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Two-dimensional wide band gap semiconductors  

for deep UV photonics 
 

Kevin Kahn 

 

Light emitters and detectors in the deep ultraviolet range (DUV) are of great current in-

terest, with applications in water purification, solar-blind photodetectors and communi-

cation, biohazard detection, and phosphor-assisted white light emitters. However, DUV 

optoelectronics based on solid-state heterostructures suffer from low internal and exter-

nal quantum efficiencies, due to issues relating to their fundamental material properties. 

These limitations motivate the exploration of new classes of materials for these applica-

tions. The recent emergence of two-dimensional (2D) materials has opened up new pos-

sibilities in this area, however 2D materials also bring new experimental challenges: 

particularly the deposition and characterisation of atomic layers, as well as scientific 

challenges, especially understanding how interactions between the 2D layer and the 

substrates and/or the environment may affect the properties of the 2D layer.   

 

In this thesis, the optical properties of promising materials for deep UV photonics are 

assessed using a combination of techniques, and the mathematical links between the re-

sulting data are demonstrated. The first part of this work discusses the optical and struc-

tural properties of gallium nitride and its alloys, which are the foundation of current op-

toelectronics, and addresses the optical processes of freestanding and supported 2D 

hexagonal boron nitride (h-BN) as a potential candidate for high-efficiency deep UV 

optoelectronic devices. The objectives are to (i) confirm the validity of the models on 

well-known materials, (ii) determine whether h-BN is a good candidate for deep UV 

optoelectronics and (iii) whether and how interactions between 2D h-BN with substrates 

must be taken into consideration. The second part discusses the optical properties of 

barium zirconate titanate with changes in composition and dimensionality. The objec-

tives are (i) to apply models developed for the nitrides to extract the bulk properties of 

these oxides, and (ii) to determine whether they are good candidates for deep UV optoe-

lectronics in their 2D form.  
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1 OPTOELECTRONIC DEVICES AND MATERIALS 

 

1.1 ULTRAVIOLET LIGHT EMITTING DIODES 

 

1.1.1 Current technology and materials 

 

III-nitride materials 

 

The pioneering work of Pankove, Akasaki, Amano and Nakamura has led to the devel-

opment of green and blue light emitting diodes (LEDs) based on gallium nitride (GaN) 

semiconductors [1,2]. III-nitrides, in particular GaN and its alloys with aluminum 

(AlxGa1-xN) and indium (InxGa1-xN) are well-known materials for optoelectronics, high-

power electronics and studies in the field of light-matter interaction. High-brightness 

blue light emitting diodes with external quantum efficiency of approximately 80% have 

already been demonstrated [3–6]. The wide band gaps of III-nitrides enable devices 

based on these materials to operate at high temperatures and voltages and across a wide 

spectral range, from infrared (IR) to ultraviolet (UV). Structurally, III-nitrides are 

formed from two interpenetrating hexagonal close packed lattices, one composed of an-

ions and the other of cations, forming crystals of the wurtzite structure, in which the 

primitive unit cell has one lattice point, a basis of four atoms, and in which atoms are 

bonded tetrahedrally (Figure 1(a)). Electronically, III-nitrides are direct band gap semi-

conductors with an energy that ranges from 0.7 eV for indium nitride (InN) and 3.4 eV 

for gallium nitride (GaN) to 6.2 eV for aluminum nitride (AlN) (Figure 1(b)). Their ter-

nary alloys have therefore tunable band gaps described by a standard bowing equation, 

where the bowing parameter b represents the deviation of the band gap trend from the 

linear trend expected between the two end members [7]. 

 

𝐸!
!"!!"!!!! 𝑥 = 𝑥𝐸!!"# + 1− 𝑥 𝐸!!"# − 𝑏𝑥(1− 𝑥) 
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Figure 1 (a) Wurtzite crystal structure [8] and (b) band gap energies versus lattice constants 

for III-nitrides. Band gap energies of AlxGa1-xN as a function of content are report-

ed in [9], band gap energies of InxGa1-xN are reported in  [10–12] and band gap 

energies of InxAl1-xN are reported in  [13]. 

 

Light emitting diodes 

 

Light-emitting diodes (LEDs) consist of a p-n junction with carrier-confining layers and 

a multiple quantum well (MQW) active region that emits photons when a forward bias 

is applied (Figure 2(a)). An LED structure is normally formed on a lattice-matched sub-

strate and therefore has a low dislocation density. However, in the case of III-nitride 

semiconductors, sapphire (16% lattice mismatch with GaN) is the most commonly used 

substrate owing to the fact that bulk lattice-matched substrates for the III-nitrides are not 

readily available [14]. As forward bias is applied, electrons in the conduction band of 

the n-type region diffuse towards the p-type region, and the opposite occurs for holes in 

the valence band of the p-type material. The electrons and holes will eventually recom-

bine either radiatively or non-radiatively [15]. Radiative recombination results in light 

emission, with a wavelength that is dependent on the band gap energy of the material 

used in the active region of the device. Recombination occurs over a length scale de-

fined by the diffusion lengths Ln and Lp, which are effectively the distances that minori-

ty carriers diffuse in n and p-type material. In non-radiative recombination, electrons 

and holes recombine to produce phonons (usually involving mid-gap electronic states 

introduced by dislocations or impurities, which is why the dislocation density plays 

such an important role in optoelectronics). To increase the radiative recombination rate 

(a) (b) 
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relative to the non-radiative recombination rate, as needed to maximize the LED effi-

ciency, it is necessary to increase the minority carrier concentration, which is achieved 

by spatially localizing the carriers in a quantum well of thickness L (Figure 2(b)). There-

fore in an LED the area over which carriers recombine is defined by the thickness of the 

quantum well, and not by the carrier diffusion length [16,17]. The energy levels 𝐸! and 

the relevant wavefunctions 𝛹! of the carriers inside the quantum wells are calculated by 

solving the time-independent Schrödinger equation for infinite wells: 

 

𝐸! =  
ℏ!

2𝑚  𝑘! =  
ℏ!

2𝑚  
𝑛𝜋
𝐿

!
, 𝛹! 𝑧 =  

2
𝐿 𝑠𝑖𝑛

𝑛𝜋
𝐿 𝑧  

 

 
  
Figure 2 (a) Schematics of a conventional UV-LED structure based on III-nitrides [14], and 

(b) figure demonstrating the confined Stark effect present in III-nitride, where elec-

trons and holes in distinct energy levels En in a quantum well are spatially sepa-

rated, as reported in  [18]. 

 

For mature LEDs, the main device issues to be addressed are as follows: chips must fea-

ture an electronic structure that facilitates high efficiency carrier injection into the active 

layer, the internal quantum efficiency should be maximized by enhancing radiative re-

combination and suppressing non-radiative recombination, and light generated within 

the chip must be efficiently extracted. The efficiency of an LED is measured by its ex-

ternal quantum efficiency (EQE), defined as the ratio of the number of photons emitted 

to the number of electrons passing through the device and formally described as a prod-

(a) (b) 
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uct of the injection efficiency (number of injected electrons diffusing through the junc-

tion), the internal quantum efficiency (IQE, ratio of radiative and non-radiative recom-

bination events) and the light extraction efficiency (ratio of photons emitted to the oc-

curring radiate recombinations, affected by self-absorption and the refractive index of 

the material). The IQE is the most challenging factor to improve in an LED. The various 

recombination events describing the IQE include trap-assisted non-radiative recombina-

tion events 𝐴𝑛, radiative recombination events 𝐵𝑛!, and Auger recombination events 

𝐶𝑛! (electrons promoted to higher energy level, additional energy thermalized with the 

phonons of the lattice), where n is the majority carrier density. Commonly used ways to 

engineer devices with higher IQE include optimization of quantum well structures 

through changing the composition and doping profiles of the well and barrier layers, 

shaping of the interfaces, and engineering of the built-in electric field to avoid the quan-

tum confined Stark effect [19]. 

 

𝐼𝑄𝐸 =
𝐵𝑛!

𝐴𝑛 + 𝐵𝑛! + 𝐶𝑛! 

 

Ultraviolet light emitters 

 

Ultraviolet (UV) LEDs have applications in the field of water treatment, optical data 

storage, communications, biological agent detection and polymer curing [20]. UV LEDs 

offer considerable advantages over the traditionally used mercury lamps, notably they 

have longer lifetimes, lower heat consumption, contain no hazardous material, are more 

rugged and robust, and offer potentially more light output efficiency  [21–24]. The UV 

spectral region ranges from 100 to 400 nm and is usually divided into three sub-regions 

based on absorption in the atmosphere and the biological action of radiation. UV radia-

tion with wavelengths from approximately 315 to 400 nm is referred to as UVA, UV 

radiation with wavelengths from 280 to 315 nm is referred to as UVB, and UV radiation 

with wavelengths from 100 to 280 nm is referred to as UVC. UVA penetrates the at-

mosphere without substantial absorption and is generally thought to have minimal ger-

micidal effect. UVB is partially absorbed in the atmosphere and results in sunburn and 

some germicidal effects, while UVC doesn’t reach the earth’s surface due to absorption 

in the ozone layer in the upper atmosphere, and is highly dangerous for live organisms 



	
	
	

16	

because it is absorbed strongly by proteins and DNA (and therefore the most interesting 

energy range for applications in sterilization) [19]. In the case of water purification, the 

optimum wavelength is in the region of 265 – 280 nm (Previously thought to be exactly 

265 nm, but recent work indicate the more efficient wavelength is closer to 280 

nm) [25,26]. A typical UVC emitter is based on Al-rich n- and p- AlxGa1-xN (Figure 

3(a)) [14,22,25,27]. A high-temperature AlN epitaxial layer is grown on a substrate, 

usually sapphire. This is then followed by the growth of an undoped Al-rich AlxGa1-xN 

layer and highly conductive Si-doped Al-rich n-AlxGa1-xN cladding layer, followed by a 

quantum well active region consisting of alternating layers of AlxGa1-xN wells and 

AlxGa1-xN barriers and then a Mg-doped AlxGa1-xN electron blocking layer. Since it is 

difficult to achieve a sufficiently high hole concentration in AlxGa1-xN alloys with high 

Al content, a Mg-doped high Al-content AlxGa1-xN is generally employed as an electron 

blocking layer to block the electron overflow into the p-type layer (Figure 3(b)), thereby 

enhancing the electron-hole radiative recombination in the quantum wells. The structure 

is then completed with a p-AlxGa1-xN cladding layer, and a highly doped p-GaN thin 

contact layer [28]. 

 

 
Figure 3 (a) Conventional UVC device layer structure and (b) corresponding energy band 

diagram [28]. 

 

 

 

(a) (b)   
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1.1.2 Limitations and potential solutions 

 

Unfortunately, in order to achieve short wavelength emission, a high Al mole fraction is 

necessary, which makes the growth and doping of AlxGa1-xN very difficult [10]. Shal-

low impurities in wide band gap semiconductors such as AlN have high ionisation en-

ergies, especially for acceptors, which results in difficulties with p-doping and increased 

resistivity of the layers and contacts [22,23]. As a result, the external quantum efficien-

cies of AlxGa1-xN based LEDs emitting at UVC wavelengths drop to less than 12% for 

280 nm (Figure 4(a)) [29,30], the relatively high defect densities in AlxGa1-xN lead to 

reduced radiative recombination efficiencies (N.B. this IQE was achieved for an LED 

grown on bulk AlN substrates, which are very expensive not suited for high-volume ap-

plications). Generally, the IQE for commercial LEDs grown on sapphire is much lower, 

between 0.1% and 10% [14,22,25,30,31]. The calculated IQE for an AlxGa1-xN MQW 

LED with an emission wavelength of 280 nm is presented in Figure 4(b). The model de-

scribes the non-radiative carrier recombination on threading dislocation cores (TDs 

form a number of acceptor-like levels in which electrons get trapped. Holes are attracted 

to TDs by the electric field of the resulting space charge region, and can recombine with 

the trapped electrons) [25]. 

 

  
Figure 4 (a) EQE for LEDs versus the wavelength of emission -from blue to deep UV-, and 

(b) simulated IQE versus dislocation density for 280 nm UV LEDs [25]. 

 

The high spontaneous and piezoelectric polarisation coefficients in III-nitride materials 

are significantly higher than in conventional III-V semiconductors. The differences in 

(a) (b) 
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composition and the presence of lattice strain between quantum wells and barriers in 

conventional AlxGa1-xN-based UV-LED structures result in the presence of electric 

fields directed perpendicular to the quantum well. These fields bend the semiconductor 

valence and conduction bands leading to a physical separation of the electron and hole 

pairs and therefore reduced radiative recombination efficiency in III-nitrides, termed the 

quantum confined Stark effect [5,14,32–34]. Thus their recombination probability in the 

QW is reduced, in turn leading to reduced emission efficiencies. Growing devices along 

non-polar orientations, such as the 1010  and 1120  planes, can address this 

problem [14,35]. 

The three main current challenges are: (1) achieving highly conductive n-type Al-rich 

AlxGa1-xN, (2) ensuring light extraction by mitigating re-absorption, and (3) improving 

the low conductivity of the p-type AlxGa1-xN. The highly resistive electron-blocking 

layer, which prevents the electrons from overflowing into the p-layers, also causes low 

hole-injection efficiency. The resistivity of AlxGa1-xN, 𝜌!"#$%, increases exponentially 

with increasing Al content in AlxGa1-xN alloys due to the high activation energy of the 

acceptors Ea. The rate of injection of free holes into the active region is inversely pro-

portional to the activation energy of the acceptors, implying that the hole-injection effi-

ciency decreases exponentially with increasing Al content [15]. This means that the low 

conductivity of the p-type AlxGa1-xN is inherent to the material, and more suitable mate-

rials must be found to build efficient UVC light emitters. 

 

𝜌!"#$% = 𝜌!"#𝑒
!!,!"#$%! !!,!"#

!"  

 

Two-dimensional (2D) materials 

 

The physical size and shape of nanoscale materials strongly influences their properties. 

Hence, the recent emergence of two-dimensional (2D) materials, including single-layer 

graphene, MoS2 or h-BN, has opened up new possibilities for device applications, in-

cluding flexible electronics, optoelectronics, and smart coatings [36–38]. Indeed, the 

optical properties of 2D systems are likely to differ significantly from their 3D parents, 

meaning that materials that are not suitable for UV applications in their 3D form may 
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display the right properties in their 2D form. Reducing the dimensionality of a function-

al material from 3D to 2D creates the following effects: 

• Highly enhanced and tunable electronic, optical, and magnetic properties [36–41]. 

• Enhanced electron-electron Coulombic interaction (namely, it becomes more diffi-

cult for electrons to avoid each other) (N.B.: the band gap of materials is primarily 

defined by electron-electron interactions) [42–44]. 

• Strong environmental screening dependence (electric fields of particles in 2D sys-

tems are 3D objects) leading to the possibility to tune plasmon dispersion [44–47]. 

• Strong spatial and dielectric screening dependence, leading to a much higher elec-

tron hole binding energy (N.B.: the binding energy of an exciton in a material is 

primarily defined by electron-hole interactions) [43,48]. 

• The weakly van der Waals bound 2D structures don’t suffer from strain due to 

bonding with the substrate, and can theoretically be grown on a variety of materials 

without suffering from dislocations (i.e. the available palette of materials for device 

engineering becomes much larger and flexible). 

 

The scope of this thesis covers the main challenges of 2D materials, including the de-

velopment of new tools to characterise and model the optical properties of quasi-2D 

systems, the effects of reduced dimensionality on materials and the effects of the envi-

ronment on the properties of 2D materials. Specifically, this thesis explores the optical 

properties of two promising 2D materials for UV optoelectronics: hexagonal boron ni-

tride and atomically thin layers of wide band gap Ba-based perovskite oxides.  

 

1.2 HEXAGONAL BORON NITRIDE  

 

Hexagonal boron nitride (h-BN) is isoelectronic with graphene and holds great promise 

for application in deep ultraviolet (DUV) light emitters and solar-blind photo-detectors. 

Its wide band gap, tunable magnetic and electronic properties, and chemically inert sur-

face, have made it a promising material for applications in water purification, bio-

sensing, lighting and communication technologies [19,28,49–53] as well as forming an 

essential part of graphene-based transistors [54–61]. It is also a promising platform for 

studying light-matter interactions and nanophotonic device engineering [47,62]. Recent 
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research has also reported devices based on h-BN/III-nitride heterostructures, such as 

UV light emitters based on AlxGa1-xN and highly conductive p-doped h-BN p-n junc-

tions [28]. 

 

1.2.1 Physical properties 

 

Hexagonal boron nitride (h-BN) is the lightest III-V material, with a honeycomb-like 

hexagonal structure formed by sp2-bonded 2D layers preferentially AA’ stacked togeth-

er by weak van der Waals forces (Figure 5(a, b)) [36,63–67]. The crystal structure is de-

fined by lattice parameters a = 2.504 Å and c = 6.66 Å, where a is the distance between 

the centers of neighboring B-B or N-N atoms, and c is the distance between two 

nanosheets of BN [68,69]. The B-N bond is found to be 1.45 Å from both theory and 

experiment [63,70,71]. Each layer is made of alternating boron and nitrogen atoms 

bound together by strong covalent bonds, making the surface free of dangling bonds 

(i.e. chemically inert) and giving h-BN a high melting point of 3000 ◦C, high in-plane 

thermal conductivity of 350 W/mK, and high Young’s modulus up to 70 

GPa [54,56,57,72]. The primitive unit cell has two atoms per unit cell: the nitrogen at-

om is located at position 𝑃! and the boron atom is located at position 𝑃!, with the coor-

dinate (0,0,0) defined as the middle of a h-BN hexagon. Hexagonal BN monolayers are 

preferentially AA’ stacked in the c direction, due to favorable polar-polar interactions, 

where the monolayer structure repeats itself and rotates by 60 ° with respect to the layer 

it sits on top of [36,63,73]. This AA’ configuration is described by boron and nitrogen 

atoms alternatively positioned on top of each other at half the lattice parameter distance 

(the nitrogen atoms are located at coordinates 𝑃! and 𝑃! and boron atoms are located at 

coordinates 𝑃! and 𝑃!, displaying a perfect honeycomb structure) [36]. Other stacking 

sequences have been observed such as the energetically unfavorable AA sequence, 

where the structure simply repeats itself [73,74], and the AB sequence [36] which de-

scribes boron atoms from each layer sitting on top of each other and nitrogen atoms lo-

cated at the center of the BN hexagons. It has also been found that impurities affect the 

stacking of the 2D h-BN layers [73].  
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Figure 5 Atomic structural representation of h-BN, (a) along the c-plane and (b) the a-

plane. The position of boron and nitrogen atoms is represented by green and blue 

spheres respectively [75]. 

 

It has been reported that the edges of h-BN layers tend to fold differently depending on 

the number of layers present, which allows a direct counting of the number of layers 

present in each layer. High-resolution transmission electron microscopy (HRTEM) of 

the c-plane (Figure 6(a, b)) shows the a-plane on the edges, where atomic lines separated 

by half the c parameter on edges represent each individual layer [55,63,67,76]. Addi-

tional information about the number of layers can also be obtained through reconstruct-

ed phase images: nitrogen having a slightly higher atomic potential than boron, and 

considering AA’ stacking only, an even number of layers will show a similar intensity 

in a phase image for boron and nitrogen, and an odd number of layers will show a dif-

ferent intensity in phase image for boron and nitrogen atoms [64]. Finally, the number 

of layers can be deduced from step height information using atomic force microscopy 

(AFM) [36,65,77]. The energy threshold for the knock-on damage of boron atoms is 74 

keV and for nitrogen atoms is 84 keV, therefore boron vacancies are preferentially in-

duced [63,64,78]. Because of the presence of unfavorable B-B and N-N bonds, defects 

are predicted to have mostly triangle-like or sometimes hexagonal-like shapes, with zig-

zag edges. This is confirmed by transmission electron microscopy (TEM) investiga-

tions [36,63,64,76]. The edges and defect sites on h-BN are of higher reactivity towards 

(a) (b) 
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Lewis base molecules than the planar boron [55,76]. It was also reported that vacancy 

defects reduce the band gap of boron nitride nanoribbons [36,78]. 

 

  
Figure 6 (a) Plan-view high-resolution transmission electron microscopy of 2D h-BN flake 

supported on a carbon grid. (b) Folding of the BN sheets, allowing a count of 12 

layers. All images have been acquired on the TITAN operating at 300 kV. 

 

1.2.2 Electronic and optical properties 

 

Properties of bulk (3D) h-BN 

 

The optical and electronic properties of h-BN have proven surprisingly challenging to 

define. This is partly due to the difficulty of growing high-purity h-BN layers, and part-

ly due to the limitations in the experimental tools available to probe these properties, 

and has led to substantial discrepancies between theoretical and experimental 

results [79–87]. On the theoretical side, it is also challenging to model van der Waals 

forces and to successfully model the long-distance interactions between h-BN and its 

environment. Previous experimental studies on the optical properties of h-BN have 

largely been carried out using photoluminescence (PL), which is problematic because 

emission data reveal the relaxation from excited states to ground states through a variety 

of processes, including phonon-exciton coupling [82] and impurity or defect-related re-

combination [37], that have to be taken into consideration (i.e. the data are not straight-

forward to interpret). Previous experiments [80,86] also indicate that conventional PL 

emission data will show a large Stokes shift, such that PL peaks will be shifted to sig-

(a) (b) 
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nificantly lower energies compared to absorption data relating to the same transitions. 

This means that the optical band gap determined from PL data must be corrected for the 

effects of the Stokes shift. It is widely accepted that the optical properties of h-BN are 

governed by Frenkel-type excitons emanating from 𝜋∗ − 𝜋∗ transitions [82,83,88]. 

 

The main theoretical and experimental data obtained for h-BN can be summarised as 

follows. Theoretical calculations predict a band gap between 6.4 eV and 8 eV (depend-

ing on the dimension, structure, and environment of the material) with a binding energy 

between 0.7 and 2.1 eV [48,83,84,87,89–91]. They all find an indirect band gap with the 

valence band maximum near the K point and the conduction band minimum near the M 

point, and a minimum direct band gap of higher energy at the H point [83,92–96]. The 

energy bands are flat in the c direction (Γ-A, L-M or H-K), which means there is low 

mobility in the c direction due to weak van der Waals interactions [97]. Overall, the lit-

erature reveals that freestanding and supported 2D h-BN are expected to have direct 

band gaps of 8 and 6.8 eV respectively, and bulk h-BN is expected to have an indirect 

band gap of 6.4 eV [83,90,98–100]. The exciton binding energy for freestanding and 

supported 2D h-BN are calculated to be 2.1 and 0.740 eV respectively, while that of 

bulk boron nitride is calculated to be slightly lower [83,90,98–100]. Luminescence ex-

periments at 10 K of bulk h-BN (down to the experimental limit of 6 monolayers) indi-

cate band gap energies between 5.9 and 6.4 eV and exciton binding energies varying 

between 0.2 eV and 0.740 eV [49,52,79,80,82,86,91]. They usually show two series of 

four bands (marked as S1-4 and D1-4) that arise from the original four-exciton levels. S 

bands (Figure 7(a)), located between 5.7 and 5.9 eV, are attributed to free exciton levels, 

while D bands, located between 5.4 and 5.65 eV, correspond to excitons bound to de-

fects, resulting in acceptor levels created in the band gap [81,101]. The luminescence 

data indicate large Stokes shifts of 252 meV for the S bands and 319 meV for the D 

bands (the Stokes shift is the difference between the corresponding maxima of the emis-

sion and absorption spectra) (Figure 7(b)) that result from Jahn-Teller lattice distortions 

and strong exciton-phonon coupling (implying that excitons form self-trapped 

states) [74,101].  

 

 
(a) (b) 
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Figure 7	 (a) Spectra of bulk h-BN in the near band edge region. The top spectrum is a refer-

ence spectrum of a high quality crystal. Spectrum #1 is registered in the grain 

boundary and Spectrum #2 on the main grain in the crystallite [101]. (b) Absorp-

tion, reflectance, and photoluminescence spectra for high purity h-BN at 8 K show-

ing a Stokes effect [80]. 

 

Properties of 2D h-BN 

 

The electronic and optical properties of bulk h-BN and 2D h-BN are expected to be sim-

ilar (Figure 8(a, b)): the strong excitonic confinement means that the wavefunction is 

localized around a single atomic plane in bulk h-BN, and therefore the intrinsic proper-

ties of even few-layer h-BN should be close to those of bulk h-BN (although of course 

the measured properties may differ if the influence of the interface with the environ-

ment becomes significant) [82,83,88]. This is why most experiments investigating opti-

cal properties have been done on bulk h-BN and the results have been assumed to be 

relevant to 2D BN as proposed for use in 2D van der Waals heterostructured devices. 

An additional challenge is to obtain high quality PL data from few-layer h-BN samples 

because of the poor signal-to-noise ratio, which is why no experiments have been car-

ried out on samples smaller than 6 monolayers in thickness [102]. However, this is a 

problematic assumption because thin film or bulk h-BN typically contains high densi-

ties of stacking faults and other extended defects which dominate photoluminescence 

(PL) results but which cannot occur in 2D materials. Additionally, the electronic struc-

ture of hexagonal boron nitride has been widely assumed to be independent of the sub-

strate due to its strong in plane bonding, and weak van der Waals interfacial bonding 
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(nevertheless, there will be differences in theoretical calculations of freestanding and 

supported 2D h-BN due to the difficulty of including van der Waals forces). Therefore, 

very few studies have investigated the effects of the environment or chemical alteration 

of its surface on the optical properties of 2D h-BN [57]. A small energy shift of the 𝜋 

band for h-BN on Ni was reported, but no evidence of the formation of additional bands 

or band deformation was established, which led to the conclusion there are no hybridi-

sation effects between h-BN and its substrates [103,104]. Nevertheless, these 𝜋 orbitals 

overlap with the electric dipole at interfaces; therefore their energy is likely to change 

on substrates with a large binding energy for h-BN. The reduced electron mass is affect-

ed by the reduced dimensionality from bulk to 2D h-BN versus bulk h-BN, as shown by 

small changes in the curvature of the energy bands around the 𝛤 point. The calculated 

partial density of states (PDOS) on boron and nitrogen atoms shows that instead of hav-

ing a B-sp2 and N-sp2 bonding between the nearest boron and nitrogen atoms, like in 

bulk h-BN, electrons are transferred from boron to nitrogen, giving the 2D structure an 

ionic character. This charge transfer is responsible for the slight opening of the band 

gap, compared to the simulations of the bulk structure [96]. 

 

Nanoribbons (2D layers with lateral size typically below 20 nm) also display a depend-

ence of the band gap energy on the edge states [105]. BN nanoribbons with the armchair 

configuration (BNNRs) are found to have a direct band gap, where the wavefunction of 

the highest occupied state is localised at the nitrogen atoms across the nanoribbons, and 

the wavefunction of the lowest unoccupied state is localised at the boron atoms on the 

edges. BNNRs with a zigzag configuration are found to have an indirect band gap, 

where the wavefunction of the highest occupied state is localised at the nitrogen atoms 

on the edges, and the wavefunction of the lowest unoccupied state is localised at the bo-

ron atoms on the edges. BNNRs exhibit a strong Stark effect, especially zigzag 

BNNRs [96]. The band gap and the carrier mobilities can therefore be tuned by chang-

ing the width of the BNNRs, or by applying a transverse electrical field [105,106]. The 

electric field has more influence on 2D BN than in 3D BN, as all charge transfer has to 

occur along the plane.  
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Figure 8	 GGA calculations for (a) bulk h-BN and (b) 2D h-BN [96]. 

 

The partial density of states (PDOS) of boron and nitrogen atoms in a single h-BN layer 

show a clear sp2 hybridization in the valence and conduction bands of the boron atoms, 

due to the s and p peaks overlapping at similar energies. The pz peak in the valence and 

the conduction bands defines the band gap of both boron nitrogen atoms in 2D h-BN. 

Nitrogen atoms (bound to boron atoms) have similar number states per cell in all three 

2p PDOS peaks because they all have charge in their 2p orbitals, as shown in Figure 

9(b). Boron atoms on the other hand have a lower number of states in the 2pz orbital 

than the one in the 2px and 2py orbitals, because boron does not have electrons in its 2pz 

orbital (Figure 9(a)). The presence of p peaks in the boron core level indicates that there 

is some mixing of the 2p states with the 1s states. The reduced electron density on bo-

ron in h-BN means that each valence electron ‘sees’ less screening of the nucleus than 

in the free boron (i.e. nuclei attract the remaining electrons more strongly, thereby mov-

ing the valence orbitals inwards) [97]. 

 

 

 

 

 

 

(a) (b) 
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Figure 9	 PDOS on (a) boron atoms and (b) nitrogen atoms in h-BN nanosheets [97]. 

 

1.3 PEROVSKITE OXIDES 

 

Perovskite oxides have long been studied for their dielectric properties and are com-

monly used as insulating layers in electronic devices. However, their indirect band gap 

means this class of materials is generally considered unsuitable for use in optoelectronic 

devices, even though the magnitude and tunability of the band gap energy of perovskite 

oxides is greater than those of the III-nitrides. The availability of UV transparent lattice-

matched substrates, such as magnesium oxide (MgO, a non-polar, large band gap and 

thus UV transparent material with face-centered cubic structure) which allows for the 

growth of material with significantly lower defect densities than that of nitride hetero-

structures, has been the primary motivation for exploring these materials further. It has 

been shown recently that reducing the thickness to atomic layers could lead materials 

with indirect band gap in their 3D form to have direct band gaps in their 2D form [107]. 

If a direct band gap could be reached in 2D perovskite oxides, they would make for ex-

cellent materials in high quality UV optoelectronics. It has already been reported that 

the primary band gap of MoS2 changes from indirect in the bulk to direct in its mono-

layer form [37,108]. In this thesis, the properties of technologically relevant barium ti-

tanate (BaTiO3), barium zirconate (BaZrO3), and their alloys (BaTixZr1-xO3) are investi-

gated. It is worth noting that the properties of oxide materials can be tuned dramatically 

by introducing nitrogen due to its lower electronegativity and higher electronic polaris-

ability relative to oxygen. Atomically thin layers of oxy-nitrides of transition metals 

(a) (b) 
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could therefore be of future interest once the properties of 2D oxides are well under-

stood. 

 

A perovskite material has a formula of ABO3, where A and B refer to metal cations, as 

shown in Figure 10. The larger metal cation A has a cuboctahedron coordination to 

twelve oxygen ions, and the smaller metal cation B has a octahedral coordination to six 

oxygen ions [109]. The ionic radii of these metallic cations are important factors in de-

termining the properties of perovskites. The tolerance factor t (referred to as Gold-

schmidt factor) [110] is used to predict the structure of perovskite lattices by comparing 

the ionic radii of the metallic cations to that of the anion. If the ratio of ionic radii for A 

and B deviates from the one satisfying the cubic structure, it leads to a distortion of the 

structure and loss of symmetry.  

 

𝑡 =
𝑟! + 𝑟!
2 𝑟! + 𝑟!

 

 

 
Figure 10	 Simplest perovskite phase is a cubic lattice with A cations on lattice sites, B cation 

at the body center, and oxygen ions at face centers (image from Wikipedia). 

 

Barium titanate (BaTiO3) is a polar oxide with a band gap at room temperature of ap-

proximately 3.2 eV [111,112] and a high dielectric constant, making it widely used in 

electronics as a capacitor or for microwave applications [113,114]. At high temperatures 

(above 120˚C), BaTiO3 has a cubic structure defined by lattice parameter 𝑎 =

0.4001 𝑛𝑚, and is a non-polar material [115]. At lower temperatures, BaTiO3 forms a 
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tetragonal phase defined by lattice parameters 𝑎 = 𝑏 = 0.3992 𝑛𝑚  and 𝑐 =

0.4036 𝑛𝑚, where the displacement of the Ti atom in the c direction makes it a polar 

material [111,112]. The ionic displacement resulting from distortion in tetragonal phase 

results in a spontaneous polarisation (i.e. creation of dipole). MgO is considered a 

promising substrate for BaTiO3, as the two materials have thermal expansion coeffi-

cients [116], which would lead to the limited buildup of thermal strains in the pro-

cessing of devices based on this material combination, but in the tetragonal phase (i.e. at 

room temperature), BaTiO3 has a lattice mismatch of approximately 2% to MgO, which 

although close, is not enough to permit epitaxial growth. There have therefore been very 

few studies on the diffusivity of BaTiO3 on MgO [113,117,118]. 

 

In contrast, barium zirconate (BaZrO3) is a promising due to both its wide band gap at 

room temperature of 5.3 eV [111,112], extremely close lattice match to MgO substrate 

and its similar thermal expansion coefficient compared to MgO [116]. The larger ionic 

radius of Zr compared to Ti means that BaZrO3 has a non-polar cubic structure with a 

lattice constant 𝑎 = 0.419 𝑛𝑚 [96,97]. The band gap energies of barium zirconate ti-

tanate alloys (BaZrxTi1-xO3) therefore cover almost a 2 eV energy range (from 3.2 to 5.3 

eV). BaZrxTi1-xO3 alloys are also expected to experience a phase change from cubic 

(BaZrO3) to tetragonal (BaTiO3) at an as yet undefined critical composition. Some pre-

vious investigations have reported on the dielectric properties of BaZrxTi1-xO3 grown on 

MgO substrates, but only at low Zr contents, and with no data available for atomically 

thick films [121–123]. 
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2 OPTICAL PROPERTIES OF MATERIALS 

 

The optical characterisation of solids can reveal information about their energy band 

structure, crystal defects and impurity levels, excitons, and lattice vibrations. The exper-

imental work in this thesis involves measuring effects due to optical processes associat-

ed with light-matter interactions, and then deriving the complex dielectric function, 

which is directly linked to the energy band structure of solids (most experimental work 

in this thesis is carried out using spectroscopic ellipsometry, which yields - indirectly - 

the complex dielectric function). The relationship between experimental observations 

and the energy band structure in a solid is therefore deduced by accurately modelling 

the optical processes resulting from the observable light-matter interactions. This chap-

ter gives a mathematical and physical description of these observables, the relevant op-

tical processes in solids, and their relation to the frequency-dependent complex dielec-

tric function, and is divided into three sections: 

• The first deals with the classical description of the optical properties in semicon-

ductors, such as electromagnetic wave propagation and light coupling to matter, as 

well as other relevant electro-optical quantities. The complex dielectric function is 

also described using the classical theory of Lorentz oscillators. 

• The second deals with these same optical properties from a quantum mechanical 

perspective, where concepts such as band structure, interband transitions, excitonic 

transitions, absorption processes, and photoemission are introduced. The complex 

dielectric function is here re-developed to include quantum mechanical theory. 

• The third and final sub-chapter gives an overview of the theory and simulation of 

materials, and the various methods used within the density functional theory (DFT) 

to predict the optical properties of solids. This thesis is based on experimental 

work, of which results are compared to available simulations. An understanding of 

these theories is therefore essential to correctly interpret the experimental results. 
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2.1 CLASSICAL DESCRIPTION 

 

2.1.1 Light-matter interaction 

 

Photons are quanta of electromagnetic radiation, described by their wavelength 𝜆, fre-

quency n, and energy E. The electromagnetic radiation itself is also described by its 

phase velocity 𝑣!, which is deduced from Maxwell’s equations, and equal to the speed 

of light in a vacuum. The wave-particle duality for photons is expressed by the de Brog-

lie equation, where h is Planck’s constant, c the speed of light in vacuum, 𝜔 angular 

frequency of the radiation, and K the wavenumber.  

 

𝐸 = ℎ𝜐 =
ℎ𝑐
𝜆     𝑤ℎ𝑒𝑟𝑒 𝐾 =

2𝜋
𝜆

𝜔 = 2𝜋𝜐
, 𝑣! =

c
n 

 

When light interacts with matter, it can be reflected, transmitted, absorbed, or refracted; 

it can produce luminescence (a mechanism of de-excitation where spontaneous emis-

sion of light occurs due to the recombination of excited electrons) or can undergo a mix-

ture of all these optical processes. Although full transmission and reflection don’t affect 

the description of an electromagnetic wave (i.e. the photon wavelength, frequency, and 

energy, or phase velocity of the radiation), refraction and absorption do. These two pro-

cesses occur during propagation of the electromagnetic wave through a solid, which af-

fects the radiation as follows: Refraction causes the light to propagate with a different 

velocity in a solid than in free space. This leads to the bending of light rays at the inter-

faces, as described by Snell’s law of refraction, where 𝜃! and 𝜃! are the angles between 

surface normal to the interface and propagation direction in each of the two media; and 

𝑛! and 𝑛! the refractive indexes of the two media. The refractive index is defined as the 

ratio between the phase velocity in vacuum (i.e. speed of light) and the phase velocity in 

a medium, and is a function of the permittivity 𝜀! and the magnetic permeability 𝜇! of 

the medium the electromagnetic wave propagates through. 

 

𝑛!𝑠𝑖𝑛𝜃! = 𝑛!𝑠𝑖𝑛𝜃!, 𝑤ℎ𝑒𝑟𝑒 𝑛 =
𝑐
𝑣!
= 𝜀!𝜇! 
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Absorption occurs if the frequency of the light is resonant with transition frequencies of 

the atoms in the solid. The intensity (i.e. function of the energy) of the light beam is at-

tenuated as it travels though the absorbing medium. Absorption is quantified by a fre-

quency dependent absorption coefficient 𝛼(𝜈), the fraction of the power absorbed per 

unit length of the medium. Beer’s law describes the intensity of the light beam propa-

gating through an absorbing medium (here in the z direction), where 𝐼! is the optical 

intensity of the electromagnetic wave before propagating through the solid (z=0), and 

𝑘 is the extinction coefficient (described below). 

 

𝐼 𝑧 = 𝐼!𝑒!! ! ! , 𝛼 =
2𝜔𝑘
𝑐 =

4𝜋𝑘
𝜆  

 

The electric fields propagating through a light-absorbing medium can be described in 

the form of transverse plane waves (for wavelengths that are large compared to the lat-

tice constants of the solid). The solutions of the wave function are described by an equa-

tion showing a term for absorption, a term for refraction, and a term for phase, and 

where 𝐸! is the amplitude of the electric field and perpendicular to the wave vector K, t 

the time and x the distance travelled by the monochromatic plane wave, N the complex 

refractive index, k the extinction coefficient, and 𝛿 the initial phase of the electric field. 

 

𝑁 = 𝑛 − 𝑖𝑘 

𝐸 = 𝐸!𝑒!(!"!!"!!) = 𝐸!𝑒
!( !!! ! !!!"!!) = 𝐸!𝑒

!( !!! (!!!")!!!"!!)

= 𝐸!𝑒
(!!! !")𝑒!(

!!
! !"!!")𝑒!" 

 

The complex relative dielectric function 𝜀 is a sum of its real part 𝜀!, which describes 

the propagation of the electromagnetic wave in the solid, and its imaginary part 𝜀!, 

which describes the absorption of the electromagnetic wave in the solid (i.e. dissipation 

of energy within the medium). The two components of the complex dielectric function 

are not independent, and are functions of the extinction coefficient k and the refractive 

index n of the material, and also relate to the reflectivity of materials R at normal inci-

dence though n and k. 
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𝜀 = 𝜀! + 𝑖𝜀! = 𝑁!, 𝜀! = 𝑛! − 𝑘!
𝜀! = 2𝑛𝑘 ,

𝑛 =
1
2
𝜀! + 𝜀!! + 𝜀!!

!
!

!
!

𝑘 =
1
2 −𝜀! + 𝜀!! + 𝜀!!

!
!

!
!
 

𝑅 =
𝑘! + n− 1 !

𝑘! + n+ 1 ! 

 

2.1.2 Lorentz oscillator 

 

The classical theory of absorption in semiconductors is well described by the Lorentz 

model, which describes the probability of photon absorption through the imaginary part 

of the complex dielectric function. Its quantum mechanical analogue includes band 

structure and all direct transitions (i.e. where there is no change in momentum during 

transition) useful in describing light absorption in semiconductors. The model works by 

modelling atoms as negatively charged electrons that are bound to positively charged 

nuclei by a physical spring. The electric field of the light will introduce a dielectric po-

larisation, displacing the electrons from equilibrium and setting them into harmonic mo-

tion (the effect of the magnetic field is considered negligible compared to that of the 

electric field). The positions of the nuclei are considered fixed, according to the Born-

Oppenheimer approximation (i.e. the nucleus is assumed to have an infinite mass within 

the oscillator system compared to that of the electrons), and motion for electrons of 

mass m and charge e is described by: 

 

𝑚!
𝑑!

𝑑𝑡! 𝑥 𝑡 = 𝐹!"#$%&' + 𝐹!"#$%& + 𝐹!"#$#%&

= −𝑚!𝛾
𝑑
𝑑𝑡 𝑥 𝑡 −𝑚!𝜔!!𝑥 𝑡 − q𝐸! 𝑡 , 𝜔! =

𝑘!
𝑚!

 

 

Ex is the local field acting on the electron as a driving force in the x direction and varies 

in time as 𝑒!"#. The damping force, which arises from scattering mechanisms in a solid 

and radiation for free atoms, accounts for the energy loss and is responsible, as shown 
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below for the electric permittivity becoming a complex number. The second term is 

simply the restoring force according to Hooke’s law, where 𝜔!  is the resonant angular 

frequency of the oscillator. Since the electric field varies sinusoidally at angular fre-

quency 𝜔, the educated assumption is made that both the solution for the motion of the 

electron (or charge displacement x) and the polarisation 𝑃! (defined as the product of the 

charge and the displacement vector from the negative to the positive charge) also vary 

sinusoidally. 

 

𝐸! 𝑡 = 𝑅𝑒 𝐸! 𝜔 𝑒!"# , 𝑥 𝑡 = 𝑅𝑒 x𝑒!"# , 𝑃! 𝑡 = 𝑅𝑒 𝑃!(𝜔)𝑒!"# = 𝑁𝑞𝑥(𝑡) 

𝑥 =
−𝑞
𝑚!

1
𝜔!! − 𝜔! + 𝑖𝛾𝜔

𝐸!     𝑎𝑛𝑑     𝑃! =
𝑁𝑞!

𝑚!

1
𝜔!! − 𝜔! + 𝑖𝛾𝜔

𝐸! 

 

Instead of dealing with individual atoms, let us consider the centers of mass of electrons 

and nuclei. They coincide in equilibrium, but oscillate when excited due to a Coulombic 

force trying to restore the equilibrium position where the centers of mass coincide. The 

plasma frequency 𝜔! , which dependent on the electron density N, is defined as the fre-

quency at which the oscillations between the centers of mass of the nuclei and the elec-

trons resonate. It is now possible to derive the complex dielectric function 𝜀 (sometimes 

referred to as the electric permittivity) from the macroscopic polarisation using the defi-

nition of the electric displacement field 𝐷! and the plasma frequency.  

 

𝐷! = 𝜀𝐸! = 𝐸! + 4𝜋𝑃!  𝜀 = 1+
4𝜋𝑃!
𝐸!

 

𝜀 = 1+
𝜔!!

𝜔!! − 𝜔! + 𝑖𝛾𝜔
, 𝜔!! =

4𝜋𝑁𝑞!

𝑚!
 

 

The complex dielectric function depends on the angular frequency of the electric field, 

the plasma frequency and the damping term, which is a property of the medium and is 

responsible for the imaginary part. The real part 𝜀! and imaginary part 𝜀! are extracted 

using identities, in order to obtain the magnitude and the phase of the polarisation with 

respect to the electric field. The shape of 𝜀! is often referred to as Lorentzian (Figure 

11). The expressions of the frequency dependent complex dielectric function relate to 
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the extinction coefficient and the refractive index described above, and can therefore be 

used to study the reflectivity (high n and k values), absorption, and refractivity of solids. 

 

𝜀 = 1+
𝜔!!

𝜔!! − 𝜔! + 𝑖𝛾𝜔
= 1+

𝜔!!

𝜔!! − 𝜔! + 𝑖𝛾𝜔
𝜔!! − 𝜔! − 𝑖𝛾𝜔
𝜔!! − 𝜔! − 𝑖𝛾𝜔

= 1+
𝜔!! 𝜔!! − 𝜔!

𝜔!! − 𝜔! ! + 𝛾!𝜔! − 𝑖
𝜔!!𝛾𝜔

𝜔!! − 𝜔! ! + 𝛾!𝜔! = 𝜀! − 𝑖𝜀! 

 

Except for the region near 𝜔!, the real part of the complex dielectric function 𝜀! in-

creases with increasing frequency, which is the definition of normal dispersion. The 

width of the region where 𝜀! decreases with increased frequency describes the damping. 

The spectra can be divided into three regions, which helps with the analysis of the spec-

tra and how they relate to the material properties, especially when the spectra must be 

described by a collection of Lorentz oscillators.  

 

• In the region where 𝜔 ≪ 𝜔!, referred to as region I, 𝜀! = 2𝑛𝑘 → 0 (follows 

𝑘 = 0) and 𝜀! = 𝑛! − 𝑘! > 1 (follows 𝑛 >  1). Region I is therefore character-

ised by no absorption, small reflectivity, and thus high transparency. 

• In the region around 𝜔 ≈ 𝜔!, referred to as region II, 𝑛 𝑎𝑛𝑑 𝑘 ≫  1. Region II is 

therefore characterised by both strong absorption and reflection. 

•  In the region around 𝜔 ≫ 𝜔!, referred to as region III, !!!
!"

> 1 and !!!
!"

< 1. 

Region III is characterised by both reflection and transmission. At the point 

where 𝜀! = 0 (i.e. when 𝜔 = 𝜔! ≫ 𝜔! ≫ 𝛾), transmission takes over reflection. 

 

As mentioned previously, it is possible to express the complex dielectric function in 

quantum mechanical terms. The oscillator strength can directly describe band gap tran-

sitions and the state from which the transitions take place. Real materials correspond to 

a collection of Lorentz oscillators with different frequencies spread out over different 

bands. To include many atoms and electronic interactions, the Lorentz model is extend-

ed as a sum of Lorentz oscillators, where 𝑁! is the density of bound electrons. 
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𝜀′ = 1+ 𝜔!!
𝑁!

𝜔!! − 𝜔! + 𝑖𝛾𝜔
!

 

 

 
Figure 11 Frequency dependence of the imaginary and real parts of the complex dielectric 

function. 

  

2.2 QUANTUM MECHANICAL APPROACH 

 

By analogy with the classical Lorentz model, it is possible to obtain expressions of the 

complex dielectric function in quantum mechanical terms. To describe photon absorp-

tion, the complex dielectric function is re-written as a function of an updated oscillator 

strength 𝐹!"  for initial state i, and for final state f.  

 

𝜀 = 1+ 𝜔!!
𝐹!"

𝜔!"! − 𝜔! + 𝑖𝛾𝜔!
, 𝑤ℎ𝑒𝑟𝑒 𝐹!" =

2𝑚
ℏ! ℏ𝜔!" 𝑥!"

! 𝑎𝑛𝑑 𝐹!"
!

= 1 

 

The optical absorption coefficient 𝛼 is determined from the quantum mechanical transi-

tion rate 𝑊!" for exciting an electron from its initial state to a final state by absorption of 

a photon of energy 𝐸 = ℏ𝜔. This transition rate (i.e. probability that a photon of energy 

E makes a transition at a given K point.) is given by Fermi’s golden rule, where 𝐻!
!"  is 

the time-dependent Hamiltonian for the perturbation associated with the interaction with 

the electromagnetic wave, and 𝑔(ℏ𝜔) the density of states for transitions from the va-

lence to the conduction band evaluated at the photon energy. 
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𝑊!" =
2𝜋
ℏ 𝐻!

!"
!𝑔 ℏ𝜔 , 𝑔(ℏ𝜔) =

1
2𝜋!

2𝜇
ℏ!

!/!

ℏ𝜔 − 𝐸!
!/!

 

 

Once a photon is absorbed, the atom is in an excited state (i.e. electron promoted from 

the valence to the conduction band), and many processes for de-excitation (or relaxation 

mechanisms) back to the ground state can occur. Other processes than optical absorp-

tion may also create an electron-hole pair, such as energetic particle bombardment or 

injection of electrical bias (in LEDs for example). An excited state, whether created 

through the promotion of an electron to the conduction band or through the creation of 

an exciton, has a certain lifetime [124–127] (which may be studied using luminescence 

techniques, providing information such as the excitonic diffusion length or the radiative 

lifetime. N.B.: this thesis relies mostly on spectroscopic ellipsometry, which does not 

probe excited states, and therefore doesn’t address the question of excitonic lifetimes) 

during which various processes may occur: radiative recombination, non-radiative re-

combination, non-radiative Auger relaxation, exciton-exciton annihilation, charge 

and/or energy transfer, and electron-phonon coupling, to name just a few.  

 

2.2.1 Band-edge optical processes 

 

Band-to-band recombination processes are those, which occur without the involvement 

of intermediate states generated by surface or interface defects or by impurities. Optical 

transitions involving only photon absorption and emission are called direct transitions 

(Figure 12(a)). If the transitions involve both photons and phonons, then they are called 

indirect transitions (Figure 12(b)). A direct band gap is when the valence-band maxi-

mum and conduction-band minimum correspond to the same electron momentum state 

(i.e. a direct optical transition leads to a negligible change in wave vector for the elec-

tron). For the purposes of clarity, only direct optical transitions are described below, 

whether band-to-band or excitonic processes. It is worth mentioning that the tempera-

ture dependence of phonon populations has a profound effect on the position and shape 

of the absorption edge in indirect band gap materials, and therefore temperature-

dependent experiments allow the extraction of the phonon energies and their contribu-
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tion to the optical spectra. Temperature also affects direct transitions (there is a tem-

perature dependence of the band gap in direct band gap semiconductors). Band-to-band 

transitions depend on the coupling of the valence band with the conduction band, which 

is measured by the magnitude of the momentum matrix elements from the valence to 

the conduction bands. This dependence results from the perturbation interaction Hamil-

tonian presented above H’ and from Fermi’s golden rule. As shown above, the transi-

tion rate for exciting an electron by absorbing a photon (and therefore the absorption 

rate for a dipole-allowed interband transition) is proportional to the joint density of 

states evaluated at the photon energy. For band-edge absorption, the energy of the pho-

ton absorbed is equal to the band gap energy and the quantized energy level of the elec-

trons 𝐸!  and holes 𝐸!. These energy levels are related to the dispersion of the band 

structure (i.e. its local curvature near the conduction band minimum), as accounted for 

by their respective effective masses and satisfying the Schrödinger’s equation (where no 

external potential is included, i.e. interactions between electron and ion cores are ig-

nored). 

 

𝐸! 𝑘 = 𝐸! +
ℏ!𝐾!

2𝑚!
∗ , 𝐸! 𝑘 = −

ℏ!𝐾!

2𝑚!
∗  

ℏ𝜔 = 𝐸! +
ℏ!𝐾!

2𝑚!
∗ +

ℏ!𝐾!

2𝑚!
∗ = 𝐸! +

ℏ!𝐾!

2𝜇 ,
1
𝜇 =

1
𝑚!
∗ +

1
𝑚!
∗  

 

The typical relaxation mechanism for band-edge absorption is spontaneous emission, of 

which rate for allowed transition in band-to-band recombination for direct band gap ma-

terials 𝑅!" is defined as a function of the average of the squared momentum matrix ele-

ment 𝑝!" for transitions between Bloch states in the valence and conduction bands and 

the density of states. The delta function expresses the energy conservation and is evalu-

ated at the K vector. 

 

𝑅!" =
2𝜋
ℏ

𝑒𝐴!
𝑚!

!

𝑝!" !  𝛿𝒌!,𝒌!
𝒌!,𝒌!

𝑔 ℏ𝜔 𝑓! 𝑲! 𝑓!! 𝑲! 𝛿 𝐸!(𝑲!)− 𝐸!(𝑲!)− ℏ𝜔  
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Figure 12 Band diagram for direct (a) and indirect (b) band gap semiconductors (from the 

University of Cambridge C3H course on optical properties of materials). 

 

2.2.2 Excitonic optical processes 

 

Excitons are electron-hole pairs with a zero total spin, bound by Coulombic attraction, 

and are often stabilized by a distortion of the lattice. They are charge-less particles ca-

pable of diffusion, and can also be treated as excited states of a solid [128]. Excitons in 

solids can be classified into two types: Frenkel excitons, which are tightly bound and 

localised on one to a few atomic sites, and Mott-Wannier excitons, which have a rela-

tively large radius and extend across many atoms (i.e. the electron-hole distance is large 

in comparison with the lattice constant) [15]. Recently, resonant excitonic effects, 

which require both electron-hole and electron-electron correlations, have been predicted 

and observed at higher energies in graphene [129,130]. If their binding energy is signif-

icantly greater than the thermal energy available at the temperature at which they are 

observed, then free excitons have a relatively high probability of formation, as their 

formation is more energetically favorable than that of free electron-hole pairs, and the 

group velocities of electron and hole are the same (i.e. they move together as a bound 

pair). The energy levels 𝐸! (stated with reference to the top of the valence band) in 

which bound excitons lie are given by the difference between the energy of the band 

gap 𝐸! and the binding energy of the exciton of the nth level 𝐸!". In other words the ex-

citon binding energy can be taken as the energy difference between the exciton transi-

tion energy (the gap revealed by optical absorption) and the electronic band gap (Figure 

(a) (b) 
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13). The exciton binding energy is one of the key parameters to consider when it comes 

to describing the charge dynamics in semiconductors: for instance, the recent success of 

perovskite solar cells (such as lead-perovskite), where a perovskite-structure compound 

acts as the active layer for energy harvesting, [131–134] is mainly due to the low bind-

ing energy of the excitons in this material (i.e. excitons break up easily into carriers, 

transferring the charges to the electrodes), and the current interest in 2D h-BN and 

MoS2 for efficient LEDs has developed partly due to their large exciton binding energy, 

which allows the generated charges to be held together until radiative de-

excitation [42,135]. The dielectric constant is fundamental in determining the exciton 

binding energy because it shields electron-electron repulsions (or equivalently electron-

hole interaction). The radius of the electron-hole orbit 𝑟! is a function of the exciton 

Bohr radius 𝑎! and the principal orbit quantum number n. The wavefunction of the ex-

citon can be calculated using the expected Bohr radius: a low exciton binding energy 

implies a large Bohr radius with a large spatial separation between electrons and 

holes [136]. 

 

𝐸! = 𝐸! − 𝐸!", 𝐸!" =
𝜇𝑒!

32𝜋!𝜀!ℏ!𝑛! =
ℏ!

2𝜇𝑎!!𝑛!
, µ =

𝜀𝑎!𝑚!

𝑎!
=
𝑚!
∗ ∗𝑚!

∗

𝑚!
∗ +𝑚!

∗  

𝑟! = 𝑛!𝑎! , 𝑎! =
ħ𝑠
2𝜋𝑇∗ 

 

When the dimensionality of the material is reduced from 3D to 2D, the binding energy 

of Frenkel-type excitons is decreased while the binding energy of Wannier-Mott exci-

tons is increased. Because of the dependence of the binding energy on the dimensionali-

ty of the system (i.e. binding energy of an exciton in a 2D structure is much larger that 

that in its 3D form), the exciton size in 2D systems is dominated not by the electron-

hole interaction, but by the effects of the physical dimensions of the material on the ex-

citon properties: spatial confinement of the exciton affects many of its physical proper-

ties strongly, and therefore exciton properties can be engineered to some extent in a ma-

terial by controlling its physical structure [137]. When excitons couple to lattice distor-

tions, it leads to time-dependent confinement effects, where excitons are trapped and 

strongly bound in the lattice distortion (called trapped-exciton). Self-trapped excitons 

don’t require pre-existing lattice distortion, but induce instead a distortion by creating a 
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local change in bonding of the material. As the self-trapped excitons diffuse, they move 

the lattice distortion (which they are bound to) along. These self-trapped excitons can be 

detected when Stokes shifts appear in absorption and luminescence spectra (due to the 

lattice distortion, and therefore different recombination energies). The emission rate in 

excitonic recombination includes the elements of the classical Hamiltonian matrix be-

tween the ground state 0  and the state 𝑥 , which includes a Coulombic attraction 

term, that replaces the average of the squared momentum matrix element 𝑝!" for transi-

tions between Bloch states in the valence and conduction bands. Additionally, the spon-

taneous emission rate 𝑅!" ℏ𝜔  is proportional to the density of excitons rather than the 

product 𝑛 ∙ 𝑝 as, in the band-to-band emission problem [15]. The probability 𝑃 𝐸!  can 

be described by a Boltzmann distribution, the same way the quasi-Fermi levels for elec-

trons and holes are.  

 

𝑅!" ℏ𝜔 =
2𝜋
ℏ 𝑥 𝐻 0 ! 

!!

𝑔 ℏ𝜔 𝑃 𝐸! 𝛿 ℏ𝜔 − 𝐸!  

 

 
Figure 13 Band diagram illustrating excitonic states and their binding energies [128]. 

  

2.3 DENSITY FUNCTIONAL THEORY  

 

If resolved, the solution to the time-independent Schrodinger’s equation, given by 

𝐻Ψ = 𝐸Ψ and where 𝛹 is the many-particle wave function, would give a complete un-

derstanding of the fundamental electronic properties of the solid crystalline materials 
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explored in this thesis. The Hamiltonian 𝐻 describes all interactions between electrons 

and nuclei (nucleus-nucleus 𝑉!!, the electron-electron 𝑉!!, the electron-nucleus 𝑉!") and 

the kinetic energies of electrons 𝑇! and nuclei 𝑇!. The Born-Oppenheimer approxima-

tion, which yields an updated Hamiltonian 𝐻!, removes the kinetic energy of the nuclei 

from the problem based on the fact that their mass is much larger than that of the elec-

trons: 𝑚! ≫ 𝑚!. Additionally, it removes the interactions between nuclei from the 

problem, only to add it as a constant energy shift, allowing the original problem to be 

simplified to include only electronic interactions [138,139]. 

 

𝐻 = 𝑇! + 𝑇! + 𝑉!" + 𝑉!! + 𝑉!!

= −
ℏ!

2𝑚!
 ∇!!
!!

!!!

−
ℏ!

2𝑚!
 ∇!!
!!

!!!

−
1

4𝜋𝜀!
 

𝑒!𝑍!
𝑅! − 𝑟!!,!

+
1

8𝜋𝜀!
 

𝑒!

𝑟! − 𝑟!!!!

+
1

8𝜋𝜀!
 

𝑒!𝑍!𝑍!
𝑅! − 𝑅!!!!

, 𝐻! = 𝑇 + 𝑉!"# + 𝑉!! 

 

Density functional theory (DFT) is the main computational method for calculating the 

electronic ground-state properties of many-body systems. DFT theory asserts that the 

ground-state total energy is a unique functional of the electron density: a two-electron 

interaction only is needed to find the total energy of a system, reducing the previous 

problem of solving the many-interacting electrons Hamiltonian from 3N coordinates, 

where N is the number of electrons in the system, to 6 coordinates (i.e. 3 coordinates per 

electron). DFT is usually applied using the Kohn-Sham equations, in which a system of 

fictitious non-interacting particles in an effective local potential possesses the same par-

ticle density and ground-state energy as that of the real many-body system described by 

Schrodinger equations, thus avoiding having to solve the Schrodinger equation directly. 

The direct solution of Schrodinger equation has historically been approximated using 

the Hartree-Fock approximation, but this is mathematically intractable for the case of 

large systems (i.e. more than few atoms) [139,140]. According to the Kohn-Sham theo-

rem, the energy functional is described by the kinetic energy of the Kohn-Sham orbitals 

𝑇! (i.e. kinetic energy of non-interacting electrons), the external potential 𝑉!"# (attrac-

tions of the electrons to the atomic nuclei), the Hartree energy VH (Coulombic interac-
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tions between electron and the total electron charge), and the local exchange-correlation 

functional 𝐸!" (the sum of the error from considering Coulombic electron-electron in-

teractions and non-interacting kinetic energy, needed to make the above expression ex-

act). These two approximations are described below, where 𝜙! represents the orbitals 

containing the non-interacting electrons, and 𝜌 is the density of states. 

 

𝐸 𝜌 = 𝑇! 𝜌 + 𝑉!"# 𝜌 + 𝑉! 𝜌 + 𝑉!" 𝜌 , 

𝑇! 𝜌 = −
1
2 𝜙! ∇! 𝜙!

!

!

𝑎𝑛𝑑 𝑉! 𝜌 =
1
2

𝜌 𝒓𝟏 𝜌 𝒓𝟐
𝒓𝟏 − 𝒓𝟐

𝑑𝒓𝟏𝑑𝒓𝟐 

 

The minimizing orbitals are given by the Kohn-Sham equation, where r is a set of coor-

dinates, and 𝑉!" the exchange correlation potential corresponding to the functional de-

rivative of the exchange-correlation energy 𝐸!" with respect to the density. This equa-

tion is self-consistent, and if 𝐸!" were known it would yield the exact answer to the 

electronic structure without requiring the electron-electron repulsion to be calculated 

directly. Therefore, the precision, accuracy and relative speed of the calculations de-

pends on the approximation of Exc. 

 

−
1
2∇

! + 𝑉!"# 𝒓 +
𝜌 𝒓!

𝒓− 𝒓! 𝑑𝒓
! + 𝑉!" 𝒓 𝜙! 𝒓 = 𝜀!𝜙! 𝒓 ,    𝑉!" 𝒓 =

𝛿𝐸!" 𝜌
𝛿𝜌 𝒓  

 

The simplest exchange-correlation approximations to the density functional theory are 

the local-density approximation (LDA, the exchange correlation energy density as a 

function of the local electron density), and the generalised gradient approximation 

(GGA, the exchange correlation energy density as a function of the local electron densi-

ty and density gradient) [83,139]. 

 

𝐸!"!"# 𝑛 𝑟 = 𝑛 𝒓 𝜀!"[𝑛(𝑟)]𝑑𝑟     𝑎𝑛𝑑     𝐸!"!!" 𝑛 𝑟

= 𝑛 𝒓 𝜀!"[𝑛(𝑟)]𝐹!"[𝑛 𝑟 ,∇𝑛(𝑟)]𝑑𝑟 
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Both LDA and GGA underestimate the band gap in semiconductors, and overestimate 

the binding energies of many systems, mostly because of a poor approximation of the 

electron self-interaction. This interaction results from the electrostatic interactions de-

scribed by the Hartree energy, which contains the unphysical interaction of the electron 

with itself, the self-interaction. The self-interaction is fully compensated by an identical 

term with opposite sign in Hartree-Fock theory, but LDA and GGA exchange potentials 

only approximate this cancellation [141,142]. To produce a more accurate estimation of 

band gaps, new DFT methods have been developed which consist of a mixing of the 

Hartree-Fock exchange potential with a Kohn-Sham exchange-correlation functional, 

namely the hybrid functionals method. It is interesting to note that the Hartree-Fock 

equations are very similar to the Kohn-Sham equations (the non-local exchange poten-

tial is replaced by a local exchange-correlation potential) [143].  

 

Another challenge in DFT is the inclusion of van der Waals forces. A good approxima-

tion of the van der Waals interactions is required to assess the electronic properties of 

the 2D structure compared to its 3D parent in systems where 3D structures are built 

from 2D sheets bound by van der Waals forces, e.g. h-BN [144]. Van der Waals forces 

are thought to be due to electronic correlation effects and LDA produces a poor descrip-

tion of the pair correlation function (the binding energy of long range dispersion forces 

curves decay exponentially instead of according to -C6/R6, where R is the separation and 

C6 the van der Waals coefficient) [70]. Van der Waals forces are approximated using a 

reasonably accurate non-local ground-state density functional, called LL, which shows 

an appropriate decay behavior, as developed by Langreth and Lundqvist [143,145]. 

 

On a more practical note, the optical properties of excitonic systems are best simulated 

using the tight binding approach to the GW+BSE calculations, which can capture elec-

tron-hole interactions in the excited state. This approach can incorporate the screening-

related effects of the spatial relationship between 2D layers and their substrates in quasi-

2D systems, which influence the exciton binding energy (though electron-hole correla-

tion) and the optical transitions (through the electron-electron correlation). Quasi-

particle lifetime effects are taken into consideration by including electron-phonon cou-

pling in the model [44].  
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METHODS 
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3 CHARACTERISATION TECHNIQUES 

 

Two-dimensional (2D) materials are of considerable interest for device applications but 

can be challenging to characterize due to their limited thickness. Their properties may 

also be modified by the substrates they are supported by. Consequently, effective char-

acterisation methods must be capable of revealing both the optical and electronic prop-

erties of 2D materials and the interactions at their interfaces. Photoluminescence is not 

suitable for the samples investigated in this thesis as it is extremely challenging to ob-

tain high quality PL data from h-BN samples thinner than six monolayers (i.e. at thick-

nesses where quantum confinement is not reached) even at low temperatures, due to the 

poor signal-to-noise ratio. PL data are also difficult to interpret accurately due to the 

wide variety of possible emission processes (e.g. phonon-exciton coupling, PL emanat-

ing from defects). In contrast, absorption processes (e.g. band-to-band or excitonic ab-

sorption) are fewer and simpler to interpret. Here, spectroscopic ellipsometry (SE) is 

used to investigate the optoelectronic properties of selected 2D materials, and use elec-

tron energy-loss spectroscopy (EELS) and high-resolution transmission electron mi-

croscopy (HRTEM) to provide information on the chemical and structural properties of 

these materials. 

 

3.1 SPECTROSCOPIC ELLIPSOMETRY 

 

3.1.1 Principle and instrumentation 

 

Spectroscopic ellipsometry is a non-destructive optical measurement technique that can 

be used to characterize changes in the polarisation state of a beam of polarised mono-

chromatic light after reflection from the surface of a sample. The optical constants and 

thin film thickness of a sample may be determined from these polarisation states. Exper-

imentally, the greatest challenges arise from the effects of the sample surface roughness, 

which must be very low with respect to the wavelength of the incoming light. This oc-

curs because the light scattered due to the surface roughness reduces the reflected light 

intensity from which the polarisation states are determined, and measurement must be 
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performed at oblique angles of incidence: the optimal angles of incidence of the beam 

will vary according to the optical constants of sample and are chosen so that the charac-

teristic signal intensity is maximized [146–148]. A Woollam V-Vase variable angle 

spectroscopic ellipsometer was used for this study. The setup is as follows (Figure 14): 

an arc lamp provides broadband light to a computer-monitored monochromator, which 

acts as a source of light for the system. Selected wavelengths go through an input unit 

composed of a lens mount and a polarizer stage (used to detect and control the polarisa-

tion of light before interaction with the sample) and an alignment detector socket (used 

to align the sample to the input unit, so that the light is focused and centered on the 

sample: averaged information is obtained from the total exposed surface area). A detec-

tor collects the reflected beam and converts it into a voltage that is used to determine the 

polarisation state of the reflected light. An optical model and a corresponding mathe-

matical model of the dielectric functions are then constructed and regressively fitted to 

the acquired spectra to extract physically relevant information. 

 

The values directly measured from the ellipsometer are the relative amplitude attenua-

tion 𝛹 and the phase shift ∆ between reflected p- and s- polarisation components. The 

p- and s- polarisations refer to the orthogonal linear polarisations parallel and perpen-

dicular to the plane of incidence respectively (i.e. p- polarised electric fields of incident 

and reflected monochromatic light waves oscillate within the plane of incidence). P- and 

s- polarised light waves behave differently when reflected by or transmitted into the 

sample 𝛹 and ∆ are functions of the angle of incidence θ0 and the wavelength of incom-

ing light 𝜆, and describe the complex reflection ratio 𝜌. The amplitude ratio 𝛹 is charac-

terised by the refractive index n, while ∆ represents light absorption described by the 

extinction coefficient k. 𝑡𝑎𝑛(𝛹) can be represented by the diagonal of the rectangle in 

which the ellipse is enclosed, and 𝑐𝑜𝑠(∆) can be represented by the shape of the ellipse 

inside that rectangle, from a line to a circle (i.e. from linear, through elliptical, to circu-

lar polarisation).  

 

𝜌 𝜃! , 𝜆 = 𝑡𝑎𝑛(𝛹) 𝑒!" =
𝑟!
𝑟!
=
𝐸!"
𝐸!"

∙
𝐸!"
𝐸!"
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Figure 14 Schematic describing the incoming and reflected electric fields in spectroscopic 

ellipsometry [146]. 

 

The Fresnel equations, which describe the reflection and transmission coefficients for p- 

and s- polarised light 𝑟!,! and 𝑡!,! that form the complex reflection ratio 𝜌, are derived 

from Maxwell’s equations and the boundary conditions of both p- and s- polarisation 

components of the electric field E (Figure 15(a)) and the magnetic induction B (Figure 

15(b)). Although the previous section showed that the effect of the magnetic field is 

considered negligible compared to that of the electric field, it is useful here to consider 

the magnetic component to solve the equations below. 𝜃!  and 𝜃! represent the angles of 

incidence and transmission respectively (𝜃! =  𝜃!  is known from the experimental setup 

and 𝜃! calculated by Snell’s law), and where 𝐵! =
!!
!!
= !!

!
𝑁!. The ratio of the complex 

reflection coefficients is maximized at the Brewster angle θB, defined by 𝑡𝑎𝑛 𝜃! =
𝑁!

𝑁!, the angle at which the oscillatory direction of electric dipoles is perpendicular to 

the vibrational direction of the reflected polarised light (e.g. light reflection disappears). 

Therefore measurements are usually performed at this angle, and 𝜃! calibrated between 

50˚ and 80˚ for semiconductors. 

 

𝐸!" cos 𝜃! − 𝐸!" cos 𝜃! = 𝐸!" cos 𝜃!
𝐵!" + 𝐵!! = 𝐵!"

,

𝐸!" + 𝐸!" = 𝐸!"
𝐵!" cos 𝜃! − 𝐵!" cos 𝜃! = −𝐵!" cos 𝜃!

, 
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𝑟! =
𝐸!"
𝐸!"

=
𝑁! cos 𝜃! − 𝑁! cos 𝜃!
𝑁! cos 𝜃! + 𝑁! cos 𝜃!

, 𝑡! =
𝐸!"
𝐸!"

=
2𝑁! cos 𝜃!

𝑁! cos 𝜃! + 𝑁! cos 𝜃!
  

𝑟! =
𝐸!"
𝐸!"

=
𝑁! cos 𝜃! − 𝑁! cos 𝜃!
𝑁! cos 𝜃! + 𝑁! cos 𝜃!

, 𝑡! =
𝐸!"
𝐸!"

=
2𝑁! cos 𝜃!

𝑁! cos 𝜃! + 𝑁! cos 𝜃!
 

 

 

 
Figure 15 (a) Electric fields and (b) magnetic inductions for p- and s- polarisation compo-

nents [146]. 

 

The complex dielectric constant is finally obtained from the complex reflection coeffi-

cient and the complex refractive index: 

𝜀 = sin! 𝜃 + sin! 𝜃 tan!(𝜃)
1− 𝜌
1+ 𝜌

!

 

 

Stokes parameters 

 

Mathematically, the interaction between an electromagnetic wave and a sample is de-

scribed using Jones and Stokes parameters. The first parameter describes non-polarised 

samples, whereas the second parameter includes phenomena that partially polarize light 

upon reflection (such as large surface roughness or thickness inhomogeneity), and 

therefore describes all types of polarisation. In ellipsometry measurements, the Stokes 

parameters are measured as normalized Fourier coefficients and defined by four param-

eters S0-S4. The transformation of a Stokes vector after reflection from the sample is 

described by a multiplication with Muller matrices.  

(a) (b) 
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𝑆! = 𝐼! + 𝐼! = sin! 𝜓 − cos! 𝜓 = 1
𝑆! = 𝐼! − 𝐼! =  sin! 𝜓 − cos! 𝜓 = −cos 2𝜓

𝑆! = 𝐼!!"° − 𝐼!!"° = 2sin 𝜓 cos 𝜓 cos Δ = sin 2𝜓 cos Δ
𝑆! = 𝐼! − 𝐼! = −2sin 𝜓 cos(𝜓) sin Δ = − sin 2𝜓 sin Δ

 

 

Where S0 is the total light intensity, S1 is the light intensity obtained by subtracting the 

light intensity of linear polarisation in the y direction from that in the x direction. S2 rep-

resents the light intensity obtained by subtracting the light intensity of linear polarisa-

tion at -45° from that at +45°. S4 is the light intensity obtained by subtracting the light 

intensity of left-circular polarisation from that of right-circular polarisation. Parameters 

S0-S4 represent the relative difference in light intensity between each state of polarisa-

tion.  

 

3.1.2 Optical model 

 

When light interacts and is reflected by multilayers, the reflected waves interfere and 

their interactions as well as the phase difference must be determined. An optical model 

is therefore required to separate the individual contribution of each layer of material to 

the overall spectra, and therefore extract the properties of each individual material. In 

this study, an optical model, derived from commonly known three-phase models, is 

built as shown in Figure 16 (air/film/substrate). The reflection coefficients for complex 

s- and p- polarised light are determined from the interference in this three-layer struc-

ture, with 𝑟!"# the Fresnel reflection coefficients of the 01 (ambient/thin film) and 12 

(thin film/substrate) interfaces. The changes in light phase due to different optical path 

are described by β. 

 

𝑟!"# = 𝑟!" + 𝑡!"𝑡!"𝑟!"𝑒!!!! + 𝑡!"𝑡!"𝑟!"𝑟!"! 𝑒!!!! ,

𝑠𝑖𝑛𝑐𝑒 𝑦 = 𝑎 + 𝑎𝑥 + 𝑎𝑥! +⋯ =
𝑎

1− 𝑥  𝑤𝑒 𝑓𝑖𝑛𝑑 𝑟!"#

= 𝑟!" +
𝑡!"𝑡!"𝑟!"𝑒!!!!

1− 𝑟!"𝑟!"𝑒!!!!
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𝑤ℎ𝑒𝑟𝑒 
β
2 =

2𝜋
𝜆 𝑁 

Δ𝑑
2 =

𝜋
𝜆 𝑁

2𝑑
cos 𝜃!

− 2𝑑 tan 𝜃! sin(𝜃!) =  
2𝜋
𝜆 𝑁 𝑑 cos 𝜃!  

 

Using the relations geometrical consideration: 𝑟!" = −𝑟!" and 𝑡!"𝑡!" = 1− 𝑟!"#, and 

expanding the relationships for three layers, the three-phase reflection coefficients are 

defined as: 

 

𝑟!"#$ =
𝑟!" + 𝑟!"𝑒!!!!! + 𝑟!"𝑟!" + 𝑒!!!!! 𝑟!"𝑒!!!!!
1+ 𝑟!"𝑟!"𝑒!!!!! + 𝑟!" + 𝑟!"𝑒!!!!! 𝑟!"𝑒!!!!!

 

 

 
Figure 16 Reflection and transmission coefficients in a three-phase model [146]. 

 

A roughness layer is required to take into account interferences caused by the surface 

inhomogeneity. This layer is often represented using the Bruggeman-type effective me-

dium approximation (EMA), which mixes the optical constants of the constituent mate-

rials (i.e. top layer and air, and possibly other impurities), and weights them by the con-

tent percentage.  

 

3.1.3 Dielectric function model 

 

Before applying the different models described below to express the complex dielectric 

function, it is often useful interpolate the acquired values using B-splines (i.e. Lagrange 

interpolating function 𝑓 𝐸  where 𝑓!(𝐸!) is continuous at interval boundaries), and lin-
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early regress the fitting nodes to the acquired spectra (weighted by the pseudo dielectric 

function <𝜀>) while removing Dirac peaks in the signal. This allows the building of a 

function 𝑓 𝐸 , in which noise and other instrumental effects are eliminated. This new 

function is subsequently parameterised using Lorentz functions to extract the optical 

processes in a physically meaningful manner [146]. 

 

Π𝑓 𝐸 = 𝑓 𝐸! 𝜑! 𝐸 , 𝜑! 𝐸 =
𝐸 − 𝐸!
𝐸! − 𝐸!

!

!!!
!!!

!

!!!

 

 

Cauchy model 

 

The Cauchy model is widely used in ellipsometry studies to determine the refractive 

index of a film in the energy range over which the film is transparent. Because no ab-

sorption is taken into account, it only connects the variation of the refraction index with 

the wavelength in regions that are far from high-energy absorption bands, and therefore 

does not reveal any optical processes in semiconductors. In effect, the Cauchy model is 

an approximation of a Lorentz peak far from the resonant energy of the transition. Addi-

tionally, it does not satisfy the Kramers-Kronig relations, as 𝜀! is obtained assuming 

𝜀! = 𝑛𝑘 = 0 (𝑘 = 0). Parameters A, B, and C are characteristics of the material.  

 

𝑛 𝜆 =  𝐴 +
𝐵
𝜆! +

𝐶
𝜆!  

!!!
!
!   𝑛 𝐸 = 𝐴 +

𝐵
1.2394 ! 𝐸

! +
𝐶

1.2394 ! 𝐸
! 

 

Oscillator model 

 

In data analysis, absorption has to be taken into consideration in determining the optical 

properties of a material; the Cauchy model is no longer valid and has to be replaced by 

the Kramers-Kronig consistent oscillator model that probes the absorption peaks pro-

duced by electronic transitions. Electrons and atoms in matter can be described as an 

ensemble of harmonic oscillators and the dielectric constant is defined by a sum of Lo-

rentz-type oscillators, as described in the previous chapter. 
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𝜀 = 1+ 𝜔!!
𝑁!

𝜔!! − 𝜔! + 𝑖𝛾𝜔
!

 

 

In reality, it is easier to work with photon energy E than its wavelength (or frequency), 

and the jth Lorentz function in the oscillator model here (of N terms depending on the 

composition) is described by the fitting parameters A (the amplitude of the Lorentz 

peak, approximately equal to 𝜀! at its peak value), B (approximately the full width at 

half maximum, corresponding to the broadening of the Lorentz function) and 𝐸! (the 

center of energy of the Lorentz peak). Since only interband transitions are of interest, 

the microscopic oscillations are described by the second term. The first term of the Lo-

rentz-derived complex dielectric function (i.e. an offset of 1) is re-defined as broadened 

oscillators placed outside the measured spectral range called poles, which only affect 

the real part of the complex dielectric function 𝜀! (i.e. they affect the normal dispersion 

of the light as it travels through a medium). Thus, in a second step, the model takes into 

account an ultraviolet pole to pull the index up toward short wavelengths and an infra-

red pole to pull the index down toward longer wavelengths, without affecting the ab-

sorption. 

 

𝜀! 𝐸 = 𝜀!! 𝐸
!

!!!

=  
𝐴!𝐵!𝐸!,!

𝐸!,!! − 𝐸! − 𝑖 𝐸𝐵!

!

!!!

,

𝜀!! 𝐸 = 𝑅𝑒 𝜀!! 𝐸
!

!!!

𝜀!! 𝐸 = 𝐼𝑚 𝜀!! 𝐸
!

!!!

 

 

A model including the lowest possible number of oscillators is preferred as it enables 

physically meaningful and realistic interpretations of the data. It is sometimes useful to 

add a lower limit to the Lorentz function in order to express the band gap energy of a 

semiconductor 𝐸! in the form of Tauc-Lorentz functions (especially when the optical 

processes are dominated by interband transitions). Kramers-Kronig relations are then 

used to retrieve the real part of the complex dielectric function.  
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𝜀!" 𝐸 =  𝜀!!" 𝐸 +  𝑖𝜀!!" 𝐸 ,

𝜀!!" 𝐸 =
𝐴!𝐵!𝐸!,!  𝐸 − 𝐸!,!

!

𝐸! − 𝐸!,!!
! + 𝐵!!𝐸!

 
1
𝐸

!

!!!

, 𝐸 > 𝐸!,!

0, 𝐸 ≤ 𝐸!,!

𝜀!!" 𝐸
!"#$%!"!!"#$%& 2

𝜋 𝑃
𝐸!𝜀! 𝐸!

𝐸!" −  𝐸! 𝑑𝐸
!

!

!!,!

 

 

 

As described in the previous chapter, the absorption coefficient is retrieved through the 

extinction coefficient term present in the complex dielectric function. 

 

𝛼 1 𝑐𝑚 =
4𝜋𝑘𝐸
ℎ𝑐 10!,    𝑘 =

−𝜀! + 𝜀!! + 𝜀!!

2  

 

Other commonly used models 

 

The critical point (CP) model, which analyses the dielectric function around critical 

points (i.e. interband transitions) in terms of analytic line shapes, has also been success-

fully used for ellipsometry analysis of III-nitrides film. To determine the values of the 

critical points and better resolve the CP structures above the direct band gap, the second 

energy derivative of the dielectric function is calculated numerically using multiple 

points filtering algorithms [149–151]. Indirect transitions, weak second-order processes, 

can not be observed using line shape analysis, which is why CP models are only used 

for direct band gap materials such as III-nitrides. The second derivatives are fitted to the 

analytic CP functions as shown below, where n has a value of -½, 0, and +½ for 1, 2 

and 3 dimensional critical points respectively, and n has a value of -1 for discrete exci-

tons. Similarly than the oscillator model, A represents the amplitude, 𝛤 the broadening, 

E the energy, and 𝜙 the phase angle of the critical point.   

 

 

𝑑!𝜀
𝑑𝜔! =

𝐴𝑒!"(𝜔 − 𝐸 + 𝑖Γ)!!, 𝑛 = 0
𝑛 𝑛 − 1 𝐴𝑒!"(𝜔 − 𝐸 + 𝑖Γ)!!, 𝑛 ≠ 0
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Finally, it is worth mentioning that different models exist to take into account the ani-

sotropy of a material. A tilt between of the oscillations in the interference spectra with 

respect to the entire measured spectra is an indication of the anisotropic character of a 

material: 𝛹 and ∆ are affected by the optical anisotropy related to the p polarisation of 

the incoming light. For anisotropic materials, the off diagonal elements of the Jones ma-

trix are not necessary zero and ellipsometry measurements are carried out with fixed 

pattern at each wavelength for different polarizer positions. This extra set of data is then 

used to model the layers in various directions by adding axes to the optical 

els  [152–154]. Previous absorption-based studies have shown the anisotropic and iso-

tropic dielectric functions of both GaN and AlN only changes marginally: the measure-

ment settings in this study are therefore set so that only the ordinary dielectric 

function is taken into account [164,165]. 

 

3.2 TRANSMISSION ELECTRON MICROSCOPY 

 

3.2.1 Principles and instrumentation 

 

Transmission electron microscopy (TEM) is a characterisation technique that measures 

the change in phase and amplitude of a beam of electrons as they travel through and in-

teract with a crystalline specimen. The measurements provide information on the spec-

imen’s crystallography and microstructure [155]. Electron microscopes achieve a much 

higher resolution when compared to optical microscopes due to the much shorter wave-

length of electrons (10-12 m) compared to photons (10-6 m). This study uses a JEOL 

2100F and a FEI TITAN 80-300, both microscopes using a field-emission gun (FEG) 

electron source operating at 200 kV and 300 kV respectively. The JEOL is mainly used 

for electron energy-loss spectroscopy (EELS) investigations, and the TITAN, equipped 

with a spherical aberration corrector, is mainly used for high resolution TEM 

(HRTEM). A TEM operates as follows: a bright, high-energy, monochromatic beam of 

electrons is generated by an electron gun at the top of a column under vacuum, and fo-

cused by several magnetic lenses to go through a thin specimen, and then collected by a 
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detector. First, a condenser aperture selects high-energy electrons generated by the high-

ly energetic electron source, and therefore controls the area of the sample illuminated 

(i.e. brightness and divergence of the beam). Two magnetic condenser lenses -one be-

fore and one after the condenser aperture- collect light diverging from the source and 

focus/defocus it to the specimen. Samples are inserted in the middle of the column to 

minimize the focal distance of the objective magnetic lens (i.e. high current needed), 

which leads to a high divergence angle and thus highly magnified images. An objective 

lens then redirects electrons transmitted through the specimen to form an intermediate 

image, which will be magnified by several intermediate magnetic lenses to form a final 

image onto a detector. An objective aperture may be inserted to select electrons leaving 

the specimen with a certain divergence angle, and a selected area diffraction (SAD) ap-

erture may be inserted to select electrons diffracted from a certain area of the specimen. 

The setup and configuration of a TEM are displayed in Figure 17. 

 

 
 

Figure 17 Schematic of a transmission electron microscope configured to form (a) an image 

and (b) a diffraction pattern [155]. 

 

Elements in the column 

 

Field-emission guns produce a high-energy, monochromatic electron beam, where elec-

trons tunnel through a potential barrier. They are accelerated by a strong tip-enhanced 

electric field E, which increases with applied voltage V or smaller tip radius r. FEG 

sources differ from thermionic sources with their much high current density and bright-

(a) (b) 
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ness. The current density of the electron source J is described by Fowler-Nordheim 

Law, and expected to be approximately 100’000 A/m2 at 100 keV in FEG sources. The 

current density is a function of the work function 𝜙 (the minimum energy required for 

an electron to escape the electron source), the electric field E, and materials constants k1 

and k2 that include the effective mass of electrons [156]. The brightness of the electron 

beam (i.e. current density per unit solid angle of the source, approximately 5*1012 

A/m2sr) is a function of the emission current 𝑖!, the crossover diameter 𝑑!, and the an-

gle of divergence 𝛼!. 

 

𝐽 =
k!
𝜙 𝐸!𝑒!

!!!!/!
!  𝑤ℎ𝑒𝑟𝑒 𝐸 =  

𝑉
𝑟 , 𝛽 =  

4𝑖!
(𝜋𝑑!𝛼!)!

 

 

Magnetic lenses and mechanical apertures control the direction and convergence angle 

of the electrons going through the column. Electromagnetic lenses are made of copper 

wires coiled around the electron column. As current passes through the wires, a magnet-

ic and an electric field are produced, which will exert a Lorentz force on the electrons 

entering these fields as a function of their velocity. The further the electrons travel from 

the optic axis, the more they are deflected. Apertures centred on the optic axis allow 

electrons travelling parallel to the optic axis to go through. Apertures reduce aberra-

tions, but decrease the total intensity of the beam.  

 

Various detectors are available: a phosphor screen is generally used when manipulating 

and aligning the sample as the changes in intensity are rapidly detected and the phos-

phor screen is less sensitive to damage through overexposure than the cameras. A 

charge-coupled device (CCD) camera located below the column is used to take pictures 

at higher magnification (exposure time can be fine-tuned to avoid saturation and im-

prove contrast). Three detectors placed above the phosphor screen and below the speci-

men in the TEM column may be used under scanning transmission electron microscopy 

(STEM) mode: the bright field (BF) detector collects the straight-through beam, the an-

nular dark field (ADF) and the high-angular annular dark field (HAADF) detectors col-

lect elastically (diffraction contrast) and inelastically (mass-thickness contrast) scattered 

electrons respectively. The intensity is higher than in TEM since the detectors collect 
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more than one diffracted beam. Unlike TEM mode where the sample is illuminated with 

a parallel electron beam, STEM uses a highly convergent beam with a very small spot 

size to scan the sample located below to the objective lens. This mode is enabled to col-

lect electron energy loss spectroscopy (EELS) data. There are no lenses below the spec-

imen, reducing the chromatic aberration in the microscope and leaving room for larger 

detectors. The resolution is limited by the minimum size of the probe. 

 

High vacuum is necessary to prevent electrons from being scattered by air molecules, 

and to avoid contamination build-up on the sample. The gas pressure in the microscope 

must be kept low enough to ensure that mean free paths of electrons is considerably 

greater than the length of the TEM column. Organic molecules can also pose a problem 

as they are destroyed by the electron beam and create a carbon layer on the sample, 

making it thicker and less electron-transparent. The vacuum is maintained through an 

efficient oil-free pumping system, while liquid nitrogen is used to trap residual gases by 

condensation. 

 

3.2.2 Electron-sample interaction 

 

As high-energy electrons go through the specimen, they suffer from amplitude and 

phase changes. They can be either scattered by Coulombic interactions with the sam-

ple’s nuclei, producing mass-thickness contrast in the resulting image, diffracted by the 

electron cloud of the atoms, producing diffraction contrast in the resulting image, or go 

straight through the sample with no interactions. Mass-thickness contrast comes from 

the changes in the amplitude of the electrons from the electron beam as they are elas-

tically scattered due to Coulombic interactions with the nuclei of the atoms in the sam-

ple. In conventional TEM, heavy elements scatter electrons to a higher angle with re-

spect to the optic axis, and therefore will appear darker than lighter elements in bright-

field images (undiffracted beam is selected). STEM-HAADF also makes use of mass-

thickness contrast with a high signal-to-noise ratio. Diffraction contrast arises as the 

phase of the electron beam changes as it passes through the specimen. It occurs when 

the image is formed by more than one beam, and the coherent electron beams interfere 

with each other. HRTEM imaging relies on phase contrast, where the interference max-
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ima form an array of bright spots, which can be related to the lattice structure. The re-

sulting image is described by a series of linearly combined special frequencies (rather 

than a real space and point-by-point intensities). Low-angle elastic scattering of elec-

trons occurs due to the Coulombic interactions between the incident electrons and atom-

ic nuclei in the crystal, and can be simplified (although a many-body-problem, cf. pre-

vious chapter) as an interaction between a plane wave of electrons and a potential field 

of atoms [157]. Assuming a low angle scattering (i.e. the position of observation r is 

large with respect to the size of the atom) the atomic scattering amplitude is given by 

the Fourier transform of the atomic potential V(r), where m is the relativistic electron 

mass, 𝐾! is the scattering vector, ℎ is the Plank constant and 𝑒 is the magnitude of the 

electron charge. 

 

𝑓! 𝐾 =  
2𝜋𝑚𝑒
ℎ! 𝑉 𝑟 𝑒 !!!"!!!

!!

!!
𝑑𝑟 

 

The atomic scattering amplitude depends on the atomic number and position of the nu-

clei, and the position of the incident electrons [139]. The electric potential field defines 

the information relative to nuclei: the closer an electron is to a nucleus, the higher the 

angle it will be scattered at, as a function of the position of jth electron 𝑟!, the position of 

the 𝛼th nucleus 𝑅! and its charge 𝑍!, 𝜌 the spherical average of the electron density. 

 

𝑉 𝑟 =  −
𝑍!

𝑟! − 𝑅!

!!"

!

, 𝑍! =
−1
2𝜌(0)

𝜕𝜌(𝑟!)
𝜕𝑟! !!!!

 

 

In a crystal, a scattered wave-like electron from one atom will interfere with scattered 

electrons from other atoms, resulting in constructive and destructive interference, coin-

ciding with a maximum and a minimum of the diffracted intensity respectively. Bragg’s 

law gives the angle of the diffracted maximum 𝜃! through the relation between the scat-

tered angle and the inter-planar spacing 𝑑: as the spacing becomes smaller, the angle 

increases.  

 

2𝑑 sin𝜃! = 𝑛𝜆, 
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3.2.3 Reducing aberrations 

 

Aberrations are known to compromise the resolution of the TEM. The theoretical “dif-

fraction-limited” resolution R is given by the radius of the Airy disc, where β is the semi 

angle of collection defined by the condenser aperture and λ wavelength of the electron 

beam: 

 

𝑅 = 1.22 
𝜆
𝛽 

 

Spherical aberrations occur when the focal distance of the marginal (off-axis) rays is 

larger than that of the axial rays (Figure 18(a)). The radius of the spherically aberrated 

disk in the Gaussian image plane 𝑟!", where the image is formed using a Gaussian ap-

proximation, is a function of the spherical aberration coefficient of a particular lens 𝐶!. 

Inserting an aperture, which forbids electrons traveling far from the optic axis from 

passing through, minimizes these aberrations. Chromatic aberrations occur when the 

electron source is not completely monochromatic, and therefore the focal distance of 

electrons with shorter wavelengths is larger than those with longer wavelengths (Figure 

18(b)). Inserting an aperture also helps mitigate this problem. The radius of the chro-

matically aberrated disk of least confusion 𝑟!!!  is a function of the chromatic aberration 

coefficient 𝐶!, the energy loss Δ𝐸 and initial energy 𝐸! of the high-energy electrons re-

spectively. The plane of least confusion refers to the smallest cross-section of the over-

lapping rays obtained in the plane perpendicular to the optic axis. Finally, astigmatism 

can also reduce the quality of the image, and occurs when the magnetic field is not rota-

tionally symmetric with respect to the optic axis. Either adding a compensating field to 

the column or re-positioning an off-axis aperture helps minimize astigmatism. 

 

𝑟!" =  𝐶!𝛽!, 𝑟!!! =  𝐶!
Δ𝐸
𝐸!
𝛽 
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Figure 18 Schematics of electron beam paths through an electromagnetic lens displaying (a) 

spherical and (b) chromatic aberrations [155]. 

 

Controlling these aberrations ensures a better resolution and a sharper image. Small ap-

ertures are therefore used to minimize these aberrations, but this means most electrons 

are not transmitted and the brightness is reduced. Fortunately, modern electron guns are 

bright enough to still be effective with the apertures inserted. Using small apertures 

(small β) also have other advantages, as they increase both the depth of focus and depth 

of field. The depth of field Dob refers to the object/specimen, and is defined as the range 

of positions along the optic axis in which the sample can move without producing a de-

tectable loss of focus in the image. The depth of focus Dim refers to the image plane, and 

is defined as the area surrounding the image plane within which the image appears fo-

cused. It depends on the magnification M, and dob (the smallest distance at which the 

object can be resolved). 

 

𝐷!" =
𝑑!"
𝛽!"

, 𝐷!" =
𝑑!"
𝛽!"

𝑀! 

 

 

 

 

 

 

(a) (b) 
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3.3 ELECTRON ENERGY-LOSS SPECTROSCOPY 

 

3.3.1 Principle and instrumentation 

 

Electron energy-loss spectroscopy (EELS) is a characterisation technique that measures 

the change in the kinetic energy of electrons after they have interacted with a specimen. 

The measurements provide information on the specimen’s composition, thickness and 

electronic properties. The fine structure also relates to the density of states (DOS) [158]. 

The EELS system is located under the TEM’s viewing phosphor screen, and consists of 

a magnetic prism, a scintillator and a detector (Figure 19(a)). The magnetic prism focus-

es the electron beam and disperses it spatially and energetically (Figure 19(b)). Electrons 

travelling through the magnetic prism are deflected to follow a helical path of radius R, 

which is dependent on the velocity of electrons v (i.e. and thus their energy), the elec-

tron relativistic mass 𝑚, the electron charge 𝑒, and the magnetic field 𝐵. Electrons with 

the same energy travelling on the optic axis and off the optic axis are brought to a focus 

on the image plane, electrons off-axis experiencing a different magnetic field, and there-

fore higher or lower lateral force. The magnetic field is created by pole pieces, oriented 

so that the electron beam travels perpendicularly to the direction of the applied magnetic 

field. 

 

𝑅 =
𝑚
𝑒

1
𝐵 𝑣 

 

A YAG scintillator is connected via fibre-optics to a CCD camera. The scintillator ab-

sorbs the high-energy electrons, creating multiple photons, which can be collected by 

the CCD camera. The detector used in this report is a Gatan GIF Quantum, installed on 

a JEOL 2100F TEM with a FEG source. All spectra were collected with a camera 

length of HAADF4, with a spot size of 0.1 mm, and exposure time of 1 second per pix-

el.  
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Figure 19 (a) Schematic of an electron beam passing through the different components of the 

EELS spectrometer [155] and (b) ray diagrams of electrons with different veloci-

ties dispersed and focused by the magnetic prism [158] where the viewing direction 

is (i) perpendicular and (ii) parallel to the optic axis of the microscope. 

 

3.3.2 Electronic excitations 

 

EELS relates to the fact that absorption edges are described by the product of the matrix 

element with the density of unoccupied states, and can therefore be related to the elec-

tronic properties of the specimen [158–160]. Specifically, the transition probabilities of 

an atomic inner-shell electron from an initial eigenstate 𝜓!  to an unoccupied eigenstate 

𝜓!  are described by Fermi’s golden rule, where 𝑉 is the interaction potential between 

the electron beam and the electrons in the sample, 𝛺 is the solid angle of incidence of 

the electron beam with respect to the specimen, 𝜃 is the scattering angle of the electrons 

after interacting with the specimen, 𝐸 is the kinetic energy of the electrons and 𝜌 𝐸  is 

the density of states. The interaction potential is dependent on the electron binding en-

ergies to the atom, and therefore differs for each element and each orbital, which pro-

vides elemental specificity.  

 

𝑑!𝜎!" 𝜃
𝑑𝛺𝑑𝐸 =

2𝜋
ℏ  𝜓! 𝑉 𝜓!

! 𝜌 𝐸  

 

If the length of the scattering vector 𝑞 (defined as the difference in wave vector of the 

electron before and after it enters the specimen) is small compared with the average ra-

(i) 
 

(ii) 
 

(a) (b) 
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dius of the initial orbital, one can use the dipole approximation to describe the two dif-

ferential cross-sections (DSC) for core-electron excitations corresponding to 1s -> π* 

and 1s -> σ* transitions [161]. 

 

𝑑!𝜎!"(𝜃)
𝑑Ω𝑑𝐸 =

4
𝑎!!𝑞!

𝑓 𝒒 ∙ 𝒓𝒋 𝑖
!

!
 

 

According to this equation, the scalar product of the scattering vector with the electron 

coordinate 𝑟! implies that the fine structure around the ionisation edge onset (known as 

ELNES, energy-loss near-edge structure) is a projection of the matrix element onto the 

scattering vector. Therefore, the matrix element is dependent on the scattering angle of 

the incoming electron, and the relative π* and σ* peak intensities change with the scat-

tering angle. The angular dependence of π* and σ* is described with the projections of 

the scattering vector on the hexagonal plane qx, qy and parallel to the c-direction qz: 

 

𝑑!𝑑!𝜎!∗
𝑑Ω𝑑𝐸 ∞ 

1
𝑞! 𝑞!

!,
𝑑!𝜎!∗
𝑑Ω𝑑𝐸∞ 

1
𝑞! 𝑞!! + 𝑞!!  

 

For low energy losses, the spectra can be interpreted as the dielectric response of the 

material to the impact of the incident electron [162]. The differential inelastic cross-

section then depends on the complex energy-dependent dielectric function 𝜀 𝐸 , as a 

function of 𝑚! the rest mass of the electron, 𝑛! the atom density of the material, and 𝑣 

the electron velocity. Here, the dielectric function is obtained through Kramers-Kronig 

analysis.  

 

𝑑𝜎!
𝑑𝐸 =

2 Im − 1
𝜀 𝐸

𝜋𝑎!𝑚!𝑣!𝑛!
𝑙𝑛 1+

𝛽
𝜃!

!
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3.3.3 Spectrum analysis  

 

A typical energy-loss spectrum can be divided into three distinctive regions:  

 

• The zero loss peak (ZLP) is centred at 0 eV. It results from electrons that have 

not undergone inelastic scattering after interacting with the specimen, although these 

electrons may have interacted with the nuclei in the sample, undergoing elastic scatter-

ing (e.g. diffraction). The width of the ZLP reflects the energetic distribution DE of the 

electron source, and therefore the resolution of the resulting EELS spectrum will be 

highly dependent on the width of the ZLP. Monochromators in the microscope can be 

used to reduce DE. High resolution EELS spectra are typically collected using electron 

sources providing a ZLP width below 1 eV (i.e. FEG sources) [155,158,162]. 

• The low energy loss spectra are recorded up to 50 eV. Features in this region 

frequently arise from plasma resonances of the valence electrons, which are weakly 

bound to atoms, which have delocalised quantum states and which can undergo collec-

tive excitations called plasmons. Plasmon losses and other multiple energy losses pro-

duce a background on which all the higher-energy characteristic elemental absorption 

edges are superimposed. The features in the low energy loss regions provide infor-

mation on the complex high-frequency dielectric function and therefore the optical 

properties of the specimen [158]. 

• The high-energy loss spectra are recorded above 50 eV. These result from exci-

tations of core-electrons to empty states above the Fermi energy, giving rise to ionisa-

tion edges. The fine structure around the ionisation edge onset is known as energy-loss 

near-edge structure (ELNES), and the low intensity oscillations after the edge due to 

multiple scattering effects are known as extended energy-loss fine structure (EXELFS). 

The core-electrons are strongly bound to the atom; therefore collective effects are not as 

important as in the low energy loss spectra. The electron binding energies differ for 

each element and each type of shell. The shapes, positions and relative intensities of the 

ionisation edges can therefore be used to identify the elements present and provide in-

formation on element-specific densities of states in the specimen and therefore the 

chemical bonding and composition of the specimen [162]. 
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Background subtraction in this work is done using the blind extrapolation method. The 

background before the edge (before 188 eV for h-BN) is fitted into an analytical func-

tion in the form of Ae-r, where A and r are constants determined by least-squares fitting 

over a fitting window. 
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4 PREPARATION AND METHODS 

 

4.1 GROWTH 

 

4.1.1 Boron nitride flakes 

 

There are various methods available to prepare both bulk and 2D hexagonal boron ni-

tride samples: Thin films of hexagonal boron nitride samples have been commonly 

grown using chemical vapour deposition (CVD) techniques, while sonication tech-

niques have been used to produce flakes of few-layers hexagonal boron nitride. On the 

one hand, CVD has the advantages of both growing large area and high-quality films 

and allowing control of the number of layers grown. This technique can be operated ei-

ther with two precursors, one for the boron source (such as BF3 or B2H6) and another 

for the nitrogen source (NH3), or with a single precursor (such as B3N3H6). Pyrolysis of 

a single precursor is often preferred because the two precursors approach makes it chal-

lenging to preserve the 1:1 boron nitride stoichiometry [163,164]. It has also been re-

ported that CVD growth of h-BN is self-limiting to one monolayer, due to the reduction 

of surface reactivity for borazine decomposition [148]. Instead, few-layers are synthe-

sized at ambient pressure and low temperature (around 400 °C) CVD, followed by a 

post-annealing process at 1000 °C to yield high quality thin films [67]. CVD grown h-

BN films are of high quality (i.e. no stacking fault due to relative in-plane misorienta-

tion) with the energetically preferred AA’ stacking largely dominating. The main chal-

lenges of this technique lie in the difficulty and cost to achieve the desirable conditions 

(high temperature) and avoiding the formation of polymorphs (i.e. amorphous and cubic 

boron nitride). Finally, this technique poses another technological challenge: growing 

devices (h-BN on GaN for example) requires a change in precursors and temperatures, 

and cooling times leading to the aggregation of contaminants at the interfaces, which 

will affect the properties of 2D layers [166].  

 

On the other hand, dispersion of sonicated boron nitride powder in organic solvent is a 

simple, fast, and cheap alternative, which has also been successfully used for the prepa-



	
	
	

68	

ration of graphene in laboratories [40,63,71,73,167]. This technique poses no technolog-

ical challenges: it does not require high-pressure or high-temperature environments as 

CVD does, nor does it induce distortion in the samples resulting from changes in tem-

peratures (i.e.: B-N bond lengths remain the same after process). The main shortcom-

ings are the limited size of the films deposited on a substrate and the control of the 

number of layers. This means that sonication of boron nitride powder does not suit the 

needs of industry that requires a high degree of predictability and repeatability (but is an 

ideal method to grow individual flakes). In this study, it has been decided to disperse 

and sonicate the powder, the main motivation being the speed and low cost of prepara-

tion. The starting material is a BN powder provided by Saint-Gobain Ceramic Materials 

(reference PUHP1108). The powder is composed of ~99.8% boron nitride, ~0.2% O2, 

and ~0.02% B2O3; while the mean particle size is 30 𝜇𝑚, with a distribution ranging 

from 𝐷!" = 11 𝜇𝑚 to 𝐷!" = 49 𝜇𝑚 (𝐷! values correspond to diameter at which the 

percentage of a sample’s mass is comprised of smaller particles). The powder is soni-

cated for 2 hours in electronic grade isopropanol (IPA), at a 5:1 mass concentration ratio 

(for example 5 mg BN powder for 1 mL IPA), and left to rest for 48 hours so that only 

the lightest flakes (i.e. smallest number of BN layers) remain suspended in the solution. 

The resting time of 48 hours was found to be optimum, as confirmed by TEM images of 

the same procedure with different resting times (from 12 hours to 48 hours). Using a 

pipette, and only drawing from the top of the IPA, the BN suspension is drop-casted on 

substrates, which are either mechanically prepared for both plane-view and cross-

sectional TEM, or intact samples ready for ellipsometry. After drop-casting BN flakes, 

the samples are baked at 80 ºC for 8 hours to reduce the contamination. 

 

4.1.2 Perovskite oxide films 

 

Growth of BZT, which is widely used in electronics, has been reported using a variety 

of methods including chemical spin-coating  [168], sol-gel [123,169], and physical va-

por deposition (PVD) [111,112,117,170]. The perovskite oxide films used in this work 

are grown by pulsed laser deposition (PLD). This PVD technique consists of a target 

heated to 750-800 ˚C and ionized from its surface by a pulsed KrF excimer laser (refer-

ence Lambda Physik COMPex 201, operating at 𝜆 = 248 𝑛𝑚), leading to material from 
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the target being transferred with near stoichiometry onto a substrate in a vacuum cham-

ber (Neocera PLD systems, operating with oxygen partial pressures of 1-300 mtorr 

through the use of a leak valves). The typical deposition rate is 0.5 to 1Å per pulse. 

Bulk targets are prepared from high purity oxide powders (Sigma Aldrich). The precur-

sors are composed of ~99.99% BaO, ~99.99% ZrO2, and ~99.999% TiO2. They are 

weighted individually to achieve the desired composition (BaZrxTi1-xO3, where 

𝑥 = 0, 0.5, 1), and mixed using a rotary ball-milling machine. The resulting powder is 

calcinated in an alumina crucible at approximately 1200-1450 ˚C (process performed at 

different temperatures until pure perovskite pattern is observed using x-ray diffraction) 

for 2-6 hours, and ground to a fine powder using a planetary milling machine with zir-

conia balls for 3 hours. The final target of 25 mm is ready for deposition after being 

pressed under 5 tons  [171]. 

 

4.2 SUBSTRATES  

 

Substrates can have various interactions with 2D materials, either due to charge impuri-

ties on the surface of the substrate, or due to dielectric screening: when a 2D material 

sits on top of a substrate, the electronic fields of its charges (which are 3D objects) will 

be screened by the substrate, and therefore, the dielectric function of a 2D material is 

determined by its environment, versus by itself in its 3D crystal form  [48,172,173]. 

Therefore, the choice of substrates is likely to affect the properties of the materials stud-

ied, and a careful review and understanding of the substrates is required. Most studies 

assume that the electronic structure of h-BN is almost independent of the substrate be-

cause of the weak interfacial bonding of h-BN film, nonetheless scarce theoretical stud-

ies have revealed possible effects on the electronic properties of monolayer h-BN phy-

sisorbed on different metallic surfaces [88,103]. Here, potentially relevant substrates for 

h–BN flakes are investigated, both from the III-nitrides family and other from chemical 

compounds, which lays the grounds for this study, as well as for future work that may 

involve boron nitride grown different types of surfaces. All BaZrxTi1-xO3 samples in this 

work are grown on lattice-matched and UV transparent MgO substrates, which allows 

for the growth of material with significantly lower defect densities than that of nitride 

heterostructures, and was the primary motivation for exploring these materials further. 
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4.2.1 Nitride substrates for h-BN 

 

In this work, few-layers hexagonal boron nitride flakes are drop casted onto technologi-

cally relevant III-nitride substrates, selected on the basis of the promise they show for 

properties such as p-type conductivity and optical transparency: GaN, AlN and AlxGa1-

xN (𝑥 = 0.73). Lattice parameters, band gap and lattice mismatch with h-BN of these 

materials are presented in Table 1, where the lattice mismatch between h-BN and III-

nitrides is estimated from the residual mismatch in coincidence site lattices. The lattice 

parameters of the ternary alloys AlxGa1-xN change linearly with the concentration be-

tween the undistorted lattice parameters of GaN and AlN [174]. The roughness factor 

for an AlxGa1-xN (𝑥 = 0.73) sample was measured to be approximately 15 nm using 

atomic force microscopy (courtesy of Dr Haoning Li from Tyndall Institute), and serves 

as a starting parameter for the roughness layer of the optical models presented in the 

later chapters. The lattice mismatch difference between all three materials and h-BN 

covers a reasonable range of 2.5%, and is not expected to affect to the optical properties 

of the materials (i.e. van der Waals systems do not suffer from strain). 

 

Materials Structure Lattice parameter Lattice mismatch Band gap 

AlN Wurtzite 3.112 A 7.79% 6.2 eV 

GaN Wurtzite 3.189 A 10.22% 3.4 eV 

Al0.73Ga0.27N Wurtzite 3.168 A 9.66% 5.2 – 5.4 eV 

Table 1 Lattice parameters, band gap values and lattice-mismatch calculated for GaN, AlN 

and AlGaN. 

 

4.2.2 Other suitable substrates for h-BN 

 

Other suitable substrates, which might serve as reference for future work, are explored 

here. They are chosen based on their lattice parameters and the in-plane rotational miso-

rientation with hexagonal boron nitride (which indicates the coverage between atoms 

from the boron nitride sheet and atoms from the substrate, and therefore the significance 

of interactions between these atoms). The calculated ratio of the number of atoms 

shared between the two materials to the number of atoms available 𝐶(%) is a function 
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of the in-plane anisotropy coefficient 𝑥 (defined as the number of unit cells required to 

find the same configuration), the atoms of the BN sheet sitting on top of an atom of the 

substrate 𝑛!, the total number of atoms sitting on each other 𝑁, the atoms of boron ni-

tride not sitting on top of an atom of the substrate 𝑚!, the total number of atoms not 

covered 𝑀, and 𝑝 the number of repeating structures sharing the same atoms 𝑛! or 𝑚!. 

The in-plane anisotropy coefficient is defined by 𝑥 = 0 for all structures except for the 

orthorhombic, which is structurally anisotropic in the plane parallel to the 2D BN sheet 

Figure 20(c). The in-plane rotational misorientation between h-BN and the substrate with 

for hexagonal (0001) or cubic (111) structures, displayed in Figure 20(a) and (b) respec-

tively, is defined as the position in which the [100] directions in both unit cells point in 

the same direction.  

 

𝐶(%) =
𝑥 𝑛!

1
𝑝

!
!!! + (1− 𝑥) 𝑛!

1
𝑝

!
!!!
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!!! + 𝑚!

1
𝑝

!
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1
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!!! 𝑚!(
1
𝑝)

!
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Figure 20 Boron nitride sheet aligned in plane with bulk substrates having (a) 3D hexagonal 

symmetry oriented with the (0001) plane parallel to the 2D BN sheet,  (b) 3D cubic 

symmetry oriented with the (111) plane parallel to the 2D BN sheet, and (c) 3D 

orthorhombic symmetry oriented with either the (001), (010) or (100) planes paral-

lel to the 2D BN sheets [75]. 

 

Cubic structures offer a better coverage when oriented along the [111] zone axis, and 

therefore, the distance r between atoms lying in the (0,0,0) and 1,1,0  positions within 

the 3D cubic unit cell (where the origin of the unit cell is defined to coincide with an 

atom) becomes more relevant than the lattice parameter a. This distance is defined by 

(a) (b) (c) 
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r =  2 a. The lattice mismatch between boron nitride and the substrate it sits on top of 

is derived from the equation of strain [175], with 𝑎 and 𝑎!, the lattice parameters of bo-

ron nitride and the substrate respectively. Table 2 presents the lattice parameters, cover-

age and relative in-plane misorientation between hexagonal boron nitride and the struc-

tures presented in Figure 20.  

 

𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ =  
𝑎 − 𝑎!
𝑎 ∗ 100 

 

Colour Structure Lattice parameter Coverage Misorientation 

BN 
** B-B bond 2.504 A   

** B-N bond 1.445 A   

Yellow 
Hexagonal 4.337 A 33.33% 45° 

Wurtzite 2.504 A 50% 45° 

Red 
Hexagonal 5.008 A 25% 0° 

Wurtzite 2.887 A 25% 0° 

Purple 
Hexagonal 6.625 A 14.28% 30° 

Wurtzite 3.825 A 14.28% 30° 

Dark Blue 
FCC (111) r = 5.008 A 50% 30° 

FCC 3.535 A - - 

Light Blue 
BCC (111) r = 4.337 A 33.33% 0° 

BCC 3.067 A - - 

Dark Green Orthorhombic 
2.504 A 

50% 0° 
1.445 A 

Light Green Orthorhombic 
2.504 A 

25% 0° 
2.887 A 

Dark Orange Orthorhombic 
2.504 A 

25% 45° 
4.337 A 

Light Orange Orthorhombic 
2.887 A 

13.33% 30° 
5.008 A 

Table 2 Lattice parameters, coverage of the substrate and in plane rotational misorienta-

tion calculated for all the figures. 
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The crystals that have the closest lattice-matched parameters to hexagonal boron nitride, 

in their adequate crystal structure (refer to Table 2), are cobalt (hexagonal), tungsten 

carbide (wurtzite), nickel (cubic FCC) and chromium (cubic BCC), and therefore are all 

promising candidates to grow thin layers of hexagonal boron nitride. Their structural 

parameters and theoretical structural arrangement with h-BN are presented in Table 3. 

However these materials are metals (or display metallic properties) meaning they cannot 

be used as part of heterostructures for optoelectronic devices and therefore won't be in-

vestigated here. The coverage and misorientation of h-BN on nitride substrates used in 

this study are also presented below. 

 

Materials Structure Parameters Mismatch Coverage 

Cobalt Hexagonal 2.503 A 0.04% 100% 

Tungsten Carbide (WC) Wurtzite 2.904 A 0.59% 25% 

Nickel Cubic FCC 3.540A 0.03% 53% 

Chromium Cubic BCC 2.910A 5.12% 50% 

AlN  Wurtzite 3.112 A 7.79% 14% 

GaN Wurtzite 3.189 A 10.22% 14% 

Al0.73Ga0.27N Wurtzite 3.168 A 9.66% 14% 

Table 3 Lattice parameters, coverage of the substrate and in plane rotational misorienta-

tion calculated for all the figures d 

 

4.3 CHARACTERISATION PROCEDURES 

 

This work offers a multi-scale investigation using spectroscopic ellipsometry (SE), 

high-resolution transmission electron microscopy (HRTEM), and electron energy-loss 

spectroscopy (EELS) of the materials presented previously, namely III-nitrides (GaN, 

AlN, and AlxGa1-xN with 𝑥 = 0.73), presented in chapter 5, few-layers hexagonal boron 

nitride (h-BN) supported on these III-nitrides substrates, presented in chapters 6 and 7, 

and perovskite oxides (BaZrxTi1-xO3, where 𝑥 = 0, 0.5, 1) with various dimensionalities 

supported on MgO, presented in chapters 8 and 9. The details of the methodologies and 

procedures are described here. 
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4.3.1 Spectroscopic ellipsometry (SE) 

 

SE is a powerful, non-destructive characterisation technique sensitive to even a few 

Angstrom. Spectra in this work are obtained within an energy range from 0.6 to 6.4 eV, 

measured at two angles of incidence, 50˚ and 70˚, and at room temperature with a com-

mercially available Woollam ellipsometer. Two sets of samples are measured for h-BN 

on the different substrates: the substrates themselves (composed of an epitaxial III-V 

thin film grown on sapphire), and the h-BN flakes deposited on a substrate cleaved from 

the same wafer as the first set, which therefore has exactly the exact same growth condi-

tions, thickness and roughness. The perovskite samples are directly measured, as the 

optical properties of the substrates are readily available. Before data is acquired, the el-

lipsometer is initialized and the polarizer calibrated with a silicon wafer in order to de-

termine the beam intensity, the monochromator’s settings and the photodetector’s char-

acteristics. The samples are subsequently mounted and aligned to the light emitter in all 

three directions. An initial measurement is acquired along a short energy range to con-

trol the quality of the sample and the accuracy of the measurement, and is used to de-

cide the number of revisions per measurements and its upper limit (i.e. number of 

measurements needed to minimize the effects of the polarizer’s variations in angle on 

the measured thicknesses. 

 

As previously described, spectroscopic ellipsometry is a technique that only directly 

measures the relative amplitude attenuation 𝛹 and the phase shift ∆ between reflected p- 

and s- polarisation components. An optical model is therefore required to relate these 

values to physically meaningful parameters.  In this work, a modeling of the dielectric 

function spectra is performed based on a multilayer approach, using model parametric 

dielectric functions for individual layers, and using Woollam’s CompleteEASE soft-

ware. The number of layers and their type are determined for each individual sample, 

according to initial values known from the growth process. Modeling the different lay-

ers is essential to discern their individual influence to the spectra, and therefore extract 

the properties of each individual material. The parameters from the model dielectric 

functions, such as amplitude, broadening and energy of the Lorentz-type oscillators,  

layers thickness and variables from the materials parameterizations, are regressively fit-
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ted into the acquired spectra (i.e. 𝛹 and ∆) to minimize the difference between the two 

and reproduce all features present in the experimental spectra fit (including interference 

oscillations). First, the acquired values are interpolated using B-splines by linearly re-

gressing the values of the fitting nodes (the number of nodes is determined on a case by 

case, according to the complexity of the function to model, and the initial parameters for 

the nodes are taken from materials sharing similar crystal structure and band gap ener-

gy). The dielectric function 𝜀 of each layer (be sapphire, thin film, flakes, or the compo-

nents of the EMA) is extracted from the interpolation function. To analyze the different 

types of optical transitions in a physically meaningful manner, the now available 𝜀 of 

each layer is parameterised using an ensemble of Lorentz and Tauc-Lorentz oscillators, 

and re-fit the functions, weighted by the pseudo dielectric function 𝜀   [146]. Lorentz-

type functions are directly relate to physically meaningful optical processes and thus 

allow the extraction of the complex dielectric function ε from the ellipsometry 

data [146,176]. The parameters of the model, such as layers thickness and the variables 

from the materials parameterizations including the amplitude, broadening measured in 

full-width at half-maximum (FWHM), and function of the center of the Lorentz peak, 

are then regressively fitted to the acquired spectral data until the simulated and experi-

mental data converge and match with minimal discrepancy. 

 

4.3.2 Transmission electron microscopy (TEM) 

 

Samples investigated in TEM require a preparation to make them electron-transparent 

(i.e. detectors are located below the sample, and acquire electrons transmitted through 

the sample). The sample preparation involves the following work: first, the materials are 

deposited and glued on cupper grids using araldite, with the thin-film facing the grid in 

order to mechanically grind the sapphire substrate off. The samples are waxed to a stub 

and mechanically wet ground down to 80 mm using 180 to 800 grit SiC papers. They 

are subsequently dimpled down to approximately 20 mm using an abrasive diamond 

paste between the rotating wheel and the sample rotating at 1 RPM (left and right guns 

oriented at +8˚). Finally, an argon ion polisher operating at 5 kV for 1 hour and at 1 kV 

for 5 minutes drills a hole at the center of the sample rotating at 2 RPM under vacuum. 

The electron-transparent region investigated using TEM is the one around the hole. To 
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reduce contamination, the samples are baked at 80°C for 8 hours, the temperature being 

limited by the melting point of araldite used to glue the substrate to the grids. TEM 

measurements were carried out in a JEOL 2100F operating at 200 kV and a FEI TITAN 

80-300 operating at 300 kV.  

 

The alignments in TEM are made using holey-carbon grids: first a condenser aperture is 

inserted and the beam aligned by varying the position of the aperture. The illuminated 

area and convergence angle are kept unchanged with the position of the intermediate 

image by adjusting the voltage axis cantering (HT wobble), the shift purity (pivot 

point), and the condenser lens deflection (tilt purity). The samples are placed in a dou-

ble-tilt specimen holder using a beryllium retainer, and inserted into the TEM column. 

The position of the sample holder is readjusted to account for the different in high be-

tween the carbon grid and the samples, in order to focus the beam from the condenser 

magnetic lens onto the sample. The objective aperture (which redirects light coming out 

of the sample) for the HRTEM differs from that of the TEM: larger apertures are used 

to collect many diffracted beams.  

 

In this work, some investigations have been carried out using weak beam dark field 

(WBDF) imaging, a diffraction contrast technique, which uses remote diffracted beams 

(i.e. they are less excited than those closer to the direct beam) in order to reach the point 

where high local distortions (dislocation cores) meet the Bragg’s condition and can be 

imaged. Diffraction contrast comes from the changes in the diffraction angle of the elec-

tron beam is it passes through the specimen and electrons are elastically scattered due to 

interactions between the high-energy electron beam and the electron cloud of the atoms 

in the sample. The detector only picks up a diffracted beam selected with the objective 

aperture. Therefore, dislocations will appear as bright lines if their Burgers vector is not 

perpendicular to the diffraction vector. The invisibility criterion (𝒈 ∙ 𝒃 = 0  and 

𝒈 ∙ 𝒃×𝒖 = 0, where g and b are the diffraction and Burgers vectors respectively, and 

u is the vector of atoms displacement from their perfect lattice sites) implies that: 

• 𝑎-type and (𝑎 + 𝑐)-type dislocations are visible using the 1120 reflection for the 

[1010] zone axis, and the 1010 reflection for the [1120] zone axis; 
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• 𝑐-type and (𝑎 + 𝑐)-type dislocations are visible using the 0002 reflection for both 

the [1010] and [1120] zone axes. 

4.3.3 Electron energy-loss spectroscopy (EELS) 

 

EELS spectra are collected in a JEOL 2100F TEM using a Gatan GIF Quantum detec-

tor. All alignments before EELS are made on a carbon TEM grid, which is amorphous 

and thus allows better correction of the condenser stigmation, and STEM alignment us-

ing the ronchigram. The electron beam is perpendicular to the (0001) plane of both the 

substrate and boron nitride flakes, which means that the plane shown is the (0001) 

plane. Following TEM alignments, the GIF alignments are made with the centre of the 

condenser aperture aligned with the electron beam. In STEM-HAADF mode, the second 

smallest aperture is centred on the ronchigram pattern, the dummy carbon sample re-

moved and the sample inserted, height adjusted so that the sample is in focus. The pro-

cedure for EELS is as follows: first, the zero loss peak is aligned to 0 eV, with a 

dispersion of 0.05, using the smallest aperture 2.5 mm and an exposure time of 10-6 s, 

and its shape enhanced so that the count number is maximum and the peak profile is a 

line. The alignments are repeated until an energy resolution for zero loss peak (ZLP) of 

0.9 eV is reached (full width at half maximum).  A line is drawn on the HAADF image 

indicating the area probed by the beam, the energy changed to the enegry loss of the 

desired element, and the exposure time to 0.5-10 s, depending on the best signal-to-

noise ratio. The step is defined as 1 nm, and the time per pixel at 5 seconds. Once the 

signal is acquired, it is processed in order to remove the background, normalise signals 

taken at different areas on the maximum intensity of the 𝜎∗ peak and zoom in the region 

of interest. The zero loss peak is used as a reference for the absolute values of the 

energy, as the beam shifts sometimes significantly enough so that spectra taken from 

different point of the same line signal may shift with respect to each other. Background 

subtraction in this work is done using the blind extrapolation method: the background 

before the edge is fitted into an analytical function in the form of 𝐴𝑒!!, where A and r 

are constants determined by least-squares fitting over a fitting window. Each EELS data 

set has been reproduced more than five times: images are taken on different flakes from 

the same samples and from different samples. Different cameras are used, HRTEM data 



	
	
	

78	

are detected on a Gatan Orius camera, STEM on a HAADF detector and the JEOL ADF 

detector, and EELS on a USX1000FTXP Gatan GIF quantum detector.  
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RESULTS 
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5 OPTICAL PROPERTIES OF III-NITRIDES 

 

The III-nitrides, primarily gallium nitride and its alloys with aluminum and indium, 

have been used successfully in optoelectronic applications. These direct band gap mate-

rials can be used to make devices, which emit light over a wide spectral range, and their 

strong bonding and wide band gaps allow devices based on these materials to operate at 

high temperatures and voltages. These optoelectronic devices include high-efficiency, 

long lifetime blue light emitting diodes (LEDs) and blue laser diodes (LD). Experi-

mental studies on the optical properties of III-nitrides have been typically limited to 

photoluminescence and photoreflectance measurements [177–183], because absorption 

studies through spectroscopic ellipsometry usually suffer from poor fitting, due to the 

use of relatively simple analytical expressions (i.e. Cauchy models or model pseudo-

dielectric function) [153,154,184–186]. All previous findings, both experimental and 

theoretical, agree well on the fundamental direct band gap of gallium nitride (GaN) and 

aluminum nitride (AlN), which were measured/predicted at approximately 3.4 eV and 

6.2 eV respectively, while their ternary alloy AlxGa1-xN have tunable band gaps de-

scribed by a standard bowing equation, where the bowing parameter b represents the 

deviation of the band gap trend from the linear trend expected between the two end 

members [7]. The magnitude of the bowing parameter is however still somewhat debat-

ed; the discrepancies between values for the bowing parameter are mainly due to the 

variety of techniques used to probe these properties, the different measurement condi-

tions, and the different qualities of samples studied. It ranges from 0 eV (photoreflec-

tance studies where 𝑥 ≤ 0.2) [183] and 0.69 eV (photoluminescence studies where 

0 ≤ 𝑥 ≤ 0.45) [187], up to 1.33 eV (absorption studies where 0 ≤ 𝑥 ≤ 1)  [188,189].  

 

In this chapter, the optical and structural properties of technologically relevant III-

nitrides substrates, specifically GaN, AlN, and high Al-content AlxGa1-xN, are investi-

gated using spectroscopic ellipsometry. Previous absorption-based studies have shown 

the anisotropic and isotropic dielectric functions of both GaN and AlN only changes 

marginally: the measurement settings in this study are therefore set so that only the or-

dinary dielectric function is taken into account [164,165]. This chapter lays the founda-

tion of this research by testing the optical and mathematical models on well-studied ma-
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terials and comparing them to previous experimental and theoretical results. Additional-

ly, these III-nitrides also serve as substrates for the investigations of h-BN in this study. 

As previously explained, 2D materials in devices are always present as part of a hetero-

structure, and consequently the optical properties of two-dimensional materials should 

be investigated on various substrates to consider the effects of interfaces on their intrin-

sic properties. Therefore, this chapter provides the necessary information to retrieve the 

optical properties of 2D h-BN sitting on these substrates (i.e. extracted from a bespoke 

multi-layer model, which will be described in following chapters) and study the effects 

of the environment on the intrinsic properties of hexagonal boron nitride (which are as-

sumed to be negligible due to h-BN’s low surface reactivity).  

 

5.1 GALLIUM NITRIDE (GaN) 

 

First, the optical properties of gallium nitride (GaN) are presented. The samples are 

made of epitaxial GaN thin films grown on sapphire, and the thickness of the GaN film 

are measured at approximately 1𝜇𝑚 by profilometer. Spectroscopic ellipsometry only 

measures the relative amplitude attenuation 𝛹 and the phase shift ∆ between reflected p- 

and s- polarisation components of the incoming polarised light reflected onto the sam-

ples. A mathematical model (described by Lorentz-like functions) is therefore required 

to extract physically meaningful parameters from these acquired values. However, an 

optical model is first required to discern the individual influence of the different layers 

on the ellipsometry spectra, and therefore to extract the properties of each individual 

material (i.e. the mathematical model is then applied to each layer). Here, the optical 

model is built to include 1) a layer describing the sapphire substrate (in this work, mod-

eled using pre-existing data from CompleteEase software, measured by the Woollam 

Company), 2) a layer describing the GaN thin film, and 3) a thickness non-uniformity 

layer (here referred to as “roughness layer” or “EMA layer”), which accounts for the 

inhomogeneity in GaN layer thickness across the area probed by the ellipsometer, as 

well as for the finite spectral resolution in the experiment  [189]. A schematic of the 

model is presented in Figure 21. The roughness layer is created using a Bruggeman-type 

effective medium approximation (EMA), which mixes the optical constants of the con-

stituent materials, and weights them by the content percentage (in this work, the per-
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centage is set fixed at 50%). The backside of sapphire is unpolished: the light reflecting 

from this side is assumed to be diffuse and will not interfere with light reflecting from 

other interfaces, meaning it does not contribute to the optical model. The interface be-

tween GaN and sapphire is assumed to be without impurities, as cross-sectional TEM 

show clean interfaces and no additional compositional change (which would either be 

due to lighter element contaminants such as carbon or oxygen, or due to loss of element 

due to changes in growth temperature). Each layer of the optical model is parameterised 

using an ensemble of Lorentz and Tauc-Lorentz functions. The amplitude, broadening 

and energy centre of the oscillators, as well as the thicknesses of layers are all used as 

fitting parameters in this analysis using a regression method fitted into the acquired 

spectra (i.e. 𝛹 and ∆) to minimize the difference between the two and reproduce all fea-

tures present in the experimental spectra fit (across the measured energy range, which 

includes interference oscillations). It is often difficult to provide initial estimates for all 

the model parameters (band structure calculations are known to underestimate band gap 

energies, and growth is often challenging to achieve with precise thicknesses) [190]. 

Therefore, most work using ellipsometry use different values for initial parameters and 

rerun the fitting routines until an acceptable fit is obtained. Here, the data from pro-

filometer and previous PL studies are used to determine the initial values for thickness 

of the layers and the centers of energy for the initial oscillators respectively, and trans-

late this into a single fitting routine. The centre of energy of the oscillators is related but 

not equal to the energy for which the frequency of the light is resonant with transition 

frequency of the atoms in a solid (i.e. absorption energy). 

 

 
Figure 21 Three-layers optical model for GaN on sapphire with a surface roughness layer. 
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The measured spectrum is composed of four functions: 𝛹 and ∆ values taken from a 50˚ 

and 70˚ incident beam. The set of oscillations with periodic energy spacing below 3.50 

eV arises from constructive and destructive interference due to the reflected light from 

the GaN-sapphire interface. After iterative fittings, the mathematical model (which is 

represented by dotted lines in Figure 22) converges and remains stable (i.e. converges 

towards the same values if a variable is changed), and reproduces all features present in 

the experimental spectra. The best fit is obtained using parametric dielectric functions 

composed of two oscillations representing band-to-band transitions, one for the funda-

mental band gap and the other at much higher energy accounting for the higher lying 

interband transitions, and an oscillation representing the excitonic transition just below 

the band gap (values for the all variables presented in Table 4). The energies of the first 

two oscillators in the complex dielectric function spectra (Figure 23(a)) are centered at 

3.43 eV and 3.46 eV respectively, which agree very well with previous experimental 

and theoretical work [153,180,184,191]. The simulated absorption coefficient (Figure 

23(b)) is obtained directly the extinction coefficient term present in the complex dielec-

tric function: 𝛼 = 4𝜋𝑘𝐸 ⁄ ℎ𝑐, and displays a calculated Wannier-type exciton at 3.43 

eV with a small binding energy of 70 meV, and an optical band gap at 3.50 eV. The 

value for the band gap is here taken at the point of inflection in the absorption spectra 

rather than the liner regime in the Tauc plot, as it is frequently done in excitonic systems 

where there are no clear steps at the threshold energy of the interband transition [84,86]. 

The contribution of absorption peaks centered outside of the measured energy range 

(previously reported at around 7, 8, and 9 eV) is represented by a single oscillation of 

which peak is centered in 11.51 eV, which consequently bares no physical meaning. 

The high-frequency limit 𝜀! (corresponding to angular frequencies higher than the in-

frared region where the atomic polarization disappears -see dielectric constants-) is pro-

vided at photon energies 𝐸~1− 1.50 𝑒𝑉 (At lower energies, the signal-to-noise ratio is 

quenched due to instrument limitations), and therefore corresponds exactly to 𝜀! (the 

material is transparent in these regions, meaning 𝜀! = 0). The high-frequency limit is 

found to be 𝜀!!"# = 5.36 𝑒𝑉, which is in good agreement with the 5.35 eV previously 

reported [192–196]. The ratio 𝜀! 𝜀! of the complex dielectric constant components is 

well below 1, meaning the material is a poor conductor but a very good dielectric and 

low-loss medium, as expected from wide band gap semiconductors. 
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Figure 22 (a) ∆ and (b) 𝛹 measurements and parametrization for GaN on sapphire. Straight 

blue and red lines represent values taken from a 50˚ and 70˚ incident beam. 

Straight and dotted lines represent the acquired data and the fitted parametrization 

respectively. 

 

	
Figure 23 (a) 𝜀! (blue) and 𝜀! (orange) of GaN determined from the parameterization, with a 

sharp excitonic transition at 3.43 eV and a maximum of band gap transition peak 

at 3.46 eV; and (b) absorption coefficient derived from the complex dielectric func-

tion provided in (a), yielding a excitonic energy level at 3.43 eV and a band gap 

energy of 3.50 eV, corresponding to the inflexion point. 
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 3.2 ± 0.1 

GaN 

Thickness [nm] 1001.9 ± 0.4 

Lorentz 1 

Amplitude 1.05 ± 0.17 

Broadening [eV] 0.02 ± 0.01 

Energy [eV] 3.43 ± 0.01 

Tauc-Lorentz 1 

Amplitude 665.42 ± 75.48 

Broadening [eV] 0.12 ± 0.01 

Energy [eV] 3.39 ± 0.01 

Limit (𝐸!) [eV] 3.39 N.A. 

Lorentz 2 

Amplitude 1.13 ± 0.09 

Broadening [eV] 0.34 ± 0.03 

Energy [eV] 6.39 ± 0.02 

Tauc-Lorentz 2 

Amplitude 156.67 ± 26.24 

Broadening [eV] 17.37 ± 3.63 

Energy [eV] 11.51 ± 1.16 

Limit (𝐸!) [eV] 3.09 ± 0.01 

Sapphire Provided by Woollam Company 

Table 4 Fitting parameters of the optical model for GaN on sapphire, including the Lorentz 

functions and layers thicknesses. 

 

5.2 ALUMINUM NITRIDE (AlN) 

 

Here samples made of epitaxial AlN grown on sapphire are investigated, with the thick-

ness of the AlN thin film measured at approximately 1𝜇𝑚. A similar optical model is 

built to the one presented above for GaN, only the GaN thin film is replaced by an AlN 

thin film (Figure 24). The optical model therefore includes 1) a layer describing the sap-

phire substrate (again, modeled using pre-existing data from CompleteEase software, 

measured by the Woollam Company), 2) a layer describing the AlN thin film, and 3) an 

EMA-generated thickness non-uniformity layer. The sample preparation remains the 

same, and the backside of sapphire is unpolished, meaning it does not contribute to the 
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optical model. The interface between AlN and sapphire is assumed to exist without im-

purities or voids. 

 

 
Figure 24 Three-layers optical model for AlN on sapphire with a surface roughness layer. 

 

The measured spectrum is composed of four functions: 𝛹 and ∆ values taken from a 50˚ 

and 70˚ incident beam. The similar spacing between the oscillations to that found in 

GaN indicates the AlN sample is of similar thickness, and the interference oscillations 

indicate the threshold reflection-absorption to be at approximately 6.1 eV (i.e. energy at 

which these periodic oscillations are not present anymore). The model is very satisfacto-

ry, and reproduces all features present in the experimental spectra (represented by dot-

ted lines in Figure 25). The best fit is obtained using parametric dielectric functions 

composed of two band-to-band transitions, one representing the fundamental band gap, 

and the other a higher lying interband transition (values for the all variables presented in 

Table 5). For band-to-band transitions, the band gap is obtained by extrapolating the lin-

ear regime in the Tauc plot of 𝛼ℎ𝜈 !/!, derived from the absorption coefficient 𝛼, until 

it intersects with the x-axis. The simulated absorption coefficient (inset of Figure 26(b)) 

is obtained from the complex dielectric function (Figure 26(a)). The coefficient 𝑛 de-

pends on the type of transition occurring: 𝑛 = 1/2  for direct allowed transitions, 

𝑛 = 3/2 for direct forbidden transitions, 𝑛 = 2 for indirect allowed transitions and 

𝑛 = 3 for indirect forbidden transitions [208]. For direct band gap transitions (i.e. 

𝑛 = 1/2, Figure 26(b)), the linear region of the plot shows the onset of absorption, and 

the direct band gap energy is therefore extrapolated towards lower energies where it in-

tersects with the abscissa, yielding an optical band gap of 6.08 eV corresponding to the 

first transition from the complex dielectric function (at 6.12 eV). The modeled complex 

dielectric function agrees very well with previous experimental and theoretical 
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work [153,180,184,191]. The high-frequency limit 𝜀! is again provided by 𝜀! at photon 

energies 𝐸~1− 1.50 𝑒𝑉 where the material is transparent. The high-frequency limit is 

found to be 𝜀!!"# = 4.18 𝑒𝑉, which is in relatively good agreement with the 4.77 eV 

previously reported [192–196]. The ratio 𝜀! 𝜀! is also well below 1, meaning the mate-

rial is a very good dielectric and low-loss medium. 

 

 
Figure 25 (a) ∆ and (b) 𝛹 measurements and parametrization for AlN on sapphire. Straight 

blue and red lines represent values taken from a 50˚ and 70˚ incident beam. 

Straight and dotted lines represent the acquired data and the fitted parametrization 

respectively. 

 

 
Figure 26 (a) 𝜀! (blue) and 𝜀! (orange) of AlN determined from the parameterization, with 

sharp transitions at 6.12 eV and 6.3 eV; and (b) Tauc plot (with absorption coeffi-

cient in inset) derived from the complex dielectric function provided in (a), yielding 

a band gap energy of 6.08 eV.  
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 2.7 ± 0.1 

AlN 

Thickness [nm] 1328.0 ± 1.2 

Lorentz 1 

Amplitude 2.35 ± 0.35 

Broadening [eV] 0.06 ± 0.02 

Energy [eV] 6.12 ± 0.01 

Lorentz 2 

Amplitude 3.02 ± 0.36 

Broadening [eV] 0.14 ± 0.02 

Energy [eV] 6.32 ± 0.01 

Sapphire Provided by Woollam Company 

Table 5 Fitting parameters of the optical model for AlN on sapphire, including the Lorentz 

functions and layers thicknesses. 

 

5.3 ALUMINUM GALLIUM NITRIDE (AlxGa1-xN) 

 

In this section, samples made of epitaxial AlxGa1-xN (𝑥 = 0.73) grown on sapphire with 

an AlN nucleation layer (NL) between the two are investigated. The thicknesses of the 

AlxGa1-xN (𝑥 = 0.73) thin film and AlN layer are measured at approximately 4 𝜇𝑚 and 

2 𝜇𝑚 respectively by profilometer. The optical model here is updated to include 1) a 

layer describing the sapphire substrate (data from CompleteEase software), 2) a layer 

describing the AlN epilayer, 3) the AlxGa1-xN (𝑥 = 0.73) thin film and 4) a EMA-

generated thickness non-uniformity layer (see Figure 27). The sample preparation re-

mained the same, and the backside of sapphire was again unpolished, meaning it does 

not contribute to the optical model. The interfaces between AlN and sapphire and be-

tween the thin film and the AlN nucleation layer are assumed without impurities. The 

AlN epilayer is modeled by the two Lorentz functions reported in the previous section. 

Because of the complexity induced by the additional layer, data from both bright-field 

images in TEM and the profilometer are used to determine the initial values for thick-

nesses, setting them first as constants, before re-running the fitting with all values set as 

variables. 
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Figure 27 Three-layers optical model for Al0.73Ga0.27N on AlN on sapphire with a surface 

roughness layer. 

 

The measured spectrum is again composed of four functions: 𝛹 and ∆ values taken 

from a 50˚ and 70˚ incident beam. Two sets of oscillations with periodic energy spacing 

can be seen in Figure 28, one below 5.5 eV describing the periodic interferences due to 

the reflected light from the AlN-sapphire interface, which is enveloped in another set of 

interferences coming from the AlxGa1-xN-AlN interface. The model (represented by dot-

ted lines in Figure 28) is more complex than that of GaN or AlN due to the additional 

layer, and therefore does not yield similarly perfect fittings as the ones found for the 

previous two samples. It remains nonetheless satisfactory and reproduces all features 

present in the experimental spectra (although with a small energy shift for the envelope 

function, and with higher amplitudes for the interference oscillations, than the measured 

spectra at a 70˚ incident beam). The sample is much thicker than the GaN or AlN sam-

ples, displayed by the higher frequency of the interference oscillations, however the 

model reproduces these successfully. It must be noted that the description of AlN is not 

entirely complete (cf. previous chapter, transitions outside the measure energy range are 

difficult to take into account if their tail is not sufficient to reproduce the analytical 

function), which is probably the main reason for all the small discrepancies between 

acquired and model spectra here. The values for AlN are set constant, and come from 

the previous section. The best fit for the AlxGa1-xN (𝑥 = 0.73) layer is obtained using 

parametric dielectric functions composed of two band-to-band transitions, one repre-

senting the fundamental band gap, and the other a higher lying interband transitions, and 

two additional transitions, one centered at the same energy than present in GaN (i.e. 

3.43 eV, and therefore believed to be the same excitonic transition) and one broader and 

less intense centered at 4.68 eV (values for the all variables presented in Table 6). The 

simulated absorption coefficient (inset in Figure 29(b)) is obtained from the complex 
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dielectric function (Figure 29(a)), and yields a calculated optical band gap of 5.32 eV by 

expending the linear regime in the Tauc plot (Figure 29(b)), corresponding to the first 

band-to-band transition at 5.50 eV in the complex dielectric function. The two addition-

al transitions within the band gap are believed to come from a Wannier-type exciton and 

another type of recombination, probably due to dislocations. The high-frequency limit 

𝜀! is again derived from 𝜀! at photon energies 𝐸~1− 1.50 𝑒𝑉, giving 𝜀!
!"!.!"!"!.!"! =

4.33 𝑒𝑉 (no data are available on 𝜀! for AlxGa1-xN with varying composition x). 

 
Figure 28 (a) ∆ and (b) 𝛹 measurements and parametrization for AlxGa1-xN (x=0.73) on AlN 

on sapphire. Straight blue and red lines represent values taken from a 50˚ and 70˚ 

incident beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 
Figure 29 (a) 𝜀! (blue) and 𝜀! (orange) of for AlxGa1-xN (x=0.73) on AlN determined from the 

parameterization, with small excitonic transitions at 3.43 eV and 4.68 eV and a 

band-to-band transition at 5.5 eV; and (b) Tauc plot (with absorption coefficient in 

inset) derived from the complex dielectric function provided in (a), yielding a band 

gap energy of 5.32 eV.  
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 8.6 ± 0.1 

Al0.73Ga0.27N 

Thickness [nm] 4013.4 ± 10.9 

Lorentz 1 

Amplitude 0.11 ± 0.02 

Broadening [eV] 0.53 ± 0.13 

Energy [eV] 3.43 ± 0.06 

Lorentz 2 

Amplitude 0.09 ± 0.03 

Broadening [eV] 0.85 ± 0.38 

Energy [eV] 4.68 ± 0.12 

Tauc-Lorentz 1 

Amplitude 581.28 ± 305.18 

Broadening [eV] 0.03 ± 0.09 

Energy [eV] 5.32 ± 0.05 

Limit (𝐸!) [eV] 5.24 ± 0.03 

Lorentz 3 

Amplitude 1.03 ± 0.66 

Broadening [eV] 0.29 ± 0.26 

Energy [eV] 6.41 ± 0.13 

AlN 
Thickness [nm] 2752.0 ± 41.9 

Oscillators from previous sample 

Sapphire Provided by Woollam Company 

Table 6 Fitting parameters of the optical model for AlxGa1-xN (x=0.73) on AlN on sapphire, 

including the Lorentz functions and layers thicknesses. 

 

The oscillator placed at 4.68 eV in the complex dielectric function, which is inside the 

band gap energy, is probably related to dislocation-related optical absorption, where 

electrons are trapped in electronic states created by dislocations. Dislocations are known 

to affect the optical properties of materials, acting as non-radiative recombination cen-

ters by introducing additional states within the band gap [2,30,175,197–201]. Because 

they are non-radiative, electronic transitions at these energies are not detected in PL ex-

periments, but may be measured in absorption-based studies. Therefore, the behaviour 

of dislocations in this set of samples is explored here using WBDF imaging performed 

on the 1010  zone axis using the 0002 and 1120 reflections, and on the 1120  zone 

axis using the 0002 and 1010 reflections (dislocations can either incline in the (1120) 
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or the (1010) planes  [175]). The WBDF images are formed using the weakly excited 

0002 diffraction spot (i.e. 𝒈 = 0002) and during the imaging setup procedure, the spec-

imen is oriented so that the 0006 diffraction spot was highly excited (i.e. 3g). Because 

imaging is performed with the weakly excited g and highly excited 3g diffraction vec-

tors, this is referred to as a ‘g-3g’ imaging condition. 

 

First, the sample is oriented so that the electron beam is parallel to the [1120] direction, 

which is perpendicular to the (1120) plane of the AlN and AlGaN layers in the hetero-

structure. This means that the plane shown in the image is the (1120) plane. The 𝑎-

component and c-components of the Burgers vectors of dislocations are not visible for 

diffraction vectors 𝒈 = 0002 and 𝒈 = 1010 respectively. Therefore, Figure 30 shows a) 

𝑐-type and (𝑎 + 𝑐)-type dislocations and b) a-type and (𝑎 + 𝑐)-type dislocations. There 

is also a much higher density of 𝑎-type and (𝑎 + 𝑐)-type dislocations (right) compared 

to 𝑐-type and (𝑎 + 𝑐)-type (left). All types of dislocations propagating in the AlN to-

wards the AlGaN film are normal to the interface. Dislocations then incline at a certain 

angle at the AlN/AlGaN interface and as they propagate in the AlGaN towards the sur-

face of the film. Dislocations appear to come out of the plane in Figure 30(a), which in-

dicates they do incline, and Figure 30(b) dislocations have bright and dark fringes alter-

natively which supposes the electron beam is not parallel to the dislocations, and there-

fore they must be inclined relative to the plane of the image, which is (1120)  [155]. 

Therefore, all dislocations in this sample must incline in the 1010 plane. Second, to 

confirm that dislocations in the AlGaN layer do incline in the (1010) plane, WBDF im-

ages are obtained from the [1010] zone axis (i.e. the plane of the image is (1010)), us-

ing 𝒈 = 0002 (a-component invisible) and 𝒈 = 1120 (c-components invisible). There-

fore, Figure 31 shows a) 𝑐-type and (𝑎 + 𝑐)-type dislocations and b) a-type and (𝑎 + 𝑐)-

type dislocations. These results show no black and white fringe contrast along the dislo-

cation lines in the 𝒈 = 1120 image, and dislocations lie fully within the plane of the 

image in the 𝒈 = 0002 image, which is why it is concluded that dislocations in the Al-

GaN layer must incline in the (1010) plane. The mean dislocation inclination angle is 

13° for 𝒈 = 0002, and 11° for 𝒈 = 1120. The angle is measured relative to the normal 

to the interface. Most dislocations appear in the image taken using 𝒈 = 1120 orienta-

tion, and therefore are 𝑎-type dislocations and not (𝑎 + 𝑐)-type dislocations, which 
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would appear in equal amounts in both images. Threading dislocations originate in the 

nucleation layer between the AlN layer and the sapphire substrate. Periodic features in 

the nucleation layer, (50 – 100 nm in lateral size), appear clearly in the image taken us-

ing 𝒈 = 1120, but not in the image taken using 𝒈 = 0002.  This indicates that the peri-

odic features are regions of rotational misorientation in the plane of the interface, lying 

within the nucleation layer.  

 

  
Figure 30 Weak beam dark field images (g3g conditions) of dislocations at the AlxGa1-xN 

(x=0.73) / AlN interface propagating in the 1120  plane and imaged in the a) 

0002 and b) 1120 orientations. 

 

  
Figure 31 Weak beam dark field images - a) g7g and b) g3g conditions - of dislocations at the 

AlxGa1-xN (x=0.73) / AlN interface propagating in the 1010  plane and imaged in 

the a) 0002 and b) in the 1120 orientations.  
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Temperature-dependent spectroscopic ellipsometry can bring an additional piece of in-

formation regarding how phonons travel through the material and change correlation, as 

well as trapped electrons/exciton in dislocations. Practically, temperature-dependent 

ellipsometry results are obtained by superposing ellipsometry models of spectra ac-

quired at different temperatures.  Figure 32 presents the complex dielectric functions of 

AlxGa1-xN (𝑥 = 0.73) extracted from experiments carried at temperatures ranging from 

77 K up to 350 K, and shows that 𝜀! changes only marginally with temperature, while 

𝜀! shows a sudden electronic transfer at 160 K, 120 K, and 77 K, with a shift of the 

GaN exciton at 3.50 eV to 4.40 eV with increased amplitude and broadening, and a 

slight increase in amplitude for the band-to-band transition at 5.50 eV.  

 

 
Figure 32 Comparison of (a) 𝜀!  and (b) and 𝜀!  determined from the parameterization for 

AlxGa1-xN (x=0.73) on AlN, and taken at various temperatures from 77 K up to 350 

K, which is slightly above room temperature.  
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5.4 DISCUSSION 

 

The direct band gap energies of GaN, AlN, and AlxGa1-xN (𝑥 = 0.73) are found at 3.50 

eV, 6.08 eV, and 5.32 eV respectively, which is in good agreement with previous theo-

retical and experimental studies [153,177–184,191]. The complex dielectric functions 

and absorption coefficients for all three materials are presented in Figure 33. The real 

component 𝜀! of the dielectric functions for GaN, AlN, and AlxGa1-xN follows a similar 

trend, the only difference between the materials being the energy at which the material 

interacts differently with light (i.e. reflection/absorption threshold). All the models 

show extremely good fitting, small error bars, and the extracted dielectric functions 

agree well with previous studies. One of the main challenges in spectroscopic ellipsom-

etry is to determine initial estimates for all the model parameters [190]. Here, using 

starting parameters for thicknesses available by TEM and profilometer measurements, 

as well as previously measured band gap energies for GaN and AlN, an exceptionally 

good fit between the model and the acquired data is achieved (to our knowledge, this is 

the most accurate fitting of ellipsometry data on these materials). It is found that spec-

troscopic ellipsometry, combined with TEM, is an accurate method for determining the 

optical properties of thin films. The small discrepancies between the model and the ac-

quired spectra in the AlxGa1-xN (𝑥 = 0.73) samples are attributed to 1) the greater 

thickness of the samples (~6.5 𝜇𝑚 versus ~1 𝜇𝑚), which yields a more complex inter-

ference pattern that is difficult to describe, and 2) the presence of the AlN nucleation 

layer, which was described using the model of AlN but may not be completely relevant 

due to the threading dislocations originating at the interface, and which added an enve-

lope interference oscillation that proved challenging to describe accurately in the model. 

It must be noted that previous studies have demonstrated that Lorentzian broadening 

does not accurately model all absorption processes (the line broadening function does 

not take into account broadening caused by electron-phonon or dilute electron-

impurities scattering) [176,190,202]. Therefore, small discrepancies between the model 

and the measured data may originate from the incomplete description of the phenomena 

by Lorentzian broadening.  
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Figure 33 Comparison of (a) the real (straight lines) and imaginary (dashed lines) compo-

nents of the complex dielectric functions, and (b) the absorption coefficients de-

rived from the complex dielectric functions for GaN (black), Al0.73Ga0.27N (blue), 

and AlN (red). 

 

In addition to confirming the optical properties of III-nitrides, this chapter presents new 

results that are directly relevant for the field of optoelectronics, as well as evidence of 

the need of new characterisation techniques to investigate materials (especially in 2D):  

• Firstly, the bowing parameter has been determined to 𝑏 = 0.3217 from the absorp-

tion-based ellipsometry measurements for GaN, AlN and AlxGa1-xN (𝑥 = 0.73). 

This value finds itself within the range of previously reported bowing parameters 

(0 ≤ 𝑏 ≤ 1.33) [183,187–189], and yields an equation for the variation of the band 

gap energy with composition of 𝐸!
!"!!"!!!! = 3.50+ 2.2583𝑥 + 0.3217𝑥! (Figure 

34 and equations below).  
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Figure 34 Bowing parameter of AlxGa1-xN as a function of Al content. Blue and red functions 

represent a linear trend between GaN and AlN (i.e. b=0) and the calculated devia-

tion of b=0.3217 respectively.  

 

• The excitonic transition in GaN can be described by a sharp Lorentz oscillator, 

even when it was previously reported to be difficult to include in ellipsometry mod-

els (in fact, it was mostly modeled by Gaussian functions, which are not physically 

meaningful and do not permit a model to be created from a single family of func-

tions) [182,189,191,203].  

• Secondly, two optical transitions are detected, as represented by sharp oscillations 

in the dielectric function spectra of AlN, which were predicted by first principles 

electronic structure calculations that include electron-hole interaction, but not re-

solved in previous experimental studies using synchrotron-source ellipsometry. It is 

unclear whether the second absorption edge is due to an excitonic transition, never-

theless the clear step at the threshold energy of the first edge indicates a band-to-

band transition [177].  

• Thirdly, two excitonic transitions from the AlxGa1-xN (𝑥 = 0.73) spectra have been 

extracted: a first weak transition is attributed to the GaN Wannier-exciton, which 

suggest the presence of a GaN layer in the material or the presence of GaN clusters. 

The latter idea of large-scale GaN clusters forming inside a matrix of high Al-

content AlGaN is not thermodynamically realistic: GaN and AlN are miscible and 

there is no driving force for segregation. Therefore, it is believed here that this peak 

at the excitonic transition energy of GaN is due to impurities in the sample, and 

may be related to the second peak, which has never been reported before. Consider-
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ing that dislocations are known to affect the optical properties of materials, acting 

as recombination centers within the band gap, and that fluctuation in composition 

have been previously demonstrated at dislocation cores [204,205], these indicate 

that this second transition centered between the energy of the GaN Wannier-exciton 

and the band gap energy of AlxGa1-xN (𝑥 = 0.73)  arises from excitations of exci-

ton trapped in the dislocation energy levels.  

 

The latter point motivated an exploration of dislocation behaviour in this material. Us-

ing WBDF imaging, dislocations are confirmed to incline in the (1010) plane. All seg-

ments are oriented in the AlGaN/AlN interface along the [0001] zone axis, a confirma-

tion that they are threading dislocations originating from the stresses produced by lattice 

and thermal mismatches, which is in good agreement with previous 

ies  [198,199,201,206–208]. Initial tests of the model show low climb rates. Therefore, 

difference in thickness of the AlGaN film does not have a great influence on the dislo-

cation behaviour. The results from the AlGaN-based heterostructures indicate that there 

are no misfit dislocations since they were oriented in the AlGaN/AlN interface in the 

(0001) plane. The majority of dislocations are of the 𝑎-type threading dislocations. 

Climb is responsible for the dislocation movement driven by bi-axial stresses during 

growth [200,201,206]. Dislocations appear to propagate predominantly perpendicular to 

the AlN/AlGaN in the AlN film, and average dislocation inclination angle in the AlGaN 

film varies from 10° to 12° in the specimens investigated.  

 

This initial study on the optical and structural properties of III-nitrides confirms that the 

III-nitride samples are of high-crystalline quality, and that the method and models are 

relevant to investigate these properties. The combination of TEM and ellipsometry data 

was shown to provide sensitivity to thickness changes as small as a few Angstroms even 

for films with thicknesses of hundreds of nanometers, which makes this technique ideal 

to investigate thicknesses and structural properties of 2D materials. The combination of 

ellipsometry data and high-quality dielectric modelling was shown to be capable of 

measuring excitonic transitions that have previously been reported difficult to accurate-

ly probe or model, but have been predicted theoretically [153,184,191]. These findings 

indicate that ellipsometry is a promising technique for the investigation of the optical 
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properties of materials dominated by excitonic effects (and hexagonal boron nitride was 

predicted to be one). Confirmation of the validity of the models and characterisation 

methods developed on well-known materials allows the extension of these optical and 

mathematical models to describe the optical properties of materials that have been 

proved challenging to study, such as hexagonal boron nitride. Finally, these data are es-

sential to distinguish the contributions of the III-nitride materials to the ellipsometry 

spectra acquired from heterostructures composed of 2D materials supported on III-

nitride substrates.  
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6 OPTICAL PROPERTIES OF 2D H-BN 

 

As discussed in previous chapters, the optical properties of h-BN are still debated, as 

well as the effects of reduced dimensionality from bulk to 2D. This is linked to the dif-

ficulty of growing high-purity h-BN layers, as well as the difficulty in interpreting pho-

toluminescence (PL) data from these materials, leading to substantial discrepancies be-

tween theoretical and experimental results  [49,79–87]. It is widely accepted that the 

optical properties of h-BN are governed by Frenkel-type excitons arising from 𝜋∗ − 𝜋∗ 

transitions with very large binding energies, and that the optical properties of bulk h-BN 

and 2D h-BN are expected to be similar: the strong excitonic confinement means that 

the wavefunction is localized around a single atomic plane in bulk h-BN [82,83]. The 

effects of substrates and environment on the optical properties will be the focus of the 

next chapter. Nonetheless, it is not possible to have a completely substrate-free refer-

ence for the optical properties of h-BN, as the h-BN flakes have to be deposited onto 

something. Therefore a range of technologically important substrates with different lat-

tice parameters and band gaps have been investigated, which are expected to interact 

differently with h-BN, and made comparisons between high-quality theory and the 

properties of h-BN as measured on different substrates to determine the influence of 

those substrates on the properties of h-BN.  

 

Here, the intrinsic optical properties of few-layer hexagonal boron nitride deposited on a 

GaN substrate (i.e. quasi-2D system) are determined. As discussed previously, GaN has 

the smallest lattice-mismatch to h-BN of the III-nitrides, and the difference in the band 

gap energies between h-BN and GaN (predicted around 6 eV versus 3.5 eV) is the most 

significant. Additionally, the spectroscopic ellipsometry results obtained from GaN are 

of such quality that it is expected that the contribution of h-BN is clearly extracted from 

the overall spectra. 

 

6.1 TRANSMISSION ELECTRON MICROSCOPY 

 

First of all, the thickness of the h-BN layers are verified by plan-view HRTEM on mul-

tiple h-BN flakes deposited on amorphous holey carbon grids. It is possible to count the 
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number of layers in the h-BN flakes in HRTEM images because of the folds/bends at 

the edges of the flakes  [55]. This method confirms that almost all the flakes are from 

one to six monolayers thick. These thicknesses are obtained by sonicating the BN pow-

der for 2-3 hours, and leaving the suspension to rest for 48 hours. Since the sample 

preparation and drop-casting procedure is the same for all samples, the range of thick-

nesses is assumed to be also the same for the flakes deposited on the bulk samples used 

for spectroscopic ellipsometry. Figure 35 shows a freestanding monolayer h-BN sheet 

and a 12-layer h-BN sheet, illustrating the differences that can be observed in plan view 

between layers of different thicknesses.  

 

  
Figure 35 HRTEM image of (a) a freestanding two-dimensional hexagonal boron nitride 

sheet and (b) a 12-layer h-BN flake suspended on top of a holey carbon grid. Both 

images are taken from the TITAN. 

 

Once the desired thickness for h-BN flakes is achieved and verified under TEM on car-

bon grids, h-BN from the same suspension is drop-casted onto a TEM-ready GaN sub-

strate (Figure 36). A clear hexagonal-like Moiré pattern is observable with the GaN lat-

tice observable at the top of the image and the h-BN lattice observable at the edge of 

GaN, in the center of the image (Figure 36(a)). Experimentally, it is determined that if 

the number of layers of h-BN is higher than 10 monolayers, or if various flakes lie on 

top of each other, the lattice of the substrate underneath is unresolvable. Here, the GaN 

lattice is well resolved and was confirmed to be GaN by measurements of the distance 

(a) (b) 
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between the atomic positions. In (Figure 36(b)) the edge of a 6 monolayers flake are 

clearly seen to bend deeply when they are not supported by the GaN substrate, and are 

likely to induce a winding of the surface and possible a periodic ripple along the sheet. 

It was previously predicted that geometric corrugation of 2D h-BN results in the pore 

atoms interacting with the substrate, and creates unequal contribution of the low/high 

lying atoms to the local density of states around the Fermi level. The energy of the 𝜋∗ 

states and therefore the electronic structure of the entire h-BN sheet is therefore predict-

ed to be contingent on structural factors such as rippling  [96,209–211]. EELS and ellip-

sometry data provide a complementary tool to verify the structural properties of h-BN 

on GaN and understand the structure-property relationships in quasi-2D h-BN systems. 

A fast Fourier transform from an HRTEM image of the overlapping h-BN flakes with a 

thin area of GaN (Figure 37(a)) shows a relative in-plane lattice rotation of 30˚. Depend-

ing on the rotation angle, h-BN monolayers or few-layers may stretch slightly to adapt 

to the periodicity of the materials it sits on top of and affect its electronic 

ties  [212]. Again, spectroscopic ellipsometry will provide the missing information as to 

whether this relative in-plane lattice rotation and periodicity between few-layers h-BN 

and GaN affects the optical properties of the boron nitride. Figure 37(b) shows a model 

of h-BN on the hcp cation sub-lattice of GaN with 30˚ relative in-plane lattice rotation, 

from which no stretching or deformation of the lattice is expected.  
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Figure 36 HRTEM image of (a) a Moiré pattern arising from difference in lattice parameters 

between a 2D hexagonal boron nitride sheet and GaN substrate, and (b) a 6-layer 

h-BN flake suspended on top of a GaN substrate, folding on the edges.  

 

  
Figure 37 (a) Fast Fourier transform from an HRTEM image of the overlapping h-BN flakes 

with GaN, showing a relative in-plane lattice rotation of 30˚, and (b) model of h-

BN on the hcp cation sub-lattice of GaN with 30˚ relative in-plane lattice rota-

tion  [75]. 

 

 

(a) (b) 

(a) (b) 
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6.2 SPECTROSCOPIC ELLIPSOMETRY 

 

The samples are made of few-layers h-BN flakes deposited on the epitaxial GaN sam-

ples measured in the previous chapter. As previously described, an optical model is re-

quired to discern the individual influence of the different layers on the ellipsometry 

spectra (which measures the relative amplitude attenuation 𝛹 and the phase shift ∆ be-

tween complex reflected p- and s- polarization coefficients, taken from a 50˚ and 70˚ 

incident beam), and therefore to extract the properties of each individual material. Here, 

the optical model is built similarly to that developed previously for a GaN on sapphire 

layer (Figure 38(a)), which includes 1) a layer describing the sapphire substrate (in this 

work, modeled using pre-existing data from CompleteEase software, measured by the 

Woollam Company), 2) a layer describing the GaN thin film, and 3) a Bruggeman-type 

effective medium approximation (EMA) roughness layer, which accounts for the inho-

mogeneity in GaN layer thickness across the area probed by the ellipsometer, as well as 

for the finite spectral resolution in the experiment. The parameters of the GaN thin film 

layer will be set exactly to those previously measured (Chapter 5) since this is the same 

sample and we only account for changes due to hexagonal boron nitride. Hexagonal BN 

is added to the model as the third component of an updated thickness EMA layer (Figure 

38(b)). It is to our knowledge the first ellipsometry study carried out on flakes rather 

than thin films, and therefore no guidelines currently exist regarding how best to inte-

grate flakes into the optical model. The percentage of GaN is set fixed and unchanged at 

50% (of the original EMA thickness, and adapted with increased thicknesses), since the 

roughness of the substrate has not changed, and then assume x% of h-BN and (1-x)% of 

void: x percentage of h-BN is an average over the entire surface and is initially calculat-

ed as a function of the layer thickness and the maximum number of layers expected 

from the flakes. It is kept constant and recalculated by hand at every fitting iteration of 

the EMA layer thickness, in order to keep it physically meaningful (i.e. retaining 50% 

of GaN and a percentage of the layer for h-BN that translates into less than 6 monolay-

ers), before finally setting it as a variable in the model linked to the layer thickness. The 

variables affect one another, and there the percentage of each individual element of the 

EMA cannot be set as variable concurrently to the thickness and the oscillator energies. 

This new method of modelling flakes has proved very accurate, as shown below. Since 



	
	
	

105	

the GaN substrate is cleaved from the same wafer as in the experiments presented in the 

previous chapter, the parameters are exactly the same: the backside of sapphire is unpol-

ished, meaning the light reflecting from this side is assumed to be diffuse and will not 

interfere with light reflecting from other interfaces, so that it does not contribute to the 

optical model, and the interface between GaN and sapphire is assumed to be without 

impurities or voids.  

 

  
Figure 38 Three-layer optical model for (a) epitaxial GaN thin film grown on sapphire and 

(b) h-BN deposited on a substrate from the same wafer as sample (a). Boron ni-

tride flakes are incorporated in the surface roughness layer in the model. 

 

The method is as follows: 𝛹 and ∆ values are measured for the GaN/sapphire sample 

(see previous chapter), and then are measured again for another sample from the same 

wafer (e.g. exactly the same growth conditions, thickness and roughness) with h-BN 

flakes deposited on top of it. 𝛹 and ∆ values taken from a 50˚ and 70˚ incident beam. 

Figure 39(a) displays the acquired ∆ signals for the GaN sample (shown in green and 

blue for measurements taken at 50˚ and 70˚ incident beam respectively) and for the h-

BN on GaN sample (shown in magenta and red for measurements taken at 50˚ and 70˚ 

incident beam respectively). Figure 40(a) displays the acquired 𝛹 signals for the GaN 

sample (shown in green and blue for measurements taken at 50˚ and 70˚ incident beam 

respectively) and for the h-BN on GaN sample (shown in magenta and red for meas-

urements taken at 50˚ and 70˚ incident beam respectively). All spectra show perfect su-

perposition at all energies. This indicates both extremely high-quality samples and ex-

cellent sample alignment within the spectrometer. The difference in amplitude in the 

periodic interference fringes (Figure 39(b) and Figure 40(b)) displays the thickness sensi-

tivity of the ellipsometry data to the presence of h-BN flakes that are only a few Ang-

(a) (b) 
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stroms thick. The only differences between the acquired signals that do not result from 

the difference in thicknesses due to the h-BN flakes occur at approximately 3.5 eV and 

6.2 eV on the ∆ signal from both samples (Figure 40(a)), which are directly related to the 

imaginary part of the dielectric function, and thus the band structure (i.e. changes in ∆ 

spectra display differences in absorption: in this case, absorption from h-BN and re-

duced absorption from GaN, of which surface is now covered by h-BN flakes). 

    

  
Figure 39 (a) Δ measurements taken from a 70˚ incident beam for GaN (blue) and h-BN on 

GaN (red), and taken from a 50˚ incident beam for GaN (magenta) and h-BN on 

GaN (green). (b) Difference between the Δ measurements of GaN and h-BN/GaN, 

taken from a 70˚ incident beam (blue) and a 50˚ incident beam (green). 

 

  
Figure 40 (a) Ψ measurements taken from a 70˚ incident beam for GaN (blue) and h-BN on 

GaN (red), and taken from a 50˚ incident beam for GaN (magenta) and h-BN on 

GaN (green). (b) Difference between the Ψ measurements of GaN and h-BN/GaN, 

taken from a 70˚ incident beam (blue) and a 50˚ incident beam (green).  
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The complex dielectric function 𝜀 is then extracted from the ellipsometry data using Lo-

rentz and Tauc-Lorentz functions [176] to represent physically meaningful optical pro-

cesses in the h-BN layers and iterate the model parameters until the simulated and ex-

perimental data converge and match with minimal discrepancy.  Additionally, since it is 

2D-to-few-layer h-BN that are of interest, one can readily assume an ordinary dielectric 

function. Each layer of the optical model is parameterised using an ensemble of Lorentz 

and Tauc-Lorentz functions. The amplitude, broadening and centre of energy of the os-

cillators, as well as the thicknesses of layers are all used as fitting parameters in this 

analysis, using a regression method fitted into the acquired spectra (i.e. 𝛹 and ∆) to 

minimize the difference between the two and reproduce all features present in the exper-

imental spectra fit (across the measured energy range, which includes interference oscil-

lations). Ellipsometry allows, depending on the poles conditions (poles are un-

broadened oscillators placed outside the measured energy range that affect only the real 

part of the optical constants. This affects the dispersion and the intensity of the light as 

it travels through the absorbing medium), to extend analysis over an arbitrary range of 

energies, including those that exceed slightly the practical limitations on the experi-

mental range of measurement. Consequently significant contributions from transitions 

occurring slightly beyond the measured range of energies may also be included. Since 

the band gap energy is not detected within the measured energy range (it is predicted to 

be between 6.4 and 6.8 eV, beyond the 6.3 eV limit of the incoming beam), the model is 

based on simulations from Wirtz et al  [84,87,90].  Consequently, the Lorentz function 

related to the band gap is initially centered at 6.8 eV. After few iterations and stabilizing 

the model, the peak remains centered at 6.8 eV but broadens to contribute to the shape 

of the imaginary part of the complex dielectric function 𝜀! at lower energies.  

 

The model (which is represented by dotted lines in Figure 41), converged and stable, re-

produces all features present in the experimental spectra, and only shows the same neg-

ligible difference around the sharp oscillatory changes due to the band gap energy of 

GaN (i.e. limit between the transparent-absorbing regions).  The extremely good fit also 

confirms what was expected from cross-sectional TEM: that there is no significant con-

tamination or fluctuations in composition or density at the interfaces, which would have 

required additional layers in the models. The details of all variables are presented in Ta-
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ble 7. Even then, the errors are highly acceptable considering only a fraction of the func-

tion contributes to lower energies and is used to recreate the entire function), and stable 

models (i.e. when variables are changed, they converge back to the same values with 

iterative fitting to the pseudo-dielectric function), the parameterizations are found to be 

reliable and accurate. The roughness layer increases by an average of 4 Å, allowing us 

to infer that the h-BN flakes lying on top of roughness hills are on average 2 layers 

thick, which is in good agreement with data from the TEM experiments which indicate 

that the thickness ranges from 1 – 6 monolayers. Spectroscopic ellipsometry measure-

ments reports results from the average of the size distribution of the h-BN flakes, and 

therefore it must be noted that size distribution affects the transition energy of the mate-

rial in the resulting complex dielectric function spectra. Nevertheless, due to the small 

size distribution, as confirmed by TEM, it is assumed that the results presented here are 

those of a quasi-2D-system. The imaginary component of the dielectric response 𝜀! of 

h-BN, modeled over the energy range accessed experimentally, 6.36 eV, is presented in 

Figure 42. The inset shows the modeled 𝜀!, extending up to 10 eV, where the measured 

energy range and the extended energy range are represented by solid and dashed black 

lines respectively. The excitonic and the band gap transitions are represented by Lorentz 

functions shown in red and green respectively. The additional process occurring at 

slightly higher energies, shown by the green Lorentz function, is only partly captured by 

the data that have been measured and modeled within this range. The amplitudes, posi-

tions and widths of the peaks are then refined, until the modeled data fit the experi-

mental data precisely with negligible detectable error. The best fit is obtained using Lo-

rentz functions centred at 6.09 eV for the excitonic transition and 6.80 eV for the band 

gap transition. Since only two significant transitions appear in the data (in contrast to 

PL), the band gap and excitonic transition energies can be inferred reliably. The notable 

absence of peaks related to defects or faults in the periodic stacking of 2D layers in bulk 

h-BN is proof that only few layers are measured and that spectroscopic ellipsometry is a 

powerful tool to investigate the properties of 2D materials.  
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Figure 41 (a) ∆ and (b) 𝛹 measurements and parametrization for few-layers h-BN deposited 

on GaN grown on sapphire. Straight blue and red lines represent values taken 

from a 50˚ and 70˚ incident beam. Straight and dotted lines represent the acquired 

data and the fitted parametrization respectively. 

 

 
Figure 42 (a) 𝜀! (blue) and 𝜀! (orange) of few-layers h-BN deposited on GaN determined 

from the parameterization, displayed over the measured energy range. The inset 

shows 𝜀! simulated over a larger energy range, where the dotted lines show the 

Lorentz functions needed to build the dielectric function, and dashed lines show the 

dielectric function outside the measured energy range. A huge excitonic transition 

at 6.09 eV (red Lorentz function in the inset) is displayed, and a band gap transi-

tion at 6.80 eV (green Lorentz function in the inset). 
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The simulated optical absorption spectra (Figure 43) is obtained directly the extinction 

coefficient term present in the complex dielectric function: 𝛼 = 4𝜋𝑘𝐸 ⁄ ℎ𝑐, and dis-

plays corresponding calculated transitions occurring at 6.16 eV for the exciton and 6.86 

eV for the optical band gap respectively. These transitions correspond to the points of 

inflection in the absorption spectra, since it is an excitonic system, with no clear steps at 

the threshold energy of the interband transition  [84,86]. Consequently it is revealed that 

the optical properties of h-BN on GaN substrate are dominated by a Frenkel exciton at 

6.16 eV and band gap energy of 6.86 eV. This yields an exciton binding energy of 740 

meV, which is consistent with previous theoretical results  [81,83,86]. The optical ab-

sorption coefficient of the dominating Frenkel exciton can be related to the in-plane (per 

layer) optical absorption 𝐼/𝐼!  ≈  𝑑/𝜆′, with d = 3.33 Å the distance between BN sheets, 

and 𝜆′ =  1/𝛼 optical absorption length (here the excitonic absorption coefficient for a 

single sheet of h-BN is 𝛼 = 203.5/𝜇𝑚,  which is 10 times higher than that of 

AlN  [213]). This means that the optical absorption of h-BN per monolayer is approxi-

mately 6.78%, and a thin layer of 5 nm (BN/GaN) is sufficient to absorb all incoming 

photons. These results are of higher precision to the ones previously reported  [28,214], 

because (i) the optical absorption coefficients reported here have been measured using 

ellipsometry and are approximately 3 times larger than the values used in previous stud-

ies  [215] which were incorrectly assigned due to a misunderstanding of the origin of 

the absorption [49], and (ii) previous studies assume the coupling between light and 

electrons is similar to graphene and follows the fine-structure constant, when in fact the 

excitonic behaviour of h-BN and its band gap mean its optical properties are not defined 

by the fundamental constants [216]. 
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Figure 43 Absorption coefficient derived from the complex dielectric functions of h-BN on 

GaN. The inset shows the absorption coefficient simulated over an extended energy 

range. 

 

 

 

 

Layer Parameters Fit Value Error 

EMA 

Thickness [nm] 3.6 ± 0.0 

Content of h-BN [%] 13.2 ± 0.7 

Lorentz 1 

Amplitude 19.75 ± 3.23 

Broadening [eV] 0.30 ± 0.05 

Energy [eV] 6.09 ± 0.01 

Lorentz 2 

Amplitude 8.01 ± 2.65 

Broadening [eV] 1.00 ± 0.56 

Energy [eV] 6.80 ± 0.30 

GaN 

Thickness [nm] 1001.9 ± 0.4 

Lorentz 1 
Amplitude 1.045 ± 0.17 

Broadening [eV] 0.02 ± 0.01 
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Energy [eV] 3.43 ± 0.01 

Tauc-Lorentz 1 

Amplitude 665.42 ± 75.48 

Broadening [eV] 0.12 ± 0.01 

Energy [eV] 3.39 ± 0.01 

Limit (𝐸!) [eV] 3.39 N.A. 

Lorentz 2 

Amplitude 1.13 ± 0.09 

Broadening [eV] 0.34 ± 0.03 

Energy [eV] 6.39 ± 0.02 

Tauc-Lorentz 2 

Amplitude 156.67 ± 26.24 

Broadening [eV] 17.37 ± 3.63 

Energy [eV] 11.51 ± 1.16 

Limit (𝐸!) [eV] 3.09 ± 0.01 

Sapphire Provided by Woollam Company 

Table 7 Fitting parameters of the optical model for few-layers h-BN flakes deposited on 

GaN substrate, including the Lorentz functions and layer thicknesses. 

 

 

 

6.3 ELECTRON ENERGY-LOSS SPECTROSCOPY 

 

Holey carbon grids 

 

As previously described, electron energy-loss spectroscopy (EELS) measures the 

change in the kinetic energy of electrons after they have interacted with a specimen. 

These measurements provide information on the specimen’s composition, thickness and 

electronic properties [158]. Here, the EELS spectra at the B K-edge of different h-BN 

flakes supported on carbon grids are recorded using different beam orientations relative 

to the specimen. These spectra serve as benchmarks for the analysis of energy-loss 

measurements of h-BN supported on different materials, and allow the extraction of 

structural information that is not available through plan-view HRTEM. The ELNES 

spectra of the B-K ionisation edge in h-BN is found to be dominated by a strong 𝜋∗ 
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peak centered on 188 eV energy loss, and the 𝜎∗ peak is centred on 195 eV, as shown in 

Figure 44(b) (which agrees exactly with predicted and experimental EELS spectra of 

freestanding h-BN [161,217–220]). However a small and unavoidable drift of the zero-

loss peak (ZLP) position occurred during all measurements, and therefore this work fo-

cuses on peaks relative broadening and intensities. The energy-loss region ranging from 

212 eV to 220 eV displays multiscattering effects, which are directly related to the 

thickness of the area probed: the thicker the area, the more scattering effects, and higher 

the signal, which can be useful to probe thickness uniformity. The background-

subtracted EELS signal is presented in Figure 44(a). This shows the expected boron K 

edge, along with an additional carbon peak at approximately 300 eV (this arises from 

contamination due to prolonged recording on the same spot, with carbon aggregating to 

the irradiated area) with a nitrogen double peak at approximately 404 eV and 408 eV. 

 

 

 

 

 

 

 

  
Figure 44 Background-subtracted EELS spectra of h-BN supported on holey-carbon grids 

taken (a) over a 150 eV - 500 eV energy-loss range, and (b) at the B-K edge of h-

BN. 

 

The shape of the absorption edges relates to the electronic properties of the materials, 

and the position of the edges provides elemental specificity. Changes in the relative in-

tensity of the 𝜋∗ and 𝜎∗ peaks at the boron K edge are of interest because they reveal 

differences in the type of bonding present in h-BN [162]. In the case of h-BN, the 𝜋∗ 
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N K 
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orbital is associated with sp2 hybridization and planar bonding  [158–160,162,218]. The 

main difference between the hexagonal and amorphous phases are the relative 

intensities of the first and second peaks [196]. In addition to this, the relative intensities 

of the 𝜋∗ and 𝜎∗ peaks can also be influenced by changes in the scattering angle, as the 

signal from the energy loss near edge structure (ELNES) is a projection of the matrix 

element onto the scattering vector, and is therefore dependent on the scattering angle of 

the electron beam. This means that both the number of layers in the sample and the ori-

entation of the beam affect the EELS signal, as they are associated with the scattering 

angle. 

 

Specifically, increasing the angle between the electron beam and the axis perpendicular 

to the c plane of the sample, parallel to the c axis, induces the transmitted momentum to 

rotate toward the c axis, parallel to the pz orbitals, leading the 𝜎 ∗⁄ 𝜋 ∗  ratio to 

decrease [217,221]. The same effect is demonstrated on areas where the sample curves, 

as the orientation between the electron beam and the sample changes as well. Assuming 

the same scattering vector is used on a few-layer sample, which is to say the same trans-

ferred momentum vector, the EELS result should show a higher 𝜎 ∗⁄ 𝜋 ∗ relative inten-

sity on the edges where the layers bend 90º, with the transferred momentum parallel to 

the c vector. On the other hand, on the “flat” part of the specimen, a higher 𝜎 ∗⁄ 𝜋 ∗ rel-

ative intensity is displayed, the transferred momentum this time parallel to the in-plane 

direction. The curvature effects should therefore gradually move from a higher 𝜎 ∗⁄ 𝜋 ∗ 

ratio on the edge to a 𝜎 ∗⁄ 𝜋 ∗ ratio in the center of the flake. 

 

Also, increasing the thickness of the probed area generates larger number of interac-

tions, which result in a higher scattering angle. This causes a larger transferred momen-

tum perpendicular to the c plane of the specimen, or parallel to the in-plane pxy orbitals, 

and consequently, an increased 𝜎 ∗⁄ 𝜋 ∗ relative intensity; the 𝜎∗ peak eventually be-

comes more intense with respect to the 𝜋∗ peak. Electronic interactions with materials 

up to 10 atomic layers in thickness are usually treated as single-scattering events; there-

fore it is assumed that this is the case for freestanding BN flakes in these experiments. 

 

Epitaxial GaN thin film substrates 
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The EELS spectra of h-BN flakes deposited on GaN thin films are presented here. The 

flakes of interest are located at the edges of the GaN substrate, which means parts are 

freestanding, and parts are overlapping with the substrate. Therefore, the B K-edge is 

recorded from different positions on the beam line along the flake (from freestanding to 

overlapping areas), and normalised to the maximum intensity of one peak to see chang-

es in relative intensities between the 𝜋∗ and 𝜎∗ peaks. The B K-edge of h-BN is pre-

sented in Figure 45(b), and normalised to the maximum intensity of the second peak. 

Above 215 eV, it is possible to see signal-thickness correlation. The beam line and posi-

tions recorded are presented on the STEM survey image (Figure 45(a)). The first B K-

edge is recorded on the position furthest from the substrate where the sheet is freestand-

ing and no other flakes lie on top of it. This corresponding EELS spectrum is represent-

ed by a light blue line and shows a similar spectrum to that of the h-BN on carbon grid 

(i.e. high 𝜎 ∗⁄ 𝜋 ∗ relative intensity), which was expected. As EELS spectra are taken 

from positions along the beam line closer to the GaN substrate, the 𝜎 ∗⁄ 𝜋 ∗ relative in-

tensity is decreased because of the increased thickness (there are two sheets on top of 

each other). Nevertheless, the 𝜎 ∗⁄ 𝜋 ∗ relative intensity shows little fluctuation along 

the second sheet (positions 2 to 4) and even as the beam moves closer to the area where 

the BN flake overlaps with the GaN, which means the h-BN sheet is very flat. As pre-

sented earlier, it is an important parameter to consider as geometric corrugation or buck-

ling of the sheets was predicted to affect the energies of the 𝜋∗ orbitals (remember the 

optical properties of h-BN are dominated by 𝜋 ∗− 𝜋 ∗ transitions) [209]. EELS spectra 

from regions where boron nitride lies on the substrate are more difficult to acquire due 

to the increased thickness (the scattering angle becomes too high). The EELS spectra 

and the plan-view HRTEM data from different flakes allow us to determine that the 

stable 30˚ relative in-plane lattice misorientation between h-BN and the cation sub-

lattice of GaN established by TEM is associated with flat sheets and minimal, if any, 

buckling. This observation is consistent with the conclusion that GaN did not affect the 

optical properties of h-BN and that the ellipsometry data reveal the intrinsic properties 

of h-BN. 
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Figure 45 (a) Survey STEM image of a h-BN flake on GaN and (b) comparison of EELS spec-

tra at the B K-edge of BN normalised to the maximum intensity of the second peak 

from different positions on the beam line. Corresponding points are indicated in 

the survey image (point number 1 is taken at the edge of the freestanding flake, 

point number 5 in the overlapping region between h-BN and GaN) 

 

6.4 DISCUSSION 

 

In summary, the production and deposition of few-layer h-BN flakes with a high degree 

of repeatability have been achieved (as shown by HRTEM), and the relative in-plane 

lattice misorientation between h-BN and the cation sub-lattice of GaN was determined 

to be 30˚. Although a TEM is not used for statistical analysis (i.e. limited area probed), 

the misorientation of h-BN and GaN was observed on various flakes of several samples. 

EELS results confirmed that the misorientation was stable and was not associated with 

rippling or buckling of the h-BN sheets. Spectroscopic ellipsometry measurements were 

shown to be sensitive to differences in thickness as low as a few Angstrom and success-

fully revealed the optical properties of 2D materials while overcoming most problems 

inherent to photoluminescence techniques (such as low signal-to-noise ratio for mono-

layers, Stokes shifts, phonon-exciton coupling, and luminescence originating from de-

fects [71,73,77]). 

 

The dielectric function of h-BN as derived from the model is obtained using two Lo-

rentz functions, one centred at 6.09 eV for the excitonic transition and one at 6.80 eV 

for the band gap transition. The simulated optical absorption spectrum shows the corre-

sponding calculated transitions occur at 6.16 eV for the exciton and 6.86 eV for the 
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band gap respectively. These transitions correspond to the points of inflection in the ab-

sorption spectra. Consequently the optical properties of h-BN/GaN are revealed to be 

dominated by a Frenkel exciton at 6.16 eV with a binding energy of 740 meV, and a 

band gap energy of 6.86 eV. To our best knowledge, it is the first time experimental re-

sults of the optical properties of two-dimensional hexagonal boron nitride agree with 

theoretical calculations (i.e. band gap of 6.8 eV for quasi-2D h-BN) [81,83,86]. No evi-

dence of GaN affecting the optical properties of few-layer h-BN was found, as shown 

by the agreement with GW+BS theoretical calculations (Figure 46). Therefore, the cal-

culated properties presented above are believed to be those of quasi-2D h- BN (i.e. sup-

ported 2D h-BN, which differs from freestanding sheets where the band gap is predicted 

to be closer to 8 eV [83,90,98–100]). Finally, a very high absorption coefficient of h-

BN is reported, providing a better understanding of the exceptional luminescence prop-

erties of this material and its potential for UV photo-detectors. These results are of par-

ticular importance as we move towards devices based on 2D materials, where the opti-

cal properties of these materials must be well defined.  

 

 
Figure 46 Complex dielectric function of quasi-2D hexagonal boron nitride determined by (a) 

Wirtz et al. GW+BS and RPA calculations  [87] and (b) the ellipsometry measure-

ments of few-layers h-BN deposited on a GaN substrate (𝜀! in blue and 𝜀! in black, 

where the dashed lines represent energies outside the measured energy range). 
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7 OPTICAL PROPERTIES OF 2D H-BN:  

EFFECTS OF SUBSTRATES 

 

The emergence of two-dimensional (2D) materials, and the exceptionally enhanced 

conductivity, photoluminescence and related properties that arise from the reduced di-

mensionality from their 3D parents, has opened up new opportunities for device appli-

cations. However, it is currently challenging to understand the interactions between the 

2D layers and the substrates and/or their environment, and how those interactions may 

affect the properties of the 2D material  [48,172,173]. Substrates can have various inter-

actions with 2D materials, either due to charged impurities on the surface of the sub-

strate, or due to dielectric screening (remember, dielectric screening leads to much 

higher electron hole binding energy) [34,39]. Indeed, the electronic fields of the 2D ma-

terials’ charges (which are 3D objects) will be screened by the substrate, meaning the 

dielectric function of a 2D material is likely to be affected significantly by its environ-

ment. Unfortunately, it is very difficult to both include screening into density functional 

theory calculations, and to measure it experimentally (remember, most experiments 

cannot reach good enough signal-noise ratio to measure properties of 2D layers, and 

thus even less to measure screening). Spectroscopic ellipsometry, combined with TEM 

and EELS, has proved a powerful tool to measure these properties of few-layer h-BN 

flakes sitting on GaN, where the optical properties of h-BN were found to be independ-

ent of the substrate. Here, the same experiments are carried on a range of substrates 

from the same III-V family, all of which have different band gap energies and lattice 

parameters GaN (direct band gap 3.4 eV, a = 3.189 Å), AlN (direct band gap 6.2 eV, a 

= 3.112 Å), and Al0.7Ga0.3N  (direct band gap 5.4 eV, a = 3.166 Å). 

 

7.1 TRANSMISSION ELECTRON MICROSCOPY 

 

The same procedure presented in the previous chapter is repeated here: first, the thick-

ness of the h-BN layers as single to six monolayers is confirmed by plan-view HRTEM 

on multiple h-BN flakes deposited on a range of AlN, amorphous carbon grids, and 

Al0.73Ga0.27N substrates as shown in Figure 47(a), Figure 47(b) and Figure 48 respectively. 
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Hexagonal boron nitride flakes deposited on AlN substrates and carbon grid samples in 

Figure 47(a) and (b) respectively originated from the same pipette and was deposited at 

the same time (i.e. taken from the same area of the rested solution, and thus expected to 

have the same thickness dispersion) and the flakes showed a constant thickness range of 

four to seven monolayers, which confirms the reproducibility of the method. Figure 

47(a) and (b) presents two different samples of h-BN on AlxGa1-xN (x = 0.73) and thick-

nesses ranging from one to five monolayers. The monolayers were imaged more easily 

using the TITAN 80-300 microscope than the JEOL2100F, due to the addition of a 

monochromator and reduced hysteresis. Hysteresis was highly displayed during elec-

tron-beam alignment on the JEOL microscope and is an unsolvable issue resulting from 

magnetic coils usage, while the monochromator provides both high probe current for 

high energy resolution in EELS and improved lateral resolution in TEM imaging. Clear 

linear Moiré patterns are observable on regions of overlaps between the h-BN sheets 

and both the AlN (Figure 47(a)) and the AlxGa1-xN (𝑥 = 0.73) lattices (Figure 48(a)). As 

discussed previously, if the number of layers of h-BN is higher than 10 monolayers, or 

if flakes lie on top of each other, the lattice of the substrate underneath is unresolvable. 

HRTEM images here show well-resolved lattices of both substrates, as confirmed by 

measurements of the distance between the atomic positions. Figure 47(a)) displays a 5 

monolayers flake which bends considerably on the freestanding region where it is not 

supported by the AlN substrate. This bending introduces a height difference across the 

sample and therefore the beam is brought out of focus on these regions. As previously 

stated, geometric corrugation, buckling or bending of 2D h-BN is expected to affect the 

electronic structure of the entire sheet [209]. Fast Fourier transforms from the HRTEM 

image of the overlapping h-BN flakes on the AlxGa1-xN (𝑥 = 0.73) substrates presented 

in Figure 48(a) show a relative in plane rotation of 19˚, and overlapping few-layers h-BN 

flakes on the same sample showed additional relative in plane rotation of 36˚, leading to 

Moiré fringes. Depending on the rotation angle, h-BN monolayers or few-layers may 

stretch slightly to adapt to the periodicity of the materials they sit on top of, affecting 

their electronic properties  [212]. Figure 48(b) shows a model of h-BN on the hcp cation 

sub-lattice of AlxGa1-xN (𝑥 = 0.73) with 19˚ relative in-plane lattice, which displays a 

poor overlap of atoms with initial lattice parameters (i.e. there may be stretching or de-

formation). Again, since sample preparation and drop-casting procedure is the same for 
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all samples, the range of thicknesses is assumed the same for the samples investigated 

by ellipsometry (remember, TEM samples are not the same as ellipsometry ones be-

cause they require additional preparation to make them electron-transparent before the 

h-BN flakes may be drop-casted).  

 

  
Figure 47 HRTEM image of (a) a 6-layers h-BN flake suspended on top of an AlN substrate, 

with a Moiré pattern arising from difference in their lattice parameters, and (b) a 

freestanding 5-layers h-BN flake supported on a holey-carbon grid, taken from the 

same pipette used on (a).  
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Figure 48 HRTEM image of (a) an h-BN flake made of a gradual step-stairs like layers (from 

a monolayer on the edges, to 4-layers at its highest point) suspended on top of an 

AlxGa1-xN (x=0.73) substrate, with Moiré patterns arising from difference in their 

lattice parameters and structural interferences with another h-BN flake, and (b) a 

5 magnification on the freestanding region of a 4-layers h-BN flake supported on 

AlN, rolling into a nanotube at the edges.  

 

  
Figure 49 (a) Fast Fourier transform from an HRTEM image of the overlapping h-BN flakes 

with AlxGa1-xN (x=0.73) and two h-BN flakes, showing a relative in-plane lattice 

rotation of 19˚ and 36˚ respectively, and (b) model of h-BN on the hcp cation sub-

lattice of AlxGa1-xN (x=0.73) with 19˚ relative in-plane lattice rotation  [75]. 
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7.2 SPECTROSCOPIC ELLIPSOMETRY 

 

7.2.1 h-BN on epitaxial AlN substrates grown on sapphire 

 

In this section, the few-layer h-BN flakes are deposited on epitaxial AlN samples 

cleaved from the same wafers as those measured in the previous chapter (therefore, the 

measurements and parameterizations are exactly the same, including thickness and 

roughness). Here, the optical model is built similarly to that of h-BN on GaN (Figure 

38(a)), which includes 1) a layer describing the sapphire substrate (in this work, mod-

eled using pre-existing data from CompleteEase software, measured by the Woollam 

Company), 2) a layer describing the AlN thin film, and 3) a Bruggeman-type effective 

medium approximation (EMA) roughness layer, which accounts for the inhomogeneity 

in AlN layer thickness across the area probed by the ellipsometer and for the finite spec-

tral resolution in the experiment, as well as the h-BN flakes included as a third content 

with updated thickness (Figure 50(b)). The percentage of AlN is fixed and unchanged at 

50% (of the original EMA thickness, and adapted with increased thicknesses).  

 

  
Figure 50 Three-layer optical model for (a) epitaxial AlN thin film grown on sapphire and (b) 

h-BN deposited on a substrate from the same wafer as sample (a). Boron nitride 

flakes are incorporated in the surface roughness layer. 

 

The method and acquisition parameters are also the same as in the previous chapter. As 

outlined in that chapter, the 𝛹 and ∆ values for the AlN/sapphire sample are measured, 

and then measured again for another sample from the same wafer (e.g. exactly the same 

growth conditions, thickness and roughness) with h-BN flakes deposited on top of it. 𝛹 

and ∆ values taken from a 50˚ and 70˚ incident beam. Figure 51(a) displays the acquired 

(a) (b) 
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∆ signals for the AlN sample (shown in green and blue for measurements taken at 50˚ 

and 70˚ incident beam respectively) and for the h-BN on AlN sample (shown in magen-

ta and red for measurements taken at 50˚ and 70˚ incident beam respectively). Figure 

52(a) displays the acquired 𝛹 signals for the AlN sample (shown in green and blue for 

measurements taken at 50˚ and 70˚ incident beam respectively) and for the h-BN on 

AlN sample (shown in magenta and red for measurements taken at 50˚ and 70˚ incident 

beam respectively). All spectra show perfect superposition at all energies, indicating 

high-quality samples, and ideal alignment. The only differences between the acquired 

signals that do not result from the difference in thicknesses due to the h-BN flakes occur 

at approximately 6.2 eV on the ∆ signal (Figure 51(a)), which are directly related to the 

imaginary part of the dielectric function, and thus the band structure (i.e. changes in ∆ 

spectra display differences in absorption: in this case, absorption from h-BN and re-

duced absorption from AlN, of which surface is now covered by h-BN flakes).   

 

  
Figure 51 (a) Δ measurements taken from a 70˚ incident beam for AlN (blue) and h-BN on 

AlN (red), and taken from a 50˚ incident beam for AlN (magenta) and h-BN on AlN 

(green). (b) Difference between the Δ measurements of AlN and h-BN/AlN, taken 

from a 70˚ incident beam (blue) and a 50˚ incident beam (green). 
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Figure 52 (a) Ψ measurements taken from a 70˚ incident beam for AlN (blue) and h-BN on 

AlN (red), and taken from a 50˚ incident beam for AlN (magenta) and h-BN on 

AlN. (b) Difference between the Ψ measurements of AlN and h-BN/AlN, taken from 

a 70˚ incident beam (blue) and a 50˚ incident beam (green). 

 

The complex dielectric function 𝜀 is then extracted from the ellipsometry data using Lo-

rentz and Tauc-Lorentz functions [176] to represent physically meaningful optical pro-

cesses in the h-BN layers and iterate the model parameters until the simulated and ex-

perimental data converge and match with minimal discrepancy. The model here uses the 

results of the first set of samples previously investigated (i.e. h-BN/GaN) as initial pa-

rameters, as they describe the optical response of hexagonal boron nitride unaffected by 

the GaN substrate. Consequently, the Lorentz function related to the band gap is initial-

ly centered at 6.80 eV, and the one related to the excitonic transition is initially centered 

at 6.09 eV. After few iterations and stabilization of the model, the excitonic peak re-

mains centered at 6.09 eV but the one at 6.80 eV disappears completely as it does not 

contribute enough to the lower energy spectrum (i.e. acquired spectra has a lower ener-

gy limit of 6.2 eV instead of 6.3 eV, due to experimental factors). The model (which is 

represented by dotted lines in Figure 53) converges, remains stable, and reproduces all 

features present in the experimental spectra, and only shows the same negligible differ-

ence around the sharp oscillatory changes due to the excitonic absorption of h-BN (i.e. 

which is below the band gap energy of AlN, and close to the detection limit).  The ex-

tremely good fit also confirms what was expected from cross-sectional TEM: that there 

is no contaminant at the interfaces, which would have required additional layers in the 

models. The details of all variables are presented in Table 8. The error bars are found to 

be much higher than that of h-BN on GaN, which is due to the fact that the features re-
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sulting from AlN absorption are only partly detected. The model function recreates 

them and converges (i.e. when variables are changed, they converge back to the same 

values with iterative fitting to the pseudo-dielectric function), but error bars for ampli-

tudes and broadenings (highlighted in red in Table 8) remain high because all the varia-

bles describing the undetected features are interconnected and may take various values 

to recreate the same tails within lower energies (although here, they are based on initial 

values for the substrate calculated in the previous chapter, and for the h-BN calculated 

as part of a heterostructure with GaN, and therefore the consistency between all these 

values allow us to trust this model and assume the parameterizations accurate). The 

roughness layer increases by an average of 5 Å, allowing us to infer that the h-BN 

flakes lying on top of roughness hills are on average 3 layers thick (i.e. ranging from 1 

to 7 monolayers), which is in good agreement with the TEM experiments previously 

presented. The imaginary component of the dielectric response 𝜀! of h-BN, modeled 

over the energy range accessed experimentally, 6.20 eV, is presented in Figure 54. The 

inset shows the modeled 𝜀!, extending up to 9 eV, where the measured energy range 

and the extended energy range are represented by solid and dashed black lines respec-

tively. The excitonic and the band gap transitions are represented by Lorentz functions 

shown in red and blue respectively. The additional process occurring at slightly higher 

energies, shown by the green Lorentz function, is only partly captured by the data that 

have been measured and modeled within this range. The amplitudes, positions and 

widths of the peaks are then refined, until the modeled data fit the experimental data 

precisely with negligible detectable error. The best fit is obtained using Lorentz func-

tions centred at 6.09 eV for the excitonic transition, and another one at 6.30 eV, which 

corresponds to the band gap transition found earlier for AlN (6.12 and 6.32 eV) and 

therefore this transition is believed to result from the contribution of AlN. The flakes 

were found to be much more rippled than that supported on GaN, which means that AlN 

may have a more significant influence on the properties of 2D h-BN, which is con-

firmed here. Since only two significant transitions appear in the data (in contrast to PL), 

and the model recreates every feature from the acquired spectra, the transition energies 

can be inferred reliably. The notable absence of peaks related to defects or faults in the 

periodic stacking of 2D layers in bulk h-BN is proof that the measurements are coming 
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from a region only a few layers thick and that spectroscopic ellipsometry is a powerful 

tool to investigate the properties of 2D materials. 

 

 
Figure 53 (a) ∆ and (b) 𝛹 measurements and parametrization for few-layers h-BN deposited 

on AlN grown on sapphire. Straight blue and red lines represent values taken from 

a 50˚ and 70˚ incident beam. Straight and dotted lines represent the acquired data 

and the fitted parametrization respectively. 
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Figure 54 (a) 𝜀! (blue) and 𝜀! (orange) of few-layers h-BN deposited on AlN determined from 

the parameterization, displayed over the measured energy range. The inset shows 

𝜀! simulated over a larger energy range, where the dotted lines show the Lorentz 

functions needed to build the dielectric function, and dashed lines show the dielec-

tric function outside the measured energy range. Two transitions are displayed: 

one corresponding to the band gap of h-BN at 6.09 eV (red Lorentz function in the 

inset), and one at 6.3 eV (blue Lorentz function in the inset) corresponding to the 

band gap energy of AlN. 

 

The simulated optical absorption spectra (Figure 55) directly obtained from the complex 

dielectric function displays corresponding transitions occurring at 6.12 ±0.13 eV for 

the exciton (very similar to the one found for h-BN/GaN at 6.16 ±0.01 eV) and 6.27 

±1.43 eV for the additional feature respectively. These transitions correspond to the 

points of inflection in the absorption spectra, since it is an excitonic system, with no 

clear steps at the threshold energy of the interband transition [84,86]. Consequently the 

optical properties of h-BN on AlN substrate are found to be dominated by a Frenkel ex-

citon at approximately 6.12 eV, and by an absorption peak at higher energies, at approx-

imately 6.27 eV. The difference between the excitonic transition for h-BN on GaN and 

h-BN on AlN is within the calculated error range of .13 eV, and shows good agreement 

between these results. This absorption peak at 6.27 eV is assumed to result from a mix-
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ing of the 𝜋 orbitals with those of the AlN substrate (which has a band gap energy of 

6.3 eV). Due to the proximity to the spectral range limit, this absorption peak has a large 

error bar and requires more precise data to be validated. The large error bar can be ex-

plained by either additional absorption peak at higher energies, which would contribute 

to the amplitude of the absorption peak at 6.27 eV, or by the lack of information of the 

higher energy tail. Extending the measured spectral range to include the entirety of the 

oscillator would mitigate this uncertainty. Further investigation of the origin of this 

transition is provided by the EELS measurements. The band gap of boron nitride is lo-

cated outside the energy range achieved experimentally and not detected here, therefore, 

the binding energy for the exciton may not be deducted of inferred from the data ac-

quired here. The optical absorption coefficient of the dominating Frenkel-exciton can be 

related to the in-plane (per layer) optical absorption 𝐼/𝐼!  ≈  𝑑/𝜆′, with d = 3.33 Å the 

distance between BN sheets, and 𝜆′ =  1/𝛼 optical absorption length (here the excitonic 

absorption coefficient for a single sheet of h-BN is 𝛼 = 160.2/𝜇𝑚). This means that the 

optical absorption of h-BN on AlN per monolayer is approximately 5.33%± 0.59, 

which is slightly inferior to that of h-BN on GaN (which is equivalent to the behaviour 

of quasi-2D h-BN).  
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Figure 55 Absorption coefficient derived from the complex dielectric functions of h-BN on 

AlN. The inset shows the complex dielectric function simulated over an extended 

energy range. 
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Layer Parameters Fit Value Error 

EMA 

Thickness [nm] 3.1 - 

Content of h-BN [%] 28.8 - 

Lorentz 1 

Amplitude 20.11 ± 57.40 

Broadening [eV] 0.30 ± 0.34 

Energy [eV] 6.09 ± 0.13 

Lorentz 2 

Amplitude 12.94 ± 95.16 

Broadening [eV] 0.15 ± 3.26 

Energy [eV] 6.30 ± 1.43 

AlN 

Thickness [nm] 1328.0 ± 1.2 

Lorentz 1 

Amplitude 2.35 ± 0.35 

Broadening [eV] 0.06 ± 0.02 

Energy [eV] 6.12 ± 0.01 

Lorentz 2 

Amplitude 3.02 ± 0.36 

Broadening [eV] 0.14 ± 0.02 

Energy [eV] 6.32 ± 0.01 

Sapphire Provided by Woollam Company 

Table 8 Fitting parameters of the optical model for few-layers h-BN flakes deposited on 

AlN substrate, including the Lorentz functions and layers thicknesses. 

 

7.2.2 h-BN on epitaxial AlxGa1-xN (𝒙 = 𝟎.𝟕𝟑) substrates grown on AlN/sapphire 

 

This sub-chapter provides an investigation of few-layers h-BN flakes deposited on epi-

taxial AlxGa1-xN (𝑥 = 0.73) samples cleaved from the same wafer as the sample meas-

ured in the previous chapter. Here, the optical model is built similar to that of h-BN on 

GaN (Figure 56), where the percentage of AlxGa1-xN (𝑥 = 0.73) fixed and unchanged at 

50% (of the original EMA thickness, and adapted with increased thicknesses). Since the 

AlxGa1-xN (𝑥 = 0.73) substrate is cleaved from the same wafer as in the experiments 

presented in the previous chapter, the parameters are exactly the same.  
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Figure 56 Three-layers optical model for (a) epitaxial AlxGa1-xN (x=0.73) thin film grown on 

an AlN substrate on sapphire and (b) h-BN deposited on a substrate from the same 

wafer as sample (a). Boron nitride flakes are incorporate din the surface rough-

ness layer. 

 

Figure 57(a) displays the acquired ∆ signals for the AlxGa1-xN  (𝑥 = 0.73) sample 

(shown in green and blue for measurements taken at 50˚ and 70˚ incident beam respec-

tively) and for the h-BN on AlxGa1-xN  (𝑥 = 0.73) sample (shown in magenta and red 

for measurements taken at 50˚ and 70˚ incident beam respectively). Figure 58(a) dis-

plays the acquired 𝛹 signals for the AlxGa1-xN  (𝑥 = 0.73) sample (shown in green and 

blue for measurements taken at 50˚ and 70˚ incident beam respectively) and for the h-

BN on AlxGa1-xN  (𝑥 = 0.73) sample (shown in magenta and red for measurements 

taken at 50˚ and 70˚ incident beam respectively). All spectra show a satisfying match 

between the model and the acquired data at all energies, although not as good as the 

previous sets of samples investigated (BN/GaN and BN/AlN). This is due to 1) the fact 

that the samples include an additional layer, which makes the modeling more compli-

cated (more interferences with more phase shifts due to various wave paths, and 2) the 

much thicker samples (3 times thicker) which make the frequency of the interference 

fringes much higher. This last point translates into more nods used in the initial model-

ing of the pseudo-dielectric function, and therefore an increased difficulty in keeping 

the continuity of the interpolating functions, resulting in a reduced-quality final model-

ling. The very good alignment between the two measurements (i.e. samples with and 

without boron nitride) indicates good quality samples. The difference in amplitude in 

the periodic interference fringes (Figure 57(b) and Figure 58(b)) results from the differ-

(a) (b) 
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ence in thicknesses due to the h-BN flakes and displays the thickness sensitivity of the 

ellipsometer to even the few Angstroms. 

 

  
Figure 57 (a) Δ measurements taken from a 70˚ incident beam for AlxGa1-xN (x = 0.73) (blue) 

and h-BN on AlxGa1-xN (x = 0.73) (red), and taken from a 50˚ incident beam for 

AlxGa1-xN (x = 0.73) (magenta) and h-BN on AlxGa1-xN (x = 0.73) (green). (b) Dif-

ference between the Δ measurements of AlN and h-BN/ AlxGa1-xN (x = 0.73), taken 

from a 70˚ incident beam (blue) and a 50˚ incident beam (green).  

 

  
Figure 58 (a) Ψ measurements taken from a 70˚ incident beam for AlxGa1-xN (x=0.73) (blue) 

and h-BN on AlxGa1-xN (x = 0.73) (red), and taken from a 50˚ incident beam for 

AlxGa1-xN (x = 0.73) (magenta) and h-BN on AlxGa1-xN (x=0.73). (b) Difference 

between the Ψ measurements of AlN and h-BN/ AlxGa1-xN (x=0.73), taken from a 

70˚ incident beam (blue) and a 50˚ incident beam (green).  

 

The complex dielectric function 𝜀 is then extractedfrom the ellipsometry data using Lo-

rentz and Tauc-Lorentz functions, where the amplitude, broadening and centre of ener-
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gy of the oscillators, as well as the thicknesses of layers are all used as fitting parame-

ters in this analysis, using a regression method fitted into the acquired spectra (i.e. 𝛹 

and ∆) to minimize the difference between the two and reproduce all features present in 

the experimental spectra fit (across the measured energy range, which includes interfer-

ence oscillations). Due to experimental factors relating to the increased complexity of 

this sample and substrate (i.e.: the addition of an AlN interlayer between the substrate 

and AlGaN), the upper-limit of the measured energy range was reduced by 0.3 eV. 

Therefore it was not possible to model accurately the contribution from the band gap 

transition, and this discussion is restricted to the excitonic transition around 6.1 eV only 

(although in the knowledge that some minor contribution from the band gap transition 

will be present in this range). The model (which is represented by dotted lines in Figure 

59) converges and remains stable and only shows a small difference in oscillations 

around 4.5 eV. This discrepancy between the model and the acquired data does not re-

sult from a missing oscillator (for example a Lorentz function): any supplementary 

function to the model is removed (i.e. amplitude converges to 0) and the model con-

verges to the same parameters. The details of all variables are presented in Table 9. The 

error bars are found to be slightly higher than that of h-BN on GaN (since the model is 

not as accurate), but lower than that of AlN, which comforts us in the accuracy of the 

model (the margin of errors does not result from the fit between the model and the ac-

quired values, otherwise it would be higher than that of AlN. Instead, it is believed they 

are due to the model encompassing an AlN epilayer, which makes the model slightly 

less stable since it has more interconnected fitting parameters). The function recreates 

all the features and the model converges (i.e. when variables are changed, they converge 

back to the same values with iterative fitting to the pseudo-dielectric function). The 

roughness layer increases by an average of 4 Å, allowing us to infer that the h-BN 

flakes lying on top of roughness hills are on average 2 layers thick (i.e. ranging from 1 

to 6 monolayers), which is in good agreement with the TEM experiments, and shows 

remarkable consistency between all the ellipsometry results, a testament to the sample 

preparation method. The imaginary component of the dielectric response 𝜀! of h-BN, 

modeled over the energy range of 7 eV (slightly extended from the 6.4 eV experimental 

range), is presented in Figure 60. The inset shows the modeled 𝜀!, extending up to 9 eV, 

where the measured energy range and the extended energy range are represented by sol-
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id and dashed black lines respectively. The excitonic and the band gap transitions are 

represented by Lorentz functions shown in red and blue respectively. The additional 

process, shown by the blue Lorentz function, is well within the measured range at ap-

proximately 5.5 eV. The amplitudes, positions and widths of the peaks are then refined, 

until the modeled data fit the experimental data precisely with negligible detectable er-

ror. The best fit is obtained using Lorentz functions centred at 6.09 eV for the excitonic 

transition, which offers a remarkable agreement with the other samples investigated (no 

matter the substrate or the samples, of which h-BN flakes come from different solutions 

prepared in different environments, the transition of the excitonic peak in the complex 

dielectric function remains stable at 6.09 eV), and another one at 5.5 eV, which corre-

sponds to the band gap transition found earlier for AlxGa1-xN (𝑥 = 0.73) and as from 

previous results with AlN, this transition results indicates contribution of AlxGa1-xN 

𝑥 = 0.73  to the properties of h-BN (remember, the high content AlxGa1-xN is ex-

pected to be very similar to AlN). The flakes were found to be a) much more rippled 

than that supported on GaN and b) display less atomic overlap meaning some stain may 

result, which means that AlxGa1-xN may have a more significant influence on the prop-

erties of 2D h-BN, which is confirmed here. Again, since only two significant transi-

tions appear in the data (in contrast to PL), and the model recreates every feature from 

the acquired spectra, the transition energies may be determined reliably. The notable 

absence of peaks related to defects or faults in the periodic stacking of 2D layers in bulk 

h-BN is proof that only few layers are being measured and that spectroscopic ellipsome-

try is a powerful tool to investigate the properties of 2D materials.  
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Figure 59 (a) ∆ and (b) 𝛹 measurements and parametrization for few-layers h-BN deposited 

on AlxGa1-xN (x = 0.73) grown on sapphire. Straight blue and red lines represent 

values taken from a 50˚ and 70˚ incident beam. Straight and dotted lines represent 

the acquired data and the fitted parametrization respectively. 

 
Figure 60 (a) 𝜀! (blue) and 𝜀! (orange) of few-layers h-BN deposited on AlxGa1-xN (x = 0.73) 

determined from the parameterization, displayed over the measured energy range. 

The inset shows 𝜀! simulated over a larger energy range, where the dotted lines 

show the Lorentz functions needed to build the dielectric function, and dashed lines 

show the dielectric function outside the measured energy range. Two transitions 

are displayed: one corresponding to the band gap of h-BN at 6.09 eV (red Lorentz 

function in the inset), and one at 5.5 eV (blue Lorentz function in the inset) corre-

sponding to the band gap energy of AlxGa1-xN (x = 0.73). 
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The simulated optical absorption spectra (Figure 61) displays corresponding calculated 

transitions occurring at 6.12 eV for the exciton (very similar to the one found for h-

BN/GaN at 6.16 eV, and exactly the same as the one found for h-BN/AlN) and 5.49 eV 

for the additional feature respectively (they correspond to the points of inflection in the 

absorption spectra due to the presence of excitons). Consequently the optical properties 

of h-BN on AlN substrate are found to be dominated by a Frenkel exciton at 6.12 eV, 

and an absorption peak at lower energies, 5.49 eV, which is assumed to result from a 

mixing of the 𝜋 orbitals with those of the AlxGa1-xN (𝑥 = 0.73) substrate. The band gap 

of boron nitride is located outside the energy range achieved experimentally and not de-

tected here, therefore, the binding energy for the exciton can not be deducted. The opti-

cal absorption coefficient of the dominating Frenkel-exciton can be related to the in-

plane (per layer) optical absorption 𝐼/𝐼!  ≈  𝑑/𝜆′, with d = 3.33 Å the distance between 

BN sheets, and 𝜆′ =  1/𝛼 optical absorption length (here the excitonic absorption coef-

ficient for a single sheet of h-BN is 𝛼 = 115.7/𝜇𝑚). This means that the optical ab-

sorption of h-BN on AlN per monolayer is approximately 3.85%± 0.1, which is inferi-

or to that of h-BN on both GaN and AlN (due to the fact that part of the absorption is 

happening at the lower energy).  

 
Figure 61 Absorption coefficient derived from the complex dielectric functions of h-BN on 

AlxGa1-xN (x = 0.73). The inset shows the complex dielectric function simulated 

over an extended energy range. 
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Layer Parameters Fit Value Error 

EMA 

Thickness [nm] 9.0 - 

Content of h-BN [%] 19.2 ± 2.6 

Lorentz 1 

Amplitude 9.84 ± 9.23 

Broadening [eV] 0.26 ± 0.15 

Energy [eV] 5.48 ± 0.04 

Lorentz 2 

Amplitude 20.57 ± 16.55 

Broadening [eV] 0.73 ± 0.02 

Energy [eV] 6.09 ± 0.13 

Al0.73Ga0.27N 

Thickness [nm] 4013.4 ± 10.9 

Lorentz 1 

Amplitude 0.11 ± 0.02 

Broadening [eV] 0.53 ± 0.13 

Energy [eV] 3.43 ± 0.06 

Lorentz 2 

Amplitude 0.09 ± 0.03 

Broadening [eV] 0.85 ± 0.38 

Energy [eV] 4.68 ± 0.12 

Tauc-Lorentz 1 

Amplitude 581.28 ± 305.18 

Broadening [eV] 0.03 ± 0.08 

Energy [eV] 5.32 ± 0.05 

Limit (𝐸!) [eV] 5.24 ± 0.03 

Lorentz 3 

Amplitude 1.03 ± 0.66 

Broadening [eV] 0.29 ± 0.26 

Energy [eV] 6.41 ± 0.13 

AlN 
Thickness [nm] 2752.0 ± 41.9 

Oscillators from previous sample 

Sapphire Provided by Woollam Company 

Table 9 Fitting parameters of the optical model for few-layers h-BN flakes deposited on 

AlxGa1-xN (x = 0.73) substrate, including the Lorentz functions and layers thick-

nesses. 
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7.3 ELECTRON ENERGY-LOSS SPECTROSCOPY 

 

As EELS provides information on the chemical and electronic structure of materials, the 

characterisation technique may offer new perspectives on the origin of the additional 

peaks at 6.30 eV and 5.48 eV in h-BN on AlN and AlxGa1-xN respectively. The EELS 

spectra of h-BN flakes deposited on AlN and AlxGa1-xN (𝑥 = 0.73) thin films are pre-

sented here. The flakes of interest are located at the edges of both substrates, which 

means parts are freestanding, and parts are overlapping with the substrate. Therefore, 

the B K-edge is recorded from different positions on the beam line along the flake (from 

freestanding to overlapping areas), and normalised to the maximum intensity of one 

peak to see changes in relative intensities between the 𝜋∗ and 𝜎∗ peaks. The position of 

the main features corresponds very well with those described in the 

literature [65,160,161,218,222].  The B K-edge of h-BN on AlN is presented in Figure 

62(b), and normalised to the maximum intensity of the second peak. Above 215 eV, it is 

possible to see a signal-thickness correlation. An additional acceptor level is detected 

just below the first peak, toward the Fermi energy, and a small shoulder peak A’ is 

found at the high-energy tail of the 𝜋∗ peak. The shoulder A’ peak was associated by 

Arenal et al. with transitions to the 𝜋∗ final state [160]. The beam line and positions 

recorded are presented on the STEM survey image (Figure 62(a)). The first B K-edge is 

recorded on the position furthest from the substrate where the sheet is freestanding and 

no other flakes lie on top of it. This corresponding EELS spectrum is represented by a 

light blue line and shows a similar spectrum to that of the h-BN on carbon grid (i.e. high 

𝜎 ∗⁄ 𝜋 ∗ relative intensity), which was expected. As EELS spectra are taken from posi-

tions along the beam line closer to the AlN substrate, the 𝜎 ∗⁄ 𝜋 ∗ relative intensity is 

not expected to decreased because of the thickness is the same (the beam line is located 

on a single flake, and no flakes was seen overlapping with it). Nevertheless, the 

𝜎 ∗⁄ 𝜋 ∗ relative intensity shows a significant decrease from beam line positions 1 to 3, 

indicating that the h-BN sheet experiences significant rippling. As discussed earlier, this 

geometric corrugation was predicted to affect the 𝜋∗ band in the h-BN sheet, with low 

and high lying atoms contributing unequally to the LDOS, which in turn affects the op-

tical properties of h-BN which are dominated by 𝜋 ∗− 𝜋 ∗ transitions [209]. It was pre-

viously predicted that orbital hybridisation of 2D h-BN may result in an energy shift of 
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the 𝜋∗ bands and/or a hybridisation-induced tail towards the Fermi energy coming from 

the mixing of the 𝜋∗ bands with the d states of the cation sub-lattice of the sub-

strates  [88,96,103,209,211]. The additional optical transition in the ellipsometry spectra 

that appeared to be related to the AlN band gap may therefore be a signature from the 

mixing of orbitals at the interface of h-BN with AlN. Figure 63(a) and (b) show the 

STEM survey image and B K-edge of h-BN on AlxGa1-xN (𝑥 = 0.73), and shows a 

similar effect. Additionally, as there are overlapping flakes, the 𝜎 ∗⁄ 𝜋 ∗ relative inten-

sity is expected to decrease with increased thickness, but between beam point 1 and 2, 

the ratio increases with increased thickness. This illustrates the extent of the geometric 

corrugation, which appears to have a more significant than increased thicknesses on the 

EELS spectra (i.e. sheets bend a lot and therefore, the increased scattering of electrons 

going through the sheets is negligible). The shape of the ionization edges (seen through 

the relative broadening) in core loss EELS is affected by the bonding and with 

filled/unfilled energy states. Therefore the relative broadening of the peaks occurring 

within the same flake was investigated by focusing the beam on a freestanding part of 

the h-BN flake, where there is no substrate, and moving the beam closer to the area 

where the h-BN flakes overlap with the substrate. Within each sample, no difference in 

broadening was found between the signal collected from the freestanding part and the 

part where the flake overlaps with the substrate.  

 

 

   
Figure 62 (a) Survey STEM image of h-BN/AlN and (b) comparison of EELS spectra at the B 

K-edge of BN normalised to the maximum intensity of the second peak from differ-

ent positions on the beam line. Corresponding points are indicated in the survey 

image: the blue and red lines correspond to regions of freestanding h-BN, the 

green line corresponds to a region of overlapping h-BN/AlN. 

π* 

σ* 

(a) (b) 
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Figure 63 (a) Survey STEM image of h-BN/AlxGa1-xN (x = 0.73), and (b) comparison of EELS 

spectra at the B K-edge of BN normalised to the maximum intensity of the second 

peak from different positions on the beam line. Corresponding points are indicated 

in the survey image: the blue and green lines correspond to regions of freestanding 

h-BN, the red line corresponds to a region of overlapping h-BN/AlxGa1-xN. 

 

7.4 DISCUSSION 

 

Hexagonal boron nitride flakes deposited through the methods developed here on vari-

ous substrates with different band gap and lattice parameters, namely GaN (band gap = 

3.4 eV, a = 3.189 Å), AlN (band gap = 6.2 eV, a = 3.112 Å), and AlxGa1-xN (𝑥 = 0.73) 

(band gap = 5.4 eV, a = 3.166 Å) are observed using HRTEM. Although it is challeng-

ing to do any statistical study using TEM, various flakes on each sample, and different 

samples of the same structures have been investigated. It was found that in every case 

that a controlled deposition of 10 layers thin or smaller flakes was achieved. The quality 

is superb with almost no contaminants present in the samples as shown by HRTEM im-

ages, and good signal-to-noise ratio EELS signals. It is of upmost importance that no 

contaminants are found on the surface of the substrates; otherwise the signal from inter-

faces with the flakes would in fact be the interface with the contaminant. The thickness 

of the flakes can be obtained from high resolution TEM as the edges of h-BN layers 

tend to fold in characteristic ways. Finally the stability of BN flakes is assessed by ob-

serving Moiré patterns: similar Moiré patterns mean similar relative in-plane rotations 

for h-BN on the substrates, indicating a stable in-plane rotation due to the lattice-

parameter mismatch. This structural difference may influence the electronic properties 

of h-BN, as revealed by spectroscopic ellipsometry results. 

(a) (b) 
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The 𝜀! components of the dielectric functions of h-BN on all three nitride substrates are 

presented in Figure 64(a), and the corresponding absorption coefficients compared in 

Figure 64(b). Table 10 compiles the centers of energy of all Lorentz functions, and the 

maxima of the corresponding calculated absorption spectra. The first noticeable result is 

the good agreement for the excitonic transition, both in terms of energy and amplitude, 

which is surprising considering all the variables in the model that affect the amplitude. 

Even though the broadening of the Lorentz peaks are similar, the overall shape is only 

affected by additional peaks at lower or higher energies. Lorentz functions correspond-

ing to the band gap transition of both AlxGa1-xN (𝑥 = 0.73) and AlN fit the data well 

and indicate the existence of interactions between the substrates and 2D/few-layer hex-

agonal boron nitride. These interactions are likely to be a mixing of the 𝜋∗ states and the 

d states from the substrates, as previously explained. The very high optical absorption 

coefficients shown in Figure 64(b) are a strong factor behind the efficient exciton emis-

sion in h-BN, on top of its layered structure that increases the exciton oscillator 

strength, and demonstrate its potential for deep UV photo-detectors. These absorption 

coefficients also show a transfer in absorption strength from the main exciton at 6.12 eV 

to the additional absorption level in the band gap for BN on AlxGa1-xN (𝑥 = 0.73) and 

BN on AlN, compared to that of h-BN on GaN unaffected by the GaN substrate. These 

results show the optical properties of BN flakes are affected by the substrates they sit on 

top of, and may be directly influenced by the band gap energy of these substrates. The 

optical absorption coefficient of the dominating Frenkel-exciton can be related to the in-

plane (per layer) optical absorption 𝐼/𝐼!  ≈  𝑑/𝜆′, with d = 3.33 Å the distance between 

BN sheets, and 𝜆′ =  1/𝛼 optical absorption length (here the excitonic absorption coef-

ficient for a single sheet of h-BN is 𝛼 = 203.5/𝜇𝑚, which is 10 times higher than that 

of AlN  [213]). 
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Figure 64 (a) Comparison of the imaginary components of the dielectric functions of h-BN on 

GaN (black), Al0.73Ga0.27N (red), and AlN (blue). Dashed lines show the dielectric 

function outside the measured energy range up to 9 eV. (b) Comparison of the ab-

sorption coefficients derived from the complex dielectric functions of h-BN on GaN 

(black), Al0.73Ga0.27N (red), and AlN (blue) up to 6.3 eV, limited by the poles in 

AlN. 

 

  Dielectric functions 

(eV) 

Absorption spectra 

(eV) 

h-BN/GaN peak 1 (excitonic) 6.09 6.18 

peak 2 (band gap) 6.80 6.86 

h-BN/AlxGa1-xN 

x = 0.73 

peak 1 (new) 5.48 5.49 

peak 2 (excitonic) 6.09 6.12 

h-BN/AlN peak 1 (excitonic) 6.09 6.12 

peak 2 (new) 6.28 6.30 

Table 10 Centred energy of the Lorentz-type functions and their corresponding calculated 

absorption transitions for h-BN deposited on GaN, AlN, and AlxGa1-xN (x=0.73). 
 

 

Figure 65(a) and (b) show a similar change in relative intensities between the 𝜋∗ and 𝜎∗ 

peaks, where 𝜎∗ peak intensity decreases (respectively 𝜋∗ peak increases) in spectra ob-

tained from regions of freestanding h-BN flakes as the beam moves closer to the area 

where the h-BN flake overlaps with the AlN and AlxGa1-xN (𝑥 = 0.73) respectively. 

This is the opposite effect to that of h-BN on GaN: as the beam moves closer to the 
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substrate where h-BN and substrate eventually overlap, no relative increase of the 𝜎∗ 

peak for BN/GaN was found (except for regions where multiple flakes lie on top of each 

other), and a relative decrease of the 𝜎∗ peak for both BN/AlxGa1-xN (𝑥 = 0.73) and for 

BN/AlN. The change in relative intensity could very well be due to the orientation 

effects of the electron beam with respect to the BN flake. The relative in-plane rotation 

of h-BN and the substrate is the key factor: as explained previously, the number of 

atoms of the boron nitride sheet sitting on atoms of the substrate upper layer (and 

thereofore the amount of orbital overlap) changes with the lattice parameters and 

prefential orientation. Additionally, as shown by the vertical blue and red dotted lines, 

the lower-energy tail of the first peak broadens toward the Fermi energy in the case of 

h-BN on AlxGa1-xN 𝑥 = 0.73 , which may indicate additional excitonic transitions 

within the band gap (and confirms the data from spectroscopic ellipsometry). In sum-

mary, spectra acquired from h-BN sitting on GaN show significant differences to the 

ones acquired on h-BN sitting on both AlN and AlxGa1-xN (𝑥 = 0.73), with the 

prominent features being the additional shoulder peak A’, and the broadening of the 𝜋∗ 

peak also displayed in Figure 66.  

 

 
Figure 65 ELNES of the B K-edge for h-BN sitting on (a) GaN and (b) AlGaN. The electron 

beam probes over a line on the BN flake: with blue function represents the thinnest 

region where BN is freestanding, red is the interface between freestanding and 

overlapping, and green function the thicker region where BN overlaps with the 

substrate. 

 

π* σ* 
π* 

σ* 

(a) (b) 

A’ 
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Figure 66 ELNES of the B K-edge for h-BN sitting on GaN (red) and on Al0.73Ga0.27N 

(blue) normalised to the maximum of the first peak.  The first fine structure 

around the ionization edge is broader for h-BN/AlxGa1-xN (x = 0.73) than it 

is for h-BN/GaN 

 

To conclude, spectroscopic ellipsometry, and combined with EELS in particular, is 

found to be a successful technique to probe the optical properties of 2D materials, one 

that overcomes most problems inherent to photoluminescence techniques and enables 

experimental data to be obtained regarding the optical properties of two-dimensional 

hexagonal boron nitride, and that agrees with GW theoretical predictions. Additionally, 

it was shown that different substrates affect these properties differently. It was found 

that GaN doesn’t affect the optical properties of 2D BN. On the other hand, AlxGa1-

xN (𝑥 = 0.73) (which has a different relative in plane rotation of the 2D layer and 

therefore periodicity of overlapping atoms) and AlN (with similar lattice parameters 

than that of AlxGa1-xN (𝑥 = 0.73)) do affect the optical properties of 2D BN. These ad-

ditional transition peaks, occurring at similar energies to those of the substrate band 

gaps, may result from a mixing of 𝜋 − 𝜋∗ orbitals, as changes in the broadening of the 

𝜋 − 𝜋∗ peak for h-BN/ AlxGa1-xN (𝑥 = 0.73) versus h-BN/GaN is measured. Finally, 

the very high absorption coefficient of h-BN was reported on all these substrates, 

providing a better understanding of the luminescence properties of this material and its 

potential for UV photo-detectors. These results are of particular importance as we move 

towards 2D materials based devices, where these materials must be considered as part 

of larger systems, and interactions at interfaces may influence and even dominate their 

properties. Finally, this work confirms that hexagonal boron nitride shows great prom-

ise as an active material for deep UV light emitters and detectors considering its very 

A' 
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large band gap energy, and newly found substrate-assisted controllable optical proper-

ties.   
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8 OPTICAL PROPERTIES OF BULK BaZrxTi1-xO3 

 

The optical properties of barium-based perovskite oxides are dominated by an indirect 

band gap, which means this class of materials is generally considered unsuitable for use 

in optoelectronic devices. Nonetheless, it has been shown recently that reducing the 

thickness to atomic layers could lead materials with an indirect band gap in their 3D 

form to have direct band gaps in their 2D form, as illustrated by the primary band gap of 

MoS2 that changes from indirect in the bulk to direct in its monolayer 

form [37,107,108]. If a direct band gap could be obtained for 2D perovskite oxides, they 

would make for excellent materials in high quality UV optoelectronics: indeed the 

availability of UV transparent lattice-matched substrates, such as magnesium oxide 

(MgO, a non-polar, large band gap and thus UV transparent material with face-centered 

cubic structure) allows for the growth of material with significantly lower defect densi-

ties than that of nitride heterostructures. 

 

The lowest-lying (indirect) band gap energies of barium titanate (BaTiO3 or BTO) and 

barium zirconate (BaZrO3 or BZO) were measured at approximately 3.2 eV and 5.3 eV 

respectively by previous room temperature spectroscopic studies, including ellipsometry 

and UV-visible transmission spectroscopy [102–105]. This means BaZrxTi1-xO3 or 

BZTO alloys cover almost a 2 eV energy range. Nonetheless, these investigations do 

not present the direct band gap energies or absorption coefficients of these materials, 

which are important for device purposes. Additionally, there are large discrepancies be-

tween previous PL and ellipsometry measurements: the latter studies show the band gap 

of BaZrxTi1-xO3 described by a cubic plane curve equation rather than a quadratic equa-

tion [111]. Finally, no studies have considered the deviation of the band gap trend from 

the linear trend expected between the two end members of these materials (i.e. bowing 

parameter), even though the tunability of the band gap energy of perovskite oxides is 

often commented on. In this chapter, the optical properties of bulk (i.e. 100 nm thin 

films) BTO, BZO, and BaZrxTi1-xO3 (𝑥 = 0.5) grown on MgO substrates are presented, 

including direct and indirect band gap energies, dielectric functions and absorption co-

efficients, and the bowing parameter to predict the band gap energy of BaZrxTi1-xO3 al-

loys). All experiments are carried out using spectroscopic ellipsometry, and compared 
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to UV-Vis measurements. The UV-Vis data is treated to produce a Tauc plot from the 

same process used in this thesis to analyse the optical transitions from the absorption 

coefficients derived from ellipsometry data. This process is explained below and illus-

trated in Figure 69. The optical spectra from UV-Vis measurements are determined from 

Lambert Law using film thickness measured from profilometer, and the optical transi-

tions are determined using linear regressions on the Tauc plots. 

 

8.1 BaTiO3 (BTO) 

 

In this section, the samples are made of epitaxial BaTiO3 (BTO) film grown on MgO, 

and the thickness of the BTO thin film was measured by profilometer to be approxi-

mately 100 𝑛𝑚. The three-phase optical model is built similarly to that of GaN on sap-

phire. The parameterization of the MgO substrate is provided by the CompleteEase 

software’s library. Cross-sectional TEM results, courtesy of Dr Sneha Rhode, confirm 

clean and compositionally abrupt interfaces between BTO and MgO. The starting pa-

rameters for the optical transitions and thicknesses are provided by UV-Vis measure-

ments using a Cary UV-Vis 500 spectrometer and by profilometer measurements, all 

provided by Jonathan Rackham from Imperial College London: the thickness is the thin 

film is initially set at 100 nm, the roughness at 1 nm (found to be less than 1 nm across 

the sample) and the first indirect band-to-band transition set at 3 eV. The measured 

spectrum (𝛹 and ∆ values taken from a 50˚ and 70˚ incident beam) shows only two os-

cillations coming from interferences between reflected light from the BTO-MgO and 

BTO-air interfaces, due to the thin film. The stable model (which is represented by dot-

ted lines in Figure 67) reproduces all features present in the experimental spectra, and 

only shows a negligible difference with it around the sharp oscillatory changes around 5 

eV in the 𝛹 spectrum. The best fit is obtained using parametric dielectric functions 

composed of three band-to-band transitions, one representing the fundamental band gap 

and two others at higher energy accounting for the higher lying interband transitions 

(values for the all variables presented in Table 11). The calculated transitions in the 

complex dielectric function spectra (Figure 68(a)) are centered at 3.963 eV, 4.522 eV, 

and 6.309 eV respectively. The simulated absorption coefficient (Figure 68(b)) is ob-
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tained directly through the extinction coefficient term present in the complex dielectric 

function: 𝛼 = 4𝜋𝑘𝐸 ⁄ ℎ𝑐.  

 

 
Figure 67 (a) ∆ and (b) 𝛹 measurements and parametrization for BTO thin film grown on 

MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 68 (a) 𝜀! (blue) and 𝜀! (orange) of BTO thin film grown on MgO determined from the 

parameterization, displayed over the measured energy range. (b) Absorption coef-

ficient derived from the complex dielectric function. 

 

The direct and indirect band gap energies of BTO are derived from the Tauc plot of 

𝛼ℎ𝜈 !/!, where the coefficient 𝑛 depends on the type of transition occurring: 𝑛 = 1/2 

for direct allowed transitions, 𝑛 = 3/2 for direct forbidden transitions, 𝑛 = 2 for indi-

rect allowed transitions and 𝑛 = 3 for indirect forbidden transitions [208]. For direct 

band gap transitions (i.e. 𝑛 = 1/2, Figure 69(a)), the linear region of the plot shows the 
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onset of absorption, and the direct band gap energy is therefore extrapolated towards 

lower energies where it intersects with the abscissa. For indirect band gap transitions 

(i.e. 𝑛 = 2, Figure 69(b)), the band gap is determined by the average of the two values 

corresponding to the lower energy regressions from the two linear regions. This approx-

imation is used to remove the effect of phonons, present at room temperature, which is 

seen through the Urbach tail at lower energies [209]. The indirect band gap is calculated 

at 3.37 eV and the direct band gap at 3.82 eV, confirming indeed the indirect nature of 

the material in its bulk form. 

 

 
Figure 69 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of BTO/MgO presented in Figure 68(b). 

Both spectra come from the same data set. The linear region is extrapolated to 

lower energies to yield the direct band gap, and the indirect band gap is given by 

the average from the lower energy regressions of the two linear regions (to remove 

the influence of phonons on the result). 
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 3.8 ± 0.1 

BTO 

Thickness [nm] 84.2 ± 0.1 

Lorentz 1 

Amplitude 2.40 ± 0.06 

Broadening [eV] 0.26 ± 0.01 

Energy [eV] 3.96 ± 0.01 

Tauc-Lorentz 1 

Amplitude 122.12 ± 1.98 

Broadening [eV] 1.36 ± 0.01 

Energy [eV] 4.52 ± 0.01 

Limit (𝐸!) [eV] 3.27 ± 0.01 

Lorentz 2 

Amplitude 1.04 ± 0.02 

Broadening [eV] 0.73 ± 0.03 

Energy [eV] 6.31 ± 0.01 

MgO Provided by Woollam Company 

Table 11 Fitting parameters of the optical model for BTO on MgO, including the Lorentz 

functions and layers thicknesses. 

 

8.2 BaZrO3 (BZO) 

 

These samples are made of epitaxial BaZrO3 (BZO) film grown on MgO, and the thick-

ness of the BZO thin film was measured to be approximately 100 𝑛𝑚. Similarly to 

BTO, the starting parameters for the optical transitions are given by UV-Vis measure-

ments using a Cary UV-Vis 500 spectrometer and the starting parameters for thickness 

and roughness are provided by profilometer measurements (data courtesy of Jonathan 

Rackham). The sample is found to be approximately 100 nm thick, and the roughness 

lesser than 1 nm across the sample. The indirect band gap of BZO is found to be be-

tween 4.75 eV and 5.25 eV. The measured spectrum (𝛹 and ∆ values taken from a 50˚ 

and 70˚ incident beam) shows only two oscillations coming from interferences between 
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reflected light from the BZO-MgO and BZO-air interfaces, similar to the previously 

studied BTO samples (as expected due to the films similar thicknesses). The model 

(which is represented by dotted lines in Figure 70) also reproduces all features present in 

the experimental spectra. The best fit is obtained using parametric dielectric functions 

composed of three band-to-band transitions, one representing the fundamental band gap 

and two others at higher energy accounting for the higher lying interband transitions 

(values for the all variables presented in Table 12). The calculated transitions in the 

complex dielectric function spectra are centered at 5.61 eV, 5.81 eV, and 6.32 eV re-

spectively. The complex dielectric function and simulated absorption coefficient de-

rived from the dielectric function are presented in Figure 71(a) and Figure 71 (b) respec-

tively.  

 
Figure 70 (a) ∆ and (b) 𝛹 measurements and parametrization for BZO thin film grown on 

MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 
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Figure 71 (a) 𝜀! (blue) and 𝜀! (orange) of BZO thin film grown on MgO determined from the 

parameterization, displayed over the measured energy range. (b) Absorption coef-

ficient derived from the complex dielectric function. 

 

The direct and indirect band gap energies of BZO are derived from the Tauc plot of 

𝛼ℎ𝜈 !/!. The extrapolation procedure to determine exactly the band gap energies is 

explained in the previous section. The indirect band gap is calculated at 5.13 eV (𝑛 = 2, 

Figure 72(b)) and the direct band gap at 5.48 eV (𝑛 = 1/2, Figure 72(a)), confirming in-

deed the indirect nature of the material in its bulk form. 

 

 
Figure 72 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of BZO/MgO presented in Figure 71(b). 

Both spectra come from the same data set. The linear region is extrapolated to 

lower energies to yield the direct band gap, and the indirect band gap is given by 

the average from the lower energy regressions of the two linear regions (to remove 

effects of phonon). 
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 3.2 ± 0.1 

BZO 

Thickness [nm] 110.7 ± 0.1 

Lorentz 1 

Amplitude 1.22 ± 0.04 

Broadening [eV] 0.20 ± 0.01 

Energy [eV] 5.61 ± 0.01 

Lorentz 2 

Amplitude 0.88 ± 0.04 

Broadening [eV] 0.23 ± 0.02 

Energy [eV] 5.81 ± 0.01 

Tauc-Lorentz 1 

Amplitude 294.19 ± 6.48 

Broadening [eV] 2.07 ± 0.04 

Energy [eV] 6.33 ± 0.01 

Limit (𝐸!) [eV] 5.01 ± 0.01 

MgO Provided by Woollam Company 

Table 12 Fitting parameters of the optical model for BZO on MgO, including the Lorentz 

functions and layers thicknesses. 

 

8.3 BaZrxTi1-xO3 (BZTO) 

 

The samples are made of epitaxial BaZrxTi1-xO3 (BZTO) film grown on MgO, and the 

thickness of the BZTO thin film was again measured to be approximately 100 𝑛𝑚. The 

UV-Vis measurements indicated an indirect band gap of BZTO at approximately 3.5 

eV, and the thicknesses measurements indicated that BZTO was approximately 100 nm 

thick, and the roughness lesser than 1 nm across the sample (data provided by Jonathan 

Rackham). The measured spectrum (𝛹 and ∆ values taken from a 50˚ and 70˚ incident 

beam) shows only two oscillations coming from interferences between reflected light 

from the BZTO-MgO and BZTO-air interfaces, due to the thin film. The model is repre-

sented by dotted lines in Figure 73 and reproduces all features present in the experi-
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mental spectra. The best fit is obtained using parametric dielectric functions composed 

of three band-to-band transitions, one representing the fundamental band gap and two 

others at higher energy accounting for the higher lying interband transitions (values for 

the all variables presented in Table 13). The calculated transitions in the complex dielec-

tric function spectra (Figure 74(a)) are centered at 4.28 eV, 4.69 eV, and 6.44 eV respec-

tively. The simulated absorption coefficient is presented in Figure 74(b), and yields an 

indirect band gap at 3.59 eV (𝑛 = 2, Figure 75(b)), and a direct band gap at 4.09 eV 

(𝑛 = 1/2, Figure 75(a)), confirming indeed the indirect nature of the material in its bulk 

form. 

 

 
Figure 73 (a) ∆ and (b) 𝛹 measurements and parametrization for BZTO thin film grown on 

MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 74 (a) 𝜀! (blue) and 𝜀! (orange) of BZTO thin film grown on MgO determined from 
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the parameterization, displayed over the measured energy range. (b) Absorption 

coefficient derived from the complex dielectric function. 

 

 
Figure 75 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of BZTO/MgO presented in Figure 

74(b). Both spectra come from the data set. The linear region is extrapolated to 

lower energies to yield the direct band gap, and the indirect band gap is given by 

the average from the lower energy regressions of the two linear regions (to remove 

effects of phonon). 

 

Layer Parameters Fit Value Error 

EMA Thickness [nm] 2.2 ± 0.1 

BZTO 

Thickness [nm] 116.2 ± 0.1 

Lorentz 1 

Amplitude 0.64 ± 0.02 

Broadening [eV] 0.34 ± 0.01 

Energy [eV] 4.28 ± 0.01 

Tauc-Lorentz 1 

Amplitude 101.85 ± 1.40 

Broadening [eV] 1.72 ± 0.01 

Energy [eV] 4.69 ± 0.01 

Limit (𝐸!) [eV] 3.55 ± 0.01 

Lorentz 2 

Amplitude 2.33 ± 0.03 

Broadening [eV] 0.58 ± 0.01 

Energy [eV] 6.44 ± 0.01 

MgO Provided by Woollam Company 
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Table 13 Fitting parameters of the optical model for BZTO on MgO, including the Lorentz 

functions and layers thicknesses. 

 

8.4 DISCUSSION 

 

The models for all three samples describe the acquired spectra with high precision, and 

the modeled structural parameters such as thickness and roughness are in good agree-

ment with TEM, AFM and profilometer data. A comparison of the dielectric functions, 

absorption coefficients and band gap energies for BTO, BZO, and BaZrxTi1-xO3 is dis-

played in Figure 76(a-d). The higher energy band-to-band transition at approximately 6.5 

eV is present in all three samples, while the amplitude of the oscillation is dependent on 

the lower energy transitions (i.e. the stronger the lower energy transition is, the weaker 

the high-energy transition is. This is consistent with the theory of absorption in semi-

conductors). Although the three samples show different crystal structures, the same 

number of functions (3) is used to model the complex dielectric function of BaZrxTi1-

xO3 with different content, and this indicates that the same number of optical processes 

are occurring. The optical properties of all samples are dominated by an indirect band 

gap at 3.37 eV (BTO), 3.59 eV (BaZrxTi1-xO3 𝑥 = 0.5), and 5.13 eV (BZO). The first 

direct band gaps are found at 3.82 eV (BTO), 4.09 eV (BaZrxTi1-xO3 𝑥 = 0.5), and 5.48 

eV (BZO) respectively. 
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Figure 76 Comparison between (a) the real (dashed lines) and imaginary (straight lines) 

components of the dielectric functions, (b) the absorption coefficients, (c) the Tauc 

plots for allowed direct transitions (linear region in dotted lines), and (d) the Tauc 

plots for allowed indirect transitions of BZTO as a function of composition (also 

determined by the dotted lines). BTO is shown in black, BZO in red, and BaZrxTi1-

xO3 with 𝑥 = 0.5 in blue. 

 

The optical properties show a similar trend to that measured using UV-Vis (Figure 

77(b)), but the signal-to-noise ratio is higher (i.e. no noise at lower energies which make 

it difficult to determine the linear region corresponding to band-to-band processes). Ad-

ditionally, the shapes of the absorption coefficient as a function of energy are not de-

scribed in a physical manner using UV-Vis: it appears to vary from convex (BZO) to 

concave (BTO) curves as seen in Figure 77(a), which is inconsistent with the Tauc plots 

and also makes it difficult to identify the relevant linear regions. In ellipsometry, all the 

data show similar curves, which can be modeled and interpreted easily. Again, it must 

be noted that previous studies have demonstrated that Lorentzian broadening does not 

accurately describe all absorption processes (the line broadening function does not take 
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into account broadening caused by electron-phonon or dilute electron-impurity scatter-

ing) [176,190,202]. Therefore, small discrepancies between the model and the measured 

data may originate from the incomplete description of the phenomena as described by 

Lorentzian broadening.  

 

 

 
Figure 77 (a) Tauc plot for indirect transition determined from UV-Vis measurements and (b) 

corresponding indirect band gap energies for BaZrxTi1-xO3, with x ranging from 0 

to 1. Data courtesy of Jonathan Rackham. 

 

Previous ellipsometry studies with a measured energy range of 5 eV [209] calculated 

the optical properties of BZTO to range from 3.06 eV (BTO), 3.70 eV (BaZrxTi1-xO3 

with 𝑥 = 0.5) to 4.09 eV (BZO), which is shown in Figure 78.  

 

 
Figure 78 Indirect band gap energies for BZTO with changing composition as described by 

Ventura et al. ellipsometry measurements [224]. 

 

(a) (b) 
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All the parameterizations appear to be stable and reliable (i.e. when variables are 

changed, they converge back to the same values with iterative fitting to the pseudo-

dielectric function) and provide acceptable errors. It is often difficult to provide initial 

estimates for all the model parameters (band structure calculations are known to under-

estimate band gap energies, and growth is often challenging to achieve with precise 

thicknesses) [190]. Therefore, most reports using ellipsometry use different values for 

initial parameters and rerun the fitting routines until an acceptable fit is obtained. Here, 

using starting parameters for thicknesses and roughness available by TEM and pro-

filometer measurements, as well as measured band gap energies for BaZrxTi1-xO3 using 

UV-Vis, an exceptionally good fit between the model and the acquired data is achieved 

(to our knowledge, this is the most accurate fitting of ellipsometry data on these materi-

als). Therefore, spectroscopic ellipsometry is found to be accurate in determining the 

optical properties of thin films. 

 

This initial study on the optical and structural properties of perovskite oxides confirms 

that the samples are of high-crystalline quality, and that spectroscopic ellipsometry in 

combination with modelling is useful for the investigation of these properties. The ellip-

sometry data was shown to be sensitive to thickness changes as low as a few nanome-

ters, which makes it ideal to investigate the thicknesses and structural properties of 2D 

materials, assuming there is an independent thickness measurement available as an ini-

tial fit parameter. The combination of optical measurements from ellipsometry and the 

dielectric models provided accurate measurements of both the direct and indirect band 

gap energies that have previously been reported. All these data can also serve as reliable 

initial parameters for the study of the optical properties of these same materials with 

reduced dimensionality. 
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9 OPTICAL PROPERTIES OF BaZrxTi1-xO3: 

EFFECTS OF DIMENSIONALITY 

 

In the previous chapter, the optical properties of bulk (approximately 100 nm thick thin 

films) BaZrxTi1-xO3 with 𝑥 = 0, 0.5, 1 have been determined: it was found that these 

indirect band gap materials are dominated by indirect band-to-band transitions at 3.37 

eV (BTO), 3.59 eV (BZTO, 𝑥 = 0.5), and 5.13 eV (BZO). The first allowed direct 

band-to-band transitions are found at 3.82 eV (BTO), 4.09 eV (BZTO, 𝑥 = 0.5), and 

5.48 eV (BZO) respectively. In this chapter, the effects of reduced dimensionality on 

these properties are explored by investigating the optical processes in 5 nm and 2 nm 

thick thin films made of the same materials, using similar growth procedure. If a direct 

band gap could be reached in 2D perovskite oxides, as reported for MoS2 [37,108], they 

would make for excellent materials in high quality UV optoelectronics.  

 

9.1 BaTiO3 (BTO) 

 

5 nm thin films 

 

The optical properties found in the previous chapter for bulk samples are used as initial 

parameters. The sample was measured to be approximately 5 nm thick using a pro-

filometer, and is found to be 7.2 nm thick using spectroscopic ellipsometry, with a 

roughness measured to be lesser than 1 nm across the sample. The acquired spectrum 

(𝛹 and ∆ values taken from a 50˚ and 70˚ incident beam) shows only one oscillation 

coming from interferences between reflected light from the BTO-MgO and BTO-air 

interfaces, due to the very small thickness of the film (i.e. less of a phase difference due 

to smaller differences in optical distances). The model (which is represented by dotted 

lines in Figure 79) reproduces all features present in the experimental spectra. The best 

fit is obtained using parametric dielectric functions composed of three band-to-band 

transitions (similarly to bulk BTO), one representing the fundamental band gap and two 

others at higher energy accounting for the higher lying interband transitions (values for 

the all variables presented in Table 14). The complex dielectric function spectra is pre-
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sented in Figure 80(a)) and the simulated absorption coefficient in Figure 80 (b). The cal-

culated transitions from the dielectric function are centered at 4.27 eV, 4.82 eV, and 

6.18 eV, and correspond the oscillations found in the bulk sample (100 nm) at 3.96 eV, 

4.52 eV, and 6.31 eV respectively. From the absorption spectra, the indirect band gap is 

calculated at 3.39 eV (𝑛 = 2, Figure 81(b)), which has increased from the 3.37 eV indi-

rect band gap found for bulk and the direct band gap at 4.02 eV (𝑛 = 1/2, Figure 81(a)) 

which has increased from the 3.82 eV direct band gap found for bulk. The optical prop-

erties of BTO are therefore dominated by an indirect band gap, even with reduced di-

mensionality from 100 nm to 7 nm, the direct band gap increasing even more than the 

indirect one (contrary to the trend seen in MoS2). 

 

 
Figure 79 (a) ∆ and (b) 𝛹 measurements and parametrization for 7 nm BTO thin film grown 

on MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ in-

cident beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 
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Figure 80 (a) 𝜀! (blue) and 𝜀! (orange) of 7 nm BTO thin film grown on MgO determined 

from the parameterization, displayed over the measured energy range. (b) Absorp-

tion coefficient derived from the complex dielectric function. 

 

 
Figure 81 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of 7nm BTO on MgO presented in Fig-

ure 80(b). Both spectra come from the same data set. The linear region is extrapo-

lated to lower energies to yield the direct band gap, and the indirect band gap is 

given by the average from the lower energy regressions of the two linear regions 

(to remove the influence of phonons on the data). 
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Layer Parameters Fit Value Error 

EMA Thickness [nm] 0.9 ± 1.4 

BTO 

Thickness [nm] 7.3 ± 2.1 

Lorentz 1 

Amplitude 1.26 ± 0.46 

Broadening [eV] 0.58 ± 0.03 

Energy [eV] 4.27 ± 0.01 

Tauc-Lorentz 1 

Amplitude 44.69 ± 9.91 

Broadening [eV] 1.35 ± 0.04 

Energy [eV] 4.82 ± 0.01 

Limit (𝐸!) [eV] 3.12 ± 0.05 

Lorentz 2 

Amplitude 1.14 ± 0.31 

Broadening [eV] 0.67 ± 0.04 

Energy [eV] 6.18 ± 0.01 

MgO Provided by Woollam Company 

Table 14 Fitting parameters of the optical model for 5 nm BTO on MgO, including the Lo-

rentz functions and layers thicknesses. 

 

2 nm thin films 

 

Here, the optical properties found in the 7 nm samples are used as the initial parameters. 

The sample was measured to be approximately 2 nm thick using profilometry, and is 

found to be 2.6 nm thick using spectroscopic ellipsometry, with a roughness of approx-

imately 1.5 nm across the sample. The measured spectrum shows a similar but attenuat-

ed oscillation seen in the 7 nm sample, coming from interferences between reflected 

light from the BTO-MgO and BTO-air interfaces, due to the thin film. The model 

(which is represented by dotted lines in Figure 82) is again obtained using parametric 

dielectric functions composed of three band-to-band transitions, one representing the 

fundamental band gap and two others at higher energy accounting for the higher lying 

interband transitions (values for the all variables presented in Table 15). The calculated 

transitions in the complex dielectric function spectra (Figure 83(a)) are centered at 4.34 

eV, 4.84 eV, and 6.48 eV (an increase from 4.27 eV, 4.82 eV, and 6.18 eV in the 7 nm 

sample, and 3.96 eV, 4.52 eV, and 6.31 eV in the 100 nm sample). The simulated ab-
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sorption coefficient (Figure 83(b)) yields an indirect band gap at 3.42 eV (Figure 84(b), 

increased from 3.37 eV and 3.39 eV respectively found for bulk and 7 nm thin film re-

spectively) and the direct band gap at 4.21 eV (Figure 84(a), increased from 3.82 eV and 

4.02 eV respectively found for bulk and 7 nm thin film respectively). The band gap of 

BTO remains indirect, as the direct band gap energies increase more than the indirect 

band gap energies as the layer thickness decreases (contrary to the trend seen in MoS2). 

BTO is therefore not a good candidate for light emitters, either in its 3D or 2D form, 

although it may find application in photodetectors. 

 
Figure 82 (a) ∆ and (b) 𝛹 measurements and parametrization for 2 nm BTO film grown on 

MgO . Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 83 (a) 𝜀! (blue) and 𝜀! (orange) of 2 nm BTO film grown on MgO determined from 

the parameterization, displayed over the measured energy range. (b) Absorption 

coefficient derived from the complex dielectric function. 
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Figure 84 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of 2nm BTO on MgO presented in Fig-

ure 83(b). Both spectra come from the same data set. The linear region is extrapo-

lated to lower energies to yield the direct band gap, and the indirect band gap is 

given by the average from the lower energy regressions of the two linear regions 

(to remove the influence of phonons on the data). 

 

Layer Parameters Fit Value Error 

EMA Thickness [nm] 1.5 ± 0.6 

BTO 

Thickness [nm] 2.6 ± 1.1 

Lorentz 1 

Amplitude 0.85 ± 0.51 

Broadening [eV] 0.72 ± 0.03 

Energy [eV] 4.34 ± 0.01 

Tauc-Lorentz 1 

Amplitude 61.66 ± 27.52 

Broadening [eV] 1.46 ± 0.06 

Energy [eV] 4.84 ± 0.01 

Limit (𝐸!) [eV] 3.44 ± 0.04 

Lorentz 2 

Amplitude 1.72 ± 0.88 

Broadening [eV] 0.90 ± 0.10 

Energy [eV] 6.483 ± 0.03 

MgO Provided by Woollam Company 

Table 15 Fitting parameters of the optical model for 2 nm BTO on MgO, including the Lo-

rentz functions and layers thicknesses. 
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9.2 BaZrO3 (BZO) 

 

5 nm thin films 

 

The optical properties found in the previous chapter for bulk samples are used as initial 

parameters. The sample was measured to be approximately 5 nm thick using profilome-

ter, and is found to be 2.3 nm thick using spectroscopic ellipsometry, with a roughness 

measured to be approximately 3.7 nm across the sample (therefore close to the expected 

5 nm thickness, but the layer is less homogeneous). The acquired spectrum shows only 

one oscillation coming from interferences between reflected light from the BZO-MgO 

and BZO-air interfaces, due to the very small thickness of the film (i.e. less of a phase 

difference due to smaller differences in optical distances). The model (which is repre-

sented by dotted lines in Figure 85) is again obtained using parametric dielectric func-

tions composed of three band-to-band transitions, one representing the fundamental 

band gap and two others at higher energy accounting for the higher lying interband tran-

sitions (values for the all variables presented in Table 16). The calculated transitions in 

the complex dielectric function spectra (Figure 86(a)) are centered at 5.62 eV, 5.80 eV, 

and 6.02 eV, and correspond the oscillations found in the bulk sample (100 nm) at 5.61 

eV, 5.81 eV, and 6.32 eV respectively. The simulated absorption coefficient (Figure 

86(b)) gives an indirect band gap to be at 5.15 eV (Figure 87(b), increased from the 5.13 

eV indirect band gap found for in bulk) and a direct band gap at 5.49 eV (Figure 87(a), 

increased from the 3.48 eV direct band gap found in bulk). The reduced dimensionality 

of BZO from 100 nm to 6 nm seems to only marginally affect its band gap energies.  
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Figure 85 (a) ∆ and (b) 𝛹 measurements and parametrization for 6 nm BZO thin film grown 

on MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ in-

cident beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 86 (a) 𝜀! (blue) and 𝜀! (orange) of 6 nm BZO thin film grown on MgO determined 

from the parameterization, displayed over the measured energy range. (b) Absorp-

tion coefficient derived from the complex dielectric function. 
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Figure 87 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra. The linear region is extrapolated to 

lower energies to yield the direct band gap, and the indirect band gap is given by 

the average from the lower energy regressions of the two linear regions (to remove 

the influence of phonons on the data). 

 

Layer Parameters Fit Value Error 

EMA Thickness [nm] 3.7 ± 1.9 

BZO 

Thickness [nm] 2.3 ± 0.9 

Lorentz 1 

Amplitude 0.85 ± 0.51 

Broadening [eV] 0.26 ± 0.02 

Energy [eV] 5.62 ± 0.01 

Lorentz 2 

Amplitude 0.86 ± 0.51 

Broadening [eV] 0.35 ± 0.03 

Energy [eV] 5.80 ± 0.01 

Tauc-Lorentz 1 

Amplitude 540.39 ± 306.83 

Broadening [eV] 1.85 ± 0.09 

Energy [eV] 6.02 ± 0.02 

Limit (𝐸!) [eV] 5.14 ± 0.01 

MgO Provided by Woollam Company 

Table 16 Fitting parameters of the optical model for 5 nm BZO on MgO, including the Lo-

rentz functions and layer thicknesses. 
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2 nm thin films 

 

Here, the optical properties found in the 6 nm samples are used as initial parameters 

(values of the oscillators are likely to show less variations with the 6 nm than the bulk 

samples).  The sample was measured to be approximately 2 nm thick using profilome-

try, and is found to be 2.337 nm thick using spectroscopic ellipsometry, with a rough-

ness of approximately 2.84 nm across the sample (therefore yielding a film of approxi-

mately 4 - 5 nm thick, close to the sample previously measured). The measured spec-

trum shows a very similar oscillation seen in the 7 nm samples. The model (dotted lines 

in Figure 88) is obtained using parametric dielectric functions composed of only two 

band-to-band transitions, one representing the fundamental band gap and on at higher 

energy accounting for the higher lying interband transitions (values for the all variables 

presented in Table 17), therefore losing a transition observed in other samples (surpris-

ing considering the small difference in dimensionality). The calculated transitions in the 

complex dielectric function spectra (Figure 89(a)) are centered at 5.81 eV and 5.86 eV  

(an increase from 5.62 eV, 5.80 eV, and 6.02 eV in the 7 nm sample, and 5.61 eV, 5.81 

eV, and 6.32 eV in the 100 nm sample). The simulated absorption coefficient (Figure 89 

(b)) yields an indirect band gap of 5.25 eV (Figure 90(b), increased from 5.13 eV and 

5.15 eV found for bulk and 6 nm thin film respectively) and a direct band gap of 5.64 

eV (Figure 90(a), increased from 5.48 eV and 5.49 eV found for bulk and 6 nm thin film 

respectively). The trend for the band gap of BZO is increasingly indirect, as the direct 

band gap energy increases more than the indirect band gap energy with reduced dimen-

sionality. It is therefore expected that the trend continues even more as 2D confinement 

is reached (again contrary to the trend seen in MoS2). As before, BZO is found not to be 

a good candidate for light emitters, either in its 3D or 2D form, although it may find ap-

plication in photodetectors. 
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Figure 88 (a) ∆ and (b) 𝛹 measurements and parametrization 4 nm BZO film grown on 

MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 89 (a) 𝜀! (blue) and 𝜀! (orange) of 4 nm BZO film grown on MgO determined from 

the parameterization, displayed over the measured energy range. (b) Absorption 

coefficient derived from the complex dielectric function. 
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Figure 90 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of 4nm BZO on MgO presented in Fig-

ure 89(b). Both spectra come from the same data set. The linear region is extrapo-

lated to lower energies to yield the direct band gap, and the indirect band gap is 

given by the average from the lower energy regressions of the two linear regions 

(to remove the influence of phonons on the data). 

 

 

Layer Parameters Fit Value Error 

EMA Thickness [nm] 2.8 ± 2.7 

BZO 

Thickness [nm] 2.3 ± 0.9 

Lorentz 1 

Amplitude 0.61 ± 0.53 

Broadening [eV] 0.33 ± 0.03 

Energy [eV] 5.81 ± 0.01 

Tauc-Lorentz 1 

Amplitude 502.87 ± 460.95 

Broadening [eV] 1.64 ± 0.06 

Energy [eV] 5.86 ± 0.03 

Limit (𝐸!) [eV] 5.26 ± 0.01 

MgO Provided by Woollam Company 

Table 17 Fitting parameters of the optical model for 2 nm BZO on MgO, including the Lo-

rentz functions and layer thicknesses. 
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9.3 BaZrxTi1-xO3 (BZTO) 

 

The 5 nm and 2nm thick films of both BTO and BZO were found to have very similar 

optical properties because the precision of the atomic deposition during growth was 

shown to be not sufficient enough to differenciate these two samples, and therefore the 

5 nm samples are found to bring little new information. Here, only the thinner 2 nm 

films of BZTO are investigated. The optical properties found in the previous chapter for 

bulk samples are used as initial parameters in the model. The sample was measured to 

be approximately 2 nm thick using profilometer, and is found to be 2.3 nm thick using 

spectroscopic ellipsometry, with a roughness of approximately 2.9 nm across the sam-

ple (similar overall thickness as the 2 nm BZO samples). The best fit for the model 

(which is represented by dotted lines in Figure 91) is obtained using parametric dielectric 

functions composed of three band-to-band transitions (values for the all variables pre-

sented in Table 18). The calculated transitions in the complex dielectric function spectra 

(Figure 92(a)) are centered at 4.47 eV, 4.77 eV, and 6.41 eV (an increase from 4.28 eV, 

4.69 eV, and 6.44 eV in the 100 nm sample). The direct (Figure 93(a)) and indirect 

(Figure 93(b)) band gap energies of BZTO are derived from the Tauc plot of 𝛼ℎ𝜈 !/!, 

with 𝛼 the simulated absorption coefficient (Figure 92(b)). The indirect band gap is 

found at 3.77 eV (increased from 3.59 eV found for bulk) and the direct band gap at 

4.26 eV (increased from 4.09 eV found for bulk). The difference between the direct and 

indirect band gaps of BZTO remains approximately the same with reduced dimensional-

ity. 2D confinement has not been reached and it is therefore not possible to infer the be-

haviour of electrons and holes in 2D BZTO, nor the optical properties of 2D BZTO.  
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Figure 91 (a) ∆ and (b) 𝛹 measurements and parametrization for 2 nm BZTO film grown on 

MgO. Straight blue and red lines represent values taken from a 50˚ and 70˚ inci-

dent beam. Straight and dotted lines represent the acquired data and the fitted 

parametrization respectively. 

 

 
Figure 92 (a) 𝜀! (blue) and 𝜀! (orange) of 2 nm BZTO film grown on MgO determined 

 from the parameterization, displayed over the measured energy range. (b) Absorp-

tion coefficient derived from the complex dielectric function. 
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Figure 93 Tauc plots for allowed (a) direct (i.e. 𝑛 = 1/2) and (b) indirect (i.e. 𝑛 = 2) transi-

tions, derived from the absorption spectra of the 2nm BZTO on MgO sample pre-

sented in Figure 92(b). Both spectra come from the same data set. The linear re-

gion is extrapolated to lower energies to yield the direct band gap, and the indirect 

band gap is given by the average from the lower energy regressions of the two lin-

ear regions (to remove the influence of phonons on the data). 

 

Layer Parameters Fit Value Error 

EMA Thickness [nm] 2.9 ± 2.9 

BZTO 

Thickness [nm] 2.3 ± 0.9 

Lorentz 1 

Amplitude 0.37 ± 0.37 

Broadening [eV] 0.46 ± 0.04 

Energy [eV] 4.47 ± 0.01 

Tauc-Lorentz 1 

Amplitude 142.94 ± 139.58 

Broadening [eV] 1.70 ± 0.04 

Energy [eV] 4.77 ± 0.01 

Limit (𝐸!) [eV] 3.77 ± 0.01 

Lorentz 2 

Amplitude 4.04 ± 3.95 

Broadening [eV] 0.69 ± 0.02 

Energy [eV] 6.41 ± 0.02 

MgO Provided by Woollam Company 

Table 18 Fitting parameters of the optical model for 2 nm BZTO on MgO, including the Lo-

rentz functions and layer thicknesses. 
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9.4 DISCUSSION 

 

All the ellipsometry models for BTO, BZO, and BZTO thin films fitted the acquired 

data with few discrepancies and small errors, while the fitting routing was much easier 

to perform than that of h-BN flakes. The number of parametric dielectric functions re-

mains the same for all samples with different thicknesses (with the exception of one), 

and the order of the Lorentz and Tauc-Lorentz functions remains the same as well. This 

means that once the bulk samples are measured using spectroscopic ellipsometry, they 

can be used successfully to provide suitable initial parameters for similar samples with 

reduced dimensionality. 

 

The main results for BTO are summarised in Figure 94 (a)-(d), which present the com-

plex dielectric function, absorption coefficient, direct and indirect band gaps respective-

ly as a function of dimensionality (88 nm, 7 nm, and 4 nm samples are represented by 

black, blue and red lines respectively). The first direct band gap increases faster than the 

indirect band gap, as shown in Table 19, indicating that BTO is not suitable for use in 

light emitting optoelectronic devices, either in its 3D or 2D forms, but promising candi-

dates for solar-blind photo detectors, where the indirect nature allows for the reduction 

of recombination event after absorption (meaning that electrons and holes produced by 

the absorption of a photon and a phonon created by the additional heat have a different 

momentum, and therefore have a low probability of recombining, instead dissociate to 

produce electric current). 

 

Thickness [nm] Direct band gap [eV] Indirect band gap [eV] 

88 3.82 3.37 

7 4.02 3.39 

4 4.21 3.42 

Table 19 Band gap energies for BTO with reduced dimensionality. 
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Figure 94 Comparison of (a) the imaginary (straight lines) and real (dotted lines) compo-

nents of the complex dielectric functions, (b) the absorption coefficients, (c) the 

direct band gap energies, and (d) the indirect band gap energies for BTO with re-

duced dimensionalities (bulk in black, 5 nm in blue, and 2 nm in red). (c) and (d) 

are derived from the Tauc plots for BTO (dashed lines refer to linear regions).  

 

The main results for BZO are summarised in Figure 95 (a)-(d), which present the com-

plex dielectric function, absorption coefficient, direct and indirect band gaps respective-

ly as a function of dimensionality (114 nm, 6 nm, and 5 nm samples are represented by 

black, blue and red lines respectively). The first direct band gap and indirect band gaps 

as shown in Table 20. Although the optical properties of the 114 nm and 6 nm thick 

samples are approximately the same, huge differences arise between the 6 nm and 5 nm 

samples. It seems that the indirect band gap increases less than the direct band gap for 

this sample, but this experiment clearly shows that quantum confinement is not reached 

and the properties of 2D BZO are therefore not observed. 

 

(c) (d) 

(a) (b) 
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Thickness [nm] Direct band gap [eV] Indirect band gap [eV] 

114 5.48 5.13 

6 5.49 5.15 

5 5.64 5.25 

Table 20 Band gap energies for BZO with reduced dimensionality. 

 

 

 
Figure 95 Comparison of (a) the imaginary (straight lines) and real (dotted lines) compo-

nents of the complex dielectric functions, (b) the absorption coefficients, (c) the 

direct band gap energies, and (d) the indirect band gap energies for BZO with re-

duced dimensionalities (bulk in black, 5 nm in blue, and 2 nm in red). (c) and (d) 

are derived from the Tauc plots for BZO (dashed lines refer to linear regions). 

 

The main results for BZTO are summarised in Figure 96 (a)-(d), which present the com-

plex dielectric function, absorption coefficient, direct and indirect band gaps respective-

ly as a function of dimensionality (118 nm and 5 nm samples are represented by black 

and red lines respectively). The first direct band gap and indirect band gaps as shown in 

(a) (b) 

(c) (d) 
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Table 21. The difference between the direct and indirect band gaps of BZTO remain ap-

proximately the same with reduced dimensionality: 2D confinement has not been 

reached and no strong trend like the one displayed for BTO can lead us to infer the be-

haviour of the material in its 2D form. Considering BZTO with 𝑥 = 0.5 is at a composi-

tion close to the change in crystal structure, there might be interesting features happen-

ing at these compositions as well, while BTO and BZO (to a certain extent) are increas-

ingly indirect.  

 

Thickness [nm] Direct band gap [eV] Indirect band gap [eV] 

118 4.09 3.59 

5 4.26 3.77 

Table 21 Band gap energies for BZTO with reduced dimensionality. 
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Figure 96 Comparison of (a) the imaginary (straight lines) and real (dotted lines) compo-

nents of the complex dielectric functions, (b) the absorption coefficients, (c) the 

direct band gap energies, and (d) the indirect band gap energies for BZTO (x = 

0.5) with reduced dimensionalities (bulk in black and 2 nm in red). (c) and (d) are 

derived from the Tauc plots for BZTO (dashed lines refer to linear regions). 

 

It is therefore possible to conclude that thin films of BaZrxTi1-xO3 with composition 

𝑥 ∈ [0, 1] are not appropriate emitter materials for optoelectronic applications. Addi-

tionally, quantum confinement is not reached at 2-5 nm, which means the 2D behaviour 

of BZO and BZTO is not exhibited (hence work must be carried at lower thicknesses to 

verify whether these materials may be good alternatives to nitrides in their 2D form). 

BTO on the other hand shows an increasingly dominating indirect band gap (i.e. direct 

band gap increases faster than the indirect band gap) with reduced dimensionality, and it 

is reasonable to assume that this behaviour continues at lower thicknesses.  
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CONCLUSIONS 
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In this thesis, the optical properties of promising materials for deep UV photonics, qua-

si-2D hexagonal boron nitride (h-BN) and few atomic layers perovskite oxides, were 

assessed using a combination of techniques, including spectroscopic ellipsometry (SE), 

transmission electron microscopy (TEM), and electron energy-loss spectroscopy 

(EELS). The key findings presented in each chapter are summarised here: 

 

Chapter 5 

• The validity of the models developed is confirmed on the well-known and studied 

III-nitride materials: the direct band gap energies of GaN, AlxGa1-xN (x = 0.73), and 

AlN are confirmed by spectroscopic ellipsometry at 3.50 eV, 5.32 eV, and 6.08 eV 

respectively, in good agreement with previous experimental and theoretical studies. 

The bowing parameter for AlxGa1-xN is defined as 𝑏 = 0.3217, which represents 

the deviation of the band gap energy from the linear trend between GaN and AlN. 

These results yield the general equation for the tunability of the band gap energy of 

AlxGa1-xN with composition: 𝐸!
!"!!"!!!! = 3.50+ 2.2583𝑥 + 0.3217𝑥!, which is 

necessary to determine the composition required to achieve the desired optical 

properties. 

• An additional electronic state is revealed within the band gap of AlxGa1-xN (x = 

0.73) at 4.68 eV. Through temperature-dependent ellipsometry and weak-beam 

dark-field imaging, the additional energy level is attributed to absorption due to dis-

locations in the material. Further investigation of the dislocation behaviour in 

AlxGa1-xN shows that the majority of dislocations are a-type threading dislocations 

inclining in the AlxGa1-xN film with a 10-to-12˚ angle, and that climb is responsible 

for the dislocation movement driven by bi-axial stresses during growth. 

 

Chapter 6 

• The in-plane lattice misorientation between few-layer hexagonal boron nitride (h-

BN) flakes and the cation sub-lattice of GaN is determined at 30˚ by high-

resolution transmission electron microscopy (HRTEM), and additional electron en-

ergy-loss spectroscopy (EELS) investigations reveal no rippling of the flakes. 

• It is found in this work that GaN does not affect the optical properties of the quasi-

2D h-BN layers, and therefore the optical properties of quasi-2D h-BN (i.e. sup-
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ported) deposited on GaN are representative of the intrinsic optical properties of 

quasi-2D h-BN, dominated by a Frenkel-type exciton at 6.16 eV with a huge bind-

ing energy of 0.74 eV, and a band gap energy of 6.86 eV. These results are com-

pared to simulations of freestanding and supported 2D structures that have been 

previously carried out, as well as to available experiments carried out on bulk h-

BN. 

• A high absorption coefficient of the dominating Frenkel exciton is calculated at 

𝛼 = 2.03 ∙ 10! [𝑐𝑚!!] in a single sheet of h-BN (over 10 times that of AlN), 

which yields the optical absorption for each h-BN layer at approximately 6.78%, 

demonstrating its high potential for deep UV photonics. 

 

Chapter 7 

• AlN and high-Al content AlxGa1-xN substrates are demonstrated to affect the optical 

properties of quasi-2D h-BN: the Frenkel-type exciton shifts slightly to lower ener-

gies from 6.18 eV to 6.12 eV and narrows, while additional optical transitions arise 

at energies similar to the band gaps of the substrates (5.49 eV for h-BN deposited 

on AlxGa1-xN with x = 0.73, and 6.3 eV for h-BN deposited on AlN). 

• Additional rippling of the h-BN sheets on these substrates is measured by EELS 

through changes in the relative intensities of the 𝜋 ∗ and 𝜎 ∗ peaks, which changes 

locally the distance between the substrate and the few-layer flakes, and therefore 

inducing a mixing of the 𝜋 ∗−𝜋 ∗ orbitals responsible for the additional corre-

sponding transitions. The latter also transfer the absorption strength from the main 

exciton to the additional levels. These results reveal that the substrate (here all sub-

strates may be used as part of heterostructures for optoelectronics) can affect the 

optical properties of 2D hexagonal boron nitride and if controlled, may be used to 

achieve the required properties. 

 

Chapters 8 and 9 

• The optical properties of BTO, BZTO (x = 0.5), and BZO are determined by spec-

troscopic ellipsometry to be dominated by indirect band gap transitions at 3.37 eV, 

3.59 eV, and 5.13 eV respectively; and the corresponding first direct band gap en-

ergies are found at 3.82 eV, 4.09 eV, and 5.48 eV respectively.  
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• It is shown that for 88 nm, 7 nm and 4 nm thick BTO samples, the indirect band 

gap increases from 3.37 eV, 3.39 eV, to 3.42 eV respectively and the direct band 

gap increases from 3.82 eV, 4.02 eV to 4.21 eV respectively. It is concluded that 

the band gap energy of BTO becomes increasingly indirect with reduced dimen-

sionality, and therefore assume that BTO remains indirect in its 2D form.  

• BZO samples on the other hand, with thicknesses of approximately 114 nm, 6 nm, 

see their indirect band gap increase from 5.13 eV, 5.15 eV, to 5.25 eV respectively 

and their direct band gap increase from 5.48 eV, 5.49 eV to 5.64 eV respectively. 

The optical properties of bulk BZO and 6 nm thin film samples differ only margin-

ally while big differences arise between 6 nm and 5 nm thick samples. It is deter-

mined that quantum confinement was not reached here, and although there is clear 

indication that the band gap energies are expected to change drastically in 2D form, 

one cannot infer whether or not the BZO ultimately becomes dominated by direct 

band-to-band transitions in its 2D form. 

• Finally, BZTO (x = 0.5) with thicknesses of approximately 118 nm and 5 nm, have 

indirect band gap energies of 3.59 eV and 3.77 eV respectively, and direct band gap 

energies of 4.09 eV and 4.26 eV respectively. The two energies increase with ap-

proximately the same difference, and down to 5 nm, it is not possible to tell how 

the material behaves in 2D form. Considering this is at a composition close to the 

structural change from tetragonal to cubic, there might be a different behaviour than 

the one displayed in BZO. 

 

This thesis offers a novel approach to studying materials by combining characterisation 

techniques, demonstrating the mathematical links between the resulting data, and dis-

plays results that bridge previous experimental and theoretical experiments. It also ad-

dresses property-dimensionality relationships and the effects of substrates on 2D mate-

rials. In summary, in this doctoral thesis, firstly the optical properties of GaN, AlN, and 

AlxGa1-xN have been confirmed and the deviation of the band gap energy from the line-

ar trend between GaN and AlN has been determined, which is yields the general equa-

tion for the tunability of the band gap energy of AlxGa1-xN with composition. These re-

sults also serve as a basis for the models of h-BN supported on substrates from the same 

wafers by i) providing the parameterizations required to single out the contribution of h-
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BN to the overall spectra and ii) extending the models developed for the substrates to 

materials that are more challenging to probe, such as boron nitride. Secondly, the intrin-

sic electronic and optical properties of supported 2D (quasi-2D) h-BN have been re-

vealed and compared to simulations of freestanding and supported 2D structures that 

have been previously carried out, as well as to available experiments carried out on bulk 

h-BN. Thirdly, the effects the substrates previously investigated on the intrinsic proper-

ties of 2D h-BN have been explored, by looking at both the optical properties of the 

nanosheets and the structural arrangement of the heterostructure. Finally, the optical 

properties, tunability with composition, and changes with reduced dimensionality from 

3D to 2D of barium-based perovskite oxides have been investigated.  

 

To conclude, in light of the results presented in this work, it is found that hexagonal bo-

ron nitride (especially in its quasi-2D form) is a potential candidate for deep UV optoe-

lectronics. Its wide band gap (6.8 eV), and tunable optical properties with substrates 

makes it a promising material for next generation of devices. Thin films of barium zir-

conate titanate are on the other hand not suitable for light emitting applications, at least 

for thin films down to 5 nm (which includes the roughness layer), where the material 

behaviour is somehow similar to bulk, and the indirect band-to-band transitions still 

dominate. On the other hand, the indirect behaviour of these perovskite makes them 

promising candidate for solar-blind photodetectors, where the indirect nature reduces 

the probability of recombination (i.e. photon absorption in an indirect band gap semi-

conductor promotes an electron from the valence to the conduction band with a change 

of momentum that comes from a phonon, and makes the electron and hole less likely to 

recombine). At 5 nm thicknesses, changes start to arise, and further investigations on 

thinner samples are recommended to verify whether 2D BZTO is suitable as an active 

material for optoelectronic devices. Finally, spectroscopic ellipsometry, particularly 

when combined to transmission electron microscopy for initial structural parameters in 

the optical model, has been proved to be very accurate and to allow the study of materi-

als with thicknesses, which were previously reported to be too thin to characterize effec-

tively. Hexagonal boron nitride flakes on the other hand proved extremely challenging 

to model. Nevertheless, the mixed three-material EMA roughness layer developed here 
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saves as a basis for studying 2D flakes supported on various materials by spectroscopic 

ellipsometry.     
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