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an ape trying to put two sticks together, so I always feel stupid. Once in a while, though,
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The view from halfway down”
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A ma trés chére maman,
merci pour tout,
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RESUME

Les états polaritoniques supportés par les matériaux bi-dimensionnels (2D) suscitent beau-
coup d’intérét de par leur capacité de fortement confiner la lumiere. Parmi ceux-ci, les
phonons-polaritons hyperboliques (PPH) semblent particulierement prometteurs pour la réal-
isation de dispositifs nano-phononiques accordables a haute efficacité dans l'infrarouge loin-
tain. Afin d’étudier et de controler ces polaritons, une multitude de méthodes basées sur
un couplage résonant sont couramment employées avec grand succes. Cependant, seuls les
polaritons ayant des énergies supérieures & environ 500 cm™! (60 meV) sont accessibles par
ces méthodes étant donné l'instrumentation disponible. Ceci limite largement 1’étendue des
matériaux 2D pouvant étre étudiés, la majorité possédant des phonons en dega de cette lim-
ite. Ainsi, I'introduction d’une technique pouvant caractériser les PPH a basse énergie dans

les matériaux 2D permettrait de grandement élargir le catalogue de polaritons hyperboliques.

Dans cette these, la spectroscopie Raman est proposée comme une alternative simple et effi-
cace permettant d’accéder aux modes PPH dans les matériaux 2D, et ce a I’aide d’instrumentation
communément disponible dans les laboratoires de recherche sur les matériaux 2D. Le GaSe
est sélectionné a titre d’exemple pour démontrer cette approche étant donné ses fortes réso-
nances polaires, mais la technique est applicable a une large gamme de matériaux 2D. Cette

these comprend quatre contributions scientifiques majeures, décrites ci-dessous.

La premiére contribution est une étude approfondie du processus de photo-oxydation, afin de
déterminer les conditions expérimentales nécessaires pour préserver I'intégrité des échantillons
durant une mesure optique. Une dégradation rapide est observée sous exposition simultanée
a de l'oxygene, de 'humidité et de la lumiere, et le retrait d’un de ces trois éléments freine le
processus. Il est démontré que I'apparition du mode A; du GasSes (155cm™! ) et du mode
A, du GayOj3 (161 cm ™) est un signe précurseur de la dégradation, pouvant servir a identifier

I'oxidation d'un échantillon et a sélectionner des échantillons de haute qualité.

La seconde et principale contribution de cette theése est la démonstration de la diffusion
Raman rétrograde provenant de polaritons confinés dans des échantillons de GaSe en dega
d’un micrométre d’épaisseur. Etant donné le confinement élevé des PPH et 1’épaisseur re-
streinte des échantillons, la relaxation de la conservation de quantité de mouvement permetent
I'observation d’un fort signal Raman en géométrie rétrograde. Ces résultats confirment que
les PPH confinés peuvent étre observés a 'aide de cette technique, ce qui ouvre la porte a
I’étude de PPH confinés dans une multitude de nouveaux matériaux 2D. De plus, ils soulig-

nent la nécessité de considérer la présence de polaritons confinés dans ’analyse de tout spectre
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Raman provenant de matériaux 2D polaires, ce qui pourrait aider a résoudre I'attribution de
certains modes Raman observés dans d’autres matériaux 2D. Finalement, il est démontré que
la dépendance en épaisseur de la dispersion des polaritons observés pourrait servir a estimer

rapidement 1’épaisseur d’échantillons allant jusqu’a 1000 nm.

La troisieme contribution de cette these est le développement d'un modele numérique perme-
ttant de calculer la diffusion Raman de polaritons confinés dans des systemes multi-couches
anisotropes. Ce modele exploite la relation directe entre les déplacements atomiques et le
champ électromagnétique des polaritons afin d’exprimer le spectre Raman en fonction d’une
distribution de champ électrique. Un formalisme matriciel 4 x 4 est utilisé pour déterminer
cette distribution de champ, et la section efficace Raman est ensuite déterminée a ’aide de
tenseurs Raman modifiés. Ce modele s’avere un outil puissant pour ’analyse de la diffusion
Raman provenant de systemes multi-couches complexes comme des matériaux 2D exfoliés

sur divers substrats, ou encore des hétérostructures complexes de matériaux 2D.

Finalement, la quatriéme contribution concerne 1'usage de Raman quasi-résonant pour étudier
des polaritons confinés en trois dimensions dans des échantillons de GaSe exfoliés. Les résul-
tats présentés révelent la présence de polaritons confinés anisotropiquement, et permettent
pour la premiere fois d’estimer une borne inférieure pour la figure de mérite de propagation
des polaritons dans le GaSe a y~! > 39. Cette valeur se compare favorablement aux valeurs
démontrées dans le h-BN, ce qui indique que le GaSe est une plate-forme intéressante pour

le développement de dispositifs nano-photoniques dans l'infrarouge lointain.
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ABSTRACT

Polaritons in two-dimensional (2D) materials have attracted attention in recent years given
their potential for extreme optical field confinement. In particular, hyperbolic phonon-
polaritons (HPPs) have shown great potential for developing tunable infrared and THz
nanophotonic devices with low propagation losses. An ever-growing list of methods are
used to study and control these polaritons with an impressive level of precision, specificity,
and sensitivity. These techniques rely on resonant coupling to the studied polaritons, there-
fore their applicability is limited to polaritons with energies above 500 cm™! (60 meV) due to
instrumentation availability. However, most 2D materials exhibit HPPs with energies below
this limit, thus their study would require further development of current methods, or the

introduction of a different approach.

In this thesis, it is demonstrated for the first time that Raman spectroscopy is a conve-
nient and powerful tool for the investigation of a wide range of strongly confined hyperbolic
phonon-polariton states in 2D materials. Raman scattering is almost universally available
in 2D materials research labs, effectively lifting the energy limitations imposed by current
resonance-based techniques. For this demonstration, Gallium selenide (GaSe) was chosen as
a prototypical material owing to its strong polar resonances, but the technique should trans-
late to a large number of 2D materials. This thesis reports four important contributions, as
listed below.

The first contribution of this work is a thorough study of its photo-oxidation, conducted to
determine ideal experimental conditions for preserving sample integrity. The reported results
offer valuable insight into the photo-chemical processes involved in the rapid photo-oxidation
of thin GaSe flakes, which is a common issue with 2D materials. The concomitant presence of
oxygen, humidity and light is shown to trigger rapid oxidation, which is inhibited by removal
of any of these three elements. Earliest signs of GaSe sample degradation are also reported
as GasSes and GayO3 Raman modes at 155 cm™! and 161 cm ™!, respectively, and can be used
to identify sample degradation or to select high quality samples. In this work, samples are
prepared in an inert oxygen-free atmosphere and measured in vacuum optical cells to ensure

optimal sample quality.

The second and most significant original contribution of this thesis is the demonstration
that sub-micron thin GaSe flakes exhibit strong polariton backscattering signal due to mo-
mentum conservation relaxation. This phenomenon is especially important in hyperbolic

materials given the deep subwavelength confinement of polaritons. The compounded effects
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of relaxed momentum conservation and hyperbolic confinement yields a strong backscatter-
ing Raman signal. This result could have a significant impact in the 2D materials scientific
community, since it confirms that confined hyperbolic polaritons can be observed and char-
acterized from backscattering Raman measurements, enabling their study in a large number
of new materials. Furthermore, it indicates that polariton scattering has to be taken into
account when analyzing Raman spectra from polar 2D materials, which could help resolving
conflicting assignment of phonon modes in other polar 2D materials, where the presence of
polaritons may have gone unsuspected. Finally, the dispersion of confined polariton states is
thickness-dependent, which extends the range where Raman spectra can be used to estimate

the sample thickness up to 1000 nm.

The third major contribution is the development of a numerical model to assist in the inter-
pretation of scattering from polariton modes in multi-layer anisotropic media. This model
exploits the direct relation between the lattice displacement and electromagnetic field of po-
laritons which enables a complete determination of Raman spectra from the distribution of
the electric field in the sample. A 4 x 4 transfer matrix optical waveguide model is used
to model the polariton electric field distribution. Polariton Raman cross-section is then
determined from the computed field, using modified polariton Raman tensors. The result-
ing original numerical model is a powerful tool to analyze scattering spectra from complex
anisotropic multilayer structures, such as exfoliated 2D materials supported by various sub-

strates, as well as complex 2D material heterostructures.

Finally, the fourth contribution is the use of near-resonant Raman scattering to study 3D-
confined polariton states in exfoliated GaSe flakes. The original results presented show
evidence of anisotropic laterally confined polariton states. From these results, very low
polariton propagation losses in GaSe are estimated, and a lower bound on the propagation
figure of merit of y~! > 39 is reported for the first time in GaSe, which is as high as state-
of-the-art values reported in A-BN. This indicates that GaSe is a very promising material for

applications in far-infrared subwavelength nanophotonic devices.
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CHAPTER 1 INTRODUCTION

When an electromagnetic wave propagates through a material, its interaction with the various
dipolar degrees of freedom in the propagation medium induces a polarization response and
the propagating wave thus becomes a combination of the external electric field and induced
polarization response. In the case where the electromagnetic wave’s frequency neighbors that
of a dipolar oscillator’s resonance in the material, the radiation and excited modes become

strongly coupled and the resultant hybrid wave is called a polariton.

These hybrid quasiparticles have been reported for a multitude of polar oscillators, such as
plasmons, excitons, and phonons. They have attracted the interest of the scientific commu-
nity for the last few decades as they exhibit mixed light-matter properties and enable unique
levels of manipulation, confinement, and control of material and light properties. Research on
polaritons has yielded many impressive results, especially in the field of exciton-polaritons,
where polaritonic effects have been the most studied. For instance, experimental demon-
strations of Bose-Einstein polariton condensation [1], polariton lasing [2], and sub-diffraction

imaging [3] are reported in the literature.

A specific type of polariton known as hyperbolic polaritons can be observed in strongly
anisotropic materials. Indeed, when polar resonance along different crystal lattice directions
have different energies, a so-called hyperbolic energy band occurs where dielectric permittiv-
ity has opposite signs along two directions. Such hyperbolic energy bands can theoretically
sustain extremely confined propagating polariton modes with low propagation losses [4,5].
Initially, only meta-materials were thought to support hyperbolic polaritons [6], but the ob-
servation of hyperbolic phonon-polaritons in hexagonal boron nitride (h-BN) [4,5,7] revealed
for the first time the existence of highly-confined hyperbolic polaritons in a natural material.
Since then, 2D materials and their heterostructures have been the subject of intense scrutiny
in the search for new hyperbolic polariton states [8]. So far, phonon-polaritons in MoO3 [9,10]
and plasmon-polaritons in WTe, [11] are the only confined hyperbolic polaritons reported in

natural 2D materials.

With the exception of recent results in MoOj3, A-BN is the only 2D material where confined
hyperbolic phonon-polaritons have been extensively studied in recent years. A wide variety
of experimental techniques were used in order to study the properties of these hyperbolic
polaritons, the most common being scattering-type scanning near-field optical microscopy
(s-SNOM) [12]. Using these techniques, several remarkable properties of these phonon-

polaritons states have been reported in the last five years, underlining their great potential



for applications in polaritonic systems [13-16]. These reports will be detailed in the literature

review.

1.1 Research question

2D materials have been the subject of considerable interest of the materials community
in the last decade. Given the outstanding properties of 2D-confined hyperbolic polaritons
reported in recent years, it is surprising that phonon-polaritons have only been reported
in two materials among the ever-growing library of known 2D materials. Indeed, a wide
array of these materials exhibit strongly anisotropic polar lattice modes and thus naturally
exhibit hyperbolic energy bands. The reason why so few of these materials were investigated
may relate to the instrumental difficulty in exciting and detecting phonon-polaritons. Up
to now, all measurement techniques used to study phonon-polaritons in 2D materials were
based on absorption, requiring excitation and detection energies at or near resonance, which
is in the mid- to far-infrared [12]. This poses a serious problem since high quality light
sources, collimation, beam-splitting and polarization optics, and detectors are often lacking
in the far-infrared. Hence, materials exhibiting stiff polar phonon modes with energies above
the current ~500 cm ™! to 1000 cm ™! limit readily accessible using Fourier transform infrared
spectroscopy and quantum cascade laser sources, respectively [17]. Indeed, phonon-polaritons
in h-BN and MoOj are found between 750 cm™! and 1575 cm ™" [5] and between 545 cm ™! and
1010 cm™! [10], respectively. However, most 2D materials have polar phonon modes below
that limit. This includes including transition-metal mono- and di-chalcogenides such as GaSe

and MoS, [18,19].

Great strides have been made in recent years with the development of far-infrared and ter-
ahertz light sources and detectors [17]. Some proposed approaches even exploiting phonon-
polaritons in AlAs [20], and nonlinear effects in GaSe [21,22]. Nevertheless, the lack of
available experimental methods to study phonon-polariton states in these materials, which
have already demonstrated a wide range of unique properties and applications in almost

every field of material science, highlights a need for further development in this regard.

Rather than focusing on the aforementioned sophisticated modern techniques that currently
dominate the study of hyperbolic phonon polaritons in 2D materials, this thesis harkens
back to the very beginnings of the field of polaritonics. In 1965, Henry and Hopfield reported
the first experimental observation of polaritons by measuring near-forward Raman scatter-
ing from phonon-polaritons in GaP [23]. In the following decades, Raman scattering from
phonon-polaritons was the subject of many extensive theoretical and experimental works.

However, the rise in popularity of plasmon-polaritons and exciton-polaritons seemingly led



to the technique being largely ignored in the field of polaritonics in the last few decades,

especially in the context of 2D materials.

The current resurgence of phonon-polaritons in hyperbolic 2D materials as a promising plat-
form for nanophotonics is being held back by the availability and characteristics of current
experimental methods. Could Raman spectroscopy, using commonly available instrumen-
tation, prove to be a useful tool to advance and broaden the field of nanophotonics in 2D
materials? Previous reports of polariton Raman scattering from a multitude of materials,
including guided polaritons in GaSe [24], indicate that it may be the case. This thesis aims

to demonstrate this claim, using GaSe as a prototypical polar 2D material.

1.2 Research Objectives

In order to realize this goal, the first objective is to develop a means to identify phonon-
polariton features in Raman spectra. This is necessary not only to distinguish them from
mechanical phonon scattering, but also to provide the correct mode assignments. In or-
der to do so, a theoretical model of Raman scattering from confined polariton states needs
to be developed, since they exhibit intricate dispersion relations that depend on multiple

parameters.

The second objective is to demonstrate unambiguous observation of these polariton states in
experimental Raman scattering data. In order to realize this, it is critical to first ascertain
the integrity of the prepared samples. It is hypothesized that GaSe, like most 2D materials,
is sensitive to photo-oxidation processes. Therefore, a systematic study of the stability of
thin GaSe under various experimental conditions will be conducted to establish the neces-
sary measures for sample stability during optical measurements. Having established these
parameters, a series of near-forward and backward Raman scattering measurements over a
range of scattering angles will be carried out, based on the hypothesis that strongly-confined
phonon-polariton modes will exhibit visible dispersion in backward scattering data, while

near-forward scattering should confirm the results reported in the literature.

Finally, the third objective is to demonstrate other applications of Raman spectroscopy to
characterize relevant properties of these phonon-polariton states. For instance, demonstra-
tion of lateral polariton propagation, waveguiding, or reflection would firmly establish the
technique as a useful tool in the field of hyperbolic polariton nanophotonics research. Later-
ally confining polaritons by cleaving or micro-fabricating cavities should provide a suitable

test platform to test the capabilities of Raman scattering in this regard.



1.3 Thesis outline

Following this introduction, Chapter 2 presents a brief overview of the literature on GaSe,
followed by a survey of the literature pertaining to hyperbolic phonon-polaritons and Raman

scattering by polaritons.

Chapters 3 to 5 describe the many theories and concepts that were combined to develop the
numerical model used to theoretically compute Raman spectra. Chapter 3 presents the basic
concepts of uniaxial lattice vibrational mode dispersion, as well as the associated ordinary
and hyperbolic phonon-polariton dispersion. The theory of Raman scattering from these
polariton states, based largely on the model of Mills and Burstein [25] adapted to uniaxial
crystals by Irmer [26], is presented in Chapter 4. The first part of Chapter 5 then presents
the theoretical dispersion relation of confined polaritons in thin GaSe 2D slabs, as described
by Sasaki and Ushioda [24,27]. The second part of Chapter 5 details the numerical 4 x 4
transfer matrix formalism developed by Passler [28], which was used to compute the spatial
electric field distribution of the polariton states. Finally, the process of Raman scattering

spectrum computation using a combination of the aforementioned concepts is described.

Chapter 6 then presents a detailed description of experimental methods and techniques used
in this work. Sample preparation and characterization, experimental setups, and calibration

procedures are presented for both backscattering and near-forward measurements.

Before moving on to polariton scattering results, Chapter 7 presents a detailed study of the
photo-oxidation process of GaSe as observed with Raman scattering. Time-dependent oxida-
tion dynamics are reported under different atmospheres to identify causes and telltale signs
of sample degradation, and a photo-chemical model of the oxidation process is introduced.
The work presented this chapter has been the subject of a publication in Applied Physics
Letters [29].

Chapter 8 presents all experimental Raman scattering results from phonon-polaritons in
GaSe. The first section presents near-forward polariton Raman scattering results using k-
space spectral imaging. The data is compared to predictions of the numerical model and the
presence of several polariton features is discussed. Angle-resolved and thickness-dependent
Raman backscattering results from exfoliated GaSe flakes on Si/SiO, substrates are presented
in the next section, clear evidence of polariton scattering is discussed with the help of the
numerical model. The last sections of Chapter 8 study the effect of near-resonant excitation

and sample anisotropy on polariton scattering, pointing to evidence of lateral confinement.

Finally, the Conclusion summarizes the original contributions reported throughout the thesis

and their anticipated impact on the research on phonon-polaritons. Then key limitations of



these contributions are identified, as well as promising research avenues to build upon them.



CHAPTER 2 LITERATURE REVIEW

This section presents a brief overview of the most relevant scientific literature and historical
context related to the work presented in this thesis. First, a general overview of the material
properties of gallium selenide is presented, followed by a bird’s eye view of the history and
recent advances in the field of hyperbolic phonon-polaritons. Finally, the evolution of the
use of Raman scattering as a powerful tool to study polaritons, dating back to the very first

observation of polariton states in the 1960’s, is summarized.

2.1 Gallium selenide

Gallium selenide, first reported in 1934 [30], is a III-IV mono-chalcogenide semiconductor
with a layered hexagonal structure. It is well-known as an optical nonlinear medium with
a wide usable bandwidth from near infrared to THz regimes [31-33]. Along with other
layered mono-chalcogenide materials like GaS [34] and InSe [35], atomic layers of GaSe have
recently garnered a lot of attention in the 2D materials scientific community owing to their
excellent photoelectric properties [36,37], as well as their large thickness-, strain- and alloying-
dependent bandgap tunability [38-40], high second harmonic coefficient [41], and interesting
spin physics [42,43].

This section presents a brief overview of the current literature pertaining to three critical as-
pects of GaSe relevant to this work, namely its crystalline structure, electronic band structure
and nonlinear properties. Note that discussion of vibrational modes and Raman spectroscopy,

being a core element of this thesis, is omitted here as it will be covered in detail in Chapter

4.

2.1.1 Crystal structure

GaSe has a hexagonal layered lattice structure (see Fig. 2.1), with each monolayer consisting
of two opposed tetrahedral layers of gallium and selenium in a Se-Ga-Ga-Se sequence. The
unit cell of the monolayer contains four atoms and has a Ds, symmetry. The hexagonal
lattice constant of the monolayer are a = 3.755 A and ¢ = 15.95 A [44]. In the bulk material,
monolayers are bound together by weak van der Waals forces, enabling them to be exfoliated

into 2D monolayers while maintaining their crystalline integrity [45].

The stacking order of the monolayers determines the polytype of the bulk material, the most

commonly identified in the literature being e-Gase, with D}, space group symmetry and a
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Figure 2.1 Crystal structure of GaSe hexagonal monolayer and unit cells of the [, €, and ~
bulk polytypes projected along the (110) and (001) planes. Dark circles represent Ga atoms
and white circles Se atoms. Adapted from from Ref. [46] (© 1981 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

ABA stacking order, with an interlayer spacing of 0.798 nm [18,47-50]. This polytype lacks
an inversion symmetry center and has four molecular units per unit cell, yielding a total of
24 normal lattice vibrational modes. The larger number of atoms in the unit cell compared
to the monolayer yields a large number of vibrational modes, but many of these tend to
be energetically quasi-degenerate with the monolayer modes, and have not been observed

experimentally in the literature, as will be discussed in chapter 4.

The y-GaSe and $-GaSe polytypes, with C3 and Dg, space groups, respectively, have been
identified by some authors in the literature, but the general lack of consistency in the reported
vibrational mode assignments has led to some controversy with regards to their identification
from Raman and IR spectra. Due to the weak inter-layer interactions, all polytypes have very
similar electronic and vibrational energies [46,49,51,52] and can thus be difficult to distinguish
from such measurements since the splittings are lower than the phonon linewidths. The main
differences between polytypes originate from the existence of an inversion symmetry center
or lack thereof, which determines second-order non-linear optical properties, as well as some
critical Raman scattering and infrared absorption selection rules, which will be discussed in
chapter 4. Large, high quality Bridgeman-grown crystals such as those used in this work are
generally known to be e-GaSe, although some evidence suggests that stacking faults in these

samples may lead to a small fraction of y-GaSe content [18,47,53].

2.1.2 Band structure and optical properties

Bulk GaSe presents a direct band gap with an energy of £, = 2.02eV [54] located at the
Brillouin zone I' point (see Fig. 2.2(a)). The upper valence bands are predominantly derived
from the Se 4p orbitals [55,56], while the lower conduction band is formed by the Ga 4s



orbitals [56,57]. The strong crystalline anisotropy lifts the p, component of the upper valence
band almost 1eV above the p,, components. This anisotropy gives rise to strong dipolar
selection rules wherein optical transitions at £, are only allowed for an optical electric field

E || c, as evidenced by the polarized absorption coefficients shown on Fig. 2.2(b).

For E L c optical fields, spin-orbit coupling enables selection-rule breaking transitions at Eg,
albeit with a cross-section that is about two orders of magnitude smaller than the allowed
transition [58]. The out-of-plane optically-active dipoles result in a strongly anisotropic
coupling to light, which is both dependent on light propagation direction and polarization
[42,59-61].

The bandgap of atomically-thin GaSe has been predicted to increase dramatically, with an
increase from the bulk direct £, = 2.02eV to a quasi direct £, ~ 3.2¢eV in the monolayer,
the valence maximum shifting slightly away from the I" point [63]. This quasi-direct bandgap

in the monolayer has recently been confirmed by ARPES measurements [64].

Due to the rapid oxidation of thin layers when exposed to ambient conditions [29] (see
Chapter 7), photoluminescence (PL) measurements from thin flakes have mostly failed to
demonstrate this bandgap increase, despite many efforts [65,66]. Recently published PL
measurements [39] from pristine encapsulated flakes down to the bilayer (see Fig. 2.3) show
the marked PL energy increase for few-layer flakes, in good agreement with the predicted
behavior of the bandgap. Fig. 2.3(a) also highlights the reduced PL efficiency for thin
flakes due to the weak spin-orbit-mediated coupling to in-plane polarized light. So far, no
PL results from a single GaSe layer have been published, most likely because the bandgap

becomes quasi-direct, further reducing the PL efficiency.

2.1.3 Non-linear optical properties

GaSe is one of the best nonlinear crystals for operation in the near- to far-infrared, owing
to its high transparency over an extremely broad wavelength range from the near infrared
(0.62 pm) up the far infrared (20 pm), and even up to THz regimes 500 pm with the exception
of some polar resonance bands [22]. It also exhibits high birefringence in the far IR and
THz regimes, as well as a strong second order nonlinear coefficient (dyp; = 54 pm V™! at
10pum) [31], more than one order of magnitude above common nonlinear crystals such as
p-BaB,O,4 (BBO), LiB3Oj5, LiNbO3, or KTiOPO4 (KTP) [31]. Coupled with its very high
laser damage threshold and advantageous thermal properties [44,67], along with the vast
domain of isovalent (S, In, Te, Al, Er) and heterovalent (Ag) doping combinations preserving
the e polytype structure, these properties position GaSe as an extremely promising nonlinear

crystal over an extremely large frequency band.
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ng. and absorption coefficient k, . of GaSe at room temperature. k, exhibits a very weak
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sharp resonance at £} = 3.85eV. Reprinted with permission from Ref. [54] © 1973 Optical
Society of America.
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In the case of atomically thin layers, many studies have shown the strikingly strong second
harmonic generation from monolayer hegagonal crystals such as graphene [68], h-BN [69, 70]
and transition metal dichalchogenides (TMDs) such as MoS, [70-73], which appears in few-
layer samples due to the broken inversion symmetry in odd-numbered atomic layer stacks, and
is amplified by the very strong unscreened excitonic resonances in these materials [74, 75].
e-GaSe, on the other hand, presents strong nonlinear coefficients even in bulk form, and
monolayer second-harmonic generation (SHG) has been shown to be 1-2 orders of magnitude
more efficient than in other 2D materials studied so far [41] with the exception of InSe, a
very closely related layered monochalchogenide compound with similarly intense SHG [76]. In
few-layer materials, nonlinear effects have proven an invaluable tool for detemining stacking
order [41,70,76,77] due to their high sensitivity to long-range lattice symmetry, as well as

opening the door to the implementation of nanoscale nonlinear optoelectronic devices [78-80].

As will be discussed in the next chapters, the strong nonlinear coefficients within this family
of layered monochalchogenide compounds translate into high Raman scattering efficiency
from long-range polarization waves, which will prove to be a critical element of the work

presented in this thesis.

2.2 Hyperbolic phonon-polaritons

Tolpygo [81] and Huang [82] independently introduced the theoretical concept of polariton in
1950 and 1951, respectively, presenting the first quantum description of the polar resonance
contributions to a material’s complex permittivity, forming mixed photon-matter excitation
states. Soon after, Hopfield [83] introduced the name "polariton" and formalized the theory of
exciton-polaritons, defining coefficients describing the ’exciton content’ and 'photon content’
of the polariton states, now known as the Hopfield coefficients. Some years later, the first
experimental observation of polaritonic effects was reported by Henry and Hopfield [23].
Using near-forward Raman scattering, they demonstrated the existence of low-wave vector

phonon-polaritons in GaP and measured their dispersion (see Fig. 2.4).

Many polar oscillations, such as plasmons, excitons, magnons, or phonons, can interact with
electromagnetic waves and form polariton states. They may occur over different energy ranges
and exhibit different dispersive behaviors due to the nature of the polar oscillators involved,
but all of these hybrid light-matter quasi-particles involve similar physics. In the rest of this
work, the term "polariton’ shall be understood to refer to phonon-polaritons. When referring
to other types of polaritons, the full name (plasmon-polariton, exciton-polaritons, etc.) will

be used.
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In order to limit the scope of this section to the most relevant works, emphasis has been put
onto literature pertaining to phonon-polaritons in thin films, especially hyperbolic phonon-

polaritons in 2D materials.

2.2.1 Confined polaritons

The two leftmost columns of Fig. 2.5 illustrate the dispersion relations of plasmon-polaritons
in a conductor and of phonon-polaritons in polar dielectrics, for both semi-infinite (a,c,e)
and thin samples (b,d,f). In the semi-infinite case, there exists an upper polariton branch
above the negative permittivity region that becomes photon-like at high wave vectors, and a
surface polariton (identified by the red curve). Polar insulators also exhibit a lower polariton
branch that becomes phonon-like at high wave vectors. Note that the LO phonon does not
couple to electromagnetic fields and thus exhibits no dispersion. For thin samples, the upper
and lower branches split into multiple guided waves inside the slab, whereas both surface
modes interact with each other, lifting their degenerescence and resulting in symmetric and

asymmetric guided modes.

In hyperbolic materials, crystalline anisotropy gives rise to frequency bands where oscillators
along a certain cristallographic axis exhibit a Reststrahlen band while other crystalline direc-
tions have positive permittivity. In uniaxial crystals, Reststrahlen bands along the ordinary
axes are known as type I hyperbolic, while extraordinary Reststrahlen bands are known as
type II. The rightmost column of Fig. 2.5 shows the phonon-polariton dispersion curve of a

uniaxial material with a type II hyperbolic dispersion relation.

As will be shown in the next chapters, these hyperbolic regions, in addition to supporting
surface polariton states, can support highly confined guided hyperbolic polariton modes. A
note should be made here that several authors refer to guided hyperbolic phonon-polariton
as surface polaritons, even though they possess real propagative wave vectors inside the
material. This nomenclature is confusing and should be avoided, as guided hyperbolic modes
exhibit very different dispersion behaviors than surface modes, especially in sub-wavelength

slabs.

2.2.2 Hyperbolic polaritons : applications and control

Hyperbolic materials, sometimes referred to as indefinite permittivity media, were first
demonstrated for RF waves in a magnetized plasma in 1969 [85]. In the first decade of this
century, interest in these materials surged due to the advent of engineered optical metama-

terials [6,86]. Using these 2D and 3D nanostructured hyperbolic metamaterials, researchers
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upper, lower, and surface polariton branches. Note that in (f), there are multiple guided
hyperbolic modes (red curves) in the Reststrahlen band between wro and wro. Reprinted
from Ref. [84] (© 2016, American Association for the Advancement of Science.
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demonstrated multiple effects such as subwavelength imaging [3,87] and focusing using [88],
spontaneous emission enhancement [89], and extreme field enhancement in hyperbolic waveg-
uides [90]. Some natural uniaxial crystals were already known to exhibit hyperbolic proper-
ties [91-93], and the observation of confined, low-loss phonon-polaritons in hexagonal boron
nitride by Dai et al. in 2014 [4] sparked a great level of interest for 2D materials in the
nanophotonics community [14,15,84,94,95].

Since then, several impressive properties and applications of h-BN-confined hyperbolic polari-
tons were reported, including nanofocusing in tapered h-BN slabs [96], polariton propagation
control and steering along h-BN waveguides [97], and polariton launching from plasmonic
antennas on h-BN slabs [98]. Up until 2018, h-BN was the only 2D compound in which hy-
perbolic phonon-polaritons had been reported, and though the material presents great figure
of merits, it can only support polaritons in its two Reststrahlen bands (760-825cm™! and
1360-1610cm™* [99]). In 2018, hyperbolic polaritons were reported in the biaxial layered
layered material a-MoQOj3 [100]. In light of the wide array of naturally hyperbolic layered ma-
terials currently undergoing intense scientific scrutiny on multiple fronts [16], as well as the
promising opportunities from hybridized polaritons from 2D heterostructures [84,101,102], it

is only a matter of time before other hyperbolic 2D materials become focal points of interest.

2.2.3 Near-field experimental techniques

Due to the non-propagative nature of surface and guided phonon-polaritons modes outside
the host material, no direct photon-polariton coupling can be achieved using an external
radiating field, and any interaction with these states relies on some form of indirect coupling

either to the evanescent electromagnetic field or to the associated polar oscillator.

In order to couple external propagating fields to the evanescent field states of the polari-
tons near the sample interface, some scheme must be employed to overcome the momen-
tum mismatch between the confined and free-space fields. A large majority of experimental
works studying confined phonon-polaritons in thin films use near-field coupling to access
the polariton states. Scattering-type apertureless scanning near-field optical microscopy (s-
SNOM) [55,103,104], exploiting field confinement from the surface plasmons of a metallized
AFM cantilever tip [105], has been shown to enable imaging of polar oscillators with lat-
eral resolution in the tens of nanometers [106]. The method has notably been used to map
surface field distributions of polaritons in silicon carbide [107], hexagonal boron nitride [4],
and more recently a-MoOs, a biaxial hyperbolic layered compound [100]. From these spatial
field imaging measurements, polariton propagative behavior, confinement ratio, dispersion

relations, and decay length can be extracted, as is shown on Fig. 2.6.
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In order to image the field distribution, a metallized AFM tip is scanned over the sample
surface and illuminated with a bright infrared beam. Surface plasmons are excited on the
small tip radius, acting as an ’optical antenna’ [104], which results in a strong evanescent
field between the tip and sample, which has the necessary momentum to launch polaritons
into the sample. These polaritons propagate away from the tip in all directions until they
are reflected by a medium boundary such as a sample edge. These reflected waves form
a standing wave field pattern between the tip and the boundary, which can be mapped by
measuring the intensity of elastically scattered IR light from the tip as it is moved toward that
boundary. Measuring the distance between these wavefronts enables direct determination of

the polariton wavelength and wave vector inside the sample.

In order to distinguish the weak tip-scattered signal from the background elastically scattered
light, lock-in detection schemes must be used. Since the tip-scattered signal intensity is
highly sensitive to the tip to sample spacing, modulation from the cantilever oscillation has
been used as a lock-in reference with some success, although some form of heterodyne [108]
or pseudo-heterodyne [109] detection is necessary to achieve background-free images, the
most commonly used being a pseudo-heterodyne detection scheme using a phase-modulated

reference wave [92,109].

s-SNOM has proven to be an invaluable tool to study confined polariton states in 2D materials
with sub-wavelength spatial resolution, providing a direct window into the real-space field
distribution of these polariton states. Some degree of control over the probed wave vectors can
be obtained by tuning the tip to sample distance [110], but resolution is quite limited. The
direct wavelength observation technique illustrated in Fig. 2.6 enables precise wave vector
determination, however it can only be applied to modes with large enough decay lengths and
wavelengths, as it requires the ability to observe and resolve at least two wavefronts. Also,
it can only be applied near a boundary that can reflect polaritons toward the AMF tip to
create standing wave patterns, such as a flake edge or terrace, or the edge a deposited metal
layer. The technique realizes a very high lateral resolution, but it can only couple to fields
with a vertical polarization (normal to the surface) due to the geometry of the system, and

is only sensitive to field distributions at the sample surface.

Coupling of free-space radiation to high-momentum confined polariton states can also be
achieved by the use of surface gratings or periodic arrays of nanostructures, as was demon-
strated in silicon carbide [111] and h-BN [5]. This method yields strong signals and allows
for precise wave vector selectivity, although accessible wave vectors are defined by the nanos-
tructure and array geometries, requiring extensive microfabrication to determine dispersion

behavior.
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Figure 2.6 Scattering-type apertureless scanning near-field optical microscopy measurement
from a 102 nm flake of a-MoOj. (a) Schematic illustration of the experimental method. (b)
s-SNOM image of the flake with excitation frequency of 986 cm™! (scale bar is 500 nm). (c)
Field amplitude profiles along the three dashed lines in (b), revealing polariton stationary
waves in the flake. (d) Simulated field distribution in the flake. (e) Simulated dispersion
relation of hyperbolic polaritons in a-MoO3. Data points correspond to the wavenumber-

wavelength pairs extracted from field profiles for various excitation frequencies. Reprinted
from Ref. [100] CC BY-NC 4.0.

Attenuated total internal reflection (ATR) inside a prism suspended above the sample (Otto
configuration) [112] allows for precise wave vector control of the probed states, and has been
used to study several polariton features in thin films using free electron laser sources [113-115],

although it suffers from a lack of spatial resolution.

All of the aforementioned techniques rely on external light sources in resonance with the
probed polaritons, and although recent progress has been achieved with tunable quantum
cascade lasers (QCLs), continuum IR lasers, synchrotron sources, and photoconductive anten-
nas [116-118], direct spectroscopy in the far-IR range remains limited due to the availability
of high-brightness tunable sources and fast detectors in this energy range. A comprehensive
review of the various experimental techniques used to probe mid- to far-infrared polaritons

is given in Ref. [17].

So far, the only reports of hyperbolic phonon-polaritons using these methods in 2D materials
are in hexagonal boron nitride (h-BN) and a-MoOj, although all layered dipolar materi-
als should in theory exhibit hyperbolic dispersion due to their extreme anisotropy. Both
these materials have stiff phonon resonances in the 900-1500 cm ™! range, where tunable QCL

sources are commercially available. However, polar oscillators in transition metal dichal-
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chogenides such as MoS, are in the 300-400 cm ™! range [119], and those of GaSe in the

200-400 cm~! range, outside the currently accessible tuning range of QCLs.

2.3 Raman spectroscopy of polaritons

Phonon-polariton states, due to their part-phonon nature, can in some cases be accessed via
Raman scattering, such as in the landmark 1965 experiment of Henry and Hopfield, where
they observed bulk phonon-polariton states in GaP using near-forward Raman scattering
(see Fig. 2.4). Raman scattering from polaritons can be observed in polar crystals with
no inversion center, where polar modes can be Raman-active. However, due to the large
momentum of the incident and scattered photons (usually in the visible range) compared
to the mid- to far-infrared polariton states, only near-forward scattering geometries, where
incident and scattered photons are nearly colinear, enable observation of polariton dispersion
from bulk samples, as is shown by the shallow scattering angles used by Henry and Hopfield
(see Fig. 2.4). Conversely, right-angle or backscattering geometries, with an angle of 90 or
180° between incident and scattered photons, require a large momentum contribution from

the phonon, precluding observation of the low-momentum dispersive polariton states.

Surface polaritons

Raman scattering of surface polariton dispersion was reported for the first time in 1973 by
Evans, Ushioda and McMullen [120]. Surface polariton dispersion in thick (semi-infinite)
samples in vacuum occurs over a very narrow wave vector range, rapidly converging to an
energy that is close to the LO phonon. In order to facilitate their measurement, Evans et
al. used a thin GaAs film on a sapphire substrate, where both the sapphire’s high refractive
index and confinement effects in the thin film contributed to flatten the dispersion of the lower
(symmetric) surface polariton toward lower energies and higher wave vectors, respectively.
Two years later, Prieur and Ushioda [121] reported observation of scattering from the upper
(anti-symmetric) surface mode in the same sample by immersing it in benzene to alter the
refractive index at the second interface of the GaAs film (see Fig. 2.7). Direct scattering
from single-interface surface polaritons in a GaP sample was achieved a few years later by
Valdez and Ushioda [122] exploiting resonant Raman enhancement from the argon-ion laser
absorption. The effects of the surrounding dielectric environment, confinement in thin slabs,
and resonant enhancement used in these initial experiments are central elements of this work,

and will be discussed in detail in the following chapters.
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Figure 2.7 Calculated dispersion curves of the upper and lower surface polariton modes in a
thin GaAs film on a sapphire substrate in air and immerged in benzene. Circles represent
near-forward Raman scattering data. Reprinted with permission from Ref. [121] © 1975
American Physical Society.

Guided polaritons

After theoretical predictions of Raman activity from guided polariton modes [123], Valdez,
Mattei and Ushioda reported the first observation of Raman scattering from guided polaritons
in 30 pm GaP films [124], identifying multiple guided modes in the scattered spectra. Building
upon these results, Sasaki and Ushioda [24] reported the first experimental study of Raman
scattering by guided hyperbolic polaritons, using cleaved e-GaSe samples with thicknesses
between 2.7 and 6.5 pm. They observed the thickness dependency of the polariton dispersion
in GaSe slabs (see Fig. 2.8) and modeled their results using an electromagnetic waveguide
model and a field density-based Raman cross section model similar to the one used in this
work, which is described in detail in Chapters 4 and 5. However, due to the relatively
large thickness of the samples they used, polaritons were only weakly confined in the slabs,

restricting their dispersive regimes to low wave vectors.

Recent uses of Raman in polaritonics

In recent years, very little work pertaining to polariton coupling via Raman scattering has

been published, and the technique is conspicuously absent from most literature reviews de-
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Figure 2.8 Calculated dispersion curves of the surface (SP) and guided ordinary (TE) and
guided extraordinary/hyperbolic (TM) polariton modes in (a) 2.7 ym and (b) 6.5 um GaSe
films in air. Black circles represent near-forward Raman scattering data. Adapted with
permission from Ref. [24] © 1983 American Physical Society.

scribing the study of phonon-polaritons [12,17]. Some notable exceptions include the use of
impulsive stimulated Raman scattering (ISRS) to generate large populations of guided hy-
perbolic polaritons in the THz regime in nonlinear media [125-127]. Features in the Raman
spectrum of SiC nanopillar arrays were also identified as originating from localized surface
polaritons [111]. The polarization sensitivity of Raman scattering has also been exploited to
study modal profiles of confined polaritons in a suspended rectangular waveguide of InP [128§]
and to observe evidence of lasing behavior from an electrically pumped polariton laser [20]. In
contrast to the groundbreaking demonstrations of Raman scattering as a tool to completely
characterize polariton dispersion, most of these reports do not fully exploit the potential of
Raman spectroscopy in the study of confined polaritons, being often used as a complementary

technique to FTIR or THz measurements.

In summary, Raman scattering, providing indirect probing of polaritons via nonlinear in-
teraction with the electro-mechanical polaritonic wave, enables remote access to confined
polariton states using external propagative fields, in contrast to near-field techniques that
rely on in-situ evanescent fields to couple to the polariton electromagnetic field. This obviates
the requirement for high-quality light sources and detectors in the far-IR and THz or complex
experimental setups, allowing the study of polaritons using conventional laser sources, optics,
and detectors. Raman scattering also enables observation of in-plane polarized modes, and is
a polarization-sensitive technique, as opposed to the commonly used s-SNOM. This simple,
noninvasive technique has been seldom exploited in recent years, likely because near-forward

scattering, which is generally understood as the only way to observe Raman scattering from
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polaritons, is not straightforward to carry out on thin or 2D flakes. In this thesis, it will be
demonstrated that Raman spectroscopy, both in the near-forward and backscattering con-
figurations, proves to be a powerful tool to study surface and guided hyperbolic polariton

modes in 2D films and waveguides.
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CHAPTER 3 PHONONS AND PHONON-POLARITONS IN UNIAXTAL
CRYSTALS

In any crystalline lattice, there exists a variety of normal vibrational modes, each associated
with an atomic displacement degree of freedom in the unit cell. For example, a diatomic
three-dimensional unit cell crystal structure has 2 x 3 = 6 degrees of freedom, thus 6 normal
modes. Among these normal modes, there are three so-called acoustic modes, and the rest

are known as optical modes.

The three acoustic modes represent in-phase displacements of all the unit cell atoms along the
same direction. These acoustic modes, or acoustic phonons, only exist in a propagating state,
as a non-propagating (or infinite wavelength) acoustic mode is really just a rigid displacement
of the whole lattice, as opposed to a crystalline vibrational mode, and thus their frequency

tends to zero as k — 0.

Optical vibrational modes comprise all of the remaining out of phase atomic displacements,
and only occur in crystals with two or more atoms in the unit cell. Contrary to acoustic
modes, optical modes have finite frequency as k& — 0, as they do not represent a rigid
displacement of the unit cell, but rather an oscillation within each respective unit cell. The
frequency of these normal mechanical oscillator modes are determined in general by the short-
range atomic bond strength and atomic masses. Dispersive effects arising from the lattice
structure do not affect small-k phonons, and the optical phonon dispersion curves have a

vanishing derivative (usually a quadratic dispersion) at the zone center (see Fig. 3.1).

In the following sections, the effect of the dipole moments in polar crystals on the vibrational
mode dispersion relation near the Brillouin zone center is presented. In order to be consistent
with the literature, vibrational modes near the zone center (k < 7) but far beyond the light
cone (k> ) will be referred to as zone-center phonons, whereas vibrational modes in the

vicinity of the light cone are referred to as polaritons.

3.1 Phonons in polar crystals

In ionic or polar crystals, relative displacements within the unit cell can yield oscillating
dipole moments. These dipole moments can interact with each other and add a long-range
Coulomb contribution to the effective oscillator restoring force. This long-range interaction
depends on the dipole orientation relative to the propagation direction. For longitudinal

dipole orientations, the interaction between adjacent dipoles adds up at a macroscopic level,
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Figure 3.1 Acoustic and optical phonon dispersion over the full extent of the Brillouin zone
(0 <k < %) for a crystal with lattice parameter a.

contributing an additional electrostatic component to the oscillator energy. For transverse
dipole orientations, the macroscopic electric field vanishes, and there is no long-range con-
tribution to the oscillator energy. Because of this, longitudinal optical (LO) phonons have
a higher energy than their transverse counterparts (TO phonons) despite possessing similar
mechanical displacements. Therefore, each polar vibrational mode can exhibit two different
vibration frequencies depending on the relative orientation of its direction of propagation and
atomic displacement. The magnitude of the TO-LO splitting is specific to each polar phonon
in a material and depends on the mode dipole strength and lattice dielectric screening. Note
here that since the origin of this energy splitting is a long-range interaction, its effects also

apply to long-wavelength phonons (k < =), where a is the lattice parameter.

Near the very center of the Brillouin zone, the transverse dipole oscillations couple with
electromagnetic wave modes that have wave vectors of ¢ = % and exhibit strongly dispersive
behavior. These polariton mixed states will be discussed in more detail later, but for now

only the purely mechanical zone-center phonons will be considered.

3.1.1 Uniaxial phonon dispersion

In cubic polar crystals, the Coulomb interaction is isotropic, therefore the TO-LO splitting for
the zone-center phonons is uniform in all directions. For uniaxial crystals however, Coulomb

interaction has pronounced effects on the directional dispersion of polar phonons. Not only is
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every polar mode split into a TO and LO version, but the long-range nature of the Coulomb
interaction means that dispersion effects can be observed much closer to the Brillouin zone

center than in non-polar crystals.

For uniaxial crystals, the extraordinary axis (conventionally named the ¢ axis) differs from
the two others, and normal vibrational modes with atomic displacements along that axis
have a frequency w, that differs from the frequency w, of the twofold degenerate modes with
atomic displacements perpendicular to c. The zone-center phonons propagating in the plane
perpendicular to this axis have well-defined symmetries relating to the lattice symmetry,
as for cubic crystal phonons. However, zone-center phonons that propagate at an angle
0 ¢ {0, 5} relative to the extraordinary axis exhibit a mixed character, since even a small
wave vector can reduce their symmetry below that of the lattice because of the long-ranging
effects of the Coulomb interaction [129]. When varying the propagation direction between
two principal axes, they smoothly change from one character to another, forming a phonon

branch between these two axes.

The dispersion of these so-called oblique phonons involves both an electrostatic contribution
and the crystalline anisotropy of the material. The electrostatic contribution originates from
the long-range Coulomb interaction that induces the LO-TO energy splitting, while the
crystalline anisotropy accounts for the differing energies between out-of-plane (/ or A-type)
and in-plane (L or E-type) displacements. Indeed, while the vibrational modes are well
defined by their A, E, TO and LO characters for propagation directions ¢ = 0 and 7, the
dispersion branches between these vary greatly depending on the relative magnitudes of the

electrostatic and crystalline contributions [130-132].

Loudon [131] highlights two canonical types of uniaxial crystals : those with dominant crys-
talline anisotropy and those with dominant Coulomb interaction. In the case of dominant
anisotropy, the modes will maintain their symmetry character at both extremities of the
branch but their electric field orientation will gradually change from TO to LO or vice versa.
In crystals where the Coulomb interaction is dominant, the modes will instead maintain their
TO or LO character, and the atomic displacement symmetry will differ on both extremities.
In both cases, the change in character of the modes along the branch is accompanied by a

consequent vibrational frequency dispersion as a function of propagation angle.

The phonon dispersion relations for a Coulomb-dominant crystal like GaSe are given by
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[18,131]
Wio(0) = Wi, (3.1)
wh(0) = wro, cos® O + Wiy, sin® 0, (3.2)
wi () = wig, cos® O + wiy, sin?6. (3.3)

From inspection of these equations, the three phonon dispersion branches can be identified as
transverse ordinary (7o), transverse extraordinary (T'e) and longitudinal extraordinary (Le).
This nomenclature is exact for the ordinary branch, as it involves no long-range electric field
and remains a transverse E mode for all angles 6, but the extraordinary branches do not
possess strictly defined symmetries, as they have non-zero long-range fields and therefore
their symmetry is lower than that of the lattice. The resulting dispersion for the three
branches is plotted of Fig. 3.2 for GaSe.

3.2 Polariton dispersion

This section presents the polariton dispersion relations near the light cone (k ~ ) for cubic

and uniaxial polar crystals based on a simple charged harmonic oscillator model.

3.2.1 Cubic crystals

In the simple case of a cubic lattice with a single polar vibrational mode, which we model as
a damped harmonic oscillator interacting with the electromagnetic field through its dipolar
moment, the dispersion relation for TO phonons near the Brillouin zone center is given
by [131-133]:

k2c? €s — €0 9

? — 6((,(}) = €0 + w%o — wQ — LFWWTO (34)

In this relation, ¢, and €, represent the static and high-frequency relative permittivity,
respectively, wro the transverse lattice mode frequency and I' the anharmonic component
of the mode oscillation, which corresponds to a damping rate. For the following discussion,
the damping factor will be omitted for simplicity, and it will be reintroduced in the general
numerical model presented in §5.3 by substituting® w? — w? + (T'w. The resulting effective

permittivity is plotted on Fig. 3.3 for I' = 0, showing a diverging value when w — wro, and

!The Greek letter ¢ is used in this work to denote the imaginary unit ¢ = v/—1 to avoid confusion with
the letter ¢ used as indices and subscripts.
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Figure 3.2 Angular dispersion of the zone center (w/c < k < 7) phonon modes of GaSe.
There is a lower transverse (Ero — Atg) and an upper longitudinal (Ero — Apo) extraor-
dinary phonon branch as well as an ordinary transverse branch (Eto — Etg). This indicates
a dominant Coulomb interaction in GaSe since the extraordinary branches retain their TO
or LO character at both extremities.

Permittivity

Wro Wio
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Figure 3.3 Permittivity as a function of frequency in a cubic crystal with a single polar
phonon, as described by equation (3.4) (with I' = 0). The permittivity at low frequency is €,
then diverges to a large value at wro. Between wro and wro, € is negative, and then tends
toward €., which is lower than €, as there is one less mechanism that can contribute to the
polarization of the material, as the polar phonon cannot respond to frequencies much larger
than wro.
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a region of negative permittivity between wro and wpo which is known as a Reststrahlen

band.

Setting w = wro in the previous equation, with wyo defined as e(wro) = 0, yields the
Lyddane-Sachs-Teller relation [134] between the LO and TO frequencies :

2
Wio €
e (3.5)
Wro €0

From the previous equation, equation (3.4) can take the form

FC o) = e <“’30—W2> | (3.6)

w? w%o — w?

This relation only shows dispersive behavior near the very center of the Brillouin zone, where
k ~ 2. In this momentum region, the polar mechanical vibrations couple strongly with
electromagnetic waves that have momentum ¢ = %. This coupling yields hybrid photon-
phonon modes called phonon-polaritons (PhPs) that simultaneously exhibit phonon-like and
photon-like characteristics. Figure 3.4 shows the dispersion relation of a simple cubic crystal
with a single polar mode. The LO mode shows no dispersive behavior as electromagnetic
waves are transverse in nature, while the TO mode exhibits an anti-crossing behavior with

the low- and high-frequency photon modes, which are represented by the dashed lines.

The upper TO branch starts out at k = 0 as a transverse mechanical vibration with frequency
wro and gradually transitions into a high-frequency photon propagating in the media with
permittivity €,,. Between these two limits, it propagates as a polaritonic wave, which is
known as the upper polariton branch. The lower polariton branch starts at £ = 0 as a
photon propagating in a €, dielectric medium and gradually transitions into a transverse

mechanical mode, eventually becoming a fully mechanical TO phonon at higher &.

3.2.2 Uniaxial crystals

Uniaxial crystal such as GaSe present a crystalline anisotropy where one axis (extraordinary
axis) exhibits a different permittivity, which is equivalent along the two other axes (ordinary
axes). In the case of GaSe, the extraordinary axis is the ¢ axis (out-of-plane) with permittivity

¢/, and the in-plane permittivity €, is isotropic in the ab plane.

For polar anisotropic phonons, normal modes classified according to the lattice point group
symmetry propagate in certain directions in the lattice. For example, a longitudinal 'E’

mode (Epp) cannot propagate along the ¢ axis, as the associated lattice displacement and
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Figure 3.4 Schematic representation of the Brillouin zone center dispersion of a polaritons
in a cubic crystal illustrating the LO branch, the upper and lower TO branches, and the
uncoupled phonon and photon dispersion curves (dashed lines)

dipole moment are both in the ab plane and the phonon propagation and dipole moment are
defined as co-linear for an LO mode. Conversely, the associated transverse mode (Eto) can
propagate in any direction in the crystal, as there is always an in-plane displacement vector
that is perpendicular (or 'transverse’) to a given propagation direction. This mode is known

as an ordinary wave, and exhibits the same dispersion relation as for a cubic crystal :
2 2
w —w
EJ_(CU) = €00l (%) . (37)

Similarly for the out-of-plane modes,

W2 2
€/(W) = €cor (L()//) : (3.8)

2 2
Wroy — W

Equation (3.7) describes the dispersion of ordinary transverse polaritons. Equation (3.8)
applies to extraordinary polaritons propagating in the ab plane. These dispersion relations
are illustrated on figure Fig. 3.5 for GaSe. Note that there are two distinct Reststrahlen
bands applying to in-plane and out of plane vibrations. The general dispersion relation

for arbitrary wave vector direction of extraordinary waves depends on both wavelength and
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Figure 3.5 Permittivity as a function of frequency for the two principal directions in gallium
selenide, as described by equations (3.7) and (3.8). The frequency regions in which one
of the permittivities is negative (Type II hyperbolic with €, < 0 in the case of GaSe) are
highlighted in orange. The region shaded in blue is the double Reststrahlen region, where
both permittivities are negative.

propagation angle 6 relative to the ¢ axis [131]:

k2c? B €1 (w)ey(w)

W e(w, ) = €1 (w)sin6? + €/(w) cos 62’ (3:9)
which can also be expressed as
2 2 2
% - ]zi + 2 (3.10)
Both longitudinal frequencies can be obtained via their respective versions of (3.5)
“Lo. — 0L and M§O// - v (3.11)

5 )
WroL €ool Wroy €col/

For positive €, and ¢;, the dispersion relation (3.10) can describe a revolution ellipsoid,
which is the typical uniaxial dispersion. For negative ¢, and positive ¢, , in the out of plane
Reststrahlen region, it describes a one-sheeted revolution hyperboloid, known as a Type I
hyperbolic dispersion. When €, is negative and €, positive, (3.10) describes a two-sheeted
revolution hyperboloid, known as Type II hyperbolic dispersion. All three cases are illustrated

on Fig. 3.6. Frequency regions where both permittivities are negative are double Reststrahlen
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bands, similar to the Reststrahlen band in cubic crystals. In general, the relative positions of
WroL, WLol, wro| and wro| can define multiple combinations of Type I, Type II and double

Reststrahlen regions in an anisotropic polar material.

It is important to note here that all of the dispersion relations presented in this chapter were
only defined for cubic crystals with a single triply degenerate polar resonance at frequency
wro, or for uniaxial crystals with a single group of one singly degenerate A and a doubly
degenerate E polar resonances. In more complex crystals such as GaSe, there are multiple
polar phonons, and the complete expression for the dispersion relation involves coupling

between all the ny optical modes along a particular direction A [135] :

20— w?
ex(w) = e,\ooizl_[l (C(M) : (3.12)
In the case of bulk GaSe, there are two groups of three polar modes 2 x (1A + 2E). The
first group is at very low energies and consists of 'rigid layer modes’, which are out-of-phase
acoustic modes (see Table 4.2). The transverse frequency of the low-energy F mode is
relatively well established from Raman [18,47,53,136-138] and THz measurements [22] at
wroL = 19.5em™t. The low-frequency A mode is less well-documented, but infrared absorp-
tion [53,139] and numerical computations [136] indicate that it has a wavenumber of around

wroy = 36 cm™ .

However, there is no data in the literature indicating the corresponding
longitudinal frequency of these modes. Nevertheless, these resonances are very weak [22,46]
and do not affect the permittivity at higher energies and thus they were not included in the

modeling of the permittivity of GaSe in this work.

The group of three higher-frequency polar modes, which are very well documented in the
literature and exhibit strong resonances [18,22,47,48, 53,139-141], were used to model the
permittivity. Table 3.1 lists the corresponding energies and high-frequency permittivities

that are used in this work.

‘ wro (cm™1) ‘ wro (cm™1) ‘ €00
213.5 254 7.44
236 244.5 5.76

In-plane E’(2?) mode
Out-of-plane Af(2) mode

Table 3.1 Transverse and longitudinal frequencies and high-frequency permittivities for the
in-plane and out-of plane polar phonons in GaSe (values taken from the Handbook of Optical
Constants in Solids vol. III [142]).
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Anisotropic Type | Type ll
Ellipsoid Hyperbolic Hyperbolic

Figure 3.6 Typical isofrequency surfaces of the dispersion relation of a uniaxial material with
positive uniaxial ellipsoidal dispersion (with ej > €, ), Type I hyperbolic dispersion and Type
IT hyperbolic dispersion.
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CHAPTER 4 RAMAN SCATTERING BY PHONONS AND POLARITONS

4.1 Raman scattering by phonons

Excitations in a crystal lattice can induce fluctuations in the electric susceptibility of the
crystal via multiple mechanisms, such as lattice displacements inducing oscillations in the
periodic electronic structure. These susceptibility fluctuations can in turn scatter photons

inelastically, wherein the lattice excitations and the scattering photons exchange energy.

4.1.1 The Raman tensor and selection rules

In a semi-classical approach, Raman scattering in a crystal can be viewed as a two-step
process, with an incident electromagnetic field E inducing an electric polarization P in the

material, according to the electronic susceptibility tensor Y
P = ¢XE. (4.1)

The induced polarization field then radiates light at an intensity proportional to |P|?, which

can be modulated by fluctuations in the susceptibility.

The electronic states that define the susceptibility tensor can be affected by lattice displace-
ments through the electron-lattice interaction. In a crystal, the susceptibility can be ex-

pressed as a Taylor series of the atomic displacements around their equilibrium positions [131]

- (L 4
T ; <8Q)\>Q>\=0 Ot 2 %ﬁ: <8Q>\8Q5 Qx,p=0 Q)\QB T ( 2)

where () s represent normal coordinates of the lattice atomic displacements.

The second term in this expression corresponds to the first order Raman tensor R\, =

<6862X)\) . The scattering efficiency of non-polar phonons can be expressed through the
Qx=0

well known relation [131]
- 2
<A:A@rRx@), (4.3)

where é;, €, are unit vectors in the direction of polarization of the incident and scattered
photons, respectively, and A is a constant. The Raman tensors for all crystal symmetry classes

are tabulated with corrected errors in Ref. [133]. The selection rules for Raman scattering,
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which describe the polarization of the incident and scattered for which scattering events can
occur, can be obtained from equation(4.3). Eq. (4.3) accurately describes scattering efficiency
from non-polar phonons far from any resonances, but more detailed model, presented in §4.3,

must be considered to treat polar phonons, polaritons and resonance phenomena.

4.1.2 The Porto notation

A commonly used method of expressing scattering configuration is the Porto notation [143],
which specifies the directions of the incident and scattered wave vectors and polarizations for
the normal crystal coordinates in a compact form. The notation is structured as /%i(éiés)/%s,
where IA@»,S represent the incident and scattered propagation directions and é; ; are their re-
spective polarizations. The notation is further simplified by only defining these orientations
for scattering geometries where both the incident and scattered photon propagation direc-
tions and polarizations are coincident with the crystal lattice axes x,y, and z, with negative

values being denoted as x,¥y, and Z.

As an example, for an incident photon propagating along the crystal’s z axis and polarized
along the y axis, scattering configurations in the Porto notation might be z(yy)z for co-
polarized backscattering, z(yx)z, for cross-polarized near-forward scattering, or z(yz)y for

right-angle scattering, where the scattered photon propagates along the y axis.

4.1.3 Raman and infrared selection rules

Non-polar modes can be either acoustic, optically inactive or Raman active, but polar modes
can also be active in infrared absorption (IR) through direct dipole interaction with the
electromagnetic radiation. Raman active modes interact with light by affecting the polar-
izability tensor o of the electronic states of the crystal via the electron-lattice interaction.
The periodic variation of the polarizability of the crystal induced by the lattice vibration
causes a small fraction of the incident light of frequency w; to be scattered at a frequency

Ws = w; & wpn, with wyy, being the phonon frequency.

In crystals possessing an inversion center, it can be shown that Raman activity and IR activity
are mutually exclusive, as polar modes do not induce a variation of the crystal polarizability
and vice-versa. However, in non-centrosymmetric crystals such as GaSe, some modes can be
simultaneously Raman and IR active, which will be shown to be of critical importance for

the Raman scattering observation of phonon-polaritons.
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4.2 Symmetry and vibrational modes of GaSe

Vibrational crystal modes can be classified according to the point space group of the crystal
lattice, and the respective irreducible representations of the atomic displacements involved
in each vibrational mode. The 12 vibrational modes of the monolayer of GaSe, which has
a Dgj, point group and four atoms per unit cell, are represented schematically by the eight

diagrams in 4.1, taking into account the double degeneracy of the four in-plane E modes.

In the bulk e—GaSe polytype, with D3, symmetry, the unit cell spans two monolayers, and
contains 8 atoms, for a total of 24 vibrational modes. Therefore, the normal modes bear the
same symmetry representations as those of the monolayer, but each mode is now split into two
Davydov doublets [47], where one mode has both layers oscillating in phase, with a replica
being out of phase. Owing to the very weak interlayer interaction in GaSe [47,145,146], the
Davydov doublets are nearly degenerate for the high-energy optical modes studied in this
work. One thing to note is that the acoustic modes also gain Davydov replicas in the bulk
material, which become optical vibrations owing to their out-of phase lattice displacements,
but they lie at very low energies and have weak oscillator strengths and thus can be ignored
in the context of this work. Table 4.2 lists the 12 optical normal modes of bulk e—GaSe
(omitting the degenerate Davydov replicas), along with their reported energies and selection

rules.

The Raman tensor components for each of the normal modes of e—GaSe are as follows [133]:

I (I [0 0 ) a 00
w =100 ¢ Re=10 0 0|, Ra=1]0a 0 (4.4)
0 ¢ 0 ¢ 0 0 00 b
0 d o d 0 0
Re(@)=|d 0 0|, Re@=1|0 -d 0|, Ray(z)=0, (4.5)
000 0 0 0

where a, b, ¢ and d are constants, and the Cartesian coordinate in parenthesis identifies the

polarization direction for polar modes, which will become relevant in §4.3.

4.3 Raman scattering by polar phonons and polaritons

In contrast to pure mechanical phonons, Raman scattering from polaritons exhibits a richer
structure, as the electromagnetic component of the wave is highly dispersive in the region

where k ~ %
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E'(1) A3(1) E"(1) AL(D) E"(2) E'(2) A3(2) AL(2)

t , f

. f f '

" - -9 ? -9 o - ?
(Acoustic)  (Acoustic) Raman Raman Raman Ilz?;;fer(ll Infrared Raman
e s 10 e
_ IR ER [0 VIR VO PR it o R a(e)y
Z(zx)z g Z(zx)z
Z(yy)z #oy)= [TO) Z(yy)=

Table 4.1 Normal vibrational modes of the GaSe monolayer. For each normal mode, from
top to bottom are the Mulliken symbols [144], schematic atomic displacements within the
unit cell, mode activity, and Raman selection rules.

B A1) B M) M) EEY) AY2) A
' ' y y
[ ag ¢ -9 ? -9 (* g [ ?
: t }
«j ‘E Ir | j } VE
f
-9 ? -9 $ -9 [~ o o ?

TO:213cm™"  TO:236cm™!

-1 -1 -1 -1 -1 -1
19.0cm 36.7 cm 60 cm 134 cm 209 cm LO254cm-!  LO:244 5 cm-! 308 cm
Raman Infrared Raman Raman Raman Raman Infrared Raman
Infrared Infrared
x T _ T x
e sl 0 Hone
Z(yz)x y(wz)y ) LT o y(wz)y
y(zz)y y(z2)y ylez)y y(z2)y
Z(zx)z #(zy)z [TO] Z(zx)z
_ z z [TO _
Z(yy)z (yy)z [TO] zZ(yy)»

Table 4.2 Normal vibrational modes of bulk e-GaSe. For each normal mode, from top to
bottom are the Mulliken symbols [144], schematic atomic displacements within the unit cell,
mode activity, and Raman selection rules. Frequency values and mode assignments from

Ref. [18]. Davydov replicas (with the bottom layer in opposite phase to the one pictured)
are omitted for simplicity.
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A general approach to model the polariton Raman scattering response is presented by
Irmer [26], based on the Born-Huang model of phonon-polaritons [82]. The separate con-
tributions of the atomic displacement and electric field are projected onto the normal lattice
modes to obtain a complete description of the effective Raman tensor which considers both
the mechanical phonon Raman tensors as well as an additional term from the electro-optic
contribution to the polarizability, which is proportional to the electric field. In this section,
the derivation of the Raman scattering intensity as a function of the polariton electric field is
presented, based on the works of Loudon [131], Claus, Merten and Brandmuller [133], Mills
and Burstein [25], and inspired largely by the approach presented by Irmer et al. [26].

4.3.1 Raman selection rules of polaritons

Owing to their accompanying electric fields and reduced symmetry compared to the crystal
lattice, phonon-polaritons may exhibit different Raman selection rules than pure mechanical
phonons. In this section, the Raman selection rules for oblique-propagating polaritons are

determined as a function of the wave vector orientation.

As was presented in §4.1, the susceptibility of a material can be affected by atomic displace-
ments, but it also depends on the macroscopic electric field in the material. In the case
of polar phonons or polaritons, the susceptibility can be expressed as a power series of the

macroscopic electric field E accompanying the lattice displacements

o o X 1 kY
XIXO+Z<> EA"‘Z( E\Eg+ ... (4.6)
T \IEx) 255 \0E\0Es ) 5 g
- (1 (2 (3
V=YW B 43 VB + (4.7)
A W]

where 2(1), 2(2) and )‘2(3) are the linear, second- and third-order susceptibility tensors of the

material as defined in nonlinear optics (with implicit summation over repeated indices) [147]:

+(1 ~(2 ~(3
P = Pyt co X [t Buleon) + X5 Eiwn) Eylwn) + X Eiwn) By (o) Buls) + .|, (4.9
A

«(1)

where explicit frequency dependencies y (ws), }2(2) (ws; w1, ws), and }2(3) (ws; w1, wa, w3) have
been omitted for brevity. The frequency ws in the expression for ?((2) corresponds to the
Stokes Raman scattered photon frequency, w; = w; is the incident laser frequency, wy = —w
the polariton frequency and ws = w, is the anti-Stokes Raman scattered frequency. This
expression highlights the fact that Raman scattering can be interpreted as a third-order

difference frequency generation, wherein the third driving optical field E;(ws) comes from



36

the thermal excitations in the crystal rather than from an external source.

Polariton branches do not exhibit the same symmetries as the crystal lattice as they propagate
obliquely in the crystal. In order to express the resulting first-order effect of the polariton
on the susceptibility of the material, the polariton normal coordinates {To, Te, Le} can be

projected onto lattice coordinates {x,y, z}.

With the polariton wave vector orientation in the lattice coordinates defined as
k = k (sin 6 cos ¢, sin 0 sin ¢, cos 9) , (4.9)

the polariton normal coordinates are defined so that To L (2, k), Te L (To,k) and Le/k.

The projection matrix,

To-% To-y To-Z —sin ¢ cos ¢ 0
W= |Te-2 Te-§ Te-2|=|—-cosbcos¢ —cosfsing sind |, (4.10)
Le 2 I:e-g Le-2 sin 6 cos ¢ sinfsing cosf

can then be used to project polariton coordinates onto the lattice coordinates so that

g g (2 (2
Rr, R, X;“zz Xa(n )
Rr.| =W |R, and el =w [P (4.11)
g = ~(2 2
RLe Rz X(Le) X,E; :

The total first-order effect of the polariton on the material susceptibility can then be written

as
o pas +(2)
Xy = BEnQn + 2X N En, (4.12)

with NV indicating the polariton normal coordinates {T0,Te, Le}, and @y and Ey the po-

lariton displacements and electric fields.

These electric fields are directly linked to the lattice displacements by the Born-Huang lattice

equation of motion [26,82]

—w?Q, = B'Q, + B*E, (4.13)
—w’Q) = B)'Q, + B)’E), (4.14)

where L and / indicate the in-plane and out-of-plane components of the displacement and
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electric fields. The coefficients B}', and B}?, can be expressed as functions of the static and

high frequency permittivities and transverse frequency of the normal modes, yielding [148]

2 2
WroL,y — W 1
E, = Qi) = I Q1 (4.15)
UJTO;J_,//\/€0<€S;J_,// — € l,)) L7

defining K, y = @, //FE, y. This relation establishes a direct proportionality the electric and
atomic displacement fields, and the variation of the polarizability can then be expressed as

a function of the atomic displacements

o 2
5 = (B + et V) Q. (4.16)
or conversely, as a function of the electric field
o «(2)
5XN = (KNRN—I—Q >EN, (417)

with Ky, 7. = K, and K. = K. Note here that Ky diverges for w = wro, as the electric

field vanishes at the transverse frequency.

The Raman tensors for normal lattice modes GaSe, given in §4.1 can then be projected onto
the polariton coordinates to obtain the expressions for Ry. E] is the only Raman-allowed

polar mode, therefore the Raman tensors in the polariton basis are given by

cos¢p —sing 0

“ « E!
Rro = <WR 1) =d|—sing —cos¢ O], (4.18)
o 0 0 0
o —sing —cos¢ 0
Rre = (WR 1) =dcos | —cos¢p sing 0], (4.19)
Te 0 0 0
g sing cos¢p O
Rre = (WR ) =dsinf | cos¢p —sing 0. (4.20)
ke 0 0 0

The electro-optic tensor elements XE\Q) used here can be obtained directly from the second

harmonic generation tensor d;; as XE\W 2dy;; [149]. Note here that this electro-optic
tensor differs from the one often used when describing the Pockels effect, which is defined as

Txij = QX&Q% /n%, where ny is the refractive index at wavelength A [150].
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The noncentrosymmetric Ds;, crystal structure second order susceptibility tensor is, in the

contracted Kleinmann notation [151]:

0 0 00 0 —dy
dpy, = | —dy dp 0 0 0 0 |, (4.21)
0 0 000 0

from which the tensor components for every polarization direction can be obtained (note that

they have the same form as the Raman tensor elements) :

O _d22 0 —d22 O O
dD3h1‘ = | —da2 0 of, dD3hy = 0 dos 01, dD3hz = 0. (4.22)
0 0 0 0 0 0

Projecting these tensors onto the normal polariton modes and multiplying by 4 yields the

corresponding electro-optic tensor elements

cos¢ —sing 0

?% =2 <W§D3h> =2dyy | —sing —cosop 0], (4.23)
To
0 0 0
sing —cos¢ O
yé(Ti) =2 (WdD3h> = 2dggcosf | —cos¢p sing 0], (4.24)
Te
0 0 0
sing cos¢p O
X =2 (des},) = 2dysinf | cos¢p —sing 0| . (4.25)
Le
0 0 0

The Raman scattering intensity, expressed at the beginning of this section as
o 2
L=A (e By e;) , (4.26)
can now be modified to include the electro-optic contribution

o 2 . 2
IL=A <e : {RA + X(f)} : e;> : (4.27)
Ky
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and expressed in the normal coordinates of the polariton modes

L[5 2 w@] L\
In=Aé - |Rn+——XN| &) . (4.28)
Ky
Equation (4.28) can be used to determine the polarization selection rules for bulk polaritons,
which turn out to be the same as those for mechanical oblique phonons, since the tensors R

) have the same symmetries. However, the relative importance of the contributions of

and )?(2
the mechanical and electromagnetic components of the polariton to the scattering efficiency

are of particular interest.

4.3.2 Scattering efficiency of polaritons : the Faust-Henry and Hopfield coeffi-

cients

In this section, the relative contributions of the mechanical and electromagnetic components
of the polaritons to their scattering efficiencies is expressed as a function of the Faust-Henry

and Hopfield coefficients of the material.

pad “ < FH
The ratio Ry ;;/ XE\QL is proportional to the Faust-Henry coefficients C ;; [152],

Ry 5 2
i~ ot 0 (4.29)
X)\,z‘j 60(63)\ - eoo)\)

the value of which can be determined by evaluating the relative Raman scattering intensities
of the pure phonon (k > ¢) LO and TO modes. This can be understood by considering
that equation (4.28) also applies to pure phonon modes, and since LO modes exhibit a
macroscopic electric field, their Raman scattering efficiency includes an additional electro-
optic contribution that the TO modes lack. This effect has in fact been demonstrated as
a means to precisely determine the electro-optic and second harmonic coefficients of non-

centrosymmetric materials from Raman measurements [149].

As mentioned earlier, the Faust-Henry coefficient can be expressed as a function of the ratio
of scattering intensities %. In order to derive this relation, a more complete expression
of the Raman scattering efficiency must be used. Mills and Burstein [25] define the Stokes
Raman scattering intensity by unit solid angle as (assuming that the incident and scattered

photons have energies lower than the electronic bandgap)

2

, (4.30)

)

where w; s are the incident and scattered photon frequencies, w is the scattering phonon

d[N Ws N o N
< € OXn " €

Cc

4
= ) VL|(14n,
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frequency, c is the speed of light in vacuum, V' is the scattering volume, L the scattering
length, and n,, is the polariton occupation number, or, in the following treatment, the Bose-

Einstein factor.

This expression was originally derived in a very similar form by Loudon [153], modeling
Raman scattering as a three step perturbative process, where the scattering probability W

of an incident photon with frequency w; and wave vector g; is proportional to

2

WxY Y (n1 —1,my + 1; 14 n,;0[Hpg|a) (a|Her| b) (b|Hpr|n1, n; nw; 0)
k,qs ab (Wa - Wi)(wb - Wz')

X 0(w; —w —wp), (4.31)

where n, 9 are the incident and scattered photon populations, n, the polariton population
before the scattering event, and the 0 in the initial and final states represents the electronic
ground state. In this expression, the three matrix elements represent each of the interaction

steps, that is, from right to left,

1. Absorption of a photon of frequency w; by the electronic transition from the ground
state |0) to a virtual excited state |b) via the electron-radiation interaction Hamiltonian
Hgrg.

2. Transition of the virtual electronic state |b) into a new virtual state |a) by the emission of
a polariton described by the electron-lattice interaction Hamiltonian Hg; = H¥ +HS,
where HJ, represents the lattice mechanical deformation potential and Hg; is the
additional electron-lattice electro-optic or Frohlich interaction for modes with a net

macroscopic electric field.

3. Emission of a photon of frequency w, by the electronic transition from the virtual state

|a) back to the ground state via the electron-radiation interaction Hamiltonian Hgpg.

The summation (or integration) over all intermediate virtual states |a) and |b) and over all
phonon wave vectors k£ and scattered wave vectors ¢s within the collection solid angle d2
yields the matrix element in (4.30) along with a momentum conservation term 6(g; —k —gq;),
which will be discussed in more detail later. The electron-lattice interaction terms stemming
from the mechanical deformation potential and electro-optic interaction contribute to the

resulting susceptibility modulation &.

This expression can be split into a polarization selection rule term and a transition matrix

element, as both contributions to the electron-lattice interaction are modeled as linear in
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Qn and Ey (see equations (4.16) and (4.17)). Using these relations, equation (4.30) can be

expressed as

2 42 2

ws 4 A pue A
i) = () Vele (v + g 50) o) 0 emiunal 432
c Ky
or
wa\ o 1] o 0@\ . |? 2
In(w) = (c) VL|e - (KNRN+2XN) L&y (14 nu|Enlno) P (4.33)

The first squared term in these expressions corresponds to the first-order effect of the polariton
mechanical and electromagnetic components on the material’s susceptibility, and defines the
polarization selection rules for a given mode N. The second term is a transition matrix

element of the displacement or electric field operators

The matrix elements | (1 + n,,|Qy|n.)|* for the uniaxial crystal are given by Mills and Burstein
[25] as

h(1+ny)\ hP(w)
1+ n, D = : 4.34
(1 @il = (M ) e (430
where the Bose-Einstein occupation factor is evaluated as
1
No = "Fe (4.35)
erBT — 1

and h?(w) is the coefficient defined by Hopfield [83] that characterizes the proportion of the

polariton’s energy stored in the mechanical lattice vibrations

WWTo (W%o - Wgro)

hP(w) = . (4.36)
(Who — w?)? + wio(Wio — wio)
Similarly for the electric field expression,
hw(l+ny,)\ hE(w)
1+ ng|Exlna)|* = : 4.37
(1l = () (437

introducing the Hopfield coefficient h¥(w) representing the fraction of the energy of the wave

stored in the electromagnetic field

D) = (1 | wro(wfo = w%()))l | (438)

(who — w?)?
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In uniaxial crystals, the matrix elements and Hopfield coefficients for the electric field have

been derived in Ref. [26] :

hw(l+ny)\ hY
1+ ny|Erolny)|* = )+ 4.39
(1Bl = () 1L (4.30
hw(1+ny)\ (k¥ cos?0  h¥sin?6
1+ ny|Erelng,)|* = : 4.40
(1 B = (G ) (Lol 2o (4.40)
hw(1 + ny, h¥sin?20  h¥ cos?
(1 + no| Epe|ny)|? = ( “’(2 " >> ( LR T ST (4.41)
eV €sol €colf
2 2 2 -1
E _ wroL (WioL — WToL)
= (1 " (W%OL — w?)? ) ’ (4.42)
2 2 2 -1
E _ wro/(Whoy — Wros)
hy = (1 + (W20, — )2 > . (4.43)
The scattering efficiency can then be written as
s\* (hw(1 4+ ny,)L o 2
In(w) = (“;) (“’(;”)> (KNRN+2 “") o] HEW,0), (4.44)
0

where HE(w, 0) represents the appropriate version of the last term of equations (4.39)-(4.41).

A similar process can be used to obtain the expression
s\* (h(1+n,)L 2 . 2
Ivlw) = (£2) <(tf)> (i 25 e

= HY(w,0),  (4.45)
Finally, the ratio of the pure phonon LO and TO modes can be expressed (in the cartesian

lattice coordinates \) as

I o + 1 2 Vo
iLQ,A _ wro Aneoa +1) 14 f*’“ (4.46)
Ifon  wrop(neton +1) Ky R, i
. 1 w2 w2 |2
_ wro(nwrox + 1) 14 ToF,;{ LO,\ (4.47)
wro(nwrox + 1) Cy zngO A

where ]%{);LQ » represent the Raman scattering intensities for the A polarized mode with i, j

incident and scattered field polarizations.
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4.3.3 Resonant Raman scattering

The model of Raman scattering proposed by Loudon (see Eq. (4.31)) and developed in the
previous sections considers all intermediate electron-hole states that can interact with the
lattice and light. If the energy of the incident or scattered photon approaches the energy of
an electronic transition in the material, the sum is determined by only one or a few terms
and the resulting Raman tensor contains divergent terms which can result in an increase in

scattering efficiency.

Resonant Raman, where either the incoming or outgoing photon is in resonance with an

interband transition affects the scattering intensity in two ways :

(1) The second-order perturbation defined for non-resonant Raman is enhanced, and this effi-
ciency increase is linked to the electron-photon interaction terms in Eq. (4.31). The intensity
gain due to this effect is correlated to the absorption coefficient and/or photoluminescence
lifetime, as it also relates directly to the electronic dipole strength governing the light-matter

interaction.

(2) The intermediate state that is involved in the electron-lattice interaction is now a real
electronic state, which can enable additional scattering mechanisms in the electron-lattice

Hamiltonian.

Martin [154] presented a model of Raman scattering considering the intermediate states as
excitons rather than electron-hole pairs, which is necessary to accurately model the electron-
lattice interaction near excitonic resonances [155]. Their model predicts a significant increase
of the effective Raman tensor (K N]H%N + 2)?5\2,)) proportional to (hw; — E;)~! when hw; — E,,
the material’s bandgap, as expected from point (1) mentioned above. Furthermore, for
hw; ~ E, — E; (where Ej is the exciton binding energy), Martin predicts that an additional
‘forbidden’ k-dependent intraband Frolich interaction becomes significant, and can become
the dominant scattering mechanism for near-resonant scattering, with a cross-section scaling

as (hw; — E, — Ey) 73 [156].

The Hamiltonian describing the Frohlich exciton-lattice interaction can be expressed as a

combination of the Frohlich interaction of an electron and a hole [155,157, 158]

e k ((1+[phaok/2]2)2 (1+[pe&ok/2]2)2>’ (4.48)
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where

2mhwro M my,
Cr = e\/ €oo L — €1 =——— and = 4.49

F NV (oo s ) y  DPe me + my, Pn Me + My, ( )
In the above expressions, ag is the exciton Bohr radius, e the electron charge, and m. the
electron and hole effective masses at the direct exciton point, and C'r can be treated as a
constant. For small values of k relative to the Brillouin zone size, this expression can be

simplified to

9Me — My,

HY ~ Crka? (4.50)

Me + Mp,

The matrix element <a|H F |b> only takes on nonzero values for intraband transitions of ex-
citonic states [155,157] and so only two resonant terms (incoming and outgoing) contribute
to the ’forbidden’ k-dependent Frohlich Raman tensor

B 100 a© 0 0
RF\ o [(al H'|b)| = Cr(kao) [0 1 0| =] 0 o 0|, (4.51)
00 1 0 0 af

which is diagonal in the lattice normal coordinates for all polar modes [156]. The total Raman
scattering efficiency for the polariton modes near resonance now becomes
2

HE(w,0). (4.52)

In(w, q) o |é - (KNRN 4 RFN) e

Using the transformation matrix W defined in section 4.3 for a polariton wave vector k =
k(sin @ cos ¢, sin 0 sin ¢, cos 0),

. a” 0 0
RF o= (cos¢p—sing) [ 0 af 0 (4.53)
0 0 af
. a0 0
R =sinf —cosf(cosp +sing) | 0 af 0 (4.54)
0 0 aF
. a0 0
RY . =cosf +sinf(cosg+sing) | 0 af 0 (4.55)
0 0 d"
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Hoff and Irwin [18,140] observed resonant enhancement of both the E(LO) and A2”(LO)
modes of GaSe, demonstrating the polarization selection rule breakdown predicted by Mar-
tin, both for Raman-allowed and Raman-forbidden modes due to the k-dependent Fréhlich
interaction. They also observed a significant antiresonance of the nonpolar A modes be-
low the resonant energy, which is not directly explained by Martin’s model, but might be

understood by considering interference effects between various scattering processes [159].

Recent reports of the Frohlich interaction-mediated Raman efficiency enhancement near res-
onance in semiconductor nanostructures [160, 161] and 2D transition metal dichalcogenides
MoS, [162] and WS, [163] highlight the importance of the Frohlich interaction in the two-
dimensional limit [164, 165].

This additional term is the dominant contribution to Raman scattering efficiency near exci-
tonic resonances, and explains the redefined selection rules observed around resonance. Its
effects will be discussed in more detail in the context of the resonant Raman scattering results

presented in chapter 8.

4.3.4 Raman scattering from thin films

The expressions derived in the previous sections assume a sample size that is large compared
to the scattering volume, and therefore only describe scattering from polaritons inside a bulk

(infinite) crystal.

When considering scattering from finite-size samples, several key differences must be con-
sidered. Not only can the scattering volume be limited by the sample size, but the sample
surfaces add additional boundary conditions to the system. The confined polariton eigen-
states inside the crystal are modified by this boundary, and additional surface states can

exist under certain conditions.

The expression of scattering efficiency and momentum conservation in the case of confined
polaritons requires a more detailed analysis which is based on the same principles as those
presented so far in this chapter, but treatment of the spatial boundary condition rapidly
becomes very complex and cumbersome. The derivation is not carried out in this work, but
a brief overview of the approach, along with the principal results reported in the literature

are presented.

Mills, Chen, and Burstein [166] developed a model of Raman scattering by surface polaritons
in thin films wherein the incident and scattered light are described in terms of the electro-
magnetic Green’s functions with the film boundary conditions. The scattering efficiency is

then expressed as a function of the polariton’s electric field distribution in the film, using
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similar arguments as those presented in §4.3.1. Now, the Green’s functions that are used to
describe the scattered light also describe the polariton electric field, as they are also normal
modes of the dielectric film, albeit at vastly different frequencies. The resulting scattering

efficiency is then expressed as a function of the spectral density of the electric field in the

film.

Subbaswamy and Mills [123] revisited the results of Mills, Chen, and Burstein and, along with
correcting a few critical errors, show that the general expression of the scattering efficiency
derived in [166] not only describes scattering by surface polaritons, but also from guided-wave
polaritons in the film. From these results, Ushioda [167] expresses the polarization selection

rules as a function of the electric field and of the effective Raman tensor
In(w) = A|(& - Ry - &5)(En(2))]%, (4.56)

where the effective Raman tensor, including the electro-optic and k-dependent Frohlich in-

teraction contributions is defined as
= 9 (2 | SF
Ry = KyRy +2xy + R N, (4.57)

and (En(z)) is the time-averaged root mean squared value of the electric field along the po-
lariton normal coordinate. The total scattering intensity can then be expressed by including
the relaxed wave vector conservation condition for a thin film, spanning from —d/2 to d/2

in the z dimension, which yields [24]

2

1 _ d/2
Gt Do, Ry -2 /_d/2 AU (Ey(2)dz| 6(Aq) — k) HR(w.0)  (4.58)

]N(w) = d

where Aq = q; — q,, and C' is a constant.
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CHAPTER 5 NUMERICAL MODELING OF CONFINED POLARITONS

Given the fact that polaritons possess a photonic component, it is particularly convenient
to use a classical electromagnetic wave model to determine the polariton modes in a sample
of finite dimensions, viewing it as an optical cavity. In this chapter, the dispersion relations
of polariton in finite samples are modeled as optical modes in a slab cavity. §5.1 presents
the general properties and boundary conditions of confined modes in a slab waveguide, §5.2
presents the analytical determination of the guided modes in a slab of GaSe, highlighting
the unique properties of confined hyperbolic modes and §5.3 introduces a general 4 x 4
matrix formalism of electromagnetic wave propagation in multilayer dielectric slab systems
that enables efficient numerical computation of the guided mode dispersion and electric field
distribution. These computed field distributions are then used to model the Raman scattering

efficiency of the confined polaritons using the approach presented in chapter 4.

5.1 Confined polariton modes : the waveguide model

When confined along one or more dimensions, photons can be guided within the confined area,
such as in an optical fiber. In such a waveguide, several modes can propagate with different
field distributions which can be modeled as different propagation orientations of light rays,
which experience total internal reflection (TIR) at the waveguide boundaries and propagate
along the non-confined directions. In order to sustain a guided mode, the magnitude of the
wave vector must be larger inside the dielectric medium than it is outside of it, that is to

say, it has to have a larger permittivity €, > €ous.

This criterion can be understood by considering the wave vectors on either side of the inter-
face. TIR conditions impose an evanescent propagation away from the waveguide, therefore
the wave vector orthogonal from the surface ko, is imaginary. In order to satisfy these
requirements, the tangential wave vector component k.., has to be greater than the norm

of the free-space wave vector kou = v/€ouw/c, since k2, = k2| + k2.

5.1.1 Isotropic waveguide

The propagation of a guided wave propagating with angle 6 relative to the surface normal in

a dielectric slab waveguide is illustrated on Fig. 5.1. In order to support a guided mode, the

phase accumulated by the wave between two reflections ¢ = % must be an integer multiple
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Figure 5.1 Schematic representation of a propagating wave in a dielectric slab waveguide at
angle 6 relative to the surface normal, which is also the lattice ¢ axis.

of m. The magnitude of k is given by

w2

H:%g, (5.1)

with £, = kcos6 and k), = ksinf. Knowing that the tangential wave vector is conserved
through a dielectric interface, the tangential component inside the waveguide k;, = kouty >
Kous, therefore, for any propagative mode with real k£, inside the waveguide, k) > \/€ou s,
therefore the propagation angle must satisfy the condition 6 > sin™?! [ fout,

For very small d, only a single mode can be supported in the slab, with k, — /€,% and
¢ — 5. For larger values of d, more guided modes can propagate, each with an associated
propagation angle and tangential wave vector component, up to the limit of very large d

where there is a continuum of guided modes with

sin~! /S g < g and \/eoutg <k < \/eing. (5.2)
c c

€in

The photonic part of a polariton wave can be guided in a slab waveguide in the fashion
described above, but the polaritonic coupling with phonons occurs at energies near the polar
phonon resonance, where the permittivity diverges. Below the TO frequency, € becomes very
large, and more guided modes with higher values of &k, can be sustained for a given waveguide

thickness.

The frequency range between the TO and LO frequencies is known as a Reststrahlen band,
where the permittivity is negative and there are no propagative waves in the medium. How-

ever, for imaginary k,, there can be solutions to k2, = k% + k? > k2

2. that correspond to

electromagnetic waves propagating along the interface with evanescent fields inside and out-
side the medium, known as surface waves. For a waveguide with two interfaces, there can

exist two surface waves that are degenerate for large d and that split into an upper and lower
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surface mode when the distance between the interfaces becomes comparable to the inverse

of the evanescent wave’s decay constant —uk .

5.1.2 Anisotropic waveguide

For an uniaxial anisotropic waveguide with the extraordinary axis perpendicular to the in-

terfaces, the relationship between £k, and k, takes the form

ew—2—k2+k32 5.3

for ordinary waves, which behave exactly as waves in an isotropic medium, since only one
permittivity applies to them. For extraordinary waves,
2 2 2
w k k
— =L 4= (5.4)

2 € €L
and the guided modes show significant differences from the isotropic case.

When both permittivities are positive, the waveguiding conditions as a function of d are essen-
tially the same as those described above for an isotropic waveguide, and guided extraordinary

modes can exist if €) > e, and €, > €out.

Frequency ranges where both of the anisotropic permittivities are negative are called double
Reststrahlen bands, and two surface modes can be guided by the slab, as in the isotropic

case described previously.

Reststrahlen bands that apply only to one polarization directions correspond to Type I or
Type II hyperbolic bands. For these frequencies, only one of the permittivities is negative,
and the waveguide can support up to two surface modes with imaginary &k, as well as guided

modes with real k| .

An arbitrarily large number of guided modes with real k, can exist in these hyperbolic bands
since equation (5.4) does not impose an upper limit on the magnitude of &k, or &k, , as long as
the positive permittivity is greater than ey,. Contrary to the standard dielectric waveguide
case, reducing the waveguide dimension d increases the magnitude of both k, and k£, , and in

the limit of large k, the propagation angle converges to

€y

0(k > w/c) = arctan
€L

(5.5)

These photonic waveguide effects can be used to precisely tailor the wave vector of the

polaritons by tuning the waveguide thickness d. The detailed relationships between k/, k|
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and d for hyperbolic polaritons will be developed in the next section.

5.2 Analytical solution of guided and surface polariton modes

As has been established in the previous section, polariton dispersion curves can be signif-
icantly altered by spatial confinement. In this section, the analytical solution to polariton
guided-wave and surface mode dispersion relations in a slab waveguide of GaSe are derived

from Maxwell’s equations and the anisotropic dispersion relations presented in §3.2.2.

5.2.1 Wave propagation in an anisotropic medium

The macroscopic Maxwell equations describe the propagation of an electromagnetic field in

matter, assuming no free charges nor currents in the material :

V.D =0, (5.6)
vV.B=0, (5.7)
0B
VxEB=-0 (5.8)
oD

Assuming plane-wave oscillating electric and magnetic fields defined as

E(r,t) = Eye'kr=t), (5.10)
H(r,t) = Hye'®r=), (5.11)

with the electric displacement and magnetic induction defined as

D = ¢¢E, (5.12)
B = popH, (5.13)

where the permittivity € and permeability ;i describe how the propagation medium interacts
with the electromagnetic wave through various polarization and magnetization processes. In
the context of this work, we assume i to be equal to 1, as GaSe shows no magnetic properties.

The relative permittivity is a second-order tensor ¢ and, for a uniaxial crystal like GaSe, it
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has two distinct components [168]:

€l 0 0
%} - O €1 0 B (514>
0 0 €y

where €, and €, are given by equations (3.8) and (3.7). Combining equations (5.8) and (5.9)
yields the well-known wave equation
O*E

E e—— =0. 5.15
V xV x + lo€o € t2 ( )

t(k-r—wt)

Since the fields are assumed to be simple harmonic waves of the form e , we can replace

the V operator by ¢tk and % by —w (using the identity V x V x & = V(V - ) — V3z) :

V(V-E)=—k(k-E) (5.16)
V’E = —|k|’E, (5.17)

which yields the anisotropic wave equation (with pgeg = 1/c?) :

2
2 Wiogm

k(k-E)— |k| E—i—geE—O. (5.18)

Before moving further, it is important to consider the relationship between the wave vector

direction and amplitude. In an isotropic material, the divergence term in (5.18) is equal to

zero and to obtain nontrivial solutions the following relation must hold true :

27.2
c’k

The relationship between |k| and w in anisotropic materials is more complex, as the permit-
tivity is not a scalar and the electric field is not always perpendicular to the wave vector k,
thus its divergence is not equal to zero. In the case of a uniaxial crystal, either the wave is
extraordinary and the divergence of E is zero, or the wave is extraordinary, and the solutions

to equation (5.18) must satisfy
2k? k3 2k?
(aﬂ — GJ_) <€J_ w;_ + 6//72// - 6//EJ_> = 0, (520)

where k£, and k, are the components of the wave vector that are respectively perpendicular

and parallel to the ¢ axis, or optical axis, of the crystal. The first term corresponds to the
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ordinary wave solutions, and the second term to the extraordinary waves.

This expression allows for two distinct wave vectors for a given frequency. The waves sat-
isfying the first term of the equation are known as the ordinary waves, where the electric
field is orthogonal to the optical axis and to the wave vector, and the effective permittivity

is a scalar. The waves satisfying the second term are the extraordinary waves, where the
E-k#0and E-2+#0.

5.2.2 Slab waveguide problem

In this section, the guided wave solutions in a dielectric GaSe slab of thickness d are obtained
analytically by imposing the appropriate boundary conditions at the interfaces and outside

the slab. Fig. 5.2 illustrates the modeled configuration and the coordinate system used.

For a slab having surfaces normal to the crystalline ¢ axis, we can consider only waves
propagating in the xz plane without restricting the generality of the obtained solutions given

the uniaxial symmetry of the material.

\Z
Region 1
© |ar2
Region 2 C
€Gase
>
y X
b a
Region 3 -d/2
&

Figure 5.2 Coordinate definition for the GaSe slab considered in this section. The slab has
a thickness d and is located in vacuum. The top and bottom surfaces at z = +d/2 are
perpendicular to the ¢ crystalline axis.

In the case of guided waves, the fields in regions 1 and 3 must be evanescent along the z
direction, away from the crystal surface, thus the z component of their wave vectors ki, = ta
and k3. = —wa3 must be imaginary, whereas inside the crystal slab ko, can be either real
(in the case of guided oscillatory modes) or imaginary (in the case of surface modes). The
tangential component of the wave vector on either side of every interface is continuous, thus

we can state that ki, = ko, = k3, = k., which is the real propagation vector in the x direction
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(parallel to the slab). These conditions thus impose the following form to the electric fields :

E|(r,t) = Efe 12etkea=wh) (5.21)
Ey(r,t) = (E;J“e”%z + Eg_e’bkhz) et kez—wt) (5.22)
Es(r,t) = Efetsetkar—wt) (5.23)
with
Eix
E = |E, (5.24)
Eiz

representing the constant field amplitude vectors in each region, using the asterisk to differ-
entiate the propagating field from the field amplitude. The magnetic fields will have a similar

plane wave form, with constant field amplitude vectors in each region

H;
H; = | O (5.25)
H;

with corresponding exponential propagation components

H,(r,t) = Hje 17e!ker=e) (5.26)
Hy(r,t) = (H;”Le””zz + H;‘e*”@’%) et kzz—wt) (5.27)
Hs(r,t) = Hjets* et kermet), (5.28)

The external waves in regions 1 and 3 for a given transverse wave vector k, will give rise to
two waves inside the slab with the same transverse wave vector component and two different
normal vectors ks,, the ordinary and extraordinary wave. The ordinary wave has an electric
field perpendicular to the ¢ axis, which in the considered xz propagation plane means that
the field is in the y direction, which corresponds to a transverse electric (TE) wave. The
extraordinary waves have electric fields in the xz plane and magnetic fields along the y axis,
which corresponds to transverse magnetic (TM) waves. Note that the TE wave corresponds
to the transverse ordinary (7o) polariton branch introduced in the previous chapter, while
the transverse and longitudinal extraordinary (T'e and Le) polariton branches correspond to

TM waves.



o4

5.2.3 Guided mode solutions
Transverse electric waves

For the TE waves, the electric field E = E,f, and the magnetic field is in the zy plane
H = H,& + H,2. Maxwell’s equations (5.8) and (5.9) can be reduced to

OE
a—zy = —wpoH, (5.29)
thy By = —wwpoH, (5.30)
0H,
5, Ltk H, = weyenEy, (5.31)
z

where €, represents the effective permittivity for fields along the y axis in each region which

is €y in vacuum and €ge | in GaSe.

Equations (5.29) and (5.30) can be used to express the components of the magnetic field as

functions of the electric field

v OE,

H,=——F= 5.32

why 0z ( )
ks

H,=- E,. (5.33)
WHo

Substituting into equation (5.31) yields a wave equation for the electrical field

0*E,
022

+ (e (w?/c*) — k2)E, = 0. (5.34)

From the form of the above wave equation, the propagation constant along the z axis k., has
to take the form

k. = \Je,(w?/c?) — k2. (5.35)

Outside the slab, the permittivity is €y, and the propagation constant are defined as k1, = 1o

and k3, = —ias, therefore 1oy = —1az = /w?/c? — k2 = 1.
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The tangential components of H in each region

Hlm _ _l’ailElyefalzeb(kzxfwt) (536)
WHo
ks
H. .= — z E+ tkoyz E— —tkarz\ t(kzz—wt) 5.37
? W o ( 2y )6 ( )
H3x LO‘/73E OL3Z€L(k)7;ZD—wt) (538)
wWito

have to be continuous at the interfaces z = £d/2, yielding

—10y Brye % = —ky, (Efe™ 2 — Ey emhl2) (5.39)

v By~ = —ky, (B emRe 4% — [, e d/2) (5.40)

The tangential components of the E field are also continuous at the interfaces

Elye—dz/Z _ <E+ otha=d/2 + EQ—ye—Lkzzdm) (5.4”
ESye—dz/Q <E+ —tka.d/2 + EQ_yeLkzzd/2> . (542)

Substituting equations (5.39) and (5.40) into the last two equations gives the following system

of equations for the electric field amplitudes in the slab :

(—ko, + Lozl)E;;Je””Z‘i/2 + (ko, + Loq)E;ye_””Zd/2 =0 (5.43)
— (ko + toz) Ef e "2 + (ky, — 1ag) By e/ = 0. (5.44)

The determinant of this system of equations must be zero for non-trivial solutions :
(—k2, 4+ anas + tho. (g + as))e? 242 4 (k2. — aqas + tho. (o + ag))e 20242 = 0 (5.45)

which can be simplified to the following transcendental equation

kgz(al + &3)

tan (kyd) = k3, —aqag
2z

(5.46)

where ko, = \/ (w?/c?)e; — k2. This solution has the same form as the solution in a isotropic
slab, as the ordinary waves only exhibit a single effective refractive index. The only solutions
for this relation are real values of ks, therefore only guided propagative modes (as opposed
to surface modes) exist for TE polarization [24,167,169].
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Transverse magnetic waves

In the case of transverse magnetic waves, the non-vanishing field components are H,, £, and

E.. Similarly to the TE case, Maxwell’s equations can be reduced to

oFE

Lk E, + 87; = wpoH, (5.47)
Lk, Hy = we, F, (5.48)
0H,

sz = we, B, (5.49)

¢, and €, are the permittivities in each region which apply to fields polarized along z and z,

respectively. Outside the slab, €, = €, = ¢, and in the slab, €, = €ye; and €, = €pey.

Using the last two equations to obtain the E field components as functions of H, and sub-

stituting into the first equation results in a wave equation for H, (with v =¢€,/e,) :

2
T A (ew?/) ~ K)H, =0 (5.50)

As for the TE case, the form of the above expression implies a z propagation constant of the
form k, = \/fy(ez(uﬂ/cz) — k2).

Continuity of the tangential component of H at the interfaces z = +d/2 gives

H1ye’“1d/2 = ([{;ye”l”"d/2 + HQ’ye’Lk?zd/Z) (5.51)
Hyye 002 = (H e thetl? o, ethesd)?) (5.52)

The tangential E field components also have to be continuous in z = +d/2

By = —L [, eFod/2ethz—wt) (5.53)
WeEq
o k2z + tikood/2 — Fikood/2 t(kzz—wt)
B = = (H et o=t — Hy eth2=d/2) ¢ (5.54)
Enp = — 2 Hy eFosd/2elu—st) (5.55)
WeEs

Combining equations (5.51) to (5.55) establishes a system of equations for the amplitudes of
the H, field :

(anel + Lelk:gz)l—[;’ye””zd/2 + (aney — Lelkgz)HQ_ye_Lk"’zd/Q =0 (5.56)

((1/3€L — LEngZ)HiZ/Q_Lk?Zd/Q + (CY3€L + Légkgz)H5y€Lk22d/2 = O, (557)
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which imposes the following relation between the parameters :

k
tan (Jpod) = SRzl103 F €301) (5.58)

2 2
€163k, — el

Here the z propagation constant is kg, = \/7(6/(w2/02) — k2), with v =€, /¢y.

5.2.4 Numerical solution of the transcendental equations

The transcendental equations obtained in the previous section for TE and TM modes do not
have analytical solutions. In order to find the values of ks, which support guided modes,
both sides of the equation must be expressed as functions of a single common variable and

the intersections of the curves correspond to the eigenvalues of the system.

TE solutions

Starting with the TE solutions, equation (5.46) can be rewritten as a function of the param-
eter 8 = 2ky,a = ko.d. The propagation constants outside the film can be expressed as the

parameters 7; which are functions of ( :

w?d?
ni = od = \/(EJ_ —€) a2 32 (5.59)
and the transcendental equation becomes
Blm +n3)
tan (8) = ———. 5.60
) B2 —mns ( )

For the sake of simplicity, let’s consider a GaSe slab suspended in air, with ¢; = €3 = 1 and

m=mn=n:

2
tan (3) = 7 fnﬁ? (5.61)

Plotting both sides of the equation as a function of 3 is a useful tool to understand the
behavior of the solutions. Fig. 5.3 illustrates the guided propagative solutions obtained for
two different energies, above and below the Reststrahlen bands of GaSe, in a 5 pum thick slab
of GaSe in air. The green curve reveals the presence of three distinct guided modes with

1

a wavenumber of 210cm™" and different propagation parameters 3, as shown by the three

intersection points with the black curve. On the other hand, a single guided mode is allowed



o8

Be/m Bem B/ Be/m

25 \ ; T \

201 w = 270cm ™"
151 5

10—~

s b :

20~ : _

25 R i ! ! ! i ! ! !
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

B/

Figure 5.3 Plot of both sides of equation (5.61) in a 5 pm thick slab of GaSe. The black line is
the left term of the equation, and the solid green and red plots represent the right-hand side
term for wavenumbers of 210 cm ™! and 270 ecm ™!, respectively. The intersections between the
curves are highlighted by vertical dashed lines of the corresponding color.

for a wavenumber of 270 cm ™!, as shown by the red curve.

Solving numerically the transcendental equation for every wavenumber in a given region of
interest yields a dispersion relation 3(o) for each of the guided modes in the slab. The poles
of the transcendental equation must be treated carefully to obtain meaningful results. The
right-hand term has real values for 0 < g < ., with

d
B, = kodv/er —1 = %\/el 1 (5.62)

corresponding to the maximal transverse propagation constant § for which the parameters
n = ad outside the film are real, which corresponds to k, = w/c. At this cutoff limit,
n = 0 and the wave extends to infinity. (. must be real and non-vanishing for the layer
to support guided modes, therefore guided modes only exist in the region where ¢, > 1.
Equation (5.61) also reveals a pole at 8, = 3./+/2, which has to be taken into account during

numerical solving. Both points of interest (. and f) are indicated on Fig. 5.3.

In order to avoid numerical issues at the poles, each solution has to be considered within a
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continuous interval. The total number of allowed modes is given by

n= WW , (5.63)

™

with [ ] representing the ceiling function, and each root (; occurs in a distinct interval of
length 7, such that

i—1<pB/n<i, Viecln]. (5.64)
For solutions 3; < [k, the interval can be further narrowed down to
i—1/2 < pifm <1 (5.65)

since the right-hand term is negative in this region. Conversely, solutions where 8, < 3; < f3.

are restricted to the intervals
i—1<pi/m<i—1/2. (5.66)

These intervals are now free of discontinuities, and the solutions of equation (5.61) they
contain can be easily obtained numerically using the bisection method. For each wavenumber,
the poles (3. and [, are determined, along with the total number of allowed modes n. Then,
each of the n unique solutions {f, ..., 3,} for that wavenumber are computed by bisection
over the intervals defined by equations (5.64)-(5.66). The results obtained for the example
5nm GaSe slab are shown in Fig. 5.4.

TM Modes

The solutions for TM modes can be obtained using a similar approach, however equation
(5.58) allows the propagation constant ko, to take on imaginary values, thus there can be
both real solutions and imaginary solutions. The real solutions are guided modes in the slab,
that have a real propagation vector in the zz plane, throughout the whole volume of the slab.
The imaginary solutions for [ correspond to surface modes, which have a real propagation
vector in the x direction, and an imaginary propagation vector in the z direction, which
corresponds to an evanescent field inside the slab, decreasing away from the surfaces. Since
the solutions also have to be evanescent outside the slab, these modes are bound to the

surfaces of the slab, and are therefore called surface modes.
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Figure 5.4 Dispersion relation of the first three guided TE modes in a 5 pm thick slab of GaSe.
The TE modes correspond to the transverse ordinary (7°0) polariton branch, as indicated on
the graph. The photon-like ordinary polariton branch above wy,o  is almost coincident with
the vacuum light line (indicated by the solid oblique black line) and is of little interest in
this work because of its weak confinement.
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Substituting 5 = 2ky,a and 7; = a;d in equation (5.58) yields the transcendental equation

€L f(ems + €esm)

tan = . 5.67
%) ere3% — €L mms ( )

For the surface mode solutions, this equation can be reformulated (with g = () as
tanh (¢) = _“C(jmi” ha €M) (5.68)

€1€30% + €13
The expression of 7; as a function of J is
w2d? 1

;= — ¢ S—— e 5.69
w0 SE Ly (5.09)

with v =€, /€.

For a freestanding slab where 1, = 73 = and €; = €3 = 1, equation (5.67) simplifies to

2e, B

=y

(5.70)

This relation is very similar to the one obtained for the TE modes, with the addition that it

exhibits an explicit dependence on € .

The signs and values of the permittivities must be carefully considered in order to determine
the frequency and propagation constant ranges where non-trivial TM solutions can be sup-
ported by the slab. Guided mode solutions can be derived from the the constraint that the
field outside the slab must be evanescent, thus 7 must be real :

wid? ¢
= (e —1)—

B > 0. (5.71)

€1

The cutoff parameter where k, = ky = w/c for guided TM modes is

Be = wfd E*L(G// - 1) (5.72)

& €y

Analysis of equations (5.71) and (5.72) reveals four distinct regimes depending on the signs

and values of €, and ¢.

Case I |, where €, > 0 and ¢, > 0, is the standard dielectric waveguide regime, for which

guided solutions must satisfy g < fB., with ¢, > 1. Fig. 5.5 illustrates graphically the
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transcendental equation. The total number of guided TM modes in this case is given by

n= WW . (5.73)

™

Using a similar approach to the TE case, the roots (; can be found in distinct continuous

intervals of length 7/2, taking into consideration the presence of a pole at

_wd [el(e)— 1)

Br=-\7 I (5.74)
Solutions 3; < (B are found in the intervals
i—1/2 < Bifm <i (5.75)
and solutions where [ < §; < 3. are restricted to
i—1<pB/m<i—1/2. (5.76)

Case II | where ¢, > 0 and ¢, < 0, corresponds to a Type I hyperbolic Reststrahlen band,
and guided solutions must satisfy 8 > (.. Note here that there is no upper limit on the
propagation parameter 3, and the slab can support an arbitrarily large number of guided
modes. This unique property of hyperbolic waveguides will be discussed in more detail in

§5.2.5. In the case of GaSe, there is no frequency range with Type I hyperbolic behavior.

Case III |, where €, < 0 and ¢, > 0, defines a Type II hyperbolic Reststrahlen band. For
0 < ¢/ < 1, guided modes exist with g > S.. For ¢, > 1, the cutoff parameter is imaginary,
and guided propagative modes with any real § > 0 as well as surface modes with {( < —0,

are supported by the slab.

As for the Type I modes, there is no upper bound on the transverse wave vector, and
the transcendental equation has an infinite number of propagative mode solutions. These
solutions can be found once again in distinct continuous intervals. The equation has poles for
real values of fj, which induces a change of sign of the right-hand term of equation (5.70).
Fig. 5.6 illustrates the three different cases for propagative solutions in a Type II hyperbolic
band.

In the hyperbolic region, the transverse wave parameter can be imaginary for ¢, > 1, and
has an upper boundary of ( < —if,, as is illustrated by the blue and green curves on Fig.

5.8. There are no discontinuities in (5.70) and only two solutions, therefore numerical solving
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Figure 5.5 Plot of both sides of equation (5.70) in a 5 pm thick slab of GaSe. The solid black
line is the left term of the equation, and the solid red plot represents the right-hand side
term for a wavenumber of 500 cm ™!, far above any Reststrahlen band.
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Figure 5.6 Plot of both sides of the transcendental equation in a 5pm thick slab of GaSe.
The solid black line is the left term of the equation, and the colored curves represents the
right-hand side term for wavenumbers of 245.5cm™! (blue line), 247cm™! (green line) and
250 cm ™! (red line).
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is rather simple. The resulting dispersion curves for TM modes in a 5pm slab of GaSe are

shown on Fig. 5.9.

Case IV | wheree; < 0and ¢, < 0, defines a double Reststrahlen band, where no volumet-
ric propagative solutions exist and guided surface mode solutions must satisty ¢ > —5, = (..
In this region, there is also no limit on the magnitude of the transverse parameter 3, but
its value is imaginary, and the modes only propagate longitudinally at the surface and are
evanescent in the volume. The slab can only guide two surface modes, therefore the mag-
nitude of the guided modes at a given frequency is limited since there are no higher order
modes possible. By selecting the right slab thickness and frequency, one could nevertheless
obtain guided surface modes with extremely large longitudinal wave vectors. The resulting

dispersion curves for TM modes in a 5 pm slab of GaSe are shown on Fig. 5.9.

5.2.5 Confinement limits

The solutions obtained in the previous sections are solutions for the transverse wave parame-
ter 4. Although it is a convenient parameter for the numerical solutions described above, the
lateral wave vector component k, is more useful to describe the experimental observations,
as it is preserved both inside and outside the slab and remains real for all types of guided

modes. The numerical results are easily converted using the relations for TE and TM modes

1 Jw2e d?
ETE =24/ — B2 5.77
x d C2 ﬂ ) ( )

1 jw2ed? ¢
KM = = [T S g 5.78
. d\/ 2 qﬁ (5.78)

It is important to note here that for a given solution 3, the resulting longitudinal wave vector
k. decreases with a decrease in the slab thickness for TE modes and TM modes described by
case I, whereas it increases in thinner flakes for hyperbolic and surface waves (cases II, III
and IV). Coupled to the fact that there is no upper limit to the magnitude of the wave vector
for hyperbolic waves, this enables extreme wave confinement to dimensions far smaller than

the diffraction limit in materials that exhibit these properties.

The peculiar condition in cases II and III, for which there is no maximum value imposed on

B stems from the fact that the permittivities have opposite signs, and the material exhibits
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Figure 5.7 Dispersion relation of the first three guided TM modes in a 5pm thick slab of
GaSe. The upper modes correspond to the longitudinal extraordinary (Le) polariton branch
and the lower modes to transverse extraordinary Te polaritons. Note the weakly-confined
photon-like extraordinary polariton branch, almost coincident with the vacuum light line
above wio] .
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Figure 5.8 Plot of both sides of the transcendental equation in a 5 pm thick slab of GaSe. The
solid black line is the left term of the equation, and the colored plots represents the right-
hand side term for wavenumbers of 232cm™" (green line, Type II hyperbolic Reststrahlen),
243cm™! (red line, double Reststrahlen) and 248 cm™! (blue line, Type IT hyperbolic Rest-
strahlen). The vertical dotted lines indicate the position of the cutoff parameter (. for each
curve.
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Figure 5.9 Dispersion relation of the surface polariton (Sp) modes in a 5pum thick slab of

GaSe. The two main surface modes extend below the double Reststrahlen band,

as surface

waves can also exist in the Type II hyperbolic regions around that band. Note that the
upper wavenumber limit for the surface modes is lower than wy,o||, since no surface waves can
exist for ¢/ > —1. An additional upper surface mode exists between w0 and wro., but its

proximity to the light line means that it is poorly confined.
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a hyperbolic dispersion behavior defined by

]{32 /{32 2

Ty B 2 (5.79)
€/ €. C

which has solutions for arbitrarily large wave vectors at a given frequency. In the case of

GaSe, which only has a Type II hyperbolic band (e, < 0 and €, > 0), equation (5.79) imposes

a minimum value to the longitudinal wave vector

w?ey
2’

|Ke| > (5.80)

for which ko, = 8 = 0, as can be seen on Fig. 5.10. The boundary conditions in the slab

2
=15 -k (5.81)

which imposes the condition 5 > f, for ¢, < 1.

require « to take on real values

The lack of an upper bound on [ is significant as it highlights a unique property of hyperbolic
materials in that waves with frequencies in the hyperbolic bands (where €,(w)e, (w) < 0) can
propagate with arbitrarily large wave vectors. Indeed, the dispersion relation shown on Fig.
5.10 does not restrict the magnitude of k as in a standard dielectric material, but rather its
orientation relative to the extraordinary axis z is restricted. For large values of k, equation

(5.79) describes a conical surface with angle

€y

€1

§ = arctan (5.82)

This behavior could theoretically be observed for wave vectors up to the limit of k ~ 7/ay,
where the wavelength is of similar dimension to the unit cell, and the effective medium
approximation breaks down. Hyperbolic materials can therefore theoretically confine elec-
tromagnetic radiation down to extremely small sub-wavelength dimensions, with confinement
factors A\o/\ = k/ko up to 10°.

5.3 General 4x4 matrix formalism for numerical calculations

The model presented in the previous sections provides a good insight into the behavior of
polariton modes guided in an anisotropic slab waveguide and its simplicity clearly reveals

the different types of guided modes. In order to obtain a more accurate model of the guided
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Figure 5.10 Schematic representation dispersion relation in a bulk hyperbolic material within
a Type II hyperbolic band showing the minimum value |k,| specified in the text.

modes and the electric field distributions associated with them, the damping parameter I" in
the expression of the slab’s permittivity as well as the substrate permittivity must be taken

into account.

In this section, a general 4 x 4 matrix formalism based on the approach presented in Ref. [2§]
is used to model the electromagnetic transfer function of a multilayer dielectric medium with
anisotropic and/or absorptive media. This formalism combines multiple previous attempts
over the last four decades to accurately model multilayer optical films in a format that is well
adapted for numerical computation. The use of a matrix formalism enables rapid solving of
multiple linear equations and is well suited for the problem at hand, but great care must be
taken to avoid numerical instabilities and singularities. Many previously proposed numerical
models were either plagued with discontinuities and numerical instabilities, or lacked the

ability to model a combination of isotropic and anisotropic media and evanescent fields.

5.3.1 Transfer matrix determination

A transfer matrix is determined for each interface and through each of the N layers of the
multilayered medium using Maxwell’s equation and boundary conditions in a matrix form. As

in the previous derivation, a wave propagating in the xz plane can be considered without loss
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of generality due to the symmetry of the system. Defining the field vectors (with ¢y = po = 1)

E, D,
Ey Dy
E, D,
G = et C = et (5.83)
H, B,
Hy By
H, B.

and assuming no free charges nor currents in the material, Mawxell’s equations (5.8) and

(5.9) can be expressed as

9 P
0 0 0 0 -3 e E, D,
o o o 2 0o -Z1|& D,
0 0 0o -2 2 9 E, D,
RG = 5 5 oy o = —lw = —wC (5.84)
0 5 —3. 0 0 0 H, B,
E y
-2 0 Z 0 0 0 H, B,
) )
3 s 0 0 0 0 H, B,
The constitutive relations between G and C can be written as
€0
C =MG= ( H) G, (5.85)
0w

where we assume ji = T, with 1 representing the identity matrix.

Combining equations (5.84) and (5.85) and removing the E, and H, terms, which can be

obtained from the four remaining field terms, gives a 4 x 4 matrix equation [170] :

0 W
—¥ = ,—AW 5.86
az [’ C ) ( )
where
E,
H,
v = Y. (5.87)
EZ/
—H,

The 4 x 4 matrix A is a function of the matrix M of the layer and of the longitudinal wave
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vector component k,, which is preserved in every layer. It is constructed by equating
RG = —wMG, (5.88)

replacing a% by ¢k, and a% by 0, and removing the z components of the fields. The resulting

matrix is
0 1+ 0
0 0
A=|“ (5.89)
0 0 1
0 0 e+E 0
In each layer i, equation (5.86) has j = (1,2,3,4) solutions, with eigenvalues Ck;”', that

are the dimensionless z-components of the eigenmode wave vectors, and the corresponding
eigenmode field amplitudes are given by \I’{ such that

ck? . ,
LA = WA, (5.90)

w

The four eigenmodes correspond to two s-polarized waves and two p-polarized waves, that
each propagate in +z directions. In order to avoid poles and discontinuities during the
numerical treatment of the transfer matrices, the eigenvalues must be assigned to their cor-
responding polarization and propagation direction. By evaluating the sign of the imaginary

parts (or their sign if they are real) of the eigenvalues kzil, the propagation direction can be
established. To distinguish s- and p-polarized fields, the relative magnitude of the respective

x and y electric field components is compared.

The eigenvalues are then sorted so that k., and k3

2,0

correspond to p-polarized waves and
kzl and k;{i to s-polarized waves, propagating toward the positive and negative z directions,
respectively. This unambiguous assignment then enables the determination of the corre-
sponding z-component of the electric fields while avoiding singularities [171]. To do so, a

dimensionless electric field vector 47 is defined as

4 ’Y:]cz
¥ = Voi | o (5.91)
72,1

so that 7, = 75, = 75 = 7V, = 1 and E! = El~]. The other components of 4/ can

be obtained using the relations presented in Ref. [171], that enable a computer program to
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determine the electric field vectors while avoiding the singularities that arise from the general
case when the eigenvalues are degenerate (kl, = k3, or kZ; = k1,). In the present case, the
permittivity tensor is diagonal there are two doubly degenerate eigenvalues, and the only

other nonzero components of the normalized electric fields are

kx k;,l

w?/c)ey — k2

w?/c?)e) — k2

’Yzl,i = ( and 7?,1‘ = ( (5.92)

The boundary conditions for the electric and magnetic fields at each interface can be defined

as
Ai—lEi—l = AzEz> (593)

with A; being a projection matrix onto the eigenfields expressed as a function of the sorted

singularity-free electric fields 'yz-j :

7;,7; %%,i 73,1' 7;1,1
A, = ’Yyl,i 'Y;,i 72,1' ”Y;l,i
%(k’;ﬂ;z - kaﬂ;z) %(kzﬂiz - kx7z2z> %(kgﬂgz - kwﬁ’z) %(kﬁ,ﬂ;{i - kaf,i)
% ;1731/1 % fﬂiz % g’ﬁ;’z % ﬁ,ﬂﬁ,i

(5.94)

And the vector E; representing the electric field amplitudes that satisfy these boundary

conditions is defined as

Ey
E+
E=|"]. (5.95)
Ep
ES

with Epi and EF representing the p-polarized and s-polarized field amplitude propagating in
the £z direction, respectively. The field in layer 7 at the interface with layer i —1 as a function
of the field E;_; on the other side of that interface can now be defined as L; = A} A;

E,_,=A'AE, = LLE,. (5.96)

Between the interfaces of layer i, which has a thickness ¢;, the waves propagate along the z

direction with a propagation component e*s*. Going from interface i to interface i — 1, the



74

eigenfields therefore accumulate a propagation phase that can be expressed in matrix form

ekt 0 0
0 et 0

P=| R (5.97)
0 0 0 etk

The total transfer matrix through layer ¢ can then be expressed as
T, = A,PA; ", (5.98)

which contains half of the interface matrix on either sides of the layer. For all N stacked

layers, we obtain

N
T 4, [H AZ-PZ-AJ] An (599

=1

— LP,L,P,... Py_LyPyLy.: (5.100)

to which the matrices A for the external medium on either side of the stack have been added
to complete the first and last interface matrices Ly and Ly,;. This total transfer matrix

defines the relationship between the field vectors outside the multilayered structure
EO == TEN+1. (5101)

Fig. 5.11 illustrates schematically the computation steps and associated fields in the mul-
tilayer structure, along with an example of the application of the formalism to the guided

polariton modes in GaSe slabs.

5.3.2 Transmission and reflection coefficients

Considering the field amplitudes on either side of the multilayered structure, Ref. [172] gives
the expressions of the transmission and reflection coefficients as a function of the transfer

matrix elements. However, the formalism used in Ref. [172] uses a different ordering of the
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Figure 5.11 Schematic representation of the computation process using the 4 x 4 matrix
formalism. (a) General case, where field Ey at the first interface is transformed into E; by
matrix L, then propagated through layer 1 by matrix P, the process being repeated for all
N layers until the resulting field Ey,; is obtained. (b) Application of the model to guided
modes in a slab of GaSe on a Si/SiOq substrate, where field amplitudes are sketched along
with their allowed propagation directions.

electric field vectors defined as
E* = Pl (5.102)

The transfer matrix must be reordered to correspond to that formalism using the following

transformation
T = A™'TA, (5.103)

where the matrix A is defined as

(5.104)

o O O =
S = O O
o O = O
= o O O
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From the components of the reordered matrix T, the reflection and transmission coefficients

can be expressed as [172]

* * * * *
T35 T55 — 15,15, 175,

T TeTy TRTn T Talh - ThTh (5.105)

ro. — TflTI3 - TIlTl*d _ _Tl*l (5106)

oS TTh Tl T Tl - ThHTh

Tl -TTy o, Ty 507
ThTs — TiTh ThTs — il

Pop = TflT;?, - T2>'<1T1*3 o = T1*3 (5108)

P TeTy, Taln P ThTh - ThTh

which correspond to the ratios of incident and reflected (transmitted) components of the
field form an incident field on interface ¢ = 1 propagating towards positive z, with the first
index denoting the s or p polarization of the incident field and the second index the reflected

(transmitted) polarization.

5.3.3 Computed polariton dispersion curves

The reflectivity coefficient accurately describes the electrodynamics of the multilayer sam-
ple, as resonances in the reflectivity correspond to resonances in the system [172], with the
imaginary part corresponding to the guided modes [4,110,173,174]. This can be understood
by considering that the poles of the reflectance correspond to eigenstates of energy and mo-
mentum in the multilayer system. The eigenstates that correspond to guided modes have
imaginary wave vectors outside the layer, thefore they manifest as maxima of the imaginary
component of the reflection coefficient. Im(r,,) corresponds to the dispersion of the guided

TM and surface modes, while Im(rg,) describes the guided TE modes.

Using the definitions in equations (5.105) and (5.106), and the transformed transfer matrix
T*, the polariton dispersion of a slab of GaSe can now be computed by calculating the
transfer matrices and reflection coefficients for every frequency and tangential wave vector
in a range of interest. In order to minimize computation time, the transfer matrices were
computed over a logarithmically spaced wave vector range, ensuring high resolution at low
wavenumbers, where highly dispersive behavior occurs, while minimizing computation time
for the low dispersion regions at large wave vectors. This approach enables accurate modeling

of the full dispersion relation within less than three hours on an average personal computer.

Fig. 5.12 illustrates the imaginary parts of ry, and r,, for a 5pm thick GaSe slab in vac-
uum, calculated with damping parameters of ') = I'y = 0.5 ecm™!. The calculated polariton

dispersion determined by the analytical model presented in §5.2 is superimposed onto the
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calculated dispersion to verify the accuracy of the numerical model. Note that the s-polarized
reflection coefficient corresponds to ordinary (TE) waves, and the p-polarized reflection co-
efficient corresponds to extraordinary (TM) waves. This result confirming the equivalency
between the analytical and numerical results in the simple case of a GaSe slab in vacuum is
used as a validating test before applying the numerical approach to more complex multilayer

structures, which more accurately describe several of the samples used in this work.

The transfer matrix model makes it simple to take into account the effect of the SiOs/Si
substrate, with the dielectric function of the SiOy layer €gio,(w) taken from Ref. [175], and
the permittivity of the silicon substrate es; = 11.7 in the modeled frequency range [176]. The
resulting dispersion curves including the effect of the substrate are presented on Fig. 5.13.
The principal effects of the substrate on the dispersion curves are threefold. First, the guided
polariton modes are poorly guided below the light line in silicon, as evidenced by the reduced
intensity and broadening of the computed reflection coefficients. Below the Si light line, the
waves can propagate into the substrate, which results in a lossy waveguide. Secondly, only one
of the two vacuum surface modes is visible in the Im(r,,) plot, corresponding to the vacuum
interface of the layer. A weak mode is located above the Si light line, which corresponds to
the second surface mode at the substrate interface. Since the SiOy layer is very thin, the
evanescent field of the mode extends into the Si substrate, and so the mode is only apparent
above the Si light line. Finally, the wave vectors of all guided modes are slightly higher (the
curves are shifted to the right), since the higher permittivity of the substrate results in a

higher confinement in the waveguide.

5.3.4 Guided-mode electric field distributions

Using the intermediate transfer matrices A; and L;, the magnitude of the electric field can
be computed at any position in the multilayer system for a given value of w and k,. First,
the resulting field in layer N + 1 is obtained from the system’s transmission coefficients, and
is then propagated backwards in incremental steps through the multiple layers to determine

the field amplitudes at every step.

The effective transmission coefficient can be computed using the transfer matrix elements.
Starting from the assumption that all fields outside the system are evanescent (the selection
of an appropriate k,, greater than \/E% in both of the external media, guarantees this), only
fields propagating away from the outermost interfaces can be allowed to avoid diverging fields
at z = +oo (see Fig. 5.11).

The coefficients t,, and t,, from equations (5.105) and (5.106) define the ratio between an
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Figure 5.12 Imaginary part of the r,, (right) and r,, (left) reflectivity coefficients for a 5 pm
thick slab of GaSe in vacuum. The intensity corresponds to the brightness of the orange
color, on a normalized linear scale. The dispersion relations for the first three guided TE,
TM (red curves) and surface modes (cyan curves) calculated in §5.2 are superimposed on the
image confirming the validity of the computed dispersion relations. The lower portion of the
Im(r,,) plot indicated by the arrow is scaled by a factor of 10 to enhance visibility of the
weak TM modes. The light lines for vacuum is indicated by a dashed line on the left of each
plot, revealing that no modes can be guided below the light line, as the waves can propagate
into the vacuum. The energies of the longitudinal and transverse normal modes of GaSe are
indicated by the horizontal dashed lines.



C
Ve VEior Vst imr) (5000 nm)

WLoL

WLo||

wro||

Wavenumber (cm™)

wroL

79

c c c

\/_6—0 V€510, V/€si Im(r ) (5000 nm)

260

WroL

WLo||

240

wro||

~N
X}
o

Wavenumber (cm" )

N
N
=]

Wrol
210 ¥

200

Figure 5.13 Imaginary part of the 7y (left) and r,, (right) reflectivity coefficients for a 5 pm
thick slab of GaSe on a Si substrate with 300 nm of thermal oxide. The intensity corresponds
to the brightness of the orange color, on a normalized linear scale. The dispersion relations
for the first three guided TE, TM (red curves) and surface modes (cyan curves) for a sample
in vacuum are superimposed on the image, highlighting the effect of the substrate on the
dispersion. The lower portion of the Im(r,,) plot indicated by the arrow is scaled by a factor
of 10 to enhance visibility of the weak TM and surface modes. The light lines for vacuum, Si
and SiO, are indicated by the three dashed lines on the left of each plot. The energies of the
longitudinal and transverse normal modes of GaSe are indicated by the horizontal dashed

lines.
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incident field at the air/GaSe interface and the transmitted field at the SiO4/Si interface :

T3
PP * Tk * %
T11T33 - T13T31

*
_Tll

t = .
ThTs — TisT5

and tos

(5.109)

The electric field in layer N + 1, which corresponds to the Si substrate, is then set to

E;,NH tpp
- 0
Eg=| PNt = : (5.110)
E;,—N+1 tos
Eo N 0

Using these initial field expressions, the fields amplitudes at all points in the system can
be obtained using the interface matrices A; between each layer and propagating the field

between interfaces using an incremental version of the propagation matrix

ekt 0 0 0
0 e 0 0
P(z) = 0 N E (5.111)
0 0 0 etk

Note that the treatment of the propagation matrix P,(z) must be adapted, since only the
two eigenmodes propagating towards positive z are allowed in the air above the layer (layer
i =0). ki, and k2, are set to —kL, and —k., in order to define Py(z) for evanescent fields

away from the interface.

The resulting total field amplitudes in Cartesian coordinates are then [28]

.=E—E, (5.112)
E,=Ef+E;, (5.113)

k €l k € _
E,=|-—=E'|-|-—-=F 5.114
( ki€ p) ( k.izey p) ’ ( )

where the negative sign applied to the p-polarized fields accounts for the phase change caused
by the reflection of the field.

Fig. 5.14 illustrates the obtained spectral and spatial field distribution for k, = 6 x 103 cm™!

in a 5um thick GaSe slab on a Si/SiO, substrate. The first two guided To, Te and Le
polariton modes are clearly visible, as well as the two surface modes. Note that the lower

surface polariton (Sp;) field is distributed throughout the slab with a concentration at the
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substrate interface, whereas the upper Sps mode is highly located at the air interface. This
explains why only one of the surface modes is strongly affected by the presence of the substrate
(see Fig. 5.13).

5.3.5 Modeled Raman spectrum

As presented in Chapter 4, the Raman scattering efficiency of polaritons can be expressed as

a function of their electric field. Equation (4.58) derived in §4.3 and reproduced here :

2

N d/2
(@ - Ry - 2,) / L EAHEN(2))dz| (Mg~ k)HE(,6)  (5.115)
—d/2

C(ny, +1)

IN((U,H) = d

enables a direct modeling of the relative scattering efficiency.

The effective Hopfield coefficients H%(w,f) can be obtained as a function of the polariton

propagation direction 6 and frequency (see equations (4.39)-(4.41)).

The effective Raman tensor Ry corresponds to (neglecting the k-dependent Frohlich contri-
bution)
2 6@

Ry = Ry + AN (5.116)
N

which can be defined up to a constant using the Faust-Henry coefficients introduced in
Chapter 4 :

Ry 2
o (5.117)
X, ij 60(68)\ - EooA)

The value of C}},

along coordinate A. Since only the E’ mode is Raman-active in GaSe, there is a single

can be determined from the intensity ratio of the TO and LO modes

Faust-Henry coefficient CY® which can be determined from equation (4.47). Using the ratio
Ito.1/Iro. = 3.5 from Ref. [24] yields the solutions CTH = {0.1324, —0.3651}. The positive
solution corresponds to constructive interference between the mechanical and electro-optic
scattering contributions, while the negative solution describes destructive interference. Only
one of these solutions is physically valid [152], but the sign of C*™ cannot be determined
from the LO/TO intensity ratio alone.

Irmer et al. [177] presented a method of obtaining the sign of C*H through a detailed analysis
of the scattering efficiency of transverse polaritons in near-forward geometry. Results that

will be presented in Chapter 8 indicate that the electro-optic scattering contribution interferes
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Figure 5.14 Normalized electric field magnitude distribution in a 5 pm thick GaSe slab on a
Si/SiO, substrate for k, = 6 x 10®cm™'. (a) Normalized magnitude of the y component of
the electric field, corresponding to TE waves. The two guided transverse ordinary (701 o)
polariton modes are indicated by the white brackets. (b) Normalized magnitude of the z
component of the electric field, corresponding to TM waves. Field magnitudes below wrg
are magnified by a factor of 5 as indicated by the arrow. Guided transverse extraordinary
(T'e12) and longitudinal extraordinary (Le;s) as well as the two surface (Sp;2) polariton
modes are indicated by the white brackets.
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destructively with the mechanical deformation contribution, which corresponds to previous
observations in GaSe [24], in GaP [152], and in a-GaN [177]. However, the thin samples used
throughout this work often imply a relaxed wave vector conservation, along with the inability
to measure scattering involving in-plane propagating photons. Therefore, an exhaustive

symmetry analysis such as that proposed by Irmer et al. is not feasible here.

Note here that due to the relaxed wave vector conservation in some of the the thin films
studied in this work, the scattered polariton propagation direction 6 is not well defined.
As a first approximation of €, the momentum might be assumed to be conserved in the
scattering process, but this approximation fails for very thin samples, and for large values of
ky, especially in the case of hyperbolic modes, since propagation angles are restricted to

. (5.118)

0(k > w/c) = arctan
€L

The field distributions in the slab are determined for each wavenumber in the range of interest
and at every location in the multilayer system using the computational method presented
in the previous section. Using the projection defined in §4.3.1 for a polariton wave vector
k =k (sin6,0,cosf), the field expressions for the three polariton branches expressed in the

lattice cartesian coordinates are

0 —cosbOE, sinF,
ETO = Ey y ETe = 0 and ELe = 0 . (5119)
0 sinfF, cosOF,

The electric field amplitudes then correspond to (Ey) = +/(E%)TEy, where ()7 denotes

transposition.

The scattering efficiency described by equation (5.115) has two terms that depend on 6,
which can also be expressed as a function of the lattice coordinates. The effective Raman

tensors are then

5 <(2) CMwio,
Ry, = 1+ ———""=, 5.120
T X1 < + wlo, — w? ( )
B . . CFH,,2
Ry, = [— cos Gx(f) + sin 0)(5/2) <1 + QLTOLZ ; (5.121)
WroL —W
_ - ° CFH 2
Ry, = [sin Gx(f) + cos 9)(5/2)} (1 + QWTOL2> ) (5.122)
WroL —W

<(2) _ (@2

where x,” = X, = 0. Note that the second term in the parentheses diverges when w —
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wrol, since the macroscopic electric field tends to zero, but this divergence is canceled out

by the effective Hopfield coefficients,

hE
Hﬁo(w70> = Hf(w) = 7L7 (5123)
€0l
hE 2 2 hE : 2 [
HE (w,8) = cos? 0HE (w) + sin? OHF () = "L s (5.124)
€ool (S
hE f 2 9 hE 2 9
HE (w,0) = sin 0HE () + cos? §HE () = LY W08 7 (5.125)
€ool €ool/

2 2 2 -1 2 2 2 -1
E Wro L (wLOJ_ - wTOJ_) E WTO//(WLO// - WTO//)
= (1 " (wgl“OJ_ —w?)? ) i = (1 " (W%O// — w?)? . (5.126)

These coordinate projections can be used to express the total scattering efficiency from all
polariton branches for a given scattering geometry relative to the lattice coordinates. Since

only the xy plane has non-zero Raman tensors, the total scattering intensity is

2

Cn, +1) 5(Aq) — k) HE (w,0). (5.127)

d

Z(éi ‘R, - és) /_d/2 e AUE(B (2))dz

1 0) =
L(wv ) )\ d/2

Note that there is no contribution from the HZ Hopfield coefficient, as it applies to a forbidden

Raman scattering geometry.

For numerical calculations, in order to avoid the diverging term in the effective Raman
FH, ,2

tensor mentioned above, the scalar component of the tensor <1 + Sz“’T_Owg) is taken out

TOL

of the squared term and multiplied to the effective Hopfield coefficient, thus avoiding any

singularities in the numerical computation :

(w2 = (C™ + ko, )

5 3 o 2 2 o
ool (W01 Who  — 2who  w? + w?)

FH, 2
C" wio )

2 2
WroL — W

Ei(w) = ‘1 + HY (w) = (5.128)

The scattering intensity from each polariton branch can then be computed as

2

Cln, +1) 5(Aq) — k)= (). (5.129)

R NN LN
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The overlap integral between the photon and polariton fields of eq. (5.129) can be computed
numerically with a trapezoidal approximation using the calculated electric field distributions.
In order to correlate the calculated spectra to an experimental configuration, care must be
taken when defining the angles 6;,. Owing to GaSe’s optical anisotropy, the incident and

scattered photon wave vectors outside the material correspond to ordinary (s) and extraor-
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dinary (p) photons inside the material, thus incident and scattered photon polarizations and
propagation directions must be taken into account. Example computed Raman spectra for
different sample thicknesses and scattering configurations are presented in figures 5.15 and

5.16, assuming photon and polariton propagation in the xz plane.

For near-forward scattering configuration, the exponential term in the integral describes a
slowly-varying oscillation, since Aq, = ¢;cost; — qscosf, ~ 0, and ¢; ~ g; and 6; ~ 6.
In the case of backscattering, 8, ~ m + 0;, and Aq, = 2g¢;, resulting in rapid oscillations
with a period of ~ m/¢; along z, significantly reducing scattering efficiency from the slowly-
varying polariton electric field distribution in the layer, as was pointed out by Mills et al. [166].
However, modes that are strongly confined spatially can exhibit efficient backscattering cross-
sections if the spatial extent of the field distribution is similar to or smaller than the period

of the exponential term.

The value of k, in the backscattering geometry is controlled experimentally by varying the
incidence angle 0°" as k) = Aq) = ¢;sinf; — gssinf, = (¢ + ¢°**) sin 0°"*. The backscat-

tering efficiency from weakly-confined polaritons is low due to the large Aq,, but reflections

from the back surface allow observation of near-forward scattering with very small Aq; .

The demonstrated ability to model the separate contribution to the scattering efficiency
from each polariton branch will prove an essential tool to interpret the experimental results
wherein multiple factors contribute to the total scattered intensity. The particularities of
the thickness dependency and reflection contribution to the backscattering efficiency will be

discussed in further detail in the context of the experimental results presented in Chapter 8.
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Figure 5.15 Computed Raman scattering efficiency I, + Ir. + I as a function of k, for a
5 pm slab of GaSe on a Si/SiOq substrate for various experimental configurations. Intensities
are all normalized relative to the maximum intensity observed in the Z(xx)z configuration.
(a) Co-polarized backscattering, (b) cross-polarized backscattering, (c¢) co-polarized reflected
backscattering and (d) cross-polarized reflected backscattering. As expected from the effec-
tive Raman tensors, the T'o polariton branch is visible in co-polarized measurements, whereas
extraordinary polariton branches are visible in the cross-polarized configurations. The dom-
inant feature in the cross-polarized spectra is the upper surface polariton mode, and the Te
and Le polariton branches are barely visible. Furthermore, the relatively large thickness of
the sample results in weakly confined polaritons, which translates into a roughly 3:1 ratio
between the reflected (z()z) and direct (2()z) backscattering intensities.
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Figure 5.16 Computed Raman scattering efficiency as a function of k, for a 500 nm slab of
GaSe on a Si/SiO, substrate for various experimental configurations (note the x-axis scale).
The cross-polarized spectra clearly show both the upper surface polariton and Le branch,
while the T'e polariton branch does not appear. Note how in this case, the small dimension of
the sample results in highly confined polaritons, which translates into a roughly 1:1 intensity
ratio between reflected and direct backscattering.
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CHAPTER 6 SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

This chapter presents the different methods and experimental techniques utilized throughout
the project in order to obtain and qualify the data needed to achieve the stated researched
objectives and to confirm the validity of the theoretical models presented in chapter 3. The
first section details the sample preparation, selection, and protection methods, and the next
two section detail the optical techniques and setups used for the back-scattering Raman

experiments and the k-resolved Raman imaging.

6.1 Sample preparation and characterization

This section presents the exfoliation method used to obtain nanometer-scale GaSe flakes,
along with the different techniques used to evaluate sample thickness and crystalline orien-

tation. Finally, the methods used to prevent unwanted sample oxidation are described.

6.1.1 Bulk crystal source

GaSe samples used throughout this project were sourced from Pr. Richard Leonelli and
were produced at Université de Montréal by S. Jandl and J.L. Brebner in 1975 [178]. These
crystals were produced by Bridgman growth [179], which yields predominantly crystals of the
e-GaSe polytype, although some authors report admixture of a small proportion of the v-GaSe
polytype in such grown crystals [18, 140, 145,178]. However, the electronic and vibrational
properties of these two polytypes are extremely similar, the one major difference relevant to
the present work being the Raman selection rule of the Ag modes, which are Raman active

in v-GaSe and forbidden in e-GaSe , which will be considered during data analysis.

Sample crystals were cleaved to expose pristine, optically clear and non-oxidized layers several

millimeters below the original surface, such as the one shown in Fig. 6.1.

6.1.2 Micromechanical exfoliation

Small flakes were then cleaved off using tweezers and a razor blade and transferred onto a
polydimethylsiloxane (PDMS) pad. The tweezers and PDMS pads were thoroughly cleaned
with a lint-free wipe and acetone then rinsed with isopropanol and blow-dried with filtered

compressed air to minimize the contamination of the samples.
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Figure 6.1 (Left) Bulk Bridgeman-grown GaSe crystals used in this work. (Right) Example
of a cleaved off flake from the main crystal before exfoliation.

The flakes were then thinned down further via the method of mechanical exfoliation described
in Refs. [180] and [181]. It consists in repeatedly pressing down a PDMS stamp onto the
flake and transferring part of it to an adjacent location on the pad, and after several cycles of
this process, applying the stamp to a silicon wafer with 300 nm of thermal oxide, depositing
a large number of GaSe flakes of varying thicknesses at random locations onto the substrate.
This process involves a lot of hands-on manipulation, and the resulting flake yield depends
significantly on operator technique and experience. Samples thicknesses down to the mono-
layer were obtained during this work, although their weak optical response and sensitivity to

oxidation precluded any significant Raman analysis on the thinnest samples.

6.1.3 Flake thickness evaluation

Optical contrast microscopy was then used to rapidly screen the samples and identify flakes
of the required thickness for various experiments. By sweeping over the whole surface of the
sample, one can rapidly identify flakes within a certain thickness range by their apparent
color, as interference of light reflected within the silicon oxide layer and through the flake
yields significant color contrast, enabling almost transparent flakes to be observed optically
with relative ease [45]. On the image shown in Fig. 6.2, the various flake colors correspond
to different flake thicknesses. The locations of selected flakes were then mapped by a series

of reference photos allowing localization for further characterization.

Optical contrast yields rough estimates of the flake thickness, but in order to determine
precisely the number of GaSe monolayers in a thin sample, a tapping-mode atomic force
microscope (AFM) was used, as it can resolve topography features of less than 1 nm (see Fig.

6.3).

For much thicker samples, on the order of several microns and more, or for freestanding

flakes, optical contrast and AFM are not well-suited tools to evaluate their thickness. To
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Figure 6.2 Typical result of the micro-mechanical exfoliation process onto a Si/SiO5 substrate
as seen through an optical microscope with a 40x magnification objective. The different
observed colors correspond to different thicknesses. Regions 1, 2 and 3 identified by the arrows
have thicknesses of 8 nm, 25 nm and 65 nm, respectively, as verified by AFM measurements.

do so, broadband transmission interferometry was used. Samples were illuminated with a
broadband incandescent light source and the wavelength-resolved transmittance from 400 to
1200 nm was measured using a fiber-coupled spectrometer. The oscillations of the resulting
transmittance spectrum (see Fig. 6.4) were then analyzed to obtain the sample thicknesses
[182,183]. The interference extrema positions are given by 2nod = mMg, but determination
of the order number m is not trivial. By using a second measurement at a known incidence
angle 6, with interference extrema following 2n;d cos = mJ;, one can determine the order

number, along with the sample thickness.

6.1.4 Crystalline orientation

Raman spectroscopy is not a useful tool to determine the in-plane orientation of GaSe flakes
as there is an isotropic behavior in the ab plane. In order to determine more precisely the
crystalline orientation, the cleaving directions can be used to some degree, but the random
nature of mechanical exfoliation does not always cleave samples along well-defined crystal

axes.

The second order polarization response can then be modeled as a function of the incident
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Figure 6.3 Typical AFM topographical image of an exfoliated GaSe flake. Overlaid on the
image is a height profile along the white line indicated on the image, revealing the flake has
a thickness of approximately 6 nm, which corresponds to 6 GaSe monolayers. The surface of
the flake shows an uneven mottling of raised ’bumps’, which are caused by accumulation of
oxidation byproducts on the sample surface, as the sample was measured in air.

light polarization
Fi(2w) = XijeEj(w) By (w). (6.1)

For normal incidence of linearly polarized light onto the ab plane of GaSe, this yields a
polarization-dependent SHG response of the form I, o< dag sin® (3¢) for a direct polariza-
tion configuration and g, o< dogsin? (3[¢ + 7/2]) for a crossed polarization, with ¢ repre-

senting the angle between the crystalline a axis and the incident linear polarization [31].

Using these expressions, polarization-resolved second harmonic generation enables rapid de-
termination of a GaSe sample orientation, modulo a 7/3 factor [184]. Figure 6.5 shows the

polarization-resolved second-harmonic intensity obtained from a ~100nm thick GaSe flake.

6.1.5 Sample protection

In order to avoid sample oxidation, which we discuss in detail in chapter 7, most samples were
prepared in a dry nitrogen environment using a positive-pressure glovebox. The exfoliation,
optical contrast characterization and AFM measurements could all be performed within this
inert atmosphere to guarantee good crystalline and surface quality. Once the flakes were
selected and mapped by photographs, the substrate was mounted inside a custom-built optical

vacuum cell.

In order to minimize refraction aberrations, the window of the vacuum cell is made from

a 16 mm diameter No. 3 (~300pm thick) UV fused silica microscope coverslip glass. This
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Figure 6.4 Spectral transmission curves obtained for various freestanding flakes at normal
incidence. Estimated thicknesses are indicated on the right hand side of each flake. On the
lower two curves, the bandgap absorption edge around 620 nm is clearly visible in addition
to the interference fringes whereas it is not apparent for thinner samples. This difference is
due to the very low absorption coefficient of GaSe for in-plane polarized light.

window is glued with JB-Weld epoxy to the aluminum body of the vacuum cell, in the
center of which a circular opening is drilled to a diameter of 6 mm. This opening diameter
was determined using a uniformly-loaded plate deflection model [185], restricting maximum
deflection under full vacuum to <1% of the window thickness to avoid excessive strain-
induced polarization response. A spring-loaded adjustable post-mount allows the sample to
be positioned less than 1 mm from the window in order to maximize the usable numerical

aperture of the system.

Finally, a second custom vacuum cell, presented on Fig. 6.6, was designed for angle-resolved
transmission measurements, using the same coverslip glass windows positioned less than
S5mm apart to maximize numerical aperture. The upper window is glued to the aluminum
body, and the lower one is clamped onto an elastomer 'o-ring’ to provide a vacuum seal while

enabling the use of the window itself as a disposable sample substrate.

Once loaded with the sample, the vacuum cell was pumped down to a pressure of ~ 1073 mbar
and then rapidly transferred to the optical bench while keeping the window covered with
aluminum foil to prevent light exposure. The vacuum cell was then connected to a turbo-

molecular vacuum pump and pumped continually during experiments, reaching a steady-state
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Figure 6.5 (Left) Polarization map of parallel polarization second harmonic generation from
~300 fs laser pulses from a Ti:Sapphire laser at 875 nm. The solid line is a fit of the data,
which shows good agreement with the measured intensity. One of the three symmetry axes
of the SHG response (Right) Greyscale optical image of the measured flake with one of the
two possible crystalline orientations superimposed on the image.
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Figure 6.6 Technical drawing of the custom-designed transmission optical vacuum cell.
Marked dimensions are in inches [millimeters]. The location of both 300 pm glass coverslip
windows is indicated by the cyan arrows.

pressure of approximately ~ 107> mbar.

6.2 Momentum conservation in Raman scattering

Owing to conservation of momentum, Raman spectroscopy can probe phonons with wave
vector magnitudes k in the range ¢; — ¢ > k > ¢; + qs, depending on the experimental
configuration, where ¢; and g5 are the incident and scattered photon wave vector magnitudes
inside the material. Indeed, conservation of momentum imposes that the observed phonon’s
wave vector be k = q; — q,, or k = \/qf + ¢2 — 2q;q5 cos(v), with ¢ being the angle between
q; and q,. For visible incident light, the magnitude of g; and g, is approximately 10° cm~!

which is roughly 1% of the size of the material’s Brillouin zone.
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The polariton dispersion relations presented in the previous section only affect the phonon
energies at very low wave vectors, near the Brillouin zone center. For typical polariton
energies, with wavenumbers ranging from ~ 200—2000 cm™!, the corresponding wave vectors
where polaritonic dispersion effects are observed are in the k ~ 103 — 10* cm™! range, near
the lower range of the observable wave vectors in Raman spectroscopy, which are usually

accessed through near-forward measurement configurations.

In most Raman measurement configurations, where the incident and scattered photons prop-
agate in significantly different directions, the wave vector k must be large in order to redirect
the scattered photon. Only for very small values of ¢ (near-forward scattering) will the
probed phonon have a wave vector close enough to the Brillouin zone center to observe po-
laritonic effects. For any other scattering geometry in bulk crystals the observed energies
correspond to the non-dispersive regions of the LO and lower TO branches at the extreme
right of Fig. 3.4. For high k£ values beyond this figure, the branches are purely mechani-
cal phonons and show a slowly varying dispersion up to the edge of the Brillouin zone. A
schematic depiction of different Raman geometries is illustrated on Fig. 6.7. Note that near-
forward scattering conditions can be met in a backscattering experimental configuration if the
incident or scattered light is reflected on the rear interface of the sample, which is illustrated
on the right of Fig. 6.7.

6.2.1 Momentum conservation in an anisotropic medium

The magnitude of the incident and scattered wave vectors inside the medium are ¢; = 27n;0;
¢s = 2mnsos, with o, = 0; — 0, representing the wavenumbers of the scattered photon,
incident photon and polariton, respectively. Assuming q;/c, and defining 6, as the angle
between g, and the ¢ axis, the polariton wave vector can be expressed for arbitrary q;, with

angle 6; relative to the ¢ axis, the resulting expressions for k are then

k) = 2w (n;o;8in60; — ng(o; — 0,)sinby) , (6.2)

ki = 2m(n;o; cosb; — ns(o; — 0,) cos by). (6.3)

These momentum conservation relations can be used to determine the geometrical selection
rules for any scattering geometry and polarization configuration of the slab, by selecting the
appropriate values of the refractive indices n; and ng, considering the propagation direction
and polarization of the incident and scattered photons. The observed propagation angles
in the air outside the sample 6,; and 6, can be determined using the method based on the

Huygens principle described in Ref. [186]. The relationship between incident and scattered
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Figure 6.7 Schematical representation of three possible Raman scattering geometries at ar-
bitrary laser incidence angle. q;, gs; and k represent the incident, scattered, and polariton
wave vectors, respectively. 6 and 6, are the angles of the incident and scattered beams
relative to the z or ¢ axis, with the o indices added to the propagation angles outside the
sample. g¢* and q°** are the photon wave vectors outside the sample. (a) Typical backscat-
tering configuration, where the scattered photon g, is redirected toward the upper surface
of the sample by the large vertical component k., of the probed polariton wave vector. (b)
Near-forward geometry, where the scattered photon’s propagation direction is only slightly
altered by the small k and exits the sample through the opposing interface. (¢) Model of
reflected backscattering, wherein the incident photon is first reflected by the lower surface
of the sample, which reverses its propagation direction along z, allowing near-forward scat-
tering behavior to be observed in a backscattering experimental configuration. Note that in
all cases, the tangential component £, is can be directly obtained from the external photon

wave vectors by evaluating the difference k, = @1t — q°ut.



96

angles for GaSe using the refractive index model of Ref. [187] is shown on figure 6.8

For direct backscattering, the polariton wave vector is colinear with the incident and scat-

tered light, and has a magnitude & = ¢; + ¢, for polarization-maintaining scattering, or

2
k= \/ @+ ql — 2qiql cos? 1) for cross-polarized scattering, with { indicating the opposite po-
larization of the two light waves and 1 the angle between the incident and scattered photons
inside the sample. The tangential component of k for parallel excitation and detection is
given by
ky = (¢ + ¢°") sin 6, (6.4)

(2

where 6, = 60;, = 05, + 7. The transverse component k, is given by
k1 = 2m(n;o;cost; — ng(og) cosby), (6.5)

which can be computed using the method of Ref. [186]. Both angles and refractive indices

are equal for co-polarized measurements but differ for cross-polarized scattering.

For parallel reflected backscattering, the polariton tangential wave vector is the same, but
the transverse component and overall momentum is generally much smaller since the sign of
cos 6; is changed by the reflection on the bottom surface (see Fig. 6.7), and the transverse
component tends to be very small since 6; ~ 6, and o, ~ o,. However, in the case of
cross-polarized scattering, the birefringence can cause a significant difference between the

two angles.

6.3 Backscattering Raman experiments

The modular spectroscopy setup used for backscattering Raman experiments is shown on
figure 6.9. The laser sources used are a helium-neon laser at 633nm with a <1.5GHz
linewidth [188] and 35 mW nominal output power, which is filtered with a narrow bandpass
(Inm bandwidth) filter to eliminate parasitic cavity modes, and a diode-pumped Nd-YAG
single-mode laser at 532nm with a 1 MHz bandwidth. The laser power is controlled using a
broadband half-wave plate and a polarizing cube and measured using a wavelength-calibrated

Si diode at the sample position.

The excitation laser (green line on Fig. 6.9) is deflected by a non-polarizing beamsplitter
cube with 90% transmission and 10% reflection, with 10% of the intensity being redirected
toward the microscope objective. This choice of beamsplitter ensures that a the majority of

the collected scattered light reached the spectrometer, at the expense of limited maximum
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Figure 6.8 Relationship between the internal and external propagation angles (in degrees)
for normal incidence of 532nm (dashed curves) and 633nm (solid curves) light. The red
curves represent s-polarized, or ordinary rays and the black curves correspond to p-polarized

or extraordinary rays.
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Figure 6.9 Experimental setup used for backscattering Raman experiments.
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excitation power.

The light then passes through a zero-order \/2 waveplate designed for each laser wavelength,
which ensures that the wave retardance at the working wavelength is precisely 0.5\, to ensure

accurate polarization control, which is detailed later in this section.

A 50x 0.55 NA microscope objective with a 9.1 mm working distance is used to focalize the
laser onto the sample. The rear entrance pupil of the objective has a 5 mm diameter, and
is not entirely filled by the incident laser beam, which must be taken into account when

estimating the effective numerical aperture of the excitation laser reaching the sample.

The laser beam has a Gaussian profile with a beam diameter of 1.7 mm, thus the entrance
pupil of the microscope objective is 34 % filled, which yields a reduced effective excitation

numerical aperture of approximately NAss, = 0.19.

The microscope objective is mounted on a vertical translation stage above the sample mount,
equipped with a motorized actuator enabling the objective to be moved co-axially along the

laser beam, adjusting the focal point onto the sample surface below it.

Scattered light from the sample (orange line on Fig. 6.9) is collected by the same objective.
The non-polarizing beamsplitter cube transmits 90% of the collected scattered light, which is
then analyzed by a polarizer cube. The linear polarization of the light is then rotated using a
broadband half-wave plate to align it with the spectrometer’s highest efficiency polarization
axis. It is then filtered by a Raman filter. For the 532nm laser, a steep longpass filter was
used, with a 2.7nm wide transition at 533.3nm from an optical density greater than 6 to a
93 % transmission, enabling effective observation of Raman scattering down to ~120cm™!.
For the 633 nm laser, a notch filter with a 25nm wide blocking region centered at 633 nm

was used.

The filtered light is then focused onto the entrance slit of the spectrometer using a 35 mm focal
length achromatic doublet lens, which slightly underfills the spectrometer’s input numerical
aperture, minimizing stray light inside its enclosure while maximizing the exposed area of

the grating to increase resolving power.

The spectrometer has a 550 mm focal length and a 1800mm™! holographic grating and is
equipped with a 2048x512-13.5 pm pixel liquid nitrogen-cooled CCD camera. The spectral

resolution of the system is approximately 0.02 nm.

6.3.1 Calibration

Preliminary calibration was derived from the 532 nm laser peak and the Si single-phonon peak
at 520.2(5) cm ™! [189], which corresponds to 547.14nm for 532.00 nm excitation, which were
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both simultaneously visible on the CCD detector. A simple linear interpolation was used be-
tween these two wavelengths, yielding a general approximation of the measured wavelengths.
However, the laser wavelength stability has at times proven unreliable due to thermal fluctu-
ations of the laser head. Furthermore, linear interpolations over a wide wavelength range are
inherently inaccurate, as the grating angular dispersion is linear, and the CCD detector is

planar, thus a linear interpolation over the detector pixels will introduce a sinusoidal error.

In order to minimize the linear interpolation error, most Raman spectra presented in this
work were calibrated using the Al and A} GaSe Raman peaks, located at 134cm™! and
308 cm ™!, respectively. These wavenumbers correspond to wavelengths of 536 nm and 541 nm
(assuming a 532 nm excitation laser), spanning a narrow range of about 5 nm which minimizes
interpolation error. The energies of these peaks are well-documented in the literature as is
discussed in the next chapter, and they generally exhibit the most intense Raman signal. They
are non-polar vibrational modes thus do not exhibit directional dispersion. Their energies
do vary slightly as a result of laser-induced sample heating (see §7.3), but this variation was

shown to be lower than 0.2cm™! at the maximal laser intensities used in this work.

Raman intensity calibration was referenced either to the area of the A7 GaSe Raman peak or
of the Si single-phonon peak according to the specific purpose of the calibration. Calibration
against the A} peak allows for precise analysis of the relative intensities of the multiple GaSe
peaks in order to compare the intensity ratios across several samples or on a single sample
over time. The Si peak intensity, on the other hand, enables an absolute intensity reference,
as all Si substrates used come from the same source. It could be utilized both as a system
alignment yardstick by verifying the signal strength for a given excitation power and as an

absolute intensity reference to be compared to the GaSe signal.

6.3.2 Sample identification

A semi-reflective mirror (shown as a dashed outline on Fig. 6.9) positioned on a swing arm
above the microscope objective was used to redirect white light (blue line on Fig. 6.9) from
an illuminated fiber bundle towards the sample, yielding a broadband off-axis illumination
of the sample. An imaging color CCD camera fitted with a zoom lens was used to collect the
scattered light, enabling sample observation to locate various regions of interest and sample

flakes, along with direct observation of laser focal point location on the sample surface.
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6.3.3 Polarization-resolved measurements

Control of the excitation and detection polarizations was achieved using two fixed polarizer
cubes and a single zero-order half-wave plate, as shown on Fig. 6.9. This configuration
enables acquisition of polarization scans by rotating the half-wave plate while maintaining
a constant relative orientation of the excitation and detection polarizations. In the case
of this work, both direct(parallel)-polarization and cross-polarization were used. For direct
polarization scans, both polarizer cubes are parallel to each other, and the half wave plate
rotates the excitation polarization by a certain angle. The collected light scattered by the
sample travels through the wave plate backwards, and is thus counter-rotated by the same
angle. The collection polarizer (or analyzer) then only lets through scattered light with
parallel polarization to the excitation laser for all positions of the half wave plate. Conversely,

rotating the analyzer by 90° selects only cross-polarized scattered light.

Polarization control requires precise adjustment of the relative orientation of the polarizer
and analyzer cubes and a precisely half-wave plate for polarization rotation. All other optical
components were chosen and tested as to have a polarization-independent response to ensure

reliable polarization control throughout the experiment.

The polarization-dependent Raman response of the [100] silicon substrate is expected to
display a four lobed pattern Ig; o< sin?(a — 2¢), where « is the angle between the incident
and scattered polarizations and ¢ is the rotation angle of the polarization around the [100]
axis [190]. The symmetry and intensity contrast obtained from a polarization scan on the Si
substrate was used as a performance benchmark of the polarization control system, as can be
seen in Fig 6.10. The phase offset between the two polarization configurations is 6.5° smaller
than the expected 90°, which is caused by an offset from the desired 90° angle between the
polarizer and analyzer during the cross-polarized measurement. The contrast ratios between
the fitted curves’ maxima and minima confirms the misalignment of the polarizers in the
cross-polarized scan, as it is about three times smaller than for the direct polarization scan.
The 22:1 contrast observed on the direct scan demonstrates the robustness of the setup,
where a single half wave plate rotates both the incident and scattered light. The analyzer
cube being orthogonal to the maximal sensitivity polarization of the spectrometer causes a
lower overall intensity of the cross-polarized scan, as the grating efficiency is about half its
maximum in this configuration, which highlights the necessity of adding a half wave plate
before the spectrometer to rotate the polarization to the grating’s maximum response. These
results demonstrate both the sensitivity of polarization-resolved Raman scattering on silicon
to the alignment of the polarization optics, and the setup’s ability to precisely control incident

and scattered polarizations.
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Figure 6.10 Integrated Raman intensity polarization scan for direct (red circles) and cross-
polarized (black squares) configurations on a [100] silicon substrate. The intensity is normal-
ized to the direct scan maximum intensity. Solid lines are fits of squared sines, showing a
83.5° phase offset and a 22:1 and 7:1 contrast ratio for the direct and cross-polarized curves,
respectively.

6.3.4 Angle-resolved measurements

Several optical measurements in this work were made in the standard backscattering geome-
try, with the optical axis normal to the sample surface, but extensive work was also done to

study the various angular dependencies of GaSe’s optical properties.

The sample stage was equipped with an in-plane x-y translation stage, along with a two-axis
gimbal rotation platform, with the 6 and ¢ axes of rotation tangent to the sample surface
and co-linear with the optical axis respectively to allow the sample to remain in view and
in focus when rotated (see Fig. 6.11). The mount could also be adapted to fit the custom

vacuum cell, retaining # adjustment ability only.

Precise control of the laser spot location was impaired at high incidence angles for several
reasons. At high incidence angles, the laser spot becomes laterally spread perpendicular to
the tilt axis, as the sample intersects the focal region diagonally, and accurate location of its

center can prove difficult. For extreme angles, larger than ~30°, the specular reflection of the
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laser beam and illumination light land outside the acceptance cone of the objective. The laser
spot can be located on a sample using its diffuse reflection and/or reflections on the sample
edges or surface defects, at a cost in accuracy. Also, illumination through the microscope
objective for imaging becomes impossible at these angles, and an LED flashlight was used to
illuminate the sample so that the reflected light could be collected by the objective. Imaging
quality using this technique is inferior to in-line illumination through the objective, which

also hinders accurate positioning of the laser spot on the sample.

Considering these limits on the attainable laser position precision at high incidence angles,
only large-area flakes were used for detailed angle-resolved measurements, in order to mini-

mize the effects of positioning errors.

Figure 6.11 Rotational mount used for angle-resolved measurements allowing independent
control of two angles 6 and .

6.4 Near-Forward scattering

In order to probe low wave vector phonons with Raman spectroscopy, the difference between
the incident and scattered photon wave vectors must be small. Indeed, momentum conser-
vation implies that the phonon wave vector k must be equal and opposite to the momentum
variation between the incident and Raman-scattered phonons Aq = q;, — qg. Therefore, a
given scattering geometry will involve phonons in specific regions of the Brillouin zone. More
precisely, for a visible (~500-600 nm) excitation laser and a medium (such as GaSe) with
a permittivity of approximately e = 3, backscattering Raman measurements probe phonons
with k ~ 2q;, ~ 5 x 10 em™!.

In order to probe lower wave vector phonons, thus minimize Agq, the incident and scattered
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phonons must be almost co-linear, with the laser entering the sample from one side and the
scattered light exiting on the other. This configuration of near-forward Raman spectroscopy
involves low-k phonons, with wave vectors ranging from 0 to ~ 5 x 10* cm~! depending on

the scattering angle.

Since the photons need to propagate through the whole thickness of the sample to be detected,
the working wavelength needs to be chosen so that the sample will be mostly transparent to
it. The sample also needs to be either freestanding or mounted onto a transparent substrate.
In this work, freestanding samples with thicknesses between 10 and 100 pm were used for
near-forward scattering experiments. The laser source was a 15mW He-Ne laser emitting
at 632.8 nm, which is below the optical band gap of GaSe and thus propagates through the

sample with minimal absorption losses.

6.4.1 k-space imaging

In order to resolve the different wave vectors of the scattered phonons, a k-space imaging
optical setup was used for the collection of scattered light. The laser, with a beam diameter
of 1.22 mm, was first passed through a narrow bandpass filter to eliminate any harmonics of
the laser cavity or weak discharge light, then was reduced to a diameter of ~300pm using

an achromatic doublet pair beam reducer.

The collimated beam was aimed directly at the sample without focusing it to ensure all
incident photons have the same wave vector. Scattered light was collected on the opposite
side of the sample with a 10x, 0.25NA infinity-corrected microscope objective. The back focal
plane (BFP), or Fourier plane, of this objective images each scattered wave vector orientation
at a different spatial location. This k-space image of the scattered light is then magnified and
projected onto the spectrometer entrance slit using four achromatic doublet lenses of focal
lengths f; = 100 mm, f; = 150 mm, f3 = 75mm, and f; = 150 mm, as shown in Fig. 6.12.

Since the sample is isotropic in the ab plane, the scattering intensity pattern exhibits a
rotational symmetry around the ¢ axis, which is aligned with the optical axis of the setup.
The projected image on the slit therefore also has a circular symmetry centered on the optical
axis, with a proportional equivalence between the radius and the scattered photon wave vector
angle relative to that axis. As is shown on the right of Fig. 6.12, the spectrometer entrance
slit intersects the center of this circular image. The vertical position on the slit therefore

corresponds to the scattering angle.

The microscope objective has an effective focal length of fo = 18 mm, and the back focal
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Figure 6.12 Schematic of the back focal plane imaging system used for k-space imaging near-
forward Raman measurements. Black lines illustrate the imaging of incident rays parallel to
the optical axis (corresponding to k| = 0) and orange lines illustrate the imaging of incident
oblique rays. Due to the cylindrical symmetry of the system, the image on the spectrometer
slit for a given incidence angle 6 is a circle of radius zg; as defined by equation (6.7), as is
illustrated on the head-on view of the spectrometer slit of width w and height h.

plane spatial dispersion is

IBFP — fo tan 95, (66)

with 6, the scattering angle outside the sample with respect to the optical axis. The four
lenses yield a total image magnification of Gr = G12G34 = fo/ f1 X fa/fs = 3. This results

in a dispersion of
gt = Grfo tan b, (6.7)

onto the entrance slit. Knowing that the tangential component of the wave vector is pre-
served by refraction through an interface, we can determine the tangential component of the
scattered photon inside the sample

GaSe air
C]é// ) = Qg// )= qs

4| sin 6. (6.8)
Since the incident laser beam is colinear to the optical axis, it possesses no tangential mo-
mentum. Therefore, the tangential component of the scattered photon is exactly equal and

(air)

opposed to that of the scattered phonon k, = ¢,

Using the above relationships, a direct correspondence between the vertical position on the
slit and the phonon tangential wave vector component can be calculated. Then, since the
Czerny-Turner spectrometer configuration images the vertical entrance slit onto the CCD
detector (taking into account the spectrometer’s magnification factor of 1.1), the vertical
axis of the obtained image directly corresponds to the phonon k; (which corresponds to k,

in the models presented in the previous chapter), and the horizontal axis is the wavelength
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dispersion. The resulting images are single-acquisition maps of the dispersion relation over

a particular wave number and wave vector range.

The signals obtained with this measurement technique are very weak compared with standard
backscattering measurements due to several reasons. The laser energy at 632.8 nm, being
lower than the bandgap of GaSe, along with the forbidden electronic transition for in-plane
polarized light, has a low scattering efficiency. Also, the masking of the vast majority of
the 5mm disc of collected light by the 100 pm wide and 5mm tall entrance slit only lets
about 2.5% of the light into the spectrometer. In order to obtain satisfactory signal to
noise ratios, the 512 vertical pixels of the CCD detector were binned into 32 16-pixel high
bands, each corresponding to a specific tangential wave vector range. Total acquisition times
up to 10 hours were needed to obtain satisfactory signal to noise ratios, averaging several
hundred distinct 100s acquisitions. In order to minimize readout noise of the CCD array,

the analog-to-digital converter was set to its minimum speed.

In order to evaluate the reliability of the imaging system and to rule out any image-deforming
effects that would skew the values of the measured wavenumbers, a thin layer < 1 mm of
carbon disulfide (CS5), a compound with a well-known strong Raman line at aroud 650 cm™*
[191] was sealed between two fused silica glass slides using silicone grease and placed on the
sample mount. CS, being a liquid, the averaged Raman response for any observed mode
must have complete rotational symmetry around the optical axis, therefore any observed
directional dispersion observed in in its spectrum is artificially induced by the instrumental
response. Back focal plane Raman scattering images revealed a lateral shear deformation of
the image plane, possibly due to a slight misalignment between the collection optics and the
spectrometer optical axis, or a radial or angular misalignment between the illumination laser
beam and the collection system. Due to the very low scattering intensity from the small
probed volume and low acquisition time, the Raman signal from the CS, sample, highlighted
by a dotted red line, is barely visible on Fig. 6.13a. In order to guarantee the robustness
of the results, a krypton arc calibration lamp placed in the focal plane of the microscope
objective. The vertical discharge tube of the lamp spanned a length of approximately 10 cm,
guaranteeing that the objective’s back focal plane was completely and uniformly filled by
the tube’s illumination. Using this bright source with narrow spectral features enabled high
contrast images to be acquired in a few seconds for calibration purposes (see Fig. 6.13c).
The resulting images were then analyzed to determine the appropriate coefficients to use in
a 2D shear affine transformation matrix to correct the shear distortion. Resulting corrected
images are shown on Fig. 6.13b and 6.13d, revealing that the applied shear transformation

significantly reduces image deformation.
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Figure 6.13 Image plane distortion observed for (a) CSs Raman scattering and (b) Kr cali-
bration lamp, indicating a deformation of the back focal plane image (see red dotted lines).
The images illustrate narrow vertical bands of the CCD detector, about 100 pixels wide, and
span the full 512 pixel height of the detector. Using this data, the measured spectra were
corrected using a shearing 2D affine transformation matrix, yielding the images presented in
(b) and (d). Vertical white dotted lines were added as a guide to the eye to illustrate the
expected position of the observed spectral lines on the camera detector.
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Closer inspection of the linearly-corrected images reveals another subtle deformation in the
image plane, as evidenced by the curvature of the CS; wavenumber offset shown as blue stars
in Fig. 6.14. This effect, although much smaller than the first-order shear described in the
previous paragraph, also has to be corrected in order to extract useable data from the back
focal plane imaging data. In order to guarantee an accurate correction for each measurement,
and assuming that the observed deformations are caused by slight misalignments of the
various elements in the setup, a reliable non-dispersive calibration etalon for each individual
signal acquisition is desired. The Al totally symmetric vibrational mode of GaSe, which has
a strong signal in all near-forward measurements presented in this work, proves to be an
ideal reference line for calibration, exhibiting a very similar wavenumber offset as the CS,
reference line as shown by the black squares in Fig. 6.14. A second-order polynomial fit on
the observed Aj wavenumbers (see solid black line in Fig. 6.14) was thus used as an accurate

second-order image plane correction for each individual data acquisition.

Repeated measurements revealed that the exact amount of shear deformation is highly sen-
sitive to minute changes in the alignment, highlighting the need for a calibration reference
in each measurement. This is evidenced by the slight linear offset seen in the laser sideband
line in Fig. 6.14, which is expected to show no angular dispersion but was not fully corrected
by the application of the shear transformation using the parameters derived from previous

measurements on CSy and the Kr lamp.
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Figure 6.14 Wavenumber offset relative to the center (f = 0) wavenumber for Raman scat-
tering of CS, (blue stars), and GaSe Aj vibrational mode (black squares, black solid line
illustrates a second-order polynomial fit of the data). The wavenumber offset from one of the
He-Ne laser sidebands from a different acquisition is also illustrated as red circles, along with
a linear regression on these data points (solid red line). All illustrated data points were pre-
viously corrected using the first-order shear transformation matrix method described earlier
using the parameters obtained from the CS; Raman and Kr lamp measurements.
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CHAPTER 7 PHOTO-OXIDATION OF THIN GALLIUM SELENIDE

Like most 2D materials, the properties of GaSe sensitively depend on the interaction of
its surface with its chemical environment. In bulk form, GaSe is generally considered as a
stable material and is known to have a high laser damage threshold suitable for non-linear
optics applications [44,192]. Nonetheless, bulk GaSe is also known to naturally form a native
oxide [193] and thermally- and photo-induced oxidation has been reported [194-196]. More
recently, exposure to intense laser light was found to degrade optical properties and lead to
chemical transformations [66,197,198]. In order to probe phonon-polaritons in GaSe using
Raman spectroscopy, it is critical to understand the oxidation dynamics of the material when
exposed to the laser light used for such measurements and to determine the conditions in

which this oxidation can be suppressed or at least minimized.

In this chapter, we monitor the complex oxidation dynamics of thin GaSe exposed to laser ir-
radiation and identify the emergence of several oxidation products using Raman spectroscopy.
Indeed, in addition to the complex Raman spectrum of pristine GaSe presented in the previ-
ous chapter, several unassigned Raman features were observed on a large number of exfoliated
samples. These Raman peaks, discussed in detail in this chapter, are linked to various oxida-

tion products of gallium selenide, and can serve as a precise fingerprint of sample oxidation.

7.1 Evidence of laser-induced sample damage

GaSe samples were exposed to 6 mW pm~2 of radiation at 532nm, about 230 meV above the
bandgap of GaSe. This illumination fluence corresponds to about 6 % of the established laser
damage threshold for nanosecond pulses at 620 nm [199], which corresponds to the excitonic
absorption edge of GaSe [44].

7.1.1 Raman signature of laser damage

Fig. 7.1 presents the evolution of the Raman spectrum as a function of exposure time for a 45
nm thick GaSe sample in air. Freshly exfoliated GaSe measured in vacuum (pristine GaSe)
presents the usual dominant Raman modes expected from bulk GaSe for normal-incidence
backscattering measurements [18,47,178]: Al at 134cm™!, Ej(TO) at 214cm™!, and Af
at 308cm™!. Two other vibrational modes associated to bulk GaSe are located between
236 cm~! and 246cm™! are also observed in some pristine samples, and they are linked to

phonon-polariton thin slab modes, which will be discussed in the next chapter.
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Figure 7.1 Evolution of the Raman spectrum of a 45 nm-thick GaSe sample in air as a function
of exposure time to a 6 mW pm~2 radiation at 532nm. Pristine refers to a second sample
measured in vacuum immediately after exfoliation; the topmost curve is a spectrum obtained

after 60 min of 6 MW pm—2 exposure in vacuum of the same sample. Reprinted from [29]
published by AIP Publishing.

The Raman spectrum evolves significantly as a function of laser exposure time. The intensity
of all features associated with GaSe rapidly decreases and several additional Raman modes
appear at frequencies of 155cm™!, 161cm™", 257 cm ™! and 282cm™!. All GaSe vibrational
modes are already accounted for [18,47] and none of these additional features can be related
to any of the known GaSe polytypes. They are attributed to a photo-induced chemical
transformation of GaSe and corresponds to Raman scattering from several oxidation by-

products of GaSe: GasSes, GayO3 and selenium.

7.1.2 Photoluminescence signature of laser damage

The observed degradation of the Raman intensity is also accompanied by a complete loss
of the photoluminescence intensity as shown in Fig. 7.2. The well-defined and relatively
narrow emission decreases in intensity and is gradually replaced by a very broad emission
uncharacteristic of a high-quality semiconductor. After 30 min of laser exposure in air, the
initial luminescence signal has disappeared, as the crystal structure has been greatly affected

by the oxidation process.
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Figure 7.2 Photoluminescence from a 45nm thick sample of GaSe after 1, 15 and 30 min
exposure to 6 mW pm~2 of 532nm laser light in air.

7.1.3 Visual and topographical evidence of laser damage

Along with significant changes in the Raman scattering spectra and photoluminescence, ex-
posure to laser light in air also affects the observed optical contrast of the sample, as can be
seen in Fig. 7.3(a-c). AFM topographical images reveal that these optical contrast changes
are linked to some form of material ablation, as is evidenced by the ~12nm deep, sharply
defined hole caused by the laser induced oxidation in the region highlighted by the red cir-
cle. That crater has a diameter of approximately 1.1 pm, which roughly corresponds to the
size of the diffraction-limited laser spot on the surface sample (1.4 pm for an effective NA of
0.19). The crater is surrounded by bubble-shaped distortions in a region of several microm-
eters around the crater, indicating a long-range effect of the laser-induced damage, which is
discussed in §7.1.4.

Extended laser exposure at higher powers causes more dramatic topographical changes, as
evidenced by the region highlighted by the rectangle, showing a larger crater-like depression,
along with sharp ripples along the bottom edge of the sample, which are likely a sign of

inter-layer delamination.

The observation that laser exposure of GaSe flakes in air has significant effects on the degra-

dation of the Raman signal, the photo-luminescence, the optical contrast, and topography,
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Figure 7.3 (a) Visual evidence of laser-induced damage after 60min of exposure to
500 pW pm~2 532nm radiation on a ~35nm thick flake. The area indicated by the red
arrow changes from green before exposure (top image) to purple-blue, which is the color of
the bare Si/SiO, substrate, after exposure (bottom image). (b-e) Topographical evidence of
532 nm laser exposure induced damage to a 58 nm thick GaSe flake. The flake was exposed in
two locations, identified by a red circle and a square, which were exposed to 6 mW pm =2 for
30 min, and up to 12mW pm~2 for several hours, respectively. (b) Optical microscope image
of the pristine GaSe flake after exfoliation onto a Si/SiOs substrate. (¢) Monochrome optical
image of the same flake after exposure. (d) AFM topography of the flake after exposure. (e)
Close up view of the red circle region with inset topographical profile along the white line
marked on the edge of the crater caused by the laser exposure.
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along with the appearance of the Raman signature of several known oxidation by-products

of GaSe clearly indicate the presence of a photo-oxidative process taking place.

7.1.4 Long-range effects of laser exposure

As can be seen in the topographical AFM data presented in Fig. 7.3, exposure of GaSe
flakes to laser radiation in air affects surface topography beyond the immediate exposure
area. Using the Raman signal intensity as a sensitive probe of sample degradation enables a
more precise evaluation of the range of the laser-induced damage to the crystalline structure
of the sample. Fig. 7.4 presents the long-range effects of low-fluence laser exposure onto a
GaSe flake. No change is visible optically on the sample surface after exposure, but the Al
Raman signal intensity is affected beyond the directly exposed area. The data indicate that
the sample was affected on a much larger area than the size of the illumination spot. The

origin of this long-rage degradation will be discussed in §7.7.
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Figure 7.4 (a) Monochrome image of a bulk (~150nm thick) GaSe flake (pale region). The
white cross indicates the location that was exposed to 500 pW pm =2 of 532nm laser radia-
tion in air. The photo-induced degradation at such low laser fluence did not result in any
significant optical contrast change in the sample, but its effects are evidenced by the Raman
signal loss. (b) Integrated Raman intensity of the A] mode normalized against the pristine
flake signal as a function of the distance away from the laser exposure location (measurement
locations indicated by red circles on the image). The red curve represents a gaussian fit of
the data, which reveals a full width at half maximum of 3.87 pm

7.2 Thermal oxidation dynamics of GaSe

Although the laser-induced oxidative process discussed in this chapter will be demonstrated
to be an photoelectrochemical process rather than a thermally-activated process, it is instruc-

tive to bring our attention to the work done on the thermal oxidation dynamics to better
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understand the chemistry at play. The dominant thermal oxidation pathways involving GaSe

and oxygen are well known [200],

GaSe + %Og — %GagOg + Se, (7.1a)
GaSe + iOg — %GaQSeg + %GagOg, (7.1b)
GagSes + %OQ — GayO3 + 3Se. (7.1c)

Experimental studies have found that reaction (7.1a) is enabled around 150-250 °C and that
it dominates the other two at low temperatures. The production of GaySes through reaction
(7.1b) has been observed at temperatures above 450 °C [200-202]. Reaction (7.1c) is known
to be active at temperatures around 600-700°C [200-202] and eventually consumes all the
a-GagSes produced through reaction (7.1b). The final oxidation products are S-GasO3 and
Se. Due to its high vapor pressure, Se produced through (7.1a) and (7.1c) is easily be lost
by sublimation and is rarely observed in thermally oxidized samples [201,202]. The GayO3
formed at these high temperatures is either amorphous, suboxidized (GaO, GayO), or of poor
crystalline quality [201,202].

7.3 Estimation of laser-induced sample heating

Since the known chemical reactions leading to oxidation only occur above at least 150 °C and
severe sample damage has been observed with samples at room temperature, the localized
laser-induced heating of the sample was investigated. Figure 7.5 shows the evolution of
A} measured from a thin GaSe flake as a function of exposure power in vacuum, where
convective sample cooling is at a minimum. The maximum observed energy variation is
0.6 cm ™! between the lowest and highest excitation powers. If this variation were attributed
only to thermal effects, the net resulting change in temperature AT calculated from the first-
order temperature dependence of —0.014 cm ™' K~! reported in Ref. [203] would be 43 K over
more than 1.5 orders of magnitude of excitation power. Since the increase in temperature is
largely independent of sample thickness for thin supported samples [204], these results clearly
establish that thermally activated mechanisms are of secondary importance in the behavior

observed here.
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Figure 7.5 Evolution of the energy position of GaSe (Af) as a function of excitation power.
Solid lines are Lorentzian fits used to extract the peak energy and points represent the
measured data. The dashed lines shows the largest peak position shift observed, between
the lowest and highest excitation powers used. Data for different excitation powers is shifted
vertically for clarity.

7.4 Identification of GaSe oxide-related Raman peaks and their crystalline ori-

gins

The frequency and width of the first mode at 155 cm ™! corresponds to the vibrational mode
Ay of GagSez [205]. Although GasSes exhibits several Raman-allowed modes, the one at
155 cm ™! is the narrowest and most intense [205-207] and thus the more likely to be observed.
GaySes has a defect zinc-blende structure in which Ga vacancies may or may not be ordered.
The polarization-resolved Raman measurements presented in Fig. 7.6 suggest that the photo-

induced a-GasSes phase is polycrystalline, as will be discussed in §7.4.1.

Another feature related to GasSes is observed at 292 cm~! after a 10 min photoexposure. This
broad (~10cm™!) feature actually corresponds to a group of at least three vibrational modes
with various symmetry representations (A;, By, Bs) that have been assigned to localized
vibrational modes of vacancy-disordered GasSes [206]. For its connection with multiple

vibrational modes, this feature is labeled GasSes (M). Its presence suggests a high level of
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disorder in the GasSes phase.

After exposure of 20 min and more, the Raman signal is dominated by two even broader
features. The first at 130 cm™! likely corresponds to SeO, or SeO3 Raman modes [208,209],
but a quantitative analysis of this feature has proven difficult as it partly overlaps with the
more intense Al peak from GaSe and is also at the very limits of the transmission band of

the longpass filter, which shows an oscillatory behavior.

The other feature at 257 cm™! matches the characteristics of a mode associated to selenium
[197,210] and its width (~20cm™') suggests an amorphous phase (a-Se) [211,212]. The

1

narrower peak (~5cm™!) at 241cm™! appears last and is associated [213] to a selenium

crystalline phase (c-Se). As it has been often demonstrated, a-Se easily photo-crystallizes
[214,215].

The feature observed at 161 cm™! does not correspond to any modes belonging to GaSe,
a-GagSes , or Se and its oxides. However, its frequency and width match the characteristics
of the A, vibrational mode of 8-GayO3 [216,217]. According to Ref. [217], this feature should
be the second most intense Raman feature from [-GayOg3 ; the most intense one, found in

single crystals at 199 cm™!, has not been unambiguously observed in this work.

7.4.1 Polarization dependencies

The space group symmetry of the vacancy-ordered crystal a-GaySes is C30. As a function of

linear polarization angle @, the scattering efficiency of this A; mode is

1;(0) = (v cos® 0 + a; sin® 0)? (7.2)
I,(0) = (a; — a;)*(c; cos® O sin® 0), (7.3)

for co-polarized k(0,0)k and cross-polarized k(0,6 + 7/2)k configurations, respectively. In
these equations, a; and o are two of three diagonal Raman tensor elements selected by the
measurement axis k. The polarization-resolved Raman intensity shown in Fig. 7.6(a) reveals
a uniform response where no 6 dependence can be identified in both configurations. This
uniform response and the lack of extinction in cross-polarized configuration strongly suggests
that the photo-induced a-GasSes phase is polycrystalline, with a grain size significantly

smaller than the measurement area.

Fig. 7.6(b) presents the polarization-resolved signal of the A, vibrational mode of 5-GayO3
observed at at 161 cm ™. In a co-polarized configuration, the signal does not explicitly depend

on the angle of polarization and in a cross-polarized configuration, the signal is too weak to
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be analyzed. The point group of 8-GayOj is C3,, thus the A, mode is expected to exhibit
two lobes for direct polarization scans and four lobes for cross-polarization [218]. From
these results, no definitive conclusion can be drawn regarding the crystalline structure of the

B-Gay O3 , although it likely exhibits small crystalline domains.

@  ° Gasesa) (B % Ga0,(ay)

90 0 %% 90
180

Figure 7.6 Polarization-resolved Raman intensity from (a) GasSe; A; and (b) GayOs3 A,
modes for co-polarized (full circles) and cross-polarized (empty circles) configurations.

180

7.5 Oxidation dynamics of GaSe

The formation of these oxidation products can be monitored as a function of time through
the intensity of their Raman modes, which is in first approximation proportional to the
amount of material in the probed volume, modulated by its crystalline quality. Fig. 7.7
(a) shows that the relative integrated intensity of all GaSe modes (A}, Ffro, A7) along with
the photoluminescence rapidly decreases with time under laser exposure. After 25 min of
exposure, relative Raman intensities have dropped to ~15% of their initial values, revealing
that the integrity of the GaSe layer is severely compromised by photo-induced oxidation

mechanisms.

Fig. 7.7 (b) shows the integrated intensity of the oxidation products mentioned in §7.4.
After only one minute of exposure, the intensity of these modes is substantial and easily
measurable. a-GagSes (A1) and GagSes(M) increase to a maximum value after 5-10 min and
then decrease below the detection limit after 30 min. $-GayO3 (A,) appears and then retains
a relatively constant intensity throughout the oxidation process. In contrast, the intensity of
a-Se rapidly increases and eventually plateaus at an intensity significantly higher than that

of all other observed Raman modes, as can be seen in Fig. 7.1.

Direct oxidation of GaSe into Ga;Osz and Se has been shown to dominate at low tempera-
tures [193,200,219] and, after complete oxidation involving high temperatures, only GayO3

and elemental selenium should remain [201]. The rapid initial increase in intensity of all
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Figure 7.7 Integrated Raman intensity and luminescence as a function of exposure time of a
45nm thick GaSe flake in air. (a) Relative intensity of GaSe Raman modes and photolumi-
nescence (PL). (b) Integrated intensity of Raman modes associated to the oxidation products
and Silicon. (¢) AFM surface profile (color scale in nm) of the laser damage on a 58 nm thick
flake after 30 min of 6 mW pm—2 laser exposure. A black arrow indicates the ~12nm deep,
sharply defined hole caused by the laser induced oxidation. Reprinted from [29] published
by AIP Publishing.

modes associated to GasSes, GasO3z and Se suggests that more than one oxidation pathway
is activated and that thermal oxidation is not the dominant mechanism due to the low tem-
peratures involved. As detailed in §7.3, the temperature increase occurring in the experiment

presented in Figs 7.1 and 7.7 is less than 40 K above ambient temperature.

The Raman intensity is proportional to the quantity of material in the probed volume, but it
is also sensitive to its structural quality. It is therefore difficult to establish the concentrations
of crystalline oxidation products, as, for example, the decrease of both GasSes modes could
be related to its oxidation into GayOs or to the degradation of its crystalline structure as
the oxidation progresses. During oxide formation, excess Se segregates at the surface [193].
As seen from Fig. 7.7(b), its intensity quickly increases at short exposure times and mirrors
the drop of intensity of GaSe Raman modes and luminescence signal. Because its response is

much less sensitive to its structural quality, a-Se is believed to be the most reliable Raman
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marker of oxidation amongst the various products.

The Raman signal from the Si substrate located underneath the GaSe flake steadily increases
with time even though the excitation conditions are rigorously controlled. This is explained
by the generation of a large-gap oxide and localized ablation. Oxidation leads to the formation
of 5-Gay, O3 with a gap of 4.9 eV [220], which is transparent at the excitation energy of 2.33 eV.
Also, post-exposure AFM measurements indicate a layer-by-layer thinning induced by the
laser exposure. This is explained by the high volatility of Se and the high atomic mobility
of the remaining metallic Ga [207]. As a net result, the absorption from the GaSe flake

decreases.

As suggested by the data presented in Fig. 7.1 (topmost curve), placing the sample in a
vacuum environment protects GaSe samples from photo-induced oxidation. Curve A pre-
sented in Fig. 7.8 shows the evolution of the Al Raman intensity of a 10 nm thick flake as a
function of time for an excitation power of 250 nW. For such thin layers, this power yields a
weak but measurable Raman signal. The intensity of GaSe Raman modes is only marginally
affected after an exposure of more than 60 min in vacuum. At the time indicated by the
vertical dashed line, the sample was exposed to ambient air. After a few minutes, the Raman
intensity has dropped by two orders of magnitude and the signal is completely lost after
10 min. This clearly shows that thin GaSe flakes are unstable in ambient conditions and that
minimal laser illumination is sufficient to induce significant degradation, establishing that no

safe above-gap excitation power exists for atomically-thin samples.

Curve B presented in Fig. 7.8 shows the Raman intensity of A] of a 150 nm flake exposed
to 1000 pW of laser intensity. For the first data point, the sample is in vacuum. The sample
is then exposed to ambient air without any illumination. After 12 hours, the sample is
again measured under vacuum conditions and the Raman intensity is very similar to that
initially measured, indicating that exposure to oxygen and water vapor alone does not induce
significant chemical changes. After 60 min of laser illumination in vacuum, no appreciable
change in intensity is observed, even though residual H,O is present in the sample chamber
and on the sample. Then, dry oxygen (<3 ppm H50) is introduced in the optical cell and
the sample is exposed to radiation for another 60 min. A slight change in Raman intensity is
observed, but the overall signal loss is minor because of the limited amount of HyO available
at the sample. Finally, the sample is exposed to ambient air and continually illuminated for
another 60 min. It takes about 15 min for the intensity to change significantly. This delay is
attributed to a relatively slow nucleation and initial growth of degradation by-products for
thicker samples. From that point on however, a rapid decline of intensity takes place, losing

more than one order of magnitude within less than one hour.
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Figure 7.8 Integrated Raman intensity of the A] peak of GaSe flakes as a function of exposure
time to a 532 nm laser in vacuum and in different environments. Flake thickness and exposure
power are indicated on the curves. Reprinted from [29] published by AIP Publishing.
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Curve C in Fig. 7.8 shows the Raman intensity from a 120nm flake measured in vacuum
and then in deoxygenated water vapor obtained from deionized water repeatedly frozen then
thawed in vacuum. The Raman intensity does not show any appreciable change after 1 hour
in each environment. Introduction of oxygen in the chamber at the 120 min mark leads to a
rapid decrease in the Raman intensity. These experiments establish that continuous above-
gap illumination, water vapor and oxygen alone do not support the photo-oxidation process,

but that the simultaneous presence of all three is required.

7.6 Photoelectrochemical charge transfer oxidation model

Although the observed oxidation byproducts largely correspond to those produced by thermally-
activated oxidation, the photo-oxidation process observed here is not temperature driven as
discussed previously. This result suggest that the above gap illumination is not contributing
significant heat, but rather generating a charge carrier density Jn in the conduction band

which enables the oxidation process.

At first glance, the presence of optically excited carriers in the material might seem unre-
lated to its accelerated oxidation, but if these excited charges can be transferred to oxygen
molecules at the sample surface, they can form highly reactive oxygen ions known as super-
oxide anions (O'Zza q)). For this charge transfer to happen, the energy levels of the excited

charge carriers and of the empty electronic states of the oxygen must overlap [221].

Fig. 7.9 illustrates the energy position of these Oy acceptor states relatively to GaSe, which
is characterized by an electron affinity of 3.4 eV [222]. The gaseous molecular oxygen electron
affinity is about 0.45eV [223], almost 3 eV above the bottom of the GaSe conduction band,

therefore the charge transfer to gaseous oxygen at the surface is unlikely.

However, when oxygen is solvated in water, its electron affinity is modified and the constant
reorganization of the polar HoO molecules around the molecules induces an effective broad-
ening of about 1€V of the electronic states [221,224], allowing for a significant overlap with
the lower conduction band of GaSe, as is shown in Fig. 7.9. Note that these states are not
directly equivalent to energy bands in a solid, but a charge transfer can nonetheless occur if

they align with energy states in the semiconductor substrate.

The charge transfer between the photo-excited carriers and aqueous oxygen (Eq. (7.5b))

can be modeled in the framework of the Marcus-Gerischer theory, where the rate of charge
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transfer is described by [224] :

JO-
[d;] x dn[Oz] exp | —

(XGB«SB - E.%,redo:c o )\)2
4kpT\ ’

(7.4)

where 07 is the conduction band electron density, [Os] and [O; ] are the concentrations
of neutral oxygen and superoxide in the water at the sample surface, xgase is the GaSe
electron affinity, E%Tedox is the Fermi level of the oxygen-water solution and A is the solvent
reorganization energy around oxygen molecules [221]. Since GaSe has an electron affinity
which positions the lower conduction band in line with the aqueous oxygen acceptor states,
the exponential function in Eq. 7.4 enables charge transfer towards the aqueous O,. The
generated aqueous superoxide anions (Oé?a q)) at the surface then rapidly react with the GaSe
substrate to produce the observed oxidation byproducts at a much faster rate than non-

ionized molecular oxygen, which will in turn decrease the observed GaSe Raman intensity.

This process can be modeled using the following equations:

GaSe + hv — GaSe* (7.5a)
GaSe” + Og(aq) — Oj,, + GaSe + " (7.5b)
O3 ag + GaSe + h* — {GaSe} o, (7.5¢)

where GaSe™ represents GaSe with photoexcited electron hole pairs, and {GaSe}y represents

GaSe oxidation byproducts.

7.7 Experimental evidence of the proposed model

In the thickness regime studied here, the band gap variation is negligible, [37,226] and the
absorption coefficient is independent of thickness. The penetration depth of the 532 nm laser
is about 5 pm, therefore there is carrier generation throughout the whole thickness of the flake
along the laser beam path. Charge transfer towards oxygen can only occur at the sample
surface, and so photoexcited carriers need to diffuse to the surface for this process to occur.
Knowing that the charge transfer is a rather slow process, diffusion in all directions and
superoxide anion formation at the surface away from the laser illumination spot is expected,

which may explain the observed long-range effects of photo-oxidation presented in §7.1.4.

Assuming samples much thinner than the carrier diffusion length and laser penetration depth,
we expect the photo-excited carrier concentration for a given excitation laser power to be

uniform throughout the sample thickness, decreasing gradually away from the excitation
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Figure 7.9 Schematic of the charge transfer process from GaSe to aqueous oxygen. The
schematical electronic density of states of GaSe and aqueous oxygen molecules are illustrated
relatively to vacuum energy [222,225]. The vertical arrow represents the photoexcitation of
a carrier from the upper valence band (UVB) to the lowest conduction band (LCB) of GaSe.
The horizontal arrow indicates electron transfer from the LCB to the aqueous oxygen.

spot, regardless of sample thickness. The rate at which superoxide anions are generated is
thus proportional to the exposure power, d[Oy ]/dt o< 61 X Peyp, as revealed by Eq. (7.4).
Fig 7.10 shows the intensity of the A} Raman signal obtained after an exposure of 15 min at
the indicated exposure power in ambient air for samples of varying thicknesses. As predicted
by Eq. (7.4), the observed degradation rate increases linearly with exposure power and is
independent of sample thickness. The observed slopes vary between -0.27 and -0.38, but the
smallest slope is only derived from two data points thus bears a higher uncertainty. The
other slopes are all very similar, despite the wide range of flake thicknesses observed, which
strongly points to a linear power dependency of the oxidation for all flake thicknesses in
the assumed thickness range. This confirms the role of the linear dependence of the photo-

oxidation mechanism on above gap illumination and further rules out thermal processes.

7.8 Summary

In all 2D materials, surfaces can be subject to oxidation and photo-oxidation. GaSe, in con-
trast, exhibits relatively complex oxidation dynamics. First, it involves several components

: oxygen, humidity, and above-gap illumination, and results in the generation of several ox-
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Figure 7.10 Integrated Raman intensity of A}l as a function of exposure power for samples
of varying thicknesses. Each data point represents a 15 min exposure at the specified power
before a Raman spectrum was measured using a 500 pW laser excitation. Linear regression
slopes s are shown. Reprinted from [29] published by AIP Publishing.

idation products, GasSez, GasO3, and amorphous and crystalline selenium. Luminescence
and Raman measurements in ambient conditions are found to severely degrade the optical
and electronic characteristics of GaSe, indicating that no safe illumination threshold exists,
especially for thin layers of GaSe. Hence, the study of the intrinsic characteristics of 2D GaSe
requires a controlled environment at all stages of processing and characterization, especially
so for optical measurements involving above-bandgap illumination. Consequently, most of
the Raman experiments presented in this work were done with the sample inside a vacuum
optical cell to avoid oxidation. The lack of any of the oxidation products Raman signatures

in the measured spectra confirms the effectiveness of these precautions.
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CHAPTER 8 RAMAN STUDY OF PHONON-POLARITONS IN GaSe
SLABS AND FLAKES

One of the main challenges associated with the study of confined polaritons stems precisely
from their confined nature. Indeed, confined polaritons can only strongly couple to their
environment via evanescent electromagnetic waves coupling in the near-field. In this section,
several experimental results are shown that showcase the use of Raman spectroscopy as a
powerful tool to access and characterize highly confined phonon-polariton states without the

need for direct near-field coupling.

Raman scattering from polaritons is usually only observable in a near-forward scattering
configuration, owing to the very small wave vectors of phonon-polaritons, which lie in the
vicinity of the light line. Such measurements often pose several challenges and limitations.
They require the sample to be transparent to the incident and scattered light, and separating
the very intense transmitted laser light from the scattered signal can prove difficult. The use of
microscopy systems for spatially resolved transmission measurements on small samples is also
complex. Fortunately, severely confining polaritons into sub-wavelength cavities dramatically
increases their wave vector and relaxes scattering momentum conservation rules, enabling
multiple polariton Raman scattering geometries. This makes Raman scattering a potentially
very useful tool to study highly-confined polaritons, alleviating the requirement for near-field

optical coupling through gratings of scanning probes.

In the first part of this chapter, results from near-forward scattering in thin slabs of GaSe
are presented and discussed, showing evidence of phonon polariton dispersion, as well as
multiple forbidden Raman modes associated to resonance scattering. The weak signal and

high residual laser intensity are shown to limit the usefulness of the technique.

The second section describes how scattering from polariton modes, which normally can only
be observed in near forward geometry, can be observed in backscattering configuration from
thin samples. This backscattering from polariton states in thin GaSe flakes is then presented
in the next section, where the polariton scattering numerical model is shown to accurately
describe the observed scattering angle and thickness dependency, when taking into account
the optical setup’s numerical aperture. These results show clear evidence of confined and

surface polariton modes in the Raman scattering spectrum of thin exfoliated GaSe flakes.

The following section presents evidence of resonant enhancement of these polariton states
when excitation energy approaches the GaSe free exciton energy. This resonant enhancement

is then used in the last section to study the effects of lateral confinement on the polariton
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states in small exfoliated GaSe flakes.

8.1 Weakly confined polaritons : near-forward measurements

In this section, the polariton dispersion of a 70 pm thick slab of GaSe is studied via near-
forward k-space imaging. For such a thick sample, momentum conservation is largely re-
spected, and the polariton Raman scattering can only be observed in near-forward scattering
geometry. As has been described in §6.4, k-space imaging enables direct measurement of the
polariton over a section of the Brillouin zone determined by the numerical aperture of the
system. In order to ensure transparency of the sample to laser light, this experiment was
conducted using a 12mW continuous 633 nm He-Ne laser source, whose energy lies 60.7 meV
below the 2.02 eV bandgap of GaSe [227]. As configured, the experimental setup could collect

scattered rays with angles between approximately —4° and 4°.

8.1.1 Data analysis

Before presenting the results, it is important to consider the data processing procedure that
was used to extract the spectral information. The raw data are obtained by a 13 h exposure
of the CCD detector, yielding an image as the one shown on Fig. 8.1. The lateral dimension
of the image corresponds to the spectral dispersion of the spectrometer grating, spanning a
wavenumber range from 72 to 554cm~!. The vertical axis, on the other hand, corresponds
to the vertical scattering angles () from —4° to 4°, which can be directly equated to an
in-plane polariton wave vector using Eq. (6.2) with an incidence angle #; = 0. The first
order shear and second-order deformation in the image are corrected as described in chapter
6. The spectra are then binned vertically into 32 bands that are 16 pixels high, that each
cover approximately 0.23° of the microscope objective’s numerical aperture. This binning
is necessary in order to increase the signal-to-noise ratios of the intrinsically weak signal.
The resulting spectra, an example of which is shown on Fig. 8.2 for a 70 pm-thick sample,
were analyzed using eight Lorentzian peak functions after baseline removal. An example of
the fitted curves is shown on Fig. 8.3. A final wavenumber calibration is applied by fitting
Lorentz peaks on the A/11 and A’14 Raman modes, and computing a linear regression on the

fitted wavenumbers.

Note that due to the relatively rich structure observed over a relatively narrow energy range
(see inset in Fig. 8.3), this peak fitting approach sometimes fails to identify uniquely the exact
structure of the measured spectrum, as several overlapping polariton modes are expected.

Nonetheless, the resulting peak positions and linewidths are a useful tool to identify and
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Figure 8.1 Typical k-space Raman 2048 x512 pixel imaging data. The horizontal dimension
corresponds to the spectrometer wavelength dispersion, while the vertical dimension corre-
sponds to the angular k dispersion that is imaged on the vertical entrance slit. The bright
horizontal band in the middle of the image results from the direct transmission of the laser
beam through the sample and is centered on & = 0 or § = 0. The bright vertical bands
correspond to Raman lines from GaSe as indicated by the white arrows, along with some
weak emission lines, attributed to the laser, on the left side of the image. The various bright
specks are caused by cosmic muons hitting the CCD detector over the extended acquisition
period.
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Figure 8.2 Processed data for a 70 pm thick sample for a 13h integration time. Curves are
offset vertically corresponding to the vertical position on the camera sensor. Each curve
corresponds to the vertical integration of a 16-pixel high band, spanning approximately 0.23°
of scattering angle.
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Figure 8.3 Example of fitting curves for near-forward spectra for a scattering angle of 1.6°.
Measured data points are indicated by the dark gray points, the orange-colored curves rep-
resent the eight fitted Lorentzian peaks, and the black curve is their resulting sum. The pale
gray points were ignored as they correspond to laser or muon peaks. The energies of the pure
phonon modes are indicated by vertical dashed lines in the enlarged inset.

describe subtle variations in the spectrum as a function of scattering angle.

8.1.2 Results and discussion

As was discussed in the previous chapter, the Raman scattering tensor and geometrical se-
lection rules for near-normal scattering should only allow the observation of A’ll7 A’14 and
E(TO). However, results from near-forward scattering reveal a multitude of additional fea-

tures whose origin requires a more detailed examination.

Fig. 8.4 illustrates the peak positions and their full widths at half maximum as a function of
the scattering angle, overlaid onto the polariton Raman scattering response computed using

the model presented in §5.3.5, with a damping constant of I' = 1.8cm™*.

The computed
spectra are displayed in a scaled logarithmic fashion in order to highlight their structure

using

_logyo (14 XN S1n)

ItOt - loglo(S) ) (81)

where Iy represents the scattering intensities for each tensor component (N = {To,Te, Le})

and S is a scaling factor. This logarithmic scaling adjustment, while not quantitatively ac-
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curate, drastically increases the effective dynamic range of the color scale plot, which allows
strong and weak modes to be seen simultaneously on a single plot. For large sample thick-
nesses, there are many guided polariton modes in the flake, and thus the T'e and Le polariton
branches are expected to form a quasi continuum, as can be observed in the simulation results

presented in Fig. 8.4.

At first glance, the measured peaks do not appear to display significant dispersive behaviors,
and two sharp, well-defined peaks that match the energies of the E” and E'(TO) are identified,
as well as four other features between 225 and 260 cm~!. If E/(TO) is Raman active and
expected for this geometry, none of the other five peaks can be interpreted using the basic
mechanical Raman tensor, since they are either forbidden in this geometry or do not directly
correspond to any known vibrational mode. The potential assignments of these five Raman
features will now be discussed, keeping in mind that the fitted peaks may in fact be composed
of multiple modes. Spectra for angles below 0.7° (indicated by the vertical dashed line on
Fig. 8.4) were not analyzed due to the scattered laser light dominating the spectrum in this

forward configuration.

Guided polariton modes

The computed Raman scattering from the To, T'e and Le polariton tensor elements, shown
on Fig. 8.4, predicts multiple features in the studied scattering angle range.

The lower To branch features multiple distinct modes below 2° and converges to approxi-

1 at higher angles. This branch coincides with the measured 209 cm~! peak

mately 210 cm™
around scattering angles of 3°, but the observed lack of dispersion in the data at small angles
differs from the strongly dispersive behavior of that branch, which effectively eliminates the
possibility that this peak comes from that polariton branch. It might be interpreted as a
resonant scattering process allowing scattering from the E” mechanical mode, but this in-
terpretation by itself fails to explain some of the observed behaviors of that Raman feature,

which will be discussed in more detail in the following sections.

The Te branch covers a continuum band between 215 and 233 cm™!. Although it may con-
tribute in part to the broad feature observed around 234 cm ™!, it does not appear conclusively
in the measured data. More interestingly, the T'e polariton generates an intense scattering
band between the A;(LO) and E/(LO) modes, which coincides very well with the dispersive

feature increasing from 246.3cm™! to 248.4cm™!

over the observed scattering angles. The
dispersive behavior of this branch is the strongest evidence of polariton scattering in this

data and will be studied in detail in the following sections.
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Figure 8.4 Comparison between numerical model and near-forward scattering experimental
results for a 70 pm sample. Computed Raman scattering intensity (with S = 10%) is illus-
trated by the color map, clearly showing the T'o, T'e and Le polariton branches, as well as
the surface polariton modes. Fitted Lorentzian peak positions and are indicated by the white
circles (standard deviations are smaller than the circles). The energies of the pure mechanical
phonon modes are indicated by the dashed white lines. The vertical dashed lines indicate
the lowest scattering angle with a signal above the laser noise.

The surface polaritons Sp appearing in the T'e and Le are highly dispersive along the light line
below 0.5°, and rapidly converges to 244 cm™! in the measured range. They may contribute
some intensity to the peaks around 246.3 cm~! between 1° and 2°, but cannot be uniquely
identified in the data.

Finally, the Le branch shows barely resolved modes immediately beyond the light line that
become a continuum band above 1°. The behavior of this branch corresponds to the two
barely-resolved peaks observed around 251.5 cm ™! and 253 cm ™!, in the upper region of the Le
polariton branch. For such a thick sample, the dispersive behavior in this upper region is only
expected for scattering angles below 0.5°, which cannot be observed with the experimental
setup used in this work due to the insufficient rejection of the scattered laser light at the
center of the CCD image.

Fig. 8.5 shows a comparison between the computed and measured spectra for three scattering
angles. In order to reproduce the measured polariton scattering in the 240-260 cm~! range,
the computed scattering from the T'e and Le branches are scaled independently, with the
T'e intensity being multiplied by a factor of 3 for all scattering angles. This independent
intensity adjustment can be justified by the understanding that polarization selection rules
and resonant enhancement processes may differ for the three polariton tensor components,

although it is not immediately clear why the observed scattering intensity is proportionally
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Figure 8.5 Comparison between measured, fitted and computed near-forward scattering spec-
tra for selected scattering angles. Computed Raman scattering intensities from the T'o, Te
and Le polariton branches, which have been linearly scaled to match the measured peak
intensity as indicated, are illustrated by the blue, green and orange curves, respectively. The
red curve is the summed computed spectrum, the gray points are the measured data and
the black curve is the fitted Lorentzian peaks curve. Muon features that were ignored in the
analysis are shown as pale gray points.

higher from the T'e branch than from the two other branches. The resulting computed spectra
(red curves) and suggest that the features observed below 240 cm™! may not be assigned to
polariton scattering, since neither the predicted energies nor intensities match the data.
In the 240-260 cm™! range, there is good agreement between the simulated and measured

scattering intensity.

These discrepancies, features below 240 cm ™! and deviations from the calculated spectra, can
be explained by another phenomenon, owing to the near-resonance between the 633 nm He-Ne
laser source and the exciton energy of £, — Er = 2.00eV (where Er = 19.2meV [227,228] is
the exciton Rydberg energy). The laser excitation is 40.7 meV below the 1s exciton resonance,
and this near-resonance may lead to a significant Raman cross-section enhancement, as well
as breakdown of selection rules [18,140,229,230]. This is discussed next.

Resonance-mediated enhancement and selection rule breaking

The non-dispersive peaks located at 209 cm™' and 234cm™! closely match the energies of
the E” and A5(TO) vibrational modes reported in the literature, respectively. However,
the E” mode should only be observable for an in-plane scattering geometry (corresponding
to # = 90°), and the A} is Raman-forbidden for all geometries in e-GaSe. The presence of
these peaks can be explained by resonant scattering processes, which can in some cases break

selection rules and yield intense Raman features from forbidden modes. The lack of dispersion
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observed from these modes suggests that they do not originate from polariton scattering, but
rather from normal vibrational modes of the lattice. The broad nature of the A5 (TO) mode
could be ascribed to the fact that this mode is doubly forbidden, as not only is the Raman
tensor vanishing for the A; vibrational mode in e—GaSe, the scattering geometry also forbids
the observation of a transverse A-type mode. It can be expected that lattice defects may play
a part in its observation, which could explain some spectral broadening. Hoff [18] reports
linewidths of about 4.2 cm~" for the A, (TO) mode in 4-GaSe, where it is Raman-active. Most
of the observed linewidths measured here for A;(TO) are around 10 cm™!. This broadening
indicates the possibility impurity- or defect-mediated selection rule breakdown of the A (TO)
phonon, possibly enhanced by resonance conditions, as a major contribution to the observed
scattering intensity of this mode. However since the linewidth varies somewhat erratically as
a function of scattering angle and most of the peaks display an asymmetrical lineshape, there
may also be a dispersive element, such as the surface or guided Te polaritons, contributing

to the observed mode.

The longitudinal polar phonon modes are expected to exhibit the strongest exciton resonance
enhancement [140,231], and thus the polaritonic nature of the scattering observed between
240 and 260 cm ! needs to be contrasted with the presence of the long-wavelength mechanical
phonons A} (LO) at 244.5cm ™" and E/(LO) at 254cm~". Owing to the observation of likely
resonant enhancement of the E” and A, (TO) modes, it is very probable that at least some of
the observed scattering intensity in the higher energy range could also be linked to resonant
scattering from A, (LO) and E'(LO). However, this assignment cannot explain the dispersive
behavior observed from the lower mode, which increases from 246.3 cm™! to 248.4cm™! over
the observed scattering angle range, as resonant effects only affect scattering intensity, not
energy. The ~0.7cm™! per degree dispersion observed in Fig. 8.4 at very small angles greatly
differs from the long-wavelength phonon dispersion predicted by the anisotropic dispersion
model (see §3.1.1) that was verified experimentally in v—GaSe by Hoff [18], wherein a shift of
at most ~0.005cm ™! per degree is reported for external scattering angles below 45 deg for the
LO branch. The strong dispersion observed in the current data can therefore positively be

linked to guided polariton dispersion in the sample slab rather than to the lattice anisotropy.

In summary, the observed non-dispersive Raman features coincide rather closely with GaSe
vibrational modes that are forbidden according to off-resonance Raman selection rules. In
light of these observations, it is concluded that resonant processes may contribute to a sig-
nificant degree to the observed Raman features, but there is some clear evidence of polariton
dispersion in the 240-260 cm ™! range. The concomitant polariton and resonant effects hinder
unambiguous mode assignment, therefore the usage of a 633 nm laser source might be con-

sidered as less than ideal to identify polariton modes in GaSe, but it was the only readily
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available below-bandgap laser source to conduct this experiment. The results of near-forward
scattering from 3-7 pm thick samples reported by Sasaki [24] show a better agreement with
the modeled intensity, as they were done using a 514.5nm argon-ion laser, which is further
from the exciton resonance but has a large enough penetration depth to realize near-forward
scattering measurements. The only other available laser in this work was a 532nm Nd-YAG
source, which has a penetration depth of approximately 5 pm in GaSe, which would limit the
maximal thickness of the measured samples. Attempts were made to obtain near-forward
scattering data from a thinner 10pm flake with both the 633nm and 532nm lasers, but
the low signal intensity resulted in poor quality spectra that were often dominated by laser
noise. On the other hand, the resonant scattering process certainly increased the Raman

cross section of the longitudinal polariton modes, facilitating their observation.

The results presented in this section confirm the presence of polariton features in the Raman
spectrum of GaSe, but they also highlight the difficulty and the restrictive nature of near-
forward measurements. In the following sections, it will be shown that these issues can be
solved by exploiting the relaxation of momentum selection rules and the strong polariton

confinement effects in thin films.

8.2 Momentum conservation and scattering geometry

In samples with large thicknesses compared to the laser wavelength, there are stringent
momentum selection rules, and the conventional near-forward Raman scattering geometry
is the only one in which polaritons should be observed. However, as can be seen in Fig.
8.6, a polariton scattering feature between the A;(LO) and E'(LO) frequencies is visible in
Raman backscattering from a 70 pm GaSe flake excited with a 633 nm laser, but is absent
under 532 nm excitation. Given the large penetration depth of 633 nm light in GaSe relative
to the flake thickness, light may easily propagate through the layer and be reflected by the
sample’s rear face back toward the collection objective. Therefore, the measured spectrum
can in principle be composed of both direct backscattered and reflected near-forward Raman
signals, as mentioned in §6.2. In both cases, the tangential polariton wave vector is the
same, but there is a significant difference in the magnitude of the probed transverse wave

1

vector. For direct backscattering, the measured k are on the order of 6 x 10° cm ™!, and for

near-forward scattering, polaritons can be probed down to the light line at k = w/c.

In order to discriminate between backscattering and reflected near-forward scattering, the
focal point of the excitation beam was gradually lowered from the front surface, effectively
probing different focal volumes along the sample thickness as illustrated in Fig. 8.7. Isotropic

scattering, such as that from the totally symmetric phonons A’l1 and A’14, exhibits maximal



134

A" (TO) Ay(LO)

| JSLJBLELJNL I LU I B L L LI LB VL I L L L L L L B B

AL E(TO) ! L1 IE(LO)

Raman Intensity

100 125 150 175 200 225 250 275 300 325 350

Wavenumber (cm™)

Figure 8.6 Raman backscattering from a freestanding 70 pm sample under 633 nm (red curve)
and 532nm (green curve) excitation at normal incidence. The expected long-wavelength
phonons A", E/(TO) and A" are indicated on the spectrum, but an additional mode is
observed at 252 cm™! for 633 nm excitation, slightly below the forbidden E'(LO) mode. This
mode is assigned to resonant polariton Raman scattering in near-forward measurements, and
is absent from the 532nm spectrum since the sample is much thicker than the penetration
depth of light at that wavelength, and forward-scattered light reflected by the rear sample
surface is absorbed before exiting the sample and cannot reach the detector.
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scattering intensity when the laser is exciting the center of the sample, maximizing the probed
sample volume. Directional forward scattering, on the other hand, is expected to be maxi-
mal when the focal plane coincides with the rear surface of the sample, as all reflected rays
are within the collection optics aperture. The resulting depth-resolved scattering intensities,
shown in Fig. 8.7, indeed reveal a stark contrast between the intensity profiles of the me-
chanical phonon modes and that of the Le resonant polariton mode. This highlights the fact
that the resonant polariton scattering is highly selective to near-forward scattering geome-
tries, as it reaches a maximal intensity when the collection acceptance cone exactly matches
the recflected light cone from the excitation laser. Therefore, backscattering measurements
can include a significant reflected near-forward signal component which has to be taken into

consideration when assigning Raman modes.

In thinner samples, relaxation of wave vector conservation (see §4.3.4), along with confinement-
induced wave vector increases, can alter the resulting scattering directivity of Raman scatter-
ing from polaritons. The numerical model described in Chapter 5 can be used to calculate the
relative values of the forward and backward scattering intensities for any given wavenumber
and scattering angle. In order to provide an estimate of the general scattering directivity for
a given thickness, the ratios of the maxima of the forward and backward scattered intensities
between 180 and 270 cm ™! were computed for 15 logarithmically spaced angle values between
0.1 and 45° then averaged. This process was then carried out for multiple sample thicknesses
to obtain an estimate of the scattering directivity as a function of sample thickness. Fig.
8.8 presents the resulting scattering directivities, defined as the ratio Ip/(Ir + Ig), where
Ir and Ip are the maxima of the forward and back-scattered intensities, revealing that for
samples below approximately 1pm, the polariton scattering anisotropy becomes negligible.
This underscores the fact that the commonly understood association between polaritons and
near-forward scattering geometries only applies to thick samples, and that sub-micron sample
sizes, commonplace among exfoliated Van der Waals materials, enable Raman observation of

polariton modes in any scattering geometry.

8.3 Strongly confined polaritons : backscattering results

In contrast to weakly confined polariton modes in large crystals, observed at small wave
vectors thus in the vicinity of the light line, strong confinement in sub-wavelength cavities
greatly increases the polariton mode parallel momenta. Along with perpendicular momen-
tum conservation rule relaxation, this enables observation of polariton Raman scattering in
the backscattering geometry as discussed in the previous section, provided that the pene-

tration depth at the excitation wavelength is large compared to the sample thickness. This
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Figure 8.7 Normalized Raman backscattering intensity of the A" (black squares), E'(TO)
(blue squares), Le resonant polariton (red triangles), and A}* (green squares) modes as a
function of focal depth within a 70 pm sample under 633 nm excitation. Estimated location
of the interfaces are indicated by the vertical dashed lines. Schematic representations of the
incident and scattered rays (red arrows) and of the probed volume (blue ovals) in the sample
illustrate the scattering configuration for various focus depths.
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Figure 8.8 Computed polariton scattering directivity of GaSe as a function of sample thick-
ness.



137

is especially crucial to the study of polaritons in 2D materials, that are often exfoliated or
grown into few-nanometer flakes on opaque substrates such as Si/SiOs, precluding forward
scattering experiments. Their intrinsic small thickness and natural hyperbolicity make them

ideal candidates for the study of polariton states through Raman backscattering experiments.

In this section, angle-resolved Raman backscattering data from sub-micrometer GaSe flakes
on Si/SiOq substrates are demonstrated to exhibit strong scattering from guided polariton
modes. These highly dispersive modes coincide closely with several Raman features often
reported in the literature with conflicting interpretations. These results demonstrate the
powerful simplicity of Raman scattering, using a technique that is already a standard 2D ma-
terial characterization tool to probe highly confined surface and hyperbolic polariton states,

which can conveniently be observed in a backscattering configuration.

8.3.1 Angle-resolved backscattering

Angle-resolved backscattering measurements were performed on multiple thin exfoliated GaSe
flakes, and in several instances, dispersive modes were observed in the Reststrahlen bands
between 220 and 260 cm ™!, corresponding to surface and hyperbolic polariton branches. Fig.
8.9 illustrates the angle-resolved backscattering data obtained from a 650 nm thick flake
with 15 min exposure time to a 532nm laser with a fluence of 210 pW pm~2. Raman mode
wavenumbers and Full widths at half maximum (FWHM) were extracted from the data using

Lorentzian lineshapes, as illustrated in Fig. 8.10 for a sample tilt angle of 30°.

Long-wavelength phonon scattering

At normal incidence (6 = 0°), the expected Raman-active long-wavelength phonon modes
A E/(TO) and A}* dominate the spectrum, and two additional broad and strongly dis-
persive features appear between 225 and 255cm™!. For higher incidence angles, a 209 cm™!
mode, which coincides with E”| appears below the E'(TO) mode. Its appearance is expected
from off-normal geometry, as it is Raman-allowed for in-plane scattering geometries, and

z-axis momentum conservation is relaxed due to the small sample dimension along that axis.

One of these features shows an energy that corresponds to the A;(TO) phonon mode at
normal incidence, and one might be tempted to attribute the observed dispersion to lattice
anisotropy (see §3.1.1). However, this assignment fails to explain the observed dispersion
in multiple regards. Firstly, this dispersive branch, starting near A, (TO) at 236.4cm™" for
0 = 0° and increasing toward 241.6cm~! for # = 45°, does not correspond to an expected

phonon dispersive branch. Indeed, not only is the A; mode Raman-inactive, the electrostatic
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Figure 8.9 Raman backscattering from a 650 nm thick sample of GaSe on a Si/SiO5 substrate
as a function of sample tilt angle 6. Measured data are represented by the gray points,
and solid lines are 5-point Savitzky-Golay filtered spectra. The 532nm laser is p-polarized
and the angle 6 is varied between 0° (bottom curve) and 45° (top curve) in 5° increments.
The nonpolar A} and A} modes show no dispersive behavior, but several features in the
200-250 cm ™! Restralhen bands show some degree of angular dispersion. The vertical curved
lines are added as guides to the eye. Note that the signal between 150 and 175 cm ™! marked
by the asterisk () comes from weak oxide peaks due to short exposure of the sample to air
during handling.
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Figure 8.10 Example of fitting curves for backscattering spectra for an sample tilt angle
of 30°. Measured data points are indicated by the gray points, the orange colored curves
represent the five fitted Lorentzian peaks (E” is too weak to be modeled here), and the black
curve is their resulting sum. The features in the region marked by the asterisk (*) originate
from slight oxide formation at the sample surface and were ignored. Energies of the pure
mechanical phonon modes are indicated by vertical dashed lines.

anisotropy is dominant in GaSe and the phonon branches retain their TO/LO character
[46,140]. This means that the only two long-wavelength phonon dispersion branches go from
E/(TO) to A5(TO) and from A;(LO) to E'(LO), ruling out the possibility that the lower of

the observed features corresponds to lattice dispersion of long-wavelength phonons.

The second dispersive branch, with wavenumbers from 247.8 to 251.9 cm ™!, does coincide with
a lattice dispersion branch, but the high angular dispersion over the observed angle range
(5.2cm™? for the lower branch and 4.1 cm™! for the upper branch) cannot be explained by the
crystalline anisotropy. Indeed, for a sample tilt angle § = 45°, the lattice dispersion model
[140,232] predicts a wavenumber shift of at most 0.9cm ™" for the A, (LO) — E/(LO) branch.
This is illustrated in Fig. 8.11, where the lattice-induced mode dispersion is compared to
the observed dispersion. As will be shown the next section, all of these behaviors can be

explained by the confined polariton model.

Confined polariton branches

In order to understand the nature of the polaritons involved in the observed scattering fea-
tures, the backscattering Raman cross section of polaritons in a 650 nm GaSe slab was cal-

culated as a function of sample tilt angle using the numerical model described in Chapter 5.
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Figure 8.11 Comparison between the calculated lattice-induced dispersion and observed an-
gular dispersion. (a) Complete lattice dispersion curve as a function of internal phonon
propagation angles with the lattice ¢ axis. Red and black curves illustrate the extraordi-
nary LO and TO dispersive phonon branches, and the ordinary non-dispersive TO branch is
represented by the blue curve. The upper scale indicates the corresponding external optical
scattering angle, with the shaded area illustrating the accessible internal propagation angles
below the total internal reflection angle of 19.8°. Lattice mode energies are indicated by the
horizontal dotted lines. (b) Enlarged view of the shaded region in (a), with the measured
data points from Lorentzian fitting superimposed as gray circles (standard deviations are
smaller than the circles)

The polariton scattering response from each of the polariton normal coordinates is shown on
Fig. 8.12. Note here the subtle distinction between the polariton normal coordinates (7o,
Te and Le) as defined in §4.3 and their associated polariton branches of the same name as
defined in chapter 5. The computed spectra in Fig. 8.12 are obtained from the polariton
tensor elements projected onto each of the normal coordinates, but just as in the case of
mechanical dispersive polar phonons, dispersive branches can exhibit mixed character when
they do not propagate along their respective symmetry axes, as is the case here for oblique

propagation angles.

The two dominant polariton branches correspond to a surface polariton branch (labeled
Sp) and a to guided Le mode between A, (LO) and E’(LO), and both involve contributions
from the Te and Le polariton tensor components. The guided T'o branches only involve the
To tensor component. They are highly dispersive and only have appreciable intensity for
angles below 5°. This is explained by the fact that they are ordinary polaritons, and the slab
cannot support strongly confined ordinary modes as opposed to the extraordinary surface and
hyperbolic modes (see §5.1). Due to this high dispersion rate and limited angular selectivity
of the experimental setup, these polariton branches are expected to appear in measurements

as very broad feature, and are masked by the noise of the measurement. In order to facilitate
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Figure 8.12 Comparison between numerical model and near-forward scattering experimental
results for a 650 nm sample. Computed Raman scattering intensity for each of the polariton
normal coordinates (logarithmically scaled with S = 10?) is illustrated by the color map,
with the guided T'o, Te and Le polariton branches, as well as a surface polariton mode (Sp)
indicated by white arrows. The energies of the pure phonon modes are indicated by the
dashed white lines.

comparison with measured data, it is omitted in Fig. 8.13, where the sum of the computed
scattering intensity resulting from the T'e and Le tensor components is overlaid with the
fitted modes from the experimental data.

For angles above 10°, the upper dispersive branch of the measured data generally matches the
1

I

simulated spectrum for the Le guided branch, exhibiting linewidths between 3 and 6 cm™
likely due to the multiple unresolved guided modes. Fig. 8.14 illustrates the comparison
between the computed and measured spectrum at an angle of 45°, where the experimentally
measured mode for the upper branch is clearly shown to be composed of multiple unresolved
guided modes as seen in the modeled spectrum. This remarkable correlation between the
experimental and measured scattering from the Le polariton branch does not hold as well
for smaller scattering angles (see Fig. 8.13), as the high dispersion cannot be resolved by the
limited angular selectivity of the optical system, which will be considered in detail the next

section.

The second polariton feature in the data is the surface polariton mode located in the double
Reststrahlen band, between the A, (TO) and A;(LO) frequencies. In order to determine the
nature of this polariton mode, the spatial field distribution as a function of wavenumber
was computed in the sample for various scattering angles. The results, shown in Fig. 8.15,
highlight that this polariton is a surface mode, and is located spatially at the interface
between the GaSe crystal and SiOy substrate (labeled Sp(SiOs)). Its energy at high angles
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Figure 8.13 Modeled Raman spectra for angle-resolved colinear (6; = —6,) backscattering
from a 650 nm thick sample of GaSe on a Si/SiO,. Fitted Lorentzian peak positions from
measured data are illustrated by the white circles, which are larger than the uncertainty of
the fitted wavenumbers.
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Figure 8.14 Comparison between computed and measured backscattering spectra from a
650 nm thick sample at a sample angle of 45°. Computed Raman scattering intensities from
the Le and Te polariton branches, which has been linearly scaled to match the measured
peak intensity, is illustrated by the red curve. The gray points are the measured data and
the solid black curve is the smoothed data.
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is bound by the surface mode confinement criterion of €,(wg,) < —€sio,(wsp), as indicated by

the dashed green line at wg, = 241 cm™

in Fig. 8.13. The experimentally observed dispersion
quite accurately matches the predicted behavior, with the exception of the data point at 0°
due to the low angular selectivity of the measurement system (more on this later). Also, this
mode remains visible for scattering angles way beyond what the model predicts, which might
be linked to the presence of a thin oxide layer at the sample surface, as will be discussed
in §8.3.3. The upper surface polariton Sp(Air) is not clearly visible in the measured and

calculated spectra, as it only occurs as a low-energy shoulder below the intense Le branch.

The guided T'e polariton branches between A, (TO) and E'(TO) are predicted to have very
low scattering cross-sections, barely visible on Fig. 8.12, and thus do not appear in the data.

Finally, the mode below Eto at 209 cm™!

could be associated to scattering from the To
polariton branch, as was speculated in Ref. [233], but the results presented here indicate
otherwise, as that polariton should only be observed for angles below 6 ~ 10° in this sample
(see Fig. 8.12), whereas it only becomes apparent in the measured spectra above 6 ~ 30°.
This confirms that the observed feature corresponds to the E” phonon mode, as is reported

by several authors in the literature [18,46].

8.3.2 Angular broadening

The angular resolution of the system is limited by the combined effect of wide excitation and
collection numerical apertures. Simply adding both apertures yields an effective scattering
range of almost +£45° on either side of the optical axis. The actual angular broadening is much
lower, as the laser has a Gaussian beam profile that does not fill the entrance pupil of the
objective and the collection imaging optics and filters act as a limiting aperture, preventing
some off-axis rays from reaching the detector. As is shown below, it is crucial to interpret

the results in light of the nonzero angular acceptance of the optical detection system.

Indeed, comparing the experimental data with the computed broadened spectra, there is a
rather good agreement between the predicted and measured lineshape and energies for the
Le branch. Indeed, the detailed comparison between the computed and measured spectra
shown on Fig. 8.14 shows maximal measured peak width in the highly dispersive region at
lower angles, whereas the non-broadened computed spectrum predicts a narrow peak width
at a lower energy. For a scattering angle of 45°, the measured FWHM is 3.2cm™!, which
closely matches the non-broadened computed peak width, since the dispersion is very low at

this angle.

In order to accurately model the measured signal at low scattering angles where dispersion
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Figure 8.15 Spatial field distribution in a 650 nm thick sample of GaSe on a Si/SiO, substrate
for different scattering angles 6, indicated in the bottom right corner of each graph. The
guided Te and Le polariton branches are indicated by the white brackets and both surface
polariton modes are indicated by Sp(Air) and Sp(SiOs). Lattice normal modes are indicated
by the vertical dashed lines. Color scale represents the extraordinary |FE,|* field component,
with a logarithmic scaling factor of S = 10. The broadening parameter is set to I' = 0.5
cm™~! to help discriminate nearly-degenerate modes.
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is important, it is necessary to include a broadening factor in the numerical model, since
multiple scattering geometries contribute simultaneously to the observed signal owing to
the numerical aperture of the confocal measurement optics. The collection objective has a
numerical aperture of 0.55, which corresponds to a collection angle of +£33°. The objective
is fitted with an exit pupil with a diameter of 5mm, which limits the collection angle to
approximately £13°. Supposing a Gaussian beam profile, with the collection angle defining

the 1/e? intensity angular beam width, the expected acceptance FWHM is w = 15°.

Fig. 8.16 illustrates the computed angle-dependent spectra with an acceptance angle w =
15°, which is the FWHM of a symmetrical Gaussian broadening around the optical axis.
Applying this angular broadening correction to the computed spectra yields a more accurate
representation of the measured energies for both observed polariton branches. The guided
Le branch appears as a broad feature at low angles, evolving into a narrow mode below
E/(LO) at high scattering angles, which accurately corresponds to the experimental data.
The surface polariton Sp branch starts around 236 cm ™! and slowly rises towards 241 cm™!.
Although the intensity of the computed Sp mode drops off rapidly for increasing sample tilt
angles, the energy dispersion closely reproduces the observed dispersion in the experimental
data. The lower than expected intensity decay rate of the Sp mode may be explained by
the high sensitivity of surface polariton modes to the sample surface quality and dielectric
environment, which can be affected by the presence of surface roughness, trapped charges,

or oxide layers. The effects of the surrounding dielectric environment on the Sp branch will

be discussed in more detail in the next section.

Fig. 8.17 shows the measured and computed spectra for an incidence angle of 5°, revealing
the significantly better agreement with the data for broadened spectra (solid lines) than
for the previously obtained unbroadened results (dotted lines). Comparing these results as
well as those in Fig. 8.13 and Fig. 8.16 highlights the critical importance of the numerical
aperture of the optical system when measuring the angular dispersion of polariton modes
using confocal Raman scattering. Small numerical apertures yield higher angular resolution,

which can prove essential when studying highly dispersive modes such as these.

In the following sections, all calculated spectra directly compared to experimental data will

take into account the effect of the angular aperture of the optical system, unless specified.

8.3.3 Dielectric environment : lossy substrates and coupled polaritons

The surface polariton observed in Fig. 8.16 between 230 and 241cm™! is located at the
substrate interface (see Fig. 8.15), which has been modeled as a perfect SiOs/Si planar

interfaces. However, it is well-known [234] that SiO,/Si substrates can trap non-uniform
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Figure 8.16 Comparison between computed and measured angle-resolved colinear backscat-
tering from a 650 nm thick sample. The computed spectrum includes an angular resolution
modeled as a Gaussian curve with a FWHM of w = 15°. For each sample tilt angle value,
the spectrum has been normalized by its maximum value in order to illustrate spectral dis-
tribution. As indicated by the white arrow, calculated scattering intensity below 242 cm™!
was multiplied by a factor of 2 to make the Sp branch more visible. Fitted Lorentzian peak
positions from measured data are illustrated by the white circles, which are larger than the
uncertainty of the fitted wavenumbers.
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Figure 8.17 Comparison between computed and measured backscattering spectra from a
650 nm thick sample for a sample tilt angle of 5°. The solid black curve illustrates the
computed polariton spectrum with an angular broadening modeled as a Gaussian curve with
a FWHM of w = 15°. Contributions from the Te and Le polariton tensor elements are
illustrated by the blue and red solid curves, respectively. The dotted curves illustrate the
same results without accounting for angular broadening.
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charge densities due to adsorbed water and surface irregularities, and can harbor leftover
contaminants from the exfoliation process. It is also important to keep in mind that GaSe
samples were modeled as a perfect infinite slab waveguide, without any surface oxide layers or
defects. However, the work presented in Chapter 7 highlighted the possibility that oxidation
byproducts may form on sample surfaces when exposed to air, even for brief periods of
time. These oxide layers, although likely very thin due to the care taken when preparing the
samples, alter the immediate dielectric environment at the surface of the slab, which can then
significantly affect polariton modes in the slab. For example, in one of the first observations
of surface polaritons [121], a benzene atmosphere was used to alter the surrounding dielectric
medium in order to accentuate their dispersion (see Fig. 2.7). A recent work studying
hyperbolic polariton propagation in h-BN slabs over multiple substrates such as quartz,
monoclinic and rutile VO, silver, and silicon, as well as suspended over air, has highlighted
the important effects of bulk and local substrate complex permittivity on both surface and

guided polariton propagation and dispersion [235].

In the following section, the effects of charge trapping at the SiO, surface and of oxide layers

at the GaSe surfaces are investigated using the multilayer transfer matrix numerical model.

SiO; charge trapping and permittivity

The complex permittivity of SiOs used in previous calculations is based on transmittance
measurements on freestanding low-stress SiO; amorphous thin films [236]. Therefore, it is
likely that the dielectric properties of the thermally-grown silicon oxide layer used in this work
are not perfectly represented by this model. Indeed, dielectric properties of silicon oxide and
silica glass are known to vary significantly due to impurities, defects, crystallinity, or synthesis

processes [175], and surface charge trapping can further alter their properties [234].

In order to evaluate the potential impact of such deviations on the resulting Sp dispersion,
Raman spectra were calculated for various constant offsets Ae’ and Ae” (values used are
detailed in caption of Fig. 8.18) added to the real (eg;,) and imaginary (eg;p,) parts of the
SiOy permittivity, respectively. The results are shown in Fig. 8.18. The main effect of the
altered substrate permittivity is a slight reduction of the surface polariton scattering intensity
for an increased €go,. The surface mode field being localized around the surface, this mode
is more affected by losses in the substrate. Altering only the real part of the permittivity
€510, has very little effect on the spectral distribution. Indeed, it does not affect the general
symmetry of the system, but rather slightly alters the confinement factor thus the signal
intensity, as seen on the blue curves in Fig. 8.18. Overall, it does not appear that the SiOq

permittivity has a marked influence on the energy dispersion of either the surface or guided
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Figure 8.18 Modeled Raman spectra from a 650 nm GaSe slab on Si/SiO, for different SiO,
dielectric parameters. The black curve shows the spectrum for unaltered SiO,, the red curves
correspond to permittivity changes of (A¢’ = 0, Ae” = 0.5), (Ae’ = 0.5, A¢” = 0.5), and the
blue curves represent (Ae’ = 0.5, A¢” = 0), and (Ae’ = —0.5, A¢” = 0). On this scale, both
red curves are almost indistinguishable.
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polaritons.

Oxidation byproducts : coupled polariton resonance

In addition to the silicon oxide layer, thin layers of GaSe oxidation byproducts can be present
at the sample interfaces. As described in Chapter 7, the first two oxidation species that
form on a GaSe surface upon light exposure are a-Gay03 and $-GasSes, and they can form
in minutes under ambient conditions. These two compounds not only have significantly
different static permittivities than GaSe, they also are anisotropic and they exhibit polar
vibrational lattice modes in the 200 to 260 cm ™! energy range. Hence, they can sustain their
own surface and hyperbolic polariton modes. An in-depth study of the coupled polariton
states between the GaSe and oxide layer polariton modes is beyond the scope of this work,
but the formalism used in this work (Chapter 5) conveniently allows integrating an an oxide
layer into the modeled system. Using this model, the effect of a thin layer of a-GayO3 or
B-GagSes on both slab interfaces can be included, fully taking into account coupled polariton

states.

Fig. 8.19 illlustrates the overlap between the GaSe and oxidation species Resthrahlen bands.
Note that the dielectric function for Ga;O3 comes from reflectance measurements on high-
quality bulk -GasOj crystals with a monoclinic lattice symmetry (Cyy, point group) [237],
and thus the symmetry of the lattice mode involved in this Resthrahlen band is well-defined
as a B, mode, which is not Raman-active. However, it is very likely that the lattice of
the oxidation species layer exhibits several defects, and thus some Raman-forbidden polar
modes may be observed in Raman scattering. This is also the case of GasSes, which exhibits
a multitude of polar resonances between 221 and 255cm ™! that are also visible in Raman
scattering [205]. The lattice of GagSe; is believed to have an orthorhombic defect zincblende
structure [205], with a Dy, point group, but the exact nature of the observed vibrational

modes is not well-established.

Hyperbolic materials can sustain guided and surface modes in deeply sub-wavelength wave-
guides, thus even thin layers of a-GasO3 or 5-GasSes can greatly affect the electric field
distribution near the GaSe interfaces, potentially altering the dispersion of surface modes
significantly. In ultra-thin films, surface polariton modes become Epsilon Near Zero (ENZ)
modes, which are a limiting case of the upper (high-frequency) surface polariton in polar
dielectric films with a thickness smaller than \y/100, where )\ is the free-space wavelength
of the polariton. In such thin films, the whole dispersion curve of the upper polariton is
constrained to narrow energy interval just below the LO phonon energy, where the permit-

tivity has a zero crossing (see Fig. 8.20). The near-zero permittivity leads to extremely high
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Figure 8.19 Resthrahlen band overlaps between GaSe (black curves), GayO3 (blue curve),
and GagSes (red curve). The values for GayO3 come from reflectivity measurements from a
bulk 5-GasOj3 crystal with the electric field along the ¢ axis of its monoclinic lattice [237].
The GasSez data come from reflectance measurements on MOCVD-grown GasSes films on
GaP substrates [238]. The two Resthrahlen bands of GaSe are indicated by gray bands, and
those of both oxidation byproducts are indicated by red and blue bands.
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field enhancement in the ENZ layer [239,240]. Recent work by Passler et al. [114], revealed
evidence of strong coupling and hybridization between surface polaritons of a slab of SiC
with the ENZ polariton mode of an ultra-thin AIN film. Such ENZ modes in the oxidized

layer could therefore significantly affect the dispersion of modes in the GaSe slab.

Since both oxidation byproducts are anisotropic, their crystalline lattice orientation relative
to the layer geometry can have a major incidence on the resulting field distribution. A
simplified uniaxial model of the permittivity tensor of these oxidized layers was defined in

order to estimate their effect on the Raman spectrum. The permittivity tensor used is

w0
= 0 ew 0 |, (8.2)
0 eMw)

which uses the same coordinate system used throughout. X represents either Ga;O3 or
GaySez. Simplified expressions of €}(w) and €} (w) were defined using the dielectric function
presented in Chapter 3. The lattice coordinate along which the resonance shown in Fig. 8.19
occurs ((001) and (110) directions for Ga;O3 [237] and GagSes [241], respectively) is defined as
the extraordinary (out-of-plane) axis, and all lattice modes along that direction are defining

e)(w). The remaining lattice modes are considered degenerate in the zy plane and included

e
in the expression of €)(w). This approximation can be justified when considering that most
of the polar modes assigned to the ordinary axes have energies far above the energy range
considered here and do not contribute significantly to the permittivity below their resonant
frequency. GaySes does possess two distinct polar modes in the energy region of interest with

very similar energies.

The resulting permittivities are illustrated in Fig. 8.21, where the Resthrahlen bands of
both oxidation byproducts for z-oriented electric fields are indicated by red and blue bands.
The in-plane permittivities of the oxidation byproducts, indicated by the two arrows, do not
possess Resthrahlen bands in this energy range. In the case of Ga;O3, no active polar modes
occur in this energy range, and the in plane permittivity is almost constant, whereas in the
case of GagSes, there is an infrared-active vibrational mode in this energy range, but its weak
resonance does not cause the permittivity to become negative. Note that this could also be

explained by an inaccurate evaluation of the high-frequency permittivity €.

Fig. 8.22 illustrates the resulting electric field distribution in the oxidized layer system for
a 6b0nm slab of GaSe with a 5nm layer of GayO3 or GasSes on either interface. The
sample tilt is set to 15° and 3°, respectively, as these are angles for which GaSe polariton

mode energies coincide with the oxidation byproducts ENZ regions. Indeed, the E, field
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Figure 8.20 Schematical surface polariton mode dispersion for bulk (green curve), thin films
(orange curves) and ultra-thin films (cyan curves). In the ultra-thin limit, the upper surface
mode becomes non-dispersive, with an energy equivalent to wro. Note that in this thesis,
the two surface polariton branches are referred to as 'upper’ and ’'lower’ surface polaritons,
rather than the 'symmetric’ and 'asymmetric’ nomenclature used in this figure. Reprinted
with permission from Ref. [114] © 2018 American Chemical Society.

magnitude is maximal between 245 and 260 cm ™! for GayO3, and between 225 and 235 cm ™!

for the GasSes layer as indicated by the blue and red dotted rectangles, respectively, on Fig.
8.22. These wavenumber ranges are where ENZ modes occur in these materials, where strong

field concentration is expected.

The presence of the oxidized layers affects the field distribution inside the GaSe slab, which af-
fects the resulting scattering spectra. Fig. 8.23 illustrates the effect of the presence of oxidized
layers at the GaSe slab interfaces. The rightmost panel presents the pristine GaSe Raman
dispersion Ipyistine(w, ), whereas both panels on the right illustrate the difference between
this pristine slab spectrum and the oxidized slab scattering for both oxidation byproducts,
AGay05 (W, 0) = IGay04 (W, 0) — Ipristine(w, ) and Aga,ses (W, 0) = Icagsses (W, 0) — Ipristine(w, 0).
The results show that the oxidized layers tend to mostly reduce the scattering intensity within
their respective ENZ energy bands, along with inducing a slight blueshift and redshift of the
scattering energies in the case of Ga;O3 and GasSes oxidized layers, respectively. This effect
is unlikely to be significant in the data presented in Fig. 8.16, since the main discrepancy
between measured and calculated spectra is the high intensity at high scattering angles in

the experimental data.

The coupling of these ENZ modes affects the dispersion of the polariton modes in the GaSe
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Figure 8.21 Resthrahlen band overlaps between GaSe (black curves), Ga;O3 (blue curves),
and GagSes (red curves) for the simplified dielectric model. The permittivity as described
by Eq. (8.2) was used to generate these curves. The two Resthrahlen bands of GaSe are
indicated by gray bands, and those of both oxidation byproducts for z-oriented electric fields
are indicated by red and blue bands. The in-plane permittivities of the oxidation byproducts
do not possess Resthrahlen bands in this energy range, and are indicated by the two arrows.
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Figure 8.22 Field distribution in a 650nm slab of GaSe with 5nm-thick oxidized layers of
Gag03 or GagSes at both interfaces. As indicated on the figures, sample tilt angles are 15°
and 3°, respectively. Regions of significant ENZ field enhancement in the oxidized layers
are indicated by the red and blue colored rectangles. Note that the oxidation product layer
thicknesses have been magnified by a factor of 20 in the plots to help visibility.
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Figure 8.23 Computed un-broadened Raman scattering dispersion from an oxidized 650 nm
GaSe layer, with 5nm-thick oxidized layers of GasO3 or GasSes at both interfaces. The
leftmost panel presents the non-broadened dispersion for a pristine GaSe layer, and both
panels on the right represent the difference between this pristine slab spectrum and the
oxidized slab scattering for both oxidation byproducts.

slab, but it may also directly contribute to the measured Raman scattering signal. Indeed,
since both oxidation byproducts have polar lattice modes with energies located within the
GaSe Reststrahlen bands, their polariton states can not only alter the GaSe polariton disper-
sion, but also directly scatter light, and this contribution has the potential to be significantly
enhanced by the large ENZ field concentration. The Ga;O3 and GasSes polar modes con-
sidered here are Raman-forbidden, but as already discussed, these photo-oxidized layers are
likely to have poor crystalline quality and scattering selection rules could be broken. The field
enhancement in the oxidized layers could therefore directly contribute to Raman scattering

in their respective ENZ regions.

In order to evaluate the direct Raman scattering contribution from the oxidized layers using
the computed electric field, the numerical model presented in Chapter 5 is inadequate and
would need to be significantly modified to include several additional elements. The Raman
tensor elements of the defect-rich low-symmetry oxidation byproducts would need to be de-
termined, as well as the Hopfield coefficients and Faust-Henry coefficients for each vibrational
mode. Furthermore, in the case of GasSes, the Resthrahlen band includes contributions from
multiple coupled polar modes along the same axis, which cannot be adequately taken into ac-
count by the model of Chapter 4 as it assumes that each coordinate has only one active polar
mode, thus the Hopfield coefficient definition used in this thesis would need to be adapted.
Finally, as mentioned earlier, the crystalline lattice orientation of the oxidized layer could

also significantly affect the result. Despite the complexity of such an approach, it would be
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worthwhile to pursue it in further work. The direct Raman scattering from oxidized layers
with polar lattice modes that lie within the GaSe Resthrahlen band could have an impact
on the experimental results despite the small oxidized volume due to the large electric field
magnitudes of these ENZ modes. Such ENZ enhanced Raman scattering might explain the
larger than predicted scattering intensity from the Sp branch observed in the measured data

at high tilt angles.

8.3.4 Thickness dependency

The effects of scattering angle and dielectric environment have been shown to affect the
Raman spectrum in, and can be used to selectively probe certain regions of the polariton
dispersion, and even to alter the dispersion relation in order to engineer polariton energies
and propagative behavior. However, one of the most direct means of altering the confined

polariton dispersion is to alter the 2D waveguide dimension, as discussed in Chapters 4 and
5.

The effects of waveguide thickness on polariton dispersion were calculated and are presented
in Fig. 8.24. The effect of angular broadening has not been included here. For a 5° scattering
angle, the Sp polariton scattering energy is highly dependent on sample thickness, spanning
from 225cm~! for samples around 100nm to about 240 cm™! for samples that are 1000 nm
or more. The Le branch varies more slowly, with frequencies around 245cm~! for thin
layers and rising towards 254cm™! for samples of a few micrometers. When the sample
tilt angle is increased, polaritons of larger transverse wave vectors are probed, and thus
the scattering energies rise faster with thickness, with most of the energy variation of both

polariton branches occurring in lower thickness regions.

This thickness dependence makes polariton Raman scattering a useful tool to rapidly deter-
mine sample thickness through Raman spectroscopy, especially for the Sp polariton branch
since it spans a larger energy range. Furthermore, the sensitivity of the dispersion with
the sample tilt angle enables rapid thickness determination over a wide range of sample
dimensions. This method could be especially useful in the 50 to 1000 nm thickness range,
since mechanical lattice mode shifts, commonly used to evaluate 2D material thicknesses, can
generally only be used for samples below 10-30 layers thick depending on the material [45].
Therefore, polariton scattering energies might be used for rapid thickness evaluation above

those thicknesses.

These results also highlight the fact that a narrow optical acceptance angle is necessary to
precisely determine sample thickness from polariton Raman scattering, since the observed

energies are highly sensitive to the sample angle, which can be directly equated to the trans-
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Figure 8.24 Computed thickness-dependent Raman scattering without angular broadening
for multiple sample tilt angles, as indicated in the bottom right of each plot. Energies of the
polar lattice modes are indicated by the horizontal dashed lines.

verse wave vector. In this work, a confocal Raman microscopy system was used, yielding
a total acceptance angle estimated to 15°, and this low selectivity hinders accuracy from
this approach to thickness determination. This effect is minimized in the normal incidence
scattering configuration, since the effective acceptance angle is halved due to symmetry.
Therefore, the measured normal incidence scattering data is expected to have the best pre-
dictive ability in regards to the thickness of the sample. Furthermore, as was previously
mentioned, samples in the ~1 x 102 nm thickness range, such as those studied in this work,
are more easily differentiated by their near-normal Sp polariton scattering energy. Fig. 8.25
illustrates the computed Raman scattering spectrum as a function of sample thickness for a
normal incidence, along with the fitted Lorentz peak positions from five different GaSe flakes.
For each thickness value, the spectrum has been normalized by its maximum value in order
to illustrate spectral distribution, rather than the thickness-related intensity dependence.
The white symbols represent the Sp and Le polariton energies from samples of known 170,
190, and 650 nm thicknesses as measured by AFM. The orange and cyan symbols represent
measured data from two flakes of unknown thickness, which were estimated by comparison

with the computed spectra as being 300 and 400 nm thick, respectively.

The results presented in this section show an excellent agreement with the experimental data,
indicating that Raman scattering from confined polaritons is a useful means of determining
sample thickness in this thickness range. Use of a narrower angular aperture would enable

higher precision from this technique.
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Figure 8.25 Computed Raman scattering as a function of sample thickness for normal inci-
dence, with a 15° angular broadening value. For each thickness value, the spectrum has been
normalized by its maximum value in order to illustrate spectral distribution. Experimental
normal-incidence polariton Raman mode positions from 170, 190, and 650 nm flakes are over-
laid on the plot as white squares and circles representing the Sp and Le polariton branches,
respectively. Additional scattering data from two flakes whose thicknesses were estimated as
300 and 400 nm are indicated as orange and cyan symbols, respectively.
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8.4 Resonant Raman

As mentioned in Chapter 4, Raman scattering can be significantly enhanced when either the
incident or scattered photons are resonant with an electronic transition. This effect can be
especially important for polar lattice vibrations since they can couple strongly to excitons
through the Frohlich interaction. In this section, resonant polariton scattering under exci-
tation with 633 nm laser radiation is presented. The effects of this resonance on the Raman
spectrum and angular dispersion are discussed, as well as their temperature dependency. Fi-
nally, polariton lateral confinement effects are shown to be strongly enhanced under resonant

excitation through polarization-resolved Raman scattering measurements.

8.4.1 Low-temperature Raman scattering

In this section, cryogenic temperatures is used as a tool to tune the energy difference be-
tween the first exciton state and excitation laser. In order to accurately interpret the nature
of the observed Raman modes, the energy variation of the lattice modes as a function of
temperature must first be understood. Temperature-induced wavenumber shifts of all lattice
mode frequencies are detailed in Table 8.1. Reliable data regarding the temperature shifts of
the Raman-forbidden A mode energies could not be found in the literature and were thus
inferred from the other reported values, assuming that the temperature-induced frequency
shifts are proportional to each mode’s frequency. The average observed shift from the A}, E”,
and E’' modes is Ao /o = 9.4 x 1073, This approximation accounts for the thermal expansion
frequency shift, and although it does not take into account the three-phonon anharmonic
coupling or Griineisen parameter variance among modes [242], it provides a useful estimate

of the temperature-induced energy shift for these Raman-forbidden modes.

Lattice mode | Ao (cm™!)
At 1.4
E" 1.3¢
E/(TO) 2.5
AJ(TO) 2.2*
AZ(LO) 23"
E/(LO) 2.40
At 2.8¢

Table 8.1 GaSe mechanical lattice mode energy shift Ao = 0gase(77K) — 0gase(293K). (a)
Values from Ref. [18] for e-GaSe. (b) values from Ref. [242]. (%) Values estimated from the
temperature frequency shifts observed in other modes.
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Fig. 8.26 illustrates Raman scattering from a GaSe flake at room and liquid nitrogen tem-
peratures measured with a 532 nm laser The flake thickness is estimated as ~750 nm from
the room temperature spectrum, as shown by the good agreement between the computed
Raman spectrum (red curve) and measured data at 293 K. Using the low-temperature ener-
gies presented in Table 8.1, the low-temperature spectrum can be computed, and is shown
by the top red curve of Fig. 8.26. Note that in this computation, only the polar E' and Af
mode energies were altered, with all other parameters remaining fixed to their room tem-
perature values. The upper Le; mode’s energy and intensity are slightly underestimated by
the model, which may be due to an erroneous estimation of the low-temperature AJ mode
energies, but the overall resulting spectrum agrees well with the measured spectrum. These
results demonstrate that no significant qualitative changes occur at different temperatures

under 532 nm excitation.
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Figure 8.26 Low-temperature Raman scattering from a GaSe flake. Experimental data at
room temperature and liquid nitrogen temperature are represented by the black points, along
with the Lorentz peak fits as the shaded curves. Solid pale and dark green curves illustrate
the resulting summed fitted spectra for 77 K and 293K sample temperatures, respectively.
The red solid curved illustrate the computed Raman spectra at both temperatures for a
750nm GaSe sample. FEnergies of the mechanical lattice modes at both temperatures are

indicated by the vertical dashed lines.
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8.4.2 Resonant phonon scattering in GaSe

Under resonant excitation, all Raman-active modes are exalted since the Raman tensor R in-
cludes near-vanishing denominators. In addition, the k-dependent Frohlich exciton resonant
mechanism [154,231] can also lead to a significant resonant enhancement of LO mode scatter-
ing for excitation energies near that of the 1s exciton. This LO-specific Frohlich resonance was
observed in Raman scattering for the allowed E'(LO) mode as well as the forbidden A%(LO)
in e-GaSe by multiple authors [18, 140, 229, 243, 244], including multi-phonon resonance up
to the 6" order for the E’(LO) mode [243,244]. Here, it is interesting to note that the
observed selection-rule breaking, as well as the multi-phonon resonant enhancement, means
that longitudinal polar modes could be observed in Raman scattering from centrosymmetric

crystals, where they are usually Raman-forbidden.

In order to contextualize the resonant polariton scattering results that are reported in the
next sections, this section presents a brief overview of the results reported by Hoff [18]. In
their work, results from resonant Raman scattering from large e-GaSe samples in right-angle
geometry are reported and interpreted using Martin’s model [154,231]. The sample size
and scattering geometries that were used mean that no polariton dispersion effects should
be apparent in their results. Indeed, low confinement and large scattering wave vectors
only allow scattering from pure phonon modes. Nevertheless, the results and interpretations
presented in this section provide valuable insight for the analysis of the resonant polariton

scattering results reported in the following sections.

Fig. 8.27, reproduced from Ref. [18], shows the reported Raman scattering efficiency, Sqase,
of several Raman modes of GaSe when the excitation laser approaches the 1s exciton energy
FEe, in reference to the scattering efficiency of a-quartz, Sq. In the reported experiment,
incident and scattered photons were polarized along the z axis and propagating in the GaSe
xy plane, thus the E’ mode was Raman-forbidden in this configuration, but the results
reported by Hoff can still translate to the scattering geometries used in this thesis since the
observed resonance is accompanied by a selection rule breakdown. In the left panel, the non-
polar A} modes (both A} modes having similar behavior)) and the E'(TO) mode resonant
behaviors are illustrated. In the case of the nonpolar modes, there is a marked anti-resonance
around 45 meV below the first exciton level, which the authors could not explain using their
model. A} and E'(TO) were reported as both exhibiting a strong resonance at the exciton
energy. Although forbidden in this geometry, resonant excitation breaks selection rules and
the intensity of E'(TO) becomes comparable to that of Aj.

The right panel of Fig. 8.27 illustrates the resonant behavior of the E'(LO) and AJ(LO)

modes, for which scattering via k-dependent Frohlich interaction with excitons is dominant.
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Figure 8.27 Scattering efficiency from nonpolar and TO phonon modes (left panel) and LO
phonon modes (right panel) in GaSe as a function of the energy difference between the 1s
exciton and the excitation laser. Scattering intensity is normalized relative to the scattering
intensity, Sg, from a quartz sample. The solid line on the left panel is a guide to the
eye following the A’l1 antiresonant behavior. On the right panel, the dashed and solid lines
illustrate the theoretical curves from Martin’s model, and the isolated 1s exciton contribution,
respectively. Adapted with permission from Ref. [18] (©) 1975 Canadian Science Publishing.

Both LO modes show similar resonant enhancement near the 1s exciton, which is more than
an order of magnitude higher than for non-polar and TO modes, as predicted by Martin’s
model (see §4.3.3 and Ref. [18]). For lower excitation energies, there is a significant dis-
tinction between the two LO modes. The E'(LO) mode, which is Raman-allowed in other
scattering geometries, includes a deformation potential resonant component with baseline at
about 10 Sq and which is dominant for excitation more than ~100meV below the 1s ex-
citon. Conversely, the AJ(LO) mode scattering efficiency does not plateau at low excitation
energies, since there is no uncorrelated carrier contribution to the resonance, and its scatter-
ing efficiency only originates from the 1s exciton Frohlich interaction selection rule breaking.
The resonant enhancement of both these longitudinal modes has only been observed by the
authors for zz-polarized geometries, which is attributed to the strong dipolar orientation of
both the 1s exciton state and of the optical dipole of the direct bandgap, which is along the
z axis in GaSe [140].

Overall, Hoff observes excellent agreement between his results and the proposed mechanical
phonon dispersion and resonance models, which have been referred to throughout this thesis.
However, major discrepancies between the reported results and those presented in this thesis

indicate that the mechanical phonon-based model of Hoff does not provide a comprehensive
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picture of Raman scattering in GaSe. Indeed, the large samples used in their work exhibit
high polariton dispersion rates and the right-angle scattering geometry only probes large wave
vectors, therefore all observed energies correspond in almost every case to the large-wave-
vector asymptotic behavior of polariton modes, which converge toward mechanical phonon
energies. However, when sample dimensions are comparable to or lower than the polariton
wavelengths, which is the case for every sample studied in this work, polaritonic dispersion
becomes significant and is clearly apparent in Raman scattering, including resonant Raman

effects, as discussed next.

8.4.3 Resonant polariton scattering in GaSe

Fig. 8.28 illustrates the Raman scattering measured from a ~750 nm GaSe flake under excita-
tion from 532 nm and 633 nm lasers, at room temperature and liquid nitrogen temperatures.
At room temperature, the exciton energy of Eox = E; — E = 2.00eV (where Er = 19.2meV
is the exciton Rydberg energy [227,228]), and for liquid nitrogen temperatures, the exciton
energy increases to 2.085 eV [245]. The energy differences between the excitation laser energy
hw and exciton energy F., are indicated for each curve on the left of Fig. 8.28. It must be
noted here that, although it is not in direct resonance with the 1s exciton, the 532 nm laser
energy is above the bandgap and injects charge carriers in the sample, which can have an im-
pact on polariton mode energies and dispersion [246,247]. The 633 nm laser is strictly below
the bandgap and cannot generate free carriers or excitons in the sample. If it is possible that
some of the mode energy shift observed in spectra from both lasers originate from a carrier
population difference, it should have has minimal effects on scattering intensity. The effects

of resonance on Raman scattering efficiency is discussed next.

The two upper curves of Fig. 8.28 illustrate the Raman scattering data at ambient tem-
perature for both excitation lasers, where the near-resonance from the 633 nm spectrum
exhibits several marked differences compared to the off-resonance 532 nm spectrum. Under
near-resonant conditions, the Sp surface mode becomes much broader, potentially due to
additional contribution from resonance-enhanced guided T'e modes. The E'(TO) mode does
not shift significantly in energy, but its intensity is drastically reduced compared to the A’14
nonpolar mode used here as an intensity reference. Conversely, the two Le polariton modes
are greatly exalted, and the splitting between the two is increased, indicating that they are
strongly affected by the near-resonant conditions. This correlates well with the Frohlich exci-
ton resonance model of Martin [154,231] described in §4.3.3, since these two polariton modes
possess a longitudinal character, thus can exhibit resonant k-dependent Frohlich interaction

with the 1s exciton.
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Figure 8.28 Raman spectra from GaSe at room temperature and liquid nitrogen tempera-
ture. Measured data are indicated by the black symbols, shaded areas correspond to the
individual fitted Lorentzian peaks for each mode, and the solid green and red lines represent
the resulting fitted spectra for 532 nm and 633 nm laser excitation, respectively. All spectra
were normalized using the A’14 integrated scattering intensity as a reference. Energies of the
mechanical lattice modes are indicated by the vertical dashed lined for both temperatures.
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Finally, a new mode near the E” mechanical phonon is also exalted near resonance. The strong
resonant enhancement observed here, along with the fact that the E” mode is forbidden for
this scattering geometry, indicates that this mode is likely a guided T'o polariton, as was
reported in Ref. [233] for reflected forward scattering in a bulk sample. Even though this is
a transverse polariton, it may possess some some longitudinal character, thus ¢-dependent
Frohlich matrix elements could contribute to its scattering efficiency. Other resonant terms
may also cause selection rule breakdown for this polariton mode, as was observed by Hoff for
the mechanical E'(TO) mode near the 1s exciton energy [18]. A similar Raman mode was
observed in near-forward scattering measurements at 209 cm™!, although it did not match

the computed angular dispersive behavior for the To polariton branch (see §8.1.2).

The bottom curves in Fig. 8.28 illustrate Raman scattering from the same GaSe flake cooled
to liquid nitrogen temperature. At this temperature, the 633 nm laser is further away from
the 1s exciton energy, and therefore resonant enhancement is diminished. This holds true
for the two Le polariton modes, which exhibit similar intensities than for the 532nm laser.
In contrast, the To polariton mode remains exalted even at low temperatures and 633 nm
excitation. This could be explained by the fact that the resonant scattering cross-section of
this transverse mode does not involve the g-dependent Frohlich term in a significant manner
as is the case for the Le modes. Other resonant terms may exhibit a more gradual decrease

away from resonance.

8.4.4 Second-order Resonant Raman scattering

Fig. 8.29 shows the observed second order resonant Raman scattering from the Les polariton
under near-resonant laser excitation. Conversely second order resonant Raman is not clearly
observed for the lower Le; mode in Fig. 8.29, manifesting at most as a slight shoulder to the

observed mode.

Overtone resonant Raman scattering has been reported for the 245 cm ™" mechanical E'(LO)
phonon by several authors, up to the 6" overtone [229,243,244], which correlates well with the
data presented here. Ay”(LO) resonant overtones, however are also absent in data reported
in the literature, despite exhibiting strong first-order resonances. This has been explained by
the fact that the E'(LO) mode has stronger anharmonic forces than the the Ay”(LO) mode,

based on two-phonon infrared absorption measurements [244].

A parallel can be drawn between these observations and the resonant Le polariton behavior
observed here, since the energies of the Le; and Les modes are very close to those of the
mechanical Ay”(LO) and E’'(LO) oscillators, respectively, therefore their lattice deformation

components likely possess characteristics similar to these normal modes.
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Figure 8.29 Resonant second-order Raman scattering from GaSe. Spectra for 532nm and
633 nm excitation are represented bu the green and red curves, respectively. The second
overtone of the resonantly-enhanced Les polariton, visible in the 633 nm spectrum is indicated
by the black arrow. Energies of the GaSe and silicon normal lattice modes are indicated by
the vertical dashed lines.

The resonant Raman results presented in this section offer an interesting insight into the
coupling between the electronic and polaritonic states in GaSe, and provide an interesting
window into the rich band structure and exciton dynamics of GaSe. Furthermore, the extreme
enhancement of the Raman cross-section near resonance enables a closer study of polaritonic
effects which could not be observed away from resonance due to weak signals. This resonant
behavior can indeed be used to study second-order Raman scattering, but also to reveal

multi-dimensional polariton confinement effects, as is presented in the next section.

8.5 Lateral confinement effects

As has been established by numerical modeling and Raman scattering measurements, po-
laritons confined along the z dimension in 2D GaSe slabs below the polariton free-space
wavelength (Ao ~40pm) have thickness-dependent dispersion relations. Furthermore, me-
chanically exfoliated flakes are finite in all dimensions, often at a smaller scale than A,
yielding 3D confinement of the modes. In this section, lateral polariton confinement effects
in mechanically exfoliated flakes are studied using resonant Raman scattering, demonstrating

the great potential of the technique to probe subtle effects in confined polariton states.

Fig. 8.30 shows the polarization-resolved Raman spectra from a large (0.8x 1.2cm) 70 pm

thick GaSe slab, under excitation from 532 nm and 633 nm lasers. The leftmost panel shows
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Figure 8.30 Polarization-resolved backscattering spectra from a bulk 70 pm GaSe sample.
(a) Raman spectra for a polarization angle ¢=0° under 532 nm and 633 nm laser excitation,
normalized by the A’{ scattering intensity. Energies of the mechanical lattice modes are
indicated by the vertical dotted lines. Resonantly-enhanced 7o and Le polariton modes
are indicated by the arrows. The polar plots illustrate the polarization dependency of the
integrated intensity of all Raman modes from (b) 532nm and (c) 633 nm laser excitation.
All curves are normalized by their highest value.

typical spectra from both lasers, with 532nm excitation showing strong signal from all
Raman-allowed mechanical phonon modes for normal incidence : A’}, A"}, and E'(TO). As
shown in Fig. 8.30(c), no polarization anisotropy is observed in this geometry, as is expected
from the Raman tensor symmetries. Under 633 nm laser excitation, T'o and Le resonance-
enhanced polariton modes are observed in addition to the same non-polarized mechanical
phonon modes. The Le mode is clearly not polarized, while the T'o mode appears to be

slightly polarized with a twofold symmetry.

In an infinite 2D slab, polariton states are fully defined by the sample interfaces and by the
dielectric tensor, which in GaSe is isotropic in the xy plane. Therefore, in similar fashion to
the in-plane mechanical modes, there is no expected favored scattering polarization direction
for the polariton modes at normal incidence. However, finite samples have lateral boundaries
that can reduce the in-plane symmetry of polariton field distribution, which can be observed

in the Raman scattering data.

Since the sample measured in Fig. 8.30 is quite large, no significant lateral confinement effects
are expected, although interference with reflected waves from a sample boundary might affect
the field distribution near its edges. The observed polarisation of the To mode likely results
from the combined effect of a very weak scattering signal (one order of magnitude lower than

the overlapping E'(TO) mode), and of a slight anisotropy in the collection efficiency.
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While the intensity of the Le polariton mode scattering for near resonant excitation (633 nm)
is comparable to the allowed mechanical phonon modes, it is important to note here that
no polariton signal could be observed in the backscattering Raman spectrum at 532 nm.
This resonant enhancement proves to be a crucial element for the observation of lateral

confinement, which is discussed next.

8.5.1 Polarization anisotropy

Fig. 8.31 illustrates the resonant polarization-dependent scattering intensity from four ex-
foliated flakes with different geometries and aspect ratios. Optical images of the flakes are
shown the leftmost column, with white dashed flake outlines highlighted for clarity. Sample
(c) has a thicker triangular region in its center, indicated by the green outline. The position
of the measurement location is indicated by the visible red laser beam spot or red circle. The
center column indicated the polarization dependency of the mechanical phonons from GaSe,
and the Si 520 cm phonon, which has a symmetrical four-fold polarization response. The
symmetry of this Si Raman mode can be used as a gauge of the quality of the polarization
control and measurement. As can be seen from the Si mode in Fig. 8.31(d-f), the system’s
polarization response is excellent, and mechanical phonon modes show the expected isotropic

polarization behavior.

The rightmost column illustrates the polarization-dependent intensity of the visible polariton
modes in all flakes. In the case of flake (a), which has an aspect ratio close to 1, there is
no significant polarization from any of the visible modes, which is expected since the lateral
confinement has a high symmetry. High aspect ratio flakes (b) and (c), however, show strong
polarization effects from all polariton modes, with the maximal intensity being aligned with
the samples’ long axis. These results are clear evidence that lateral confinement on the order
of 10 pm to 20 pm in thin flakes affects polariton mode field distribution, which in turns affects
Raman scattering intensity. This results indicates that guided polariton modes in these flakes
can propagate a minimum distance [, of 5 pm to 10 pm, since reflected waves at each lateral
interface need to reach each other for confinement anisotropy to be observable. For a 15°
collection numerical aperture, the average probed transverse wave vector k,, is 1.6 x 10* cm™,
therefore the polariton propagation loss figure of of merit [14] v~' = ,/\, = 2xl,/k, can be
estimated as ! = 16 for flake (c¢), with a confinement factor of A\g/\, = 10. This value
approaches those reported for hyperbolic polaritons in high-quality h-BN samples [14, 101],

and points to great potential for low-loss far-infrared polaritonic devices in GaSe.
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Figure 8.31 In-plane polarization of GaSe and Si modes under 633 nm laser excitation with
co-polarized excitation and detection as a function of polarization angle ¢. (a-c) Optical
images of the flakes, with the measurement location indicated by the red laser dot. All
white scale bars are 20pm. (d-f) GaSe (A’; and E'(TO)) and Si (520cm™!) mechanical
phonon mode intensities as a function of polarization. All intensities are normalized by their
highest observed value. (g-i) Normalized GaSe polariton scattering intensities as a function
of polarisation angle. Sample images and polar plots are mutually aligned.
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8.5.2 Lateral confinement energy shifts

Controlling the scattering polarization enables selective probing of the long-axis or short-
axis confined polariton modes. Since the confinement dimension is different along these two
axes, the probed polariton modes are expected to have slightly different energies. Fig. 8.32
illustrates the wavenumber shift as a function of the measurement polarization angle for the
flake presented in Fig. 8.31(b). The Le; mode, which is the most intense, shows a clear
0.4cm™! increase in energy for polarizations along the sample short axis, where confinement
is highest, when compared to the energy along the sample’s longest axis. Based on the
2D confined polariton model developed in this work, stronger confinement pushes the Le
modes towards lower energies, since it reduces the dispersion rate. This is not the observed
behavior here, where Le; is seen to exhibit higher energies in the strongest confinement
direction. This could be explained by the fact that the Le; mode may actually include a
significant contribution from the upper surface polariton mode. Indeed, this mode is expected
to show an asymptotic increase toward the AJ(LO) energy for diminishing thicknesses, as it
tends toward an ENZ mode as described in §8.3.3. Note that the model does not apply to

laterally-confined modes, but it gives insights for understanding the behavior observed here.

The polarization and energy anisotropies observed in the last two sections provide a clear
demonstration of the potential of Raman spectroscopy as a tool to probe confined and guided
polariton states with a high degree of selectivity and control. They clearly reveal the existence
of 3D confined polariton states, which indicate a very high propagation loss figure of merit of
~v~1 > 39, which similar to values reported in high-quality h-BN samples. However, in order
to exploit the technique to its full potential, there is still a need for a more sophisticated
modeling framework, which can take into account not only three-dimensional confinement of
polariton modes, but also resonant scattering behavior. Indeed, near-resonant scattering is
demonstrated to be a powerful technique, but it also dramatically alters scattering selection

rules, which affects the observed dispersion relations.
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Figure 8.32 Observed polariton mode energy shift as a function of polarization angle ¢. (a)
Optical flake image, as described in Fig. 8.31. Selected polarization directions are indicated
by the orange, green and blue lines, corresponding to the sample’s long axis, short axis,
and longest dimension, respectively. (b) Observed mode wavenumber offsets AN relative to
lowest observed wavenumber as a function of polarization angle ¢. Selected polarizations
are indicated using the same polarization as in (a). (c) Selected fitted curves for scattering
polarizations following the same color scheme as in (a) and (b)
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CHAPTER 9 CONCLUSION

In this thesis, polariton Raman spectroscopy, which Henry and Hopfield used for the first
experimental observation of phonon-polariton states in 1965, is brought back to the forefront
of material research with the demonstration that it can be a convenient and powerful tool to

study confined phonon-polariton states in 2D materials.

9.1 Summary of Contributions

The first original contribution of this work is the study of oxidation dynamics of GaSe using
Raman scattering, which offers valuable insight into the photo-chemical processes involved
in the rapid photo-oxidation of thin GaSe flakes, which is a common issue with 2D materi-
als. Experimental results reveal that simultaneous exposure to above-bandgap illumination,
moisture, and oxygen causes rapid sample degradation. Earliest signs of GaSe sample degra-
dation are also reported as GasSe; and GasOs; Raman modes at 155cm™! and 161cm™!,
respectively. These original results already have had an impact on research involving 2D
GaSe flakes, providing clear guidelines regarding the protection of GaSe samples, as well as

identifying the Raman fingerprint of early oxidation.

The second and probably the most significant original contribution of this thesis is the demon-
stration that sub-micron thin GaSe flakes exhibit strong polariton backscattering signal due
to momentum conservation relaxation. In most of the literature, polariton modes are under-
stood to be observable only in near-forward configuration owing to their low wave vectors.
However, this is not the case in thin samples. This phenomenon is especially important in
hyperbolic materials given the deep subwavelength confinement of polaritons, wherein po-
laritons modes can propagate with extremely large wave vectors. The compounded effect of
relaxed momentum conservation and hyperbolic confinement yields a strong backscattering
Raman signal. Even extremely thin flakes may support multiple confined polariton modes
exhibiting highly dispersive behaviors. This mode dispersion means that off-normal scat-
tering can probe wide regions of the dispersion curve. This result could have a significant

impact in the 2D materials scientific community for two reasons.

The first reason is that in addition to direct experimental demonstrations pertaining to gal-
lium selenide, the original work presented here is a clear demonstration that the simple, rapid,
and accessible technique of Raman scattering is a powerful tool to study highly-confined hy-

perbolic polariton states in 2D materials. Just like the commonly used s-SNOM technique,
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it provides high spatial resolution and energy resolution. In addition, high wave-vector res-
olution can be achieved through scattering geometry adjustment, without the requirement
for spatial imaging of s-SNOM. Scattering geometry selection also allows observation both of
in-plane and out-of-plane polarized modes, whereas s-SNOM is only sensitive to out-of-plane
electric fields. Other major advantages of Raman scattering over most currently popular tech-
niques used to study hyperbolic polaritons are that it requires neither high-quality sources
and detectors at the polariton wavelength, nor near-field to far-field coupling schemes. In-
deed, Raman scattering only requires lasers, optics, spectrometers, and detectors which are

already commonplace in most, if not all, research labs studying 2D materials.

The second reason is that, given that all polar 2D materials are naturally hyperbolic due
to their intrinsically anisotropic lattice structure, polariton scattering has to be taken into
account when analyzing their Raman spectra even in backscattering configuration. For in-
stance, experimental scattering results presented in this work have demonstrated for the first
time that polariton scattering in GaSe likely has been wrongly assigned the the AJ(TO)
Raman-forbidden mode in the literature. This work may also help resolving other conflicting
assignment of phonon modes in other polar 2D materials, where the presence of polaritons
may have gone unsuspected. Finally, the dispersion of confined polariton states is thickness-
dependent, which extends the range where Raman spectra can be used to estimate the sample

thickness up to 1000 nm.

The third major contribution of this work is the development of a numerical model which
allows computation of Raman scattering spectra from confined hyperbolic polaritons states
in multi-layer anisotropic media. This model exploits the direct relation between the lattice
displacement and electromagnetic field of polaritons that is defined using the Hopfield and
Faust-Henry coefficients, as was originally described by Mill and Burstein [25]. The polariton
scattering spectrum can thus be completely determined from the distribution of the electric
field in the sample. A 4 x 4 transfer matrix optical waveguide model, which was developed
by Passler [28], was used to provide a complete description of the electromagnetic field
in complex multi-layered anisotropic media. The electric field distribution obtained using
this numerical model was then used to determine Raman spectra using a generalization for
uniaxial crystals of the polariton Raman tensors and matrix elements determined by Irmer
[26]. The resulting original numerical model is a powerful tool to analyze scattering spectra
from complex anisotropic multilayer structures, such as exfoliated 2D materials supported

by various substrates, as well as complex layered materials heterostructures.

The fourth major contribution is the use of near-resonant Raman scattering to study 3D-

confined polariton states in exfoliated GaSe flakes. The original results presented show
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evidence of anisotropic laterally confined polariton states. From these results, very low
polariton propagation losses in GaSe were estimated, and a lower bound on the propagation
figure of merit of y~! > 39 is reported for the first time in GaSe, which is as high as state
of the art values reported in other 2D materials [14,101]. This indicates that GaSe is a very

promising material for applications in far-infrared subwavelength nanophotonic devices.

9.2 Limitations and Future Research

Many of the results presented in this thesis involve were not based on well-established mea-
surement and analysis methods, and these novel approaches deserve to be subject to addi-
tional scrutiny. Due to a multitude of factors including the randomness inherent to sample
preparation, experimental limitations, and sample degradation, some data acquired through-
out the years had to be dismissed and could not be directly used to support the contributions
presented in this work. Given the novelty of the reported results, it appears imperative to
build larger datasets in order definitively identify and control all parameters influencing
polariton behavior in 2D GaSe cavities. Four directions in particular would benefit from

additional work.

The first aspect concerns the thickness dependence of the modeled polariton scattering. In
this regard, a relatively low number of samples were characterized using AFM in order to
establish their exact thickness, and polariton scattering data from a larger number of flakes
should be obtained to reproduce calculated dispersion curves. Also, a rigorous study of the
thickness dependence could help rule out potential effects from substrate charge accumulation
or surface oxidation. Furthermore, care should be taken in this study to select flakes with
large lateral dimensions and near-unity aspect ratios in order to mitigate effects related to

lateral confinement.

The second aspect pertains to the angular resolution of the optical system used in backscat-
tering experiments. The high numerical aperture objective used in this work was selected
for the excellent spatial resolution and high collection efficiency it provides given the in-
trinsically weak Raman signals. However, this high numerical aperture induces significant
angular broadening of the measured spectra, which turns out to be particularly detrimental
to the study of highly dispersive modes such as confined polaritons, since a broad range
of wave vectors are probed simultaneously. The use of low-numerical aperture optics, or
independently adjustable excitation and collection aperture-shaping systems such as irises
and annular apertures, would provide a significant improvement in the angular selectivity of
the system, which could reveal the confined mode dispersion relations in a more precise and

direct fashion. Such an improvement would reduce Raman scattering intensity from isotropic
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scatterers, but should not affect the intensity from highly anisotropic polariton modes.

The third aspect concerns the photon energy of the excitation lasers that were used in this
work. At the time of the experimental measurements, the only two wavelengths for which the
appropriate laser source, optical filters and polarization control elements were available were
532nm and 633 nm. While these two wavelengths proved adequate to attain the objectives of
this works, there remains a possibility that some of the observed polariton scattering behavior
originates from unaccounted-for phenomena. In particular, the 532nm laser, while not in
resonance with the free exciton state of GaSe, generates significant charge carrier populations
in the sample. These populations are known to affect polariton states. The 633 nm laser,
on the other hand, shows clear evidence of strongly resonant scattering processes, which
the numerical model does not consider. Therefore, in order to clearly discriminate intrinsic
polariton mode scattering from resonance- and carrier-modulated effects, Raman scattering
measurements should be performed using a non-resonant, below-bandgap laser source. Such
results would provide a more robust test of the proposed model, and help identify the precise

origin of all scattering processes.

The fourth aspect relates to the limitations of the developed numerical model, in that it
cannot take into account resonant scattering nor 3D confinement of polariton states. Lateral
confinement is likely rather straightforward to implement since material dielectric properties
are already well known, leaving an electromagnetic cavity boundary problem to be solved.
The laterally confined polariton modes observed in this work could not be characterized
beyond a cursory analysis of the anisotropic behavior of their scattering cross-section and
energy. Implementation of lateral confinement in the numerical model would provide valuable
insight on the nature and properties of these volume-confined polaritons. Additionally, the
inclusion of resonant terms to the Raman model would require the development of a more
sophisticated theoretical model, taking into account several anisotropic resonant scattering
processes, as well as the associated selection rule breakdown. Such an improved model would
provide an essential tool to interpret the effects of resonant Raman scattering in the reported
results, which often could not be unambiguously distinguished from concomitant nonresonant

scattering processes.

Building upon the significant findings reported in this work, several further research avenues
appear very promising to further both the use of Raman spectroscopy and GaSe as a material,
in the field of polaritonics. The first research direction concerns the use of Raman scattering
to study confined polariton not only in A-BN, where they already have been the subject
of through analysis using other techniques, but also in other common polar 2D materials,

such as transition metal dichalcogenides, which could not only reveal interesting hyperbolic
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polariton physics in these materials, but also introduce potential new interpretations of their

Raman spectra.

The second research direction could be an expansion of the last section of this thesis by
including spatially-resolved Raman scattering measurements in order to quantitatively assess
the propagative properties and spatial distribution of the observed volume-confined polariton

states.

Finally the last research direction could be a more ambitious venture into development of
infrared polaritonic devices using micro-fabricated GaSe waveguides, mirrors, and nonlin-
ear emitters. These could also be coupled to other 2D material optoelectronic components
for signal injection, manipulation or readout by creating multifunctional layered material

heterostructures.
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