laser were used to generate thermal waves in 

4H-SiC single crystal substrates irradiated with protons at 3MeV with different 

irradiation doses. The induced temperature gradients on the surfaces were 

measured using the deflection of a He-Ne laser probe beam due to the mirage 

effect. The cross-plane and in-plane thermal diffusion lengths in the irradiated 
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layers were obtained by fitting the measured angular deflection of the probe 

beam to a model for the mirage effect taking into account the anisotropic 

thermal properties of 4H-SiC. The variation of the square of the cross-plane 

thermal diffusion length relative to the inverse of the modulation frequency 

showed that proton irradiation causes significant damage along the axis of the 

hexagonal unit cell of 4H-SiC and that the highly damaged zone at which 

thermal waves scatter the most thickens as the irradiation dose increases. On 

the other hand, the variation of the square of the in-plane thermal diffusion 

length relative to the inverse of the modulation frequency showed that proton 

irradiation causes no noticeable damage in the basal  plane of the 4H-SiC 

hexagonal unit cell and confirmed that the irradiation-induced highly damaged 

zone thickens as the irradiation dose increases. The effect of the proton 

irradiation dose on the cross-plane and in-plane thermal diffusivity of 4H-SiC 

was also deduced. The Kramers-Kronig conversion of the FTIR reflectivity 

spectra of the samples further confirmed that the thickness of the heavily 

damaged zone increases with the irradiation dose and showed that proton 

irradiation induces free carriers that can contribute to heat transport in the plane 

of the irradiated layer. Finally, the measurement of thermal wave scattering in 

the irradiated layers is used to generate the depth profile of the defect density 

in proton-irradiated 4H-SiC for different proton irradiation doses. The results 

showed that the highly damaged zone thickens and approaches the proton 

reaching depth as the irradiation dose increases.  

4.5 Supplementary Information 

4.5.1  Derivation of the probe beam angular deflection (particular 

case) 

In the case where the generated thermal waves are backscattered at the interface 

between the irradiated and intact 4H-SiC(which is the zone of high 

concentration of H+ ions) , the solution of Eq. 2.45 takes the usual form, 

whereas the solution of Eq. 2.46 takes the form  

𝑡1(𝑘, 𝑧) = 𝐶1 𝑠𝑖𝑛ℎ(𝜃1 + 𝑖𝑘1𝑧)   Eq. 4.7 

in the irradiated region (i.e., for 0 < 𝑧 < 𝑎1 , where 𝑎1 is the thickness of the 

proton-reaching depth), and the form 

𝑡2(𝑘, 𝑧) = 𝐶2 𝑠𝑖𝑛ℎ[𝜃2 + 𝑖𝑘2(𝑧 − 𝑎1)]      Eq. 4.8 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI078/these.pdf 
© [J. Younes], [2021], INSA Lyon, tous droits réservés



Thermal and infrared analysis of the directional dependence of heat transport and defect formation in proton-irradiated 4H-SiC 

[158] 

Joan Younes / PhD Thesis in Physics / 2021 / Institut national des sciences appliquées de Lyon 133 

in the intact zone, where the subscripts 1 and 2 refer to the irradiated and intact 

4H-SiC, respectively.  The Equations Eq. 4.7 and Eq. 4.8 present solutions to 

Eq. 2.46 taking into account thermal waves propagating in both the positive and 

negative z-direction. While the constant  𝐶𝑔 in Eq. 2.49 describes the amplitude 

and phase of the thermal waves propagating in the air and responsible for the 

deflection of the probe beam, the complex constant 𝜃1 describes the relative 

amplitude and phase between the forward-going and the backward-going 

thermal waves in the irradiated 4H-SiC. Given that the intact 4H-SiC beneath 

the irradiated 4H-SiC is thermally thick and there is no backward-going thermal 

waves in it, 𝜃2 must be infinite. The requirement that the temperature and heat 

flux be continuous at the interface between the air and the irradiated 4H-SiC 

results in 

 

𝐶𝑔 = 𝐶1𝑠𝑖𝑛ℎ(𝜃1)      Eq. 4.9 

and 

𝜅𝑔𝑘𝑔𝐶𝑔 + 𝜅1,𝑧𝑘1𝐶1𝑐𝑜𝑠ℎ(𝜃1) = 1 2𝜋⁄       Eq. 4.10 

 

which allows writing the constant 𝐶𝑔 as 

𝐶𝑔 =
𝑖

2𝜋[𝜅𝑔𝑘𝑔+𝜅1,𝑧𝑘1𝑐𝑜𝑡ℎ(𝜃1)]
      Eq. 4.11 

 

Using the requirement that the temperature and heat flux must be continuous at 

the interface between the irradiated and intact 4H-SiC, 𝜃1 in Eq. 4.11 can be 

expressed as 

𝜃1 = 𝑖𝑘1𝑎1−𝑡𝑎𝑛ℎ−1(𝜅1,𝑧𝑘1 𝜅2𝑘2⁄ )      Eq. 4.12 

where 𝜅1,𝑧 and 𝜅2,𝑧 are the cross-plane thermal conductivities in the irradiated 

and intact 4H-SiC, respectively.  

Using Eq. 4.11 instead of Eq. 2.53 in the theory of the mirage effect, 

the transverse angular deflection of the probe beam can be written as 

 

 

𝑀′𝑡𝑟𝑎𝑛𝑠 =
−𝑖

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑠𝑖𝑛(𝑘𝑥)𝑒𝑖𝑘𝑔ℎ𝑒−𝑘2𝑅1
2 4⁄

(𝜅1,𝑧𝑘1𝑐𝑜𝑡ℎ(𝜃1)+ 𝜅𝑔𝑘𝑔)

+∞

0
      Eq. 4.13 
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4.5.2 Amplitudes and phases of the transverse photothermal signals 

obtained from the proton-irradiated samples. 

 

Figure 4.10 : Magnitudes and phases of transverse photothermal signals from a 

4H-SiC substrate irradiated with 3 MeV H+ ions at a dose of 2.5 x 1015 ions/cm3 

relative to the offset distance between the heating beam and probe beam for nine 

different heating beam modulation frequencies. The experimental data are shown 

using symbols. The fits of the experimental data to a formalism for the angular 

deflection of the probe beam due to the mirage effect with taking into account 

forward-going and backward-going thermal waves are shown by solid lines.  
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Figure 4.11: Magnitudes and phases of transverse photothermal signals from a 

4H-SiC substrate irradiated with 3 MeV H+ ions at a dose of 5.0 x 1015 ions/cm3 

relative to the offset distance between the heating beam and probe beam for nine 

different heating beam modulation frequencies. The experimental data are shown 

using symbols. The fits of the experimental data to a formalism for the angular 

deflection of the probe beam due to the mirage effect with taking into account 

forward-going and backward-going thermal waves are shown by solid lines.  
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Figure 4.12: Magnitudes and phases of transverse photothermal signals from a 

4H-SiC substrate irradiated with 3 MeV H+ ions at a dose of 1.0 x 1016 ions/cm3 

relative to the offset distance between the heating beam and probe beam for nine 

different heating beam modulation frequencies. The experimental data are shown 

using symbols. The fits of the experimental data to a formalism for the angular 

deflection of the probe beam due to the mirage effect with taking into account 

forward-going and backward-going thermal waves are shown by solid lines.  
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Figure 4.13: Magnitudes and phases of transverse photothermal signals from a 

4H-SiC substrate irradiated with 3 MeV H+ ions at a dose of 2.0 x 1016 ions/cm3 

relative to the offset distance between the heating beam and probe beam for nine 

different heating beam modulation frequencies. The experimental data are shown 

using symbols. The fits of the experimental data to a formalism for the angular 

deflection of the probe beam due to the mirage effect with taking into account 

forward-going and backward-going thermal waves are shown by solid lines.  
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4.5.3 Relationship between the in-plane thermal diffusivity of the 

highly damaged zone and the overall in-plane thermal 

diffusivity of the measured 4H-SiC layer 

Let 𝛼// be the in-plane thermal diffusivity of the 4H-SiC layer measured at high 

modulation frequencies, i.e., when the thermal wave is extinguished before 

reaching the highly damaged zone, and 𝛼//
′  the in-plane thermal diffusivity of 

the 4H-SiC layer measured at low modulation frequencies, i.e., when the 

thermal wave reaches the highly damaged zone and the measured 4H-SiC layer 

includes that zone.  

Now, consider that measurements are carried out at low modulation 

frequencies so that the measured 4H-SiC layer includes the highly damaged 

zone. The total in-plane heat flow rate in the measured layer is thus the sum of 

the in-plane heat flow rate in the highly damaged zone and the in-plane heat 

flow rate outside this zone. Since the in-plane heat flow rate is directly 

proportional to the in-plane thermal diffusivity times the layer thickness, the 

in-plane thermal diffusivity of the measured layer takes the form: 

 

𝛼//
′ 𝐿𝑡ℎ = 𝛼//

′′ ∆𝑥 + 𝛼//(𝐿𝑡ℎ − ∆𝑥)      
 

Eq. 4.14 

 

where ∆𝑥 and 𝛼//
′′  are the thickness and the in-plane thermal diffusivity of the 

highly damaged zone, respectively, and 𝛼// is the in-plane thermal diffusivity 

outside the highly damaged zone. The thickness of the measured layer is 

assumed to be of the order of the thermal diffusion length. Eq. 4.14 can be 

written in the form: 

 

𝛼//
′ = 𝛼// − (𝛼// − 𝛼//

′′ )
∆𝑥

𝐿𝑡ℎ
      Eq. 4.15 

 

Since the thermal diffusivity decreases rapidly as the lattice damage 

increases  [199–203],  𝛼// > 𝛼//
′′ , and thus, according to Eq. 4.15, the in-plane 

thermal diffusivity for low modulation frequencies 𝛼//
′  is lower than the in-

plane thermal diffusivity for high modulation frequencies 𝛼//. The deviation of 

𝛼//
′  from 𝛼// increases as the defect density in the highly damaged zone 

increases and as the thickness of the highly damaged zone increases.  
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4.5.4 Identification of the symmetries of the 4H-SiC phonons 

observed in IR spectroscopy 

The mode symmetries of the 4H-SiC phonon detected from IR spectroscopy can 

be identified by noting the following. Group theory predicts at the center of the 

Brillouin zone of 4H-SiC three Raman- and infrared-active axial optical phonon 

modes (A1 symmetry optical phonon modes), three Raman- and infrared-active 

basal optical phonon modes (E1 symmetry optical phonon modes), and four 

unpolarized E2 symmetry optical phonon modes that are only Raman-active. 

This is in addition to B1 symmetry optical phonon modes that are silent in both 

Raman and infrared spectroscopy  [210]. The splitting of the phonon modes into 

A1 and E1 symmetry modes results from the anisotropy of the short-range 

interatomic forces. On the other hand, the long-range electrostatic forces split 

these polar phonon modes into transverse and longitudinal modes and raises the 

frequency of the LO phonon mode over that of the TO phonon mode  [211]. In 

the case of 4H-SiC, the long-range electrostatic forces are the dominant forces. 

Therefore, at the center of the Brillouin zone, the TO phonon modes belonging 

to different symmetries group together and the LO phonon modes belonging to 

different symmetries group together at higher frequencies. Consequently, no 

interaction occurs between TO and LO phonon modes. However, under certain 

experimental conditions, phonon modes of mixed A1 and E1 symmetry type can 

be excited and observed in IR or Raman spectra  [212]. In unpolarized IR 

spectroscopic measurements, the electric field splits into two individual 

components, one parallel and another perpendicular to the plane formed by the 

incident light and the material optical axis. The former interacts with phonon 

modes of mixed symmetry, whereas the latter interacts with phonon mode of 

pure E1 symmetry  [196]. However, in the particular case of SiC polytypes, the 

infrared-active zone center optical phonon modes are of two kinds, called strong 

and weak because of their very different IR strength  [213]. The strong modes 

are common to all SiC polytypes, while the frequencies of the weak modes 

depend on the polytype  [214]. Thus, the IR spectrum from 4H-SiC should 

exhibit signatures from mixed A1 and E1 symmetry TO and LO phonons and 

pure E1 symmetry TO and LO phonons. 
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5 Measurement of Thermal 
diffusivity for thin layers by IR-
PBD through SPP 

 

 

As another application for the developed mid-IR photothermal beam deflection 

technique, we have measured Thermal diffusivity for thin Layers of amorphous 

Silicon Carbide (a-SiC) deposited on silicon (Si) substrate. 

The reported thermal diffusivity values were quite considerable with respect to 

the value of the bulk material. The used mid-IR laser excites and launches 

electromagnetic surface waves, that are highly confined exactly on the surface 

of these amorphous thin layers. 

The mid-IR photothermal beam deflection technique has been 

extensively described and established as per sections 3.3 and 2.3, and in ref.  [5] 

The in-plane thermal diffusivity was measured by this technique. The 

experiments show that reducing the a-SiC thin film thickness enhances the 

interaction between the surface waves propagating on either side of the a-SiC 

film, leading to a substantial increase of the in-plane thermal diffusivity. The 

obtained results clearly show that the in-plane thermal diffusivity (due to these 

induced surface waves) of an a-SiC film of a thickness of a few nanometers is 

orders of magnitude larger than the thermal diffusivity by phonons in silicon. 

We think that the obtained results would allow further insights into the physics 

of electromagnetic waves confined on solid surfaces and provide an efficient 

way to counter the decrease of thermal transport by phonons due to the bigger 

rate of phonon-boundary scattering processes in low-dimensional structures. 

5.1 INTRODUCTION 
 

Due to technology advancement, there is a constant trend for the miniaturization 

of electronic component and devices such as lab-on-a-chip. Introduction of 

mobile devices, Internet of Things, has also contributed to the booming of 

Integrated nanoelectronics. The size of the electronic components and gates is 

being scaled down to a length of a few tens of nanometers. Technology 

industries are pushing for even smaller sizes for these compounds shortly down 

to a few nanometers. This continuous downsizing and the increase in their 

operating speeds and switching frequencies would certainly lead to hot spots 

localized over small areas. These hot spots can cause premature components 
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failure if left for a long time. Therefore, thermal management in electronic 

devices has become an increasingly important issue and a hot topic in 

microelectronics. Many research groups have demonstrated efficient phonon 

engineering methods for improving the thermal conductivity of dielectric 

materials for thermoelectric applications  [215–218]. But there is still a lack of 

research tackling heat evacuation from low-dimensional dielectric materials, 

where classical heat carriers (phonons) suffer from high scattering rates. 

Under certain conditions, the interaction of energy-carrying 

electromagnetic waves with optical phonons in a polar material produces p-

polarized surface phonon-polariton (SPP) waves, which are highly confined 

electromagnetic waves at the material's surfaces  [219–222]. In the near-field 

limit, tunneling of SPP modes between polar dielectrics separated by a vacuum 

gap of a few microns has showed orders of magnitude increase of 

thermal radiation  [155,222–230]. SPP modes may theoretically transmit heat 

by conduction, which would answer the industrial demand for extremely 

efficient heat carriers in materials. SPP modes are insensitive to the classical 

center of scattering due to their long propagation length, long lifetime, shallow 

penetration depth, and electromagnetic nature, and hence may carry a high heat 

flux. Thermal conduction via SPP modes is particularly visible in an ultra-thin 

polar dielectric film, whereby surface modes on one surface interact with those 

on the other  [231–234]. Furthermore, when the thickness of the polar dielectric 

layer decreases, the mean-free-path of tiny wave-vectors SPP antisymmetric 

modes increases dramatically, increasing further the SPP heat flux  [231].  

Theoretical predictions of efficient thermal conduction via SPP modes 

in suspended structures have been validated by experimental studies  [235–

238]. As a result, temperature measurements at surfaces of glass micro-

tips provided evidence of SPP carrying energy  [236], and thermal excitation of 

SPP modes followed by direct measurements of thermal conductivity in silicon 

dioxide (SiO2) nanoparticles beads in various surrounding materials clearly 

demonstrated significant thermal conduction via SPP modes at temperatures 

somewhat over room temperature  [237]. In terms of planar geometries, recent 

tests have shown that heat conduction by SPP modes is equally efficient as 

thermal conduction by vibration modes in suspended silica films with 20 nm of 

thickness maintained at room temperature  [238].  

Near-field investigations, on the other hand, have shown that 

sandwiching a polar dielectric film between two nonpolar mediums with 

positive dielectric constants, leads to a remarkable confinement of SPP modes 

with substantial lifetimes at the film's surfaces  [239–241]. These highly 

confined heat-carrying SPP modes with longer lifetime are more efficient in 

carrying more heat than the SPP modes of suspended polar films. The in-plane 

thermal diffusivity of such highly confined SPP modes at the surfaces of an 
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amorphous silicon carbide (a-SiC) film deposited on a silicon (Si) substrate is 

investigated in this study. We employ a photothermal-beam deflection 

technique with a mid-IR (MIR) heating source to excite and launch highly 

confined SPP modes at the surfaces of the a-SiC film, and we quantify the 

sample's in-plane thermal diffusivity as a function of the a-SiC film thickness 

at the same time. The thermal diffusivity by SPP modes is affected by the 

thickness of the a-SiC film (which controls the degree of the interaction 

between the waves propagating on either side of the a-SiC film). 

The use of an amorphous polar dielectric film in this work is 

advantageous for two reasons. First, it allows for the elimination of thermal 

transport by phonons and electrons in the film, as well as the observation of 

SPP modes' contribution to in-plane thermal diffusivity. Second, the solution to 

the dispersion relations of the SPP modes in amorphous materials ranges from 

k=0 to k→∞ (where k is the wave-vector) due to the high damping factor, and 

unlike crystals, there is no physical reason to exclude any part of it  [219]. As 

a result, despite the broad imaginary parts of the infrared dielectric functions of 

amorphous materials reducing the lifetimes and mean-free-paths of the SPP 

modes whose frequencies are close to the vibration resonance frequencies, the 

large number of SPP modes in amorphous materials allows for a considerable 

contribution of these modes to in-plane heat transfer. 

5.2 EXPERIMENTS 
 

The samples were prepared by pulsed Laser deposition (PLD) with the 

following conditions: 

-  A high power KrF excimer Laser operating @ 248nm focused on the target 

surface with energy = 400mJ. 

- The laser pulses are around 20 nanoseconds. 

- Repetition rate = 10 Hz. 

- Substrate was a commercial Si(100) substrate. 

- Vacuum Level around with pulses around 10-6 mbar. 

- The target used was a high purity SiC polycrystalline target continuously 

rotating to ensure uniformity of target ablation. 

- the Si substrate temperature was kept at 400 °C to ensure amorphous 

deposited films. 
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Figure 5.1: Raman Spectra from a bare silicon substrate and a 40 nm thick 

amorphous silicon carbide film on a silicon substrate. According to Ref.  [242], 

the stoichiometry ratio in the deposited film is 1:1.   

 

 

Three different samples were prepared with deposition times of 5 minutes, 15 

minutes, and 40 minutes to obtain a-SiC films on Si, with different thicknesses 

for the a-SiC Layer. Surface analysis by Atomic force microscopy (AFM) 

showed that the obtained films were 3 nm, 16 nm, and 40 nm thick. Figure 5.1 

shows the Raman spectrum of the 40 nm thick a-SiC film on Si. The broad peak 

at 1456 cm-1 is a clear signature of amorphous SixC1-x with x=0.5  [242]. 

Using the IR-PBD technique described previously in sections 2.3 and 

3.3 and Ref.  [5], we measured the in-plane thermal diffusivity of the samples, 

in order to evaluate the contribution of the electromagnetic surface modes.  

Figure 5.2 shows a schematic diagram of the measurement technique similar to 

ones previously found in Figure 3.2, but depicting also the mechanisms of the 

excitation and the generation of SPP modes on the surface of the measured 

sample. Figure 5.2 also shows the deflection of the probe beam due to mirage 

effect, allowing the detection of the thermal waves generated in the air. As 

previously stated, a p-polarized 10.6 µm wavelength CO2 laser beam is focused 

on the sample surface and modulated by an acousto-optic modulator. In 

amorphous materials, that correspond to short-correlation structures, the 
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requirement of total momentum conservation for the interaction between the IR 

radiations and the polar vibration modes breaks down  [243–245]. As a result, 

regardless of their wave-vectors, vibration modes whose frequencies match 

those of the incident MIR radiations may absorb a significant portion of the 

heating beam. The high likelihood of optical absorption al lows for significant 

heating in the a-SiC material, resulting in thermal activation of SPP, Zenneck, 

and guided modes  [246]. The optical absorption of incoming MIR light in the 

a-SiC layer will be demonstrated later by experimental data. All of these 

thermally generated electromagnetic surface waves have the potential to 

contribute to thermal conduction in the measured sample's plane. 

Moreover, MIR radiations are highly absorbed by the sample surface, which 

causes a periodic vertical surface displacement in the heated zone  [5]. Such a 

surface-induced localized defect has been shown to be effective in launching 

surface modes on the measured sample's surface  [247].  

The modulated heating beam is also used to create fast damped thermal 

waves in and above the measured sample, in addition to the stimulation and 

the launch of electromagnetic surface modes. These thermal waves cause 

periodic temperature and refraction index gradients in the air near the samples 

surface. At the frequency of the modulation of the heating beam, these gradients 

are capable of periodically deflecting the probe beam passing closely to the 

surface. In our experiment, the probe beam is incident at an angle of 1° with 

respect to the sample surface, and it focuses on the sample surface well before 

the heating spot. As a result, the angular deviation of the probe beam caused by 

the mirage effect occurs after the probe beam has been reflected off the sample 

surface. Consequently, the surface displacement may only contribute to the 

longitudinal component (along the z-axis) of the probe beam's angular 

deflection since the heating beam, probe beam, and sample normal are all in the 

same plane. To prevent contributions from surface movement, we exclude the 

longitudinal angular deflection and use a four-quadrant photodetector to 

only capture the transverse component (along the y-axis) of the angular 

deflection of the probe beam. The above explanation has already been tackled 

in section 3.4.1 and has demonstrated efficacy in suppressing the effect of 

surface displacement on the recorded signal  [5].  As can be seen in the inset 

“TOP VIEW” of Figure 5.2, the heating beam is scanned along the sample 

surface in the  
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Figure 5.2: Side view and top view of the experimental setup showing the 

scattering of electromagnetic surface waves at a thermoelastic deformation of the 

sample surface, the generation of thermal waves in the air and sample, and the 

detection of the generated thermal waves using the mirage effect. 𝑘𝑝 is the wave-

vector of the scattered electromagnetic surface modes. 

 

y-direction, perpendicularly to the probe and the angular deflection of the probe 

beam is recorded as a function of the offset distance between the heating beam 

and probe beam, in order to measure the thermal diffusivity. The measurement 

is repeated for different beam modulation frequencies thus increasing the 

accuracy of the analysis of the data. The experimental data are fitted to the 

anisotropic single-layer model for the mirage effect. The above model is 

accurate in this case as will be shown briefly below. Noting that the generated 

thermal wave in the air damps rapidly to zero  [248]. As such, the thermal wave 

characteristic wavelength is almost equal to the thermal diffusion length, which 

is given by: 

 

𝐿𝑡ℎ = √
𝛼𝑠,𝑥

𝜋𝑓
      Eq. 5.1 

 where 𝛼𝑠,𝑥  is the in-plane thermal diffusivity of the measured sample, and f is 

the heating beam modulation frequency.  
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Figure 5.3: Magnitude and phase of the transverse signals from a bare silicon 

substrate relative to the offset distance between the heating beam and probe beam 

for four different heating beam modulation frequencies. The experimental data 

are shown using symbols. The fits of the experimental data to an anisotropic 

theory for the mirage effect are shown using solid lines.  
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Figure 5.4: Magnitude and phase of the transverse signals from a 40 nm a-SiC 

film on Si relative to the offset distance between the heating beam and probe beam 

for four different heating beam modulation frequencies. The experimental data 

are shown using symbols. The fits of the experimental data to an anisotropic 

theory for the mirage effect are shown using solid lines.  
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Figure 5.5: Magnitude and phase of the transverse signals from a 16 nm a-SiC 

film on Si relative to the offset distance between the heating beam and probe beam 

for four different heating beam modulation frequencies. The experimental data 

are shown using symbols. The fits of the experimental data to an anisotropic 

theory for the mirage effect are shown using solid lines.  
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Figure 5.6: Magnitude and phase of the transverse signals from a 3 nm a-SiC film 

on Si relative to the offset distance between the heating beam and probe beam for 

four different heating beam modulation frequencies. The experimental data are 

shown using symbols. The fits of the experimental data to an anisotropic theory 

for the mirage effect are shown using solid lines.  

 

 

Since, in this measurement, we only modulate the heating beam at frequencies 

on the order of 0.5 - 1 kHz and typically 𝛼𝑠,𝑥 is about 1 cm2/s, the wavelength 

of the generated thermal wave is estimated to be approximately 150 µm. Given 

that the thicknesses of the deposited a-SiC films (nanometers) are orders of 

magnitude less than this value, the thermal wave created is consequently 

unaffected by the interface between the a-SiC layer and the Si substrate. As a 

result, the collected data may be described using a single layer model that 
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ignores thermal wave scattering at interfaces, proving that the above fitting is 

adequate. 

5.3 RESULTS AND DISCUSSION 
 

We present in Figure 5.3, Figure 5.4, Figure 5.5, Figure 5.6, the amplitudes 

and phases of the transverse signals obtained from a bare Si substrate, a 40 nm 

a-SiC film on Si, a 16 nm a-SiC film on Si, and a 3 nm a-SiC film on Si 

respectively. This transverse signal is plotted vs. the offset distance between 

the heating beam and probe beam. The fact that the magnitudes of the signals 

from the samples with a-SiC films are greater than the magnitudes of the signals 

from the bare Si substrate implies that a significant portion of the MIR 

radiations is absorbed and transformed into heat in the a-SiC films, 

thus proving that electromagnetic surface modes are thermally triggered in 

the a-SiC films. 

The slope of the signal phase provides a precise estimate of the 

observed sample's in-plane thermal diffusivity. We deposit heat in the irradiated 

zone at a rate specified by the modulation frequency of the heating beam. The 

heat then diffuses out from the center, and the peak signal appears later (a more 

negative signal phase) as the offset distance between the heating beam and 

probing beam increases. As a result, the slope of the signal phase, the rate of 

heat transfer in the plane of the sample (i.e., the in-plane thermal diffusivity), 

and the modulation frequency of the heating beam must have a direct 

connection. Experiments carried out in reference  [153] showed that beyond the 

heating beam waist, the slope of the signal phase is about  0.925 rad Lth ⁄  for 

optically thin materials, such as Si for optical excitation at a wavelength of 10.6 

μm, where the in-plane thermal diffusion length 
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Figure 5.7: The squares of the in-plane thermal diffusion length in the samples 

investigated versus  1 𝜋𝑓⁄ , where f is the heating beam modulation frequency. 

Each set of data points is fitted to a straight line whose slope is equal to the in-

plane thermal diffusivity of the corresponding sample. (a) Data points obtained 

from the analysis of the slopes of the phases of the measured signals. (b) Data 

points obtained from fitting the magnitudes and phases of the measured signals to 

a formalism for the mirage effect accounting for the anisotropy of thermal 

transport in the measured sample.  

 

 

𝐿𝑡ℎ is related to the in-plane thermal diffusivity 𝛼𝑠,𝑥 and the heating 

beam modulation frequency f according to Eq. 5.1. The slopes of the 

collected signals enabled us to estimate the in-plane thermal diffusion lengths 

of the samples measured at the four different modulation frequencies. As shown 

in Figure 5.7(a), we then plotted the squares of the determined thermal 

diffusion lengths vs 1 𝜋𝑓⁄  for each sample and fitted the data points with 

straight lines passing through the origin. According to Eq. 5.1, the slopes of 

these straight lines provide the in-plane thermal diffusivities of the measured 

samples. The in-plane thermal diffusivity was the same for both the bare Si 

substrate and the 40 nm thick a-SiC layer on Si. As shown in Figure 5.7(a), the 
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obtained thermal diffusivity value for these two samples matches very well 

previously published values for Si thermal diffusivity.  [137]. However, we 

noticed that when the thickness of the a-SiC layer is reduced, the in-plane 

thermal diffusivity of the a-SiC/Si structure increases significantly. In fact, the 

in-plane thermal diffusivity of the 3nm a-SiC layer on Si is roughly two times 

more than the thermal diffusivity of Si. These findings show significant 

enhancement of thermal diffusivity by surface electromagnetic waves and 

confirm the theoretical assumption that decreasing the thickness of the polar 

dielectric layer promotes the interaction between the surface electromagnetic 

waves (SPP) propagating on either side of it, thus enhancing significantly the 

in-plane thermal diffusivity.   

 

 

Figure 5.8: In-plane thermal diffusivity versus the thickness of the a-SiC film as 

obtained from fitting the experimental data to an anisotropic formalism for the 

mirage effect and from the analysis of the slopes of the phases of the measured 

signals. The uncertainties are determined by the scatter in the data points .   

 

 

We also calculated the in-plane thermal diffusion lengths of the 

samples studied at the four modulation frequencies in a second way (besides 

the previous one employing the thermal diffusion length vs. frequency 

slope), by fitting the magnitudes and phases of the recorded transverse signals 
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to a mirage effect model that accounts for anisotropic thermal transport in the 

investigated medium. When we focus a probe beam at a grazing incidence angle 

(~1° with the sample surface) on the sample surface, the mirage effect 

dominates the transverse component of the vector angular deflection (the photo 

elastic effect due to the  heat and the creation of a bump in the sample surface, 

can be conveniently omitted  [5,222]), and we can express the transverse 

angular deflection as: 

 

𝑀𝑡𝑟𝑎𝑛𝑠 =
−1

𝜋

1

𝑛

𝑑𝑛

𝑑𝑇
ⅇ−𝑞𝑔

2𝑅2
2 4⁄ ∫ 𝑑𝑘

𝑘𝑔𝑐𝑜𝑠(𝑘𝑥)𝑒𝑖𝑘𝑔ℎ𝑒−𝑘2𝑅1
2 4⁄

(𝜅𝑠,𝑧𝑘𝑠+𝜅𝑔𝑘𝑔)

∞

0
      Eq. 5.2 

 

where the subscript z relates to parameters defined in the cross-plane direction 

(i.e. perpendicular to the surface), n is the index of refraction of the air, 𝑅1 being 

the radius of the heating beam spot on the sample surface, 𝑅2 the radius of the 

probe beam directly above the heated region, h is the height (distance) of the 

probe beam with respect to the surface, к𝑠,𝑧 is the cross-plane thermal 

conductivity of the sample, and к𝑔 is the thermal conductivity of the air. The 

thermal wave-vector in the sample is defined as  

 

𝑘𝑠 = (𝑞𝑠
2 −

𝐿𝑡ℎ
2

𝐿𝑡ℎ,𝑧
2 𝑘2)

1
2⁄

      Eq. 5.3 

 

It shows the dependence of the transverse deflection on both the cross-plane 

thermal diffusion length 𝐿𝑡ℎ,𝑧 and the in-plane thermal diffusion length 𝐿𝑡ℎ  [5]. 

The thermal wavenumber 𝑞𝑠 is related the cross-plane thermal diffusion length 

according to: 

 

𝑞𝑠 = (1 + 𝑖) (
1

𝐿𝑡ℎ,𝑧
)      Eq. 5.4 

 

Similarly, the thermal wave-vector in the air is given by: 

 

𝑘𝑔 = (𝑞𝑔
2 − 𝑘2)

1
2⁄
      

Eq. 5.5 

where, 

𝑞𝑔 = (1 + 𝑖) (
𝜔

2𝛼𝑔
)

1
2⁄

      
Eq. 5.6 

Here, 𝜔 is the angular frequency of modulation, 𝛼𝑔 is the thermal diffusivity of 

the air. In order to reduce the number of adjustable parameters of the model, 
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the radius of the probe beam 𝑅2  was measured by using the knife-edge method. 

𝑅1 can be calculated by using the fact that for the measured heating beam 

modulation frequencies, the theory of photothermal-beam-deflection predicts 

that the maximum of the signal magnitude occurs at  𝑟 = 1.1 × 𝑅1 [194]. 

Moreover, since electromagnetic surface modes do not contribute to heat 

transport in the direction perpendicular to the surface, we set the cross-plane 

thermal diffusion length 𝐿𝑡ℎ,𝑧 equal to the thermal diffusion length of Si at the 

measured frequency for all of the studied samples. As such we have only 2 

adjustable parameters: the height of the probe beam above the surface h, and 

the in-plane thermal diffusion length 𝐿𝑡ℎ. 

Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6 show the high 

quality of the multi-parameter least-squares fits of the magnitudes and phases 

of the signals measured from the bare Si substrate and from the different 

samples exhibiting surface waves. Figure 5.7(b) shows the squares of the 

obtained diffusion lengths versus  1 𝜋𝑓⁄ . To calculate the in-plane thermal 

diffusivities of the observed samples, we fitted the data points in Figure 5.7(b) 

with straight lines passing through the origin. We achieved results that were 

consistent with those obtained from analyzing the slopes of the phases of the 

measured signals. In Figure 5.8, we present the results for the in-plane thermal 

diffusivities of the measured samples obtained by fitting the experimental data 

to the mirage effect theory, as well as those obtained by analyzing the slopes of 

the signal phases. Although the results from the two alternative analytical 

approaches differed by ~5%, they both reveal a significant increase in the  in-

plane thermal diffusivity with the decrease of the thickness of the a-SiC layer 

deposited on Si. 

According to the measurement analysis described above, the in-plane 

thermal diffusivity of the 3 nm thick a-SiC layer on Si is nearly twice that of 

Si. Because the total in-plane heat flow rate in this sample is the sum of the heat 

flow rate caused by electromagnetic waves propagating on the surfaces of the 

a-SiC film (  
∆𝑄

∆𝑡
]

𝐸𝑀𝑆𝑊
)  , and the heat flow rate caused by phonons in the Si 

substrate ( 
∆𝑄

∆𝑡
]

𝑃ℎ𝑜𝑛𝑜𝑛
), 

 

we can deduce: 

 

∆𝑄

∆𝑡
]

𝐸𝑀𝑆𝑊
≈  

∆𝑄

∆𝑡
]

𝑃ℎ𝑜𝑛𝑜𝑛
      Eq. 5.7 

 

We know that the in-plane heat flow rate, is directly proportional to 

the in-plane thermal diffusivity multiplied by the material thickness. Eq. 5.7 
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shows that the thermal diffusivity by electromagnetic surface waves in the 3nm 

thick a-SiC film is orders of magnitude greater than the thermal diffusivity by 

phonons in Si since the Si substrate is several orders of magnitude thicker. This 

finding draws a similarity between the tunneling of electromagnetic surface 

waves between polar dielectrics, which exhibited orders of magnitude increase 

in thermal radiation in the near-field limit, and the interaction of 

electromagnetic surface waves propagating on either side of a polar dielectric, 

which results also in orders of magnitude enhancement in thermal conduction. 

5.4 CONCLUSION 
 

We employed a photothermal-beam-deflection approach with a mid-IR source 

to stimulate and launch highly confined electromagnetic surface modes on the 

surfaces of a thin a-SiC film deposited on Si, while concurrently measuring 

the total thermal diffusivity in the structure's plane. Using two distinct 

methodologies, we examined the experimental data acquired from samples with 

a-SiC films of varying thicknesses. We discovered that for ultra-thin a-SiC 

films, the in-plane thermal diffusivity by electromagnetic surface modes 

becomes prominent and grows rapidly as the a-SiC film thickness decreases. 

We linked these findings to the fact that decreasing the thickness of the a-SiC 

film promotes interaction between electromagnetic surface waves propagating 

on either side of the a-SiC film, which greatly increases thermal diffusivity in 

the measured sample's plane. We also established a similarity between the 

significant enhancement of thermal radiation in the near-field limit caused by 

tunneling of electromagnetic surface waves between polar dielectrics and the 

large enhancement of thermal conduction caused by an interaction between 

electromagnetic surface waves propagating on either side of a polar dielectric.  
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General Conclusion 

 
As a final word, 

 

I have described in this Thesis the developed mid-IR photothermal beam 

deflection technique, that allowed us to measure in a non-contact manner the 

thermal diffusivities for different samples. The developed technique does not 

need any sample treatment whatsoever. 

 

Theoretical background was explored in chapter one. 

 

Chapter two describes non-contact thermal characterization techniques and lays 

the theoretical foundation for the photothermal beam deflection (Mirage effect) 

method. 

 

Chapter three developed our particular setup (IR-PBD). The accuracy of the 

technique was demonstrated through the measurement of samples with readily 

known sample diffusivities (Si, AlN, α-SiO2). The subsurface imaging 

capability and subsurface profiling was also demonstrated by imaging defects 

induced in the volume of a 4H-SiC sample. 

 

 Measurement of anisotropic (in-plane and cross-plane) thermal diffusivities 

was also performed for proton irradiated 4H-SiC samples with different 

irradiation doses in chapter four. 

 

Finally, ultra-thin layers were investigated in chapter five, showing the 

capability to launch surface waves and measure the thermal diffusivity of these 

thin layers. 

 

As a future outlook, the thermal displacement (thermoelastic deformation) of 

the surface (the bump formation due to the heating pump beam), which was 

omitted during the measurements (by using only the transverse deflection 

components), and that would contribute considerably to the longitudinal 

deflection of the probe beam, should be modelled and introduced in the 

measurement of the thermal diffusivity. A deconvolution technique would be 

employed to separate the longitudinal deflection effect due to mirage effect, and 

that due to the thermoelastic deformation. 
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Another possible future modification of the technique would be to measure the 

thermoreflectance by probing the samples through mid-IR. This would allow 

increased sensitivity for the thermoreflectance measurements (also without the 

need of the addition of a metallic layer to the samples). The above would be 

achieved by splitting the mid-IR beam into a pump and probe beam, in a similar 

approach to what was introduced in Section 2.1. 

Furthermore, using special gas or liquid cells, would allow 

measurement of gas samples for environmental applications, including 

pollution measurements, and measurement of the purity of solvents or fuels for 

energy applications. 

Another potential application for this photothermal beam deflection 

technique, would be to use it for ultra-sensitive spectroscopy. In fact, by using 

special fluids above the sample, and an infrared source of variable wavelength, 

this would improve the sensitivity of the technique by several orders of 

magnitude which allows recording infrared absorption for a given wavelength, 

and thus the whole IR absorption spectra (by varying the wavelength of the 

heating source). 

An additional application would be the measurement of irradiation 

damage induced by lasers on single or multi-layer anti reflective (AR) coatings 

deposited as thin films on optical lenses or mirrors, including the localization 

of these defects. 
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