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ABSTRACT

Transition Metal Dichalcogenides (TMDCs) have recently become a very popular
topic of research due to their wide range of novel optical properties. Many of these
materials feature excitons with large oscillator strengths and binding energies, mak-
ing them an attractive choice as a material for exploring exciton-polariton physics.
TMDCs are also very versatile, and can be combined with each other to form ar-
bitrary combinations of materials that can have interesting, tunable properties that
change depending on how the heterostructures are constructed. In this thesis, we
will look at several different projects concerning light-matter coupling in TMDCs.

First, we numerically calculate the properties of photonic crystals designed to
exhibit guided-mode resonances for the purposes of achieving strong coupling with
evanescently coupled group VI TMDC monolayers. We detail the optimization of
these devices, and show that particular attention needs to be paid to the thickness of
the device to ensure maximum exciton-photon coupling. We also demonstrate that
the in-plane patterning makes these devices suitable for on-chip integration, and
that they have more interesting dispersion properties compared to standard optical
cavities. These numerical results of strong coupling are corroborated by experimental
results which show that this type of platform can indeed support polaritons at both
cryogenic and room temperatures, making this the first demonstration of all-dielectric

photonic crystal polaritons created with TMDCs.

xi



This is followed by numerical results detailing a dual-band photonic cavity de-
signed to have independently tunable resonances, for coupling to multiple different
emitters in a single layer of active material, in contrast to standard types of cavi-
ties whose modes are not independently tunable. The cavity combines a traditional
Fabry-Pérot type cavity with a guided-mode resonance type cavity, and the two
modes both have electric field distributions that strongly couple to the active mate-
rial at the center of the cavity, a result which is generally not possible with standard
optical cavities.

Then, we present experimental results showing highly valley-polarized emission
from hBN encapsulated MoSe;/WSe, heterobilayers. The emission has two promi-
nent peaks, one of which has the standard optical selection rule and one of which
has a flipped optical selection rule, and both exhibit high valley polarization. These
results are presented alongside some numerical calculations about the electronic and
optical properties of TMDC heterobilayers.

Finally, we present experimental results, supported by numerical calculations,
which demonstrate for the first time that the group VII material ReS; is capable
of supporting self-hybridized polaritons, which manifest as a splitting of the exciton
absorption. The high background index of the material results in an effective op-
tical cavity that is formed by the ReSs/Air and ReSy/substrate (Au or Sapphire)
interfaces. We fully characterize the polarization resolved absorption, and present
transfer matrix calculations which are in excellent agreement with the experimental
results, making this the first demonstration of self-hybridized polaritons in group VII

materials.

xii



CHAPTER I

Introduction

The ability to control and manipulate light is critical to modern technology. Major
advances in light sources, such as the invention of LEDs and lasers, have led to
revolutionary advances in modern technology, with far-reaching applications such as
energy-efficient consumer lighting, medical treatments (such as vision restoration),
industrial-grade precision laser cutting, and high-bandwidth communication, to name
a few. Other types of optoelectronic devices, such as solar cells, offer a promising
path forward to the generation of renewable energy.

These revolutionary technologies have all been enabled by progress in the funda-
mental research on new materials, optics and photonics. Given the importance of
generating and controlling light to most of these modern-day technologies, there is
always a continued interest in advancements of optical materials which can further
enable lower power consumption, smaller device footprints, and novel applications
which aren’t currently practical. A group of materials that has recently garnered
a large amount of interest as a promising system for a wide range of optoelectronic
applications are two-dimensional materials, specifically the transition metal dichalco-

genides (TMDCs).



1.1 Two-Dimensional Semiconductors

In 2010, it was discovered that monolayer MoS, is a direct bandgap semiconductor|71],
which attracted an enormous amount of attention due to it’s potential as an opti-
cal material. This, and the other TMDCs, have been shown to have a variety of
properties, such as large exciton binding energies and oscillator strengths, that make
them attractive candidates for exploring exciton physics at room temperature[56]. In
addition to their suitability for room-temperature operation, other interesting prop-
erties, such as valley-polarized emission[93], make them a very attractive material to
study, and a significant amount of work has been done on studying these materials
in order understand and make use of their diverse range of optical properties that
are not commonly found in other semiconductors.

These materials are held together in the out-of-plane direction by weak van der
Waals forces, which allows them to be easily exfoliated and integrated with arbitrary
photonic structures as well as other two-dimensional materials. The ability to inte-
grate these materials with arbitrary photonic structures allows for an unprecedented
level of flexibility compared to conventional semiconductors, which generally do not
have this level of easy integration, since factors such as lattice matching must be
considered when designing the devices.

Integrating these optical materials with photonic devices is interesting for sev-
eral reasons: it can allow us to produce essential nanophotonic components such as
nanolasers, it allows us to modify and tune the properties of the photonic structure
(for example, by inducing a phase shift in the underlying optical mode of a waveg-
uide), and finally, it allows us to explore interesting coupled light-matter states such

as exciton-polaritons.



A variety of different photonic devices integrated with TMDCs have been demon-
strated to date, many of which take advantage of not only the ease of integration
but also the additional interesting optical properties of the TMDCs. For example,
it has been demonstrated[33] that a single monolayer of WS, integrated with a sil-
ver nanowire (acting as a waveguide) can serve as a direction coupler, where the
helicity of the incident light can be used to control which direction the emission of
the WS, monolayer couples to, with one circular polarization being coupled to one
direction, and the opposite polarization coupling to the other direction. Beyond this,
the ease of integration can enable the development of practical optical devices, such
as nanolasers. This has been demonstrated in several different configurations, for
example in[91] where the photonic cavity was an L3 photonic crystal defect cavity.
The defect cavity was fabricated, and the monolayer was simply exfoliated on top
in order to couple it to the confined mode of the photonic crystal. Lasing has also
been demonstrated using a TMDC monolayer integrated into a whispering gallery
mode resonators[92]. In addition to lasing with intralayer excitons, it can also be
demonstrated with interlayer excitons[64], where the relevant excitonic state is an
interlayer exciton formed between the two layers in a heterobilayer. This type of laser
was demonstrated using a photonic crystal, similar in design to the one we will explore
later in this thesis for a different application of establishing strong coupling. TMDCs
have also been coupled into integrated photonic circuits, such as waveguides coupled
to microring resonators[87], and integrated Mach-Zehnder interferometers[18].

Combining multiple TMDCs into heterostructures further opens up the possibil-
ities for engineering the properties of these materials. For example, structures such
as moiré heterobilayers have been predicted to be one way of creating tunable optical

properties, such as tunable interlayer excitons[90]. By varying the different proper-



ties of the heterostructure, such as the type of materials used and the twist angle
between them, a range of different properties can be realized which aren’t available

in the monolayers alone.

1.2 Exciton-Polaritons

A particularly interesting direction which has attracted a lot of excitement is
the prospect of creating exciton-polaritons in TMDCs, with the eventual goal of
achieving Bose-Einstein condensation at room temperature. Exciton-polaritons are
a hybridized system of an exciton strongly coupled to a photon[19], which are capa-
ble of supporting a diverse range of phenomena such as BEC-enabled low-threshold
lasing[42][20][10], all-optical control of quantum fluids[73], and designer lattices with
customized properties, such as topological states[45]. Most work on polaritons has
used more traditional materials, but there has been a significant amount of work
done on exciton-polaritons in TMDCs in recent years, particularly with demonstrat-
ing strong coupling in a variety of different materials coupled to different types of
cavities[50, 95, 49, 21, 83, 8|. These polaritons have been demonstrated at both low
temperatures and at room temperature. The cavities which are typically used for
strong coupling have several drawbacks, as they generally are Fabry-Pérot type cav-
ities which require either an open-cavity configuration, which has reduced coupling
strength and is bulky for practical applications, or a closed-cavity configuration,
which can risk damaging the material. In addition, some of these cavities are made
with metals which provide enhanced field confinement relative to dielectric mirrors
at the cost of increased losses, which can be detrimental to the device performance
(particularly when considering the eventual goal of achieving condensation). A cav-

ity which fully takes advantage of the properties of TMDCs would allow for easy



integration without requiring additional growth after transfer, while simultaneously
allowing for strong enough coupling to establish polaritons at room temperature. It
should also be all-dielectric, to enable low-losses operation compared to plasmonic
structures. Finally, it is always useful to have additional tunability in shaping the
polarization and dispersion properties of the optical mode, beyond what can be ac-
complished in a standard Fabry-Pérot cavity.

The work which has been done on polaritons in two-dimensional materials demon-
strates that these materials are easily integrated with a wide variety of photonic
structures in order to enter the strong-coupling regime, but the goal of achieving
room-temperature condensation has proved difficult. It was only this year that a
group first demonstrated condensation at room temperature using WS, [98]. This
represents a big step forward in this field, and points towards to possibility of en-
abling demonstrations of many of the useful properties of BECs in polaritons at room
temperature.

The cavities which have been looked at in the literature typically focus on coupling
a single optical mode to a single excitonic state in the material, but due to the fact
that these materials often support several different excitonic states with a variety
of different energy spacings (in addition to the extra states which can be created
by coupling multiple materials together into heterostructures), it is also possible to
use cavities designed specifically for the purpose of coupling to two states at once, if
both the frequency and electric field distribution of the cavity can be simultaneously
controlled for two modes. While this is typically difficult to do with standard optical
cavities, it is possible to realize such a structure by integrating multiple types of
cavities into a single hybrid device that supports resonances that originate from

more than one physical process, such as a Fabry-Pérot type mode for one resonance,



and a guided-mode resonance for the second.

In addition, the realm of polaritronic physics in TMDCs has mostly been restricted
to group VI TMDCs: MoSy, MoSey, WSey, and WS,. There are, however, a large
number of TMDC materials with interesting optical properties that fall outside the
category of group VI materials, such as the group VII materials ReSe; and ReSs, in
which polaritronic physics has not yet been deeply explored. This is an interesting
system to look at for polaritronic physics because the polaritons will inherit the
unique underlying properties of the excitons which are not found in other types of
TMDCs, such as a pair of linearly polarized non-degenerate states and highly-visible
Rydberg states, which could pave the way to applications which aren’t possible with
the group VI materials.

A large part of this thesis will be about our efforts to expand the range of pos-
sible polariton systems that can be studied in TMDCs by designing and measuring
polaritons using cavities and materials which go beyond the usual choice of group
VI monolayers coupled to Fabry-Pérot cavities, with the goal of enabling new types

of interesting applications and phenomena to be explored.

1.3 Outline of Thesis

This thesis is organized as follows: first, we will review the relevant background
on transition metal dichalcogenides in chapter 2. Then, we will review light-matter
coupling in semiconductors in chapter 3, specifically focusing on the coupling of ex-
citons to cavity photons and the strong-coupling regime. Following this, we will
explore the design of photonic crystals for strong-coupling to monolayer transition
metal dichalcogenides, a novel platform for polaritons which is particularly suitable

for TMDCs. We will present both computational designs as well as experimental ver-



ification that establishes these photonic crystals as a viable platform for polaritons,
with many benefits over traditional cavity designs. Then we will look at the designs
of dual-band cavities which have added flexibility over traditional cavity designs,
and which are capable of coupling to multiple excitonic states at once while simul-
taneously maintaining a confined field distribution at the material location, a task
which is difficult to do with traditional optical cavities. This is followed by exper-
imental measurements of the valley-polarized emission and theoretical calculations
of the electronic and optical properties of TMDC heterobilayers. Finally, we will
experimentally and computationally demonstrate the existence of self-hybridization
in ReS, flakes, where the flakes of material act as optical cavities which modify the

excitons optical signature, resulting in a splitting of the underlying exciton peaks.



CHAPTER II

Transition Metal Dichalcogenides

2.1 Introduction

One of the most exciting discoveries of the past decade for solid-state physics
has been the discovery of two-dimensional semiconductors. In 2010, it was reported
that the transition metal dichalcogenide (TMDC) MoS, was a direct-bandgap semi-
conductor when mechanically exfoliated into monolayers|71], which made it the first
two-dimensional material reported which had compelling optical properties. Prior to
this, other two-dimensional materials had been discovered, but had limited usefulness
in terms of their optical properties. The most well-known example is graphene, a
two-dimensional arrangement of carbon atoms, which was discovered to be able to be
easily experimentally synthesized via mechanical exfoliation in 2004[40]. Graphene
is a very interesting material in its own right, but lacks many properties which would
make it a particularly useful optical material. In particular, it is a semi-metal[1], i.e.
it has no bandgap.

Following the discovery of monolayer MoS,, there has been a large amount of
interest in exploring the space of TMDCs, and two-dimensional materials more gen-
erally, which have a variety of properties that makes them a testbed for exploring

problems in condensed matter physics, and a potentially useful class of materials for



developing next-generation photonic and optical technologies. TMDCs span a broad
range of materials, any material of the form MX,, where M is a transition metal and
X is a chalcogen. Here we will primarily be interested in the group VI and group
VII TMDCs, where the transition metal is from group VI (Mo and W) or group
VII (Re). In the following sections we will review the properties of both groups of

materials.

2.2 Group VI TMDCs

2.2.1 Structural and Electronic Properties

The arrangement of atoms in a typical group VI TMDC monolayer is shown in
Fig. 2.1. The atoms are arranged in a hexagonal lattice, and are bound out-of-
plane by weak van der Waals forces. This is a key feature which allows for the
material to be easily mechanically exfoliated in order to isolate individual mono-
layers of the material, as well as for the individual monolayers to be combined in
arbitrary combinations to form heterostructures, without have to worry about any
practical considerations which would be required when creating heterostructures of
more conventional semiconductors, such as lattice matching[30].

The electronic band structure for these materials features an indirect bandgap in
their bulk phase, which changes to a direct bandgap when thinned to a monolayer [71]
(although there is some controversy over how strictly true this is in some materials.
For example, in WSe, it has been suggested that the band gap is actually indirect
with a transition at the Q point of the conduction band when the monolayer is
unstrained [38]).

The direct bandgaps are located at the K/K’ points in the Brillouin zone, and
feature a spin-orbit splitting at the K/K’ points, with the valence band splitting

being particularly large in the WXy materials, on the order of 0.5 eV[56]. The band
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Side view "o _

Figure 2.1: (a) A schematic showing the crystal structure of bulk MoSs, with the individual con-
stituent monolayers clearly visible (b) a top view and side view of a monolayer, showing
the hexagonal crystal structure. Reproduced from [35].

structure of these materials can be tuned experimentally by applying strain, either by
dynamically straining it[4], or by exfoliating it onto a strain-inducing structure, such
as a nanopillar array. These changes modify the band structure of these materials,

and can be used to tune their optical properties, such as the exciton emission energy.

2.2.2 Optical Properties

The group VI materials have a variety of interesting optical properties. These
include the plethora of quasiparticle states, such as neutral excitons, charged exci-
tons (trions), and biexcitons[56]. The neutral excitons have been the main source of
interest for these materials, and even just this type of exciton has a diverse range of
properties. These excitons can form between different bands, forming the so-called
A and B excitons, and depending on the spins of the bands in question can be either
optically dark or bright[57]. One factor which makes these neutral excitons partic-
ularly different from other materials is their large binding energies, typically on the
order of 100 meV, which is much higher than excitons in many conventional semi-

conductors such as popular I1I-V materials like GaAs[60], allowing for the excitons
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Figure 2.2: Band structures of MoS, calculated with DFT for Bulk, 4-layer, 2-layer, and monolayer
samples. When the thickness is thinned down to monolayer, we can see that there is a
transition from indirect to direct bandgap. Reproduced from [57].

to persist up to room temperature.

One of the more useful optical properties of these excitons are their optical selec-
tions rules. The excitons formed in the the K(K’) valley couple to o (o_) circularly
polarized light, which gives us an extremely easy way of generating carriers/excitons
which are associated with only a single valley[93]. Many effects have been demon-
strated that utilize this particular degree of freedom, such as the valley-hall effect[54]
and controllable valley coherence[78]. There are also interesting effects that can be
realized when coupling such materials to photonic structures, such as WS, monolay-
ers coupled to silver nanowires, which couple the helicity of the emitted light to the
direction of propagation along the nanowire[33].

These materials are also useful for nonlinear optics, as they possess high x®
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Figure 2.3: A schematic of the band structure near the K/K’ prime points, showing the difference
in the conduction band ordering between the M0X, materials, where the smallest gap
is optically bright, and the WXs materials, where the smallest gap is optically dark.
Reproduced from [79].

Table 1| Electronic properties of 2D TMDs.

MosS, MoSe, WS, WSe,
Band masses (in m,)° ~0.5 ~0.6 ~04 ~0.4
Optical gap E, (eV) ~2 (refs7,8,22) ~1.7 (ref.51) ~2.1(ref.25) ~1.75 (refs 23,24,26,45)
Exciton binding energy (eV) ~0.55 (ref.20) or ~0.5 (Th.)® ~0.5 (Th.)® ~0.45 (Th.)%°
0.9 (ref.21) (Th.) ~0.6 (Exp.)*° ~0.4 (ref.23) or ~0.4 (Exp.)*
~0.2 or 0.4 (Exp.)*° 0.7 (ref.25) (Exp.)
Conduction band spin-orbit ~-3 ~-20 ~30 ~35
splitting (meV)3
Valence band spin-orbit ~150 ~180 ~430 ~470

splitting (meV)>3¢

Th. and Exp. stand for theoretical predictions and experimental results, respectively. m, is the electron mass. The properties are for the lowest-energy conduction and valence bands.

Figure 2.4: A table detailing the electronic and excitonic properties of the four main group VI
TMDCs. Reproduced from [56].

values[48]. Due to the crystal structure of the materials, the x® value is only non-
vanishing for odd-numbers of layers, so SHG spectroscopy is sometimes used as a
method for identifying layer thickness in few-layer samples. There have been several
demonstrations of enhanced SHG from these materials coupled to photonic cavities

and waveguides as well[14].
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Figure 2.5: (a) An optical image of an exfoliated sample of monolayer MoS; (b) Raman spectra
of the sample, showing the different modes for the three thicknesses (c) Polarization-
resolved photoluminesence, showing that the circular polarization of the pump is par-
tially preserved in the emission. Reproduced from [93].

2.2.3 Heterostructures

As noted above, one of the unique strengths of TMDCs and other 2D materials is
their ability to be stacked in arbitrary configurations in order to create customized
heterostructures. These can be designed to have a multitude of different electronic
and optical properties.

The simplest form of heterostructure which is commonly used is hexagonal boron
nitride (hBN) encapsulation, in which a monolayer or other heterostructure is sur-
rounded above and below by at least one layer of hBN. This has been shown to
dramatically reduce the linewidths of excitons, which is attributed to the hBN pro-
tecting the TMDC from substrate surface roughness, charge transfers, and local

electric field fluctuations [11].
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One of the more well-studied types of heterostructures involves combining two
different group VI TMDCs, which allows for the creation of interlayer excitons. These
excitons are long-lived due to their spatial separation, and have been predicted to
show diverse phenomena such as topological[89] and moiré effects[90], like modified
optical selection rules. They have also been used to demonstrate applications such
as interlayer exciton lasers|64].

The moiré heterostructures feature several interesting physical features, such as
registry-dependent optical selection rules (which can differ from the underlying mono-
layer optical selection rule)[90]. The moiré potentials in certain combinations of ma-
terials have been predicted to be particularly large, on the order of 100 meV, and
have been predicted to be able to form arrays of emitters (similar to quantum-dot

arrays) due to the confinement in the moiré potential.

2.2.4 Integration with Photonics

One of the strengths of these materials is their ability to be integrated with a
diverse range of photonic devices. Since considerations such as lattice-matching are
not relevant with these van der Waals materials[30], they can easily be exfoliated
onto a wide array of photonic structures. One example of this is the integration of
monolayers onto integrated photonic circuit elements, such as ring resonators[87].
Since the exfoliation process is very simple, and because the monolayer itself is thin
enough that it doesn’t have a huge effect on the fundamental underlying operation
of the photonic device (e.g. the device still functions without the monolayer incorpo-
rated), the integrated photonics can be fabricated and its optical properties can be
characterized prior to the monolayer transfer, and then the results before and after
transfer can be compared. Other devices combining integrated optics with TMDCs

have also been realized, such as tunable phase shifters[18].
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Monolayer TMDCs have also been incorporated onto defect (L3) photonic crystal
cavities made out of GaP in order to demonstrate lasing [91]. Again, similar to the
integrated optical waveguides, the entire photonic structure can be fabricated and
characterized prior to incorporating the monolayer. An important experimental fea-
ture which is evident in this paper is that the transfer process of the monolayer can
significantly alter the quality of the device. Generally speaking, a drop in quality
factor will result post-transfer. Depending on the system and transfer method, this
could be due to many effects, such as excess residue or random fragments of trans-
ferred material, all of which will add disorder to the photonic environment. This
drop was observed in both [91] and [87]. High quality factor devices which rely on
having a periodic dielectric environment can be particularly effected by these spa-
tial inhomogeneities. Integration has also been demonstrated in structures such as
whispering gallery mode resonators[92], which also were used to demonstrate lasing,.

These materials have also been integrated with a diverse range of photonic struc-

tures in order to achieve strong-coupling which we will discuss in the next chapter.

2.3 Group VII TMDCs

Group VII TMDCs have properties which are very different from group VI mate-
rials. The pair of materials ReSy and ReSey, which are both similar in terms of their

optical properties, will be the group VII materials that we focus on and discuss here.

2.3.1 Overview

One of the major differences between the group VI and group VII materials is in
their structural properties. Unlike the group VI materials’ highly symmetric hexag-
onal lattice, the group VII materials have triclinic lattices. The greatly reduced

symmetry results in a much more complicated band structure, and many of the
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simple and useful properties of the group VI materials are absent.

There are similarities however, in that the group VII materials are still able to
be mechanically exfoliated down to monolayer thicknesses, integrated onto a diverse
range of photonic structures, and combined into heterostructures with other two-

dimensional materials, including being combined with group VI materials.

2.3.2 Optical Properties

The optical properties of ReS(e)y are very different from the group VI materials.
Due in part to the reduced crystal symmetry, there are two underlying excitons
in these materials which are linearly polarized and nondegenerate[36]. There are
two exciton peaks in the near-infrared, located between 1.55-1.6eV for ReSs; and
1.36-1.4 eV for ReSes [36]. The polarizations angles of the two excitons in each
material are generally quite different, in bulk samples being almost orthogonal. For
example, in [39] the angles between the two ReS; excitons is about 80°. An important
feature is that the presence of linearly polarized excitons (although with different
energies and with smaller difference in polarization angles) is maintained as the
sample is exfoliated from bulk to few-layer and even monolayer thickness. This has
been demonstrated in both ReSes[2] and ReS3[39]. These unique optical properties
have allowed for the exploration of a variety of phenomena, such as the selectively
tunable optical stark effect [69]. Additional features include the clear presence of an
excitonic Rydberg series, with multiple excited states (up to the fourth excited state
in[39]) clearly visible.

An additional difference between the two groups of materials is the stacking-order
dependence of SHG: while group VI materials tend to show a large SHG signal
in odd-number layers, but not even number layers due to inversion symmetry, this

trend is reversed in ReSs, with only even-numbered layers showing an appreciable
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Figure 2.6: A polarization-resolved measurement of the photoluminesence from ReSs, showing the
two lowest-lying excitons which have polarizations that are oriented at roughly 80°,
relative to each other. Also visible are the excitonic Rydberg series at higher energies.
Reproduced from [39].

SHG generation[70].

Heterostructures have also been demonstrated between group VI and group VII
materials, such as the demonstration of "twinned growth” between WSy and ReS,,
in which the two materials grown such that the crystals have complete overlap[97].

There has also been a demonstration of type-I and type-II band alignment het-
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erostructures, composed of ReSy/MoS»[9] and ReSy/WSey[75], respectively.

One interesting feature that had been observed in ReSe, is the presence of mul-
tiple closely-spaced exciton peaks (beyond the two expected ones)[2], whose energy
changes based on sample thickness. These results show the clear presence of 4 non-
degenerate exciton peaks in thick samples of ReSes, but in thinner samples the same
clear, unambiguous identification of such peaks is not present. It has also been
specifically noted in the literature[39] that measurements of thin ReSs samples do
not show the same exciton splitting that was observed in thicker samples of ReSe,.
In this thesis, we will show that a very similar splitting of the peaks in these materi-
als can arise due to intra-flake cavity effects rather than an inherent splitting of the

excitons.



CHAPTER III

Light-Matter Coupling in Semiconductors

3.1 Semiconductor Excitons

The fundamental type of excitations in semiconductors that will be most inter-
esting for the purposes of this dissertation is the exciton. Excitons are quasiparticles
which are a bound state between an electron and hole, analogous to a solid-state hy-
drogen atom[60][61][62]. A common choice for excitonic materials are inorganic I1I-V
semiconductors, such as GaAs. One of the important properties which governs the
behavior and usability of a material is the exciton binding energy. In GaAs quantum
wells, the binding energy is on the order of about 10 meV, which means that the
excitons are not sustainable at room temperature due to the larger thermal energy
at room temperature. There are materials that can operate at higher temperatures,
such as GaN[15], ZnOl47], and organics|[44], in order to overcome this deficiency, but
can have additional drawbacks, such as large inhomogeneous broadening in these sys-
tems. As discussed in the previous section, one of the attractive qualities of TMDCs
is the high binding energy of their excitons[56], which overcomes the limitations of
materials like GaAs.

The properties of excitons can be tailored and engineered in many ways, including

by coupling the material to an optical cavity. The modification of the excitons

19
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properties depends sensitively on the design of the optical cavity. In this dissertation,
we will primarily be concerned with the case where the coupling is strong enough

that we enter the so-called strong coupling regime.

3.2 Microcavity Polaritons: The Strong Coupling Regime

3.2.1 Background

Atomic
Systems gases Excitons Polaritons
Effective mass m*/m, 10° 10! 1073
Bohr radius ap 107" A 102 A 102 A
Particle spacing: n~'/¢ 103 A 102 A 1 um
Critical temperature 7T, 1 nK-1 K 1 mK-1 K 1->300 K

Thermalization time/Lifetime 1 ms/1 s~10= 10 ps/1 ns~102  (1-10 ps)/(1-10 ps)=0.1-10

Figure 3.1: A table detailing the different properties of Atomic gasses, Excitons, and Polaritons.
Reproduced from [19].

The coupling of the excitons to the photons is characterized by the underlying
decay rates of the exciton (vx) and cavity photon (v¢) individually, and the charac-
teristic coupling strength gy which depends on the properties of the material, exciton,
and cavity. Generally speaking, the coupling will depend sensitively on the mode
volume. In general, lower mode volumes (more tightly confined photons) will give
rise to a stronger light-matter coupling.

The most common choice of optical cavity for polaritons is the Fabry-Pérot cavity.
An example of this is shown in Fig. 3.2. The basic building blocks of these cavities
are the Distributed Bragg Reflector (DBR), a stack of A/4 layers with alternating
high and low indices of refraction which forms a dielectric, high-reflectivity mirror.
Generally speaking, a large index contrast is desirable in order to achieve the highest

reflection. Other mirrors, such as metal mirrors, can be used, but typically are
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Figure 3.2: (a) The spectrum of a typical DBR/DBR Fabry-Pérot cavity, showing the high-Q res-
onance in the center of the stopband (b) The index and Electric field distribution
correspond to the mode in (a), showing the high field intensity at the center of the
cavity. Reproduced from [19].

avoided due to their intrinsically higher losses.
In order to form the cavity, two DBRs are sandwiched together, such that there
is a A/2 layer in the middle which forms the cavity. At the resonance wavelength

A, we will then get a resonant dip in the mirror reflectivity, as shown in the upper
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panel of Fig. 3.2. The field distribution is plotted in the lower panel of Fig. 3.2,
showing that we have a highly concentrated field in the \/2 layer, which is where the
exciton layer will be placed. When the coupling between the cavity and exciton is
sufficiently strong, our exciton and photon modes will become hybridized states, the
upper and lower polariton. The details of the effects of different DBR/DBR cavity
designs on the performance of these cavities for strong coupling is discussed in [84].

Polaritons have many properties and applications which make them a popular
subject of research. One of the most notable properties of polaritons is the fact that
they are a hybridized state of an exciton and photon, and thus can inherit the useful
properties of both underlying particles[19]. The nonlinearity of the polaritons is due
to the excitonic component, and the very light effective mass (at certain momenta) is
due to the photonic component. The light effective mass is particularly useful, since
this gives the polaritons a very large thermal de Broglie wavelength, which drastically
increases the temperature required for Bose-Einstein condensation. Unlike atomic
BECs, which can require very low temperatures, some as low as a few hundred nK or
less, these quasiparticles can condense at temperatures on the order of a few Kelvin,
and in some systems, up to room temperature, as shown in Fig. 3.1. This means
that standard laboratory helium cryogenics are sufficient to explore BEC physics, as
opposed to the much more sophisticated cooling needed for atoms.

The BECs in polariton systems also have practical applications, such as using the
coherent emission from the condensate state to effectively form a laser, which has
been shown to have a lasing threshold which is lower than the threshold required for
conventional lasing[42][20]. Polariton lasers have been demonstrated in electrically
pumped devices which can operate at up to room temperature[10], two steps which

are necessary for a practical light source.
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Additional applications of polaritons include polariton logic gates[7], optically con-
trollable quantum fluids[73], and polariton lattices capable of supporting topological

states[45].

3.2.2 Properties of Polaritons

Here we will review some of the theoretical foundations of polaritons from[19]. The

Hamiltonian for a system of excitons coupled to confined photons can be written as
Hpol = HX —|— HC —|— H[ = Z Ec(k)dL&k —|— Z EX(k)BLi)k: —|— Zgo(dzi)k —|— dklsl)

Where G and b are the annihilation operators for the cavity photon and exciton,

1.615
1.61
1.605
1.6
1.595

energy (eV)

1.59
1.585
1.58

Figure 3.3: A typical anti-crossing in a polariton system, showing the Rabi splitting 2A) at the
zero-detuning point, where the upper and lower polariton are closest. Reproduced from
[19].

respectively. This Hamiltonian can then be diagonalized by defining the following



new operators Pk and Qk:
P = Xyby, + Cri

Qr = —Cki?k + Xjay,

which transforms the Hamiltonian into
Hyo = Z Epp(k)P Py + Z Eup(k)QLQx

with

1 . )
Eyprp(k) = B |:EX + Ec+i(yx +7¢0) £ \/493 +[Ex — Ec +i(ye —vx))?

where P, and Qk are the annihilation operators of the new, coupled quasiparticles
of the system, the upper and lower polaritons. The coefficients we defined are called

Hopfield coefficients, which satisfy:

21 AE(k)

| Xk|” = 5 [1 + IO 498}
. 1[,__ AB®

|Cy|”* = 5 [1 REO T 4931

where we define the detuning as
AE(k) = Ex(k) — Ec(k).

These Hopfield coefficients essentially dictate how exciton-like or photon-like the

state is. They satisfy

| Xi|* + |Ck]> =1

and each of the quantities | X}|? and |C}|? essentially correspond to how exciton-like
or photon-like the state is. Thus, when one of these two approaches unity, it means
the system at that k is very similar to the uncoupled exciton or photon, and when

both are close to 1/2 this means the system is half-excitonic and half-photonic.
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Figure 3.4: Plots of the coupled and uncoupled dispersions and associated Hopfield coefficients for
polariton dispersions for (a) Blue detuning, (b) zero detuning, and (c) red detuning of
the photon mode at k = 0. Reproduced from [19].

A non-vanishing splitting 2A€2 requires that

290 > |7x — e

at zero detuning. This condition is insufficient for strong coupling, however. Instead
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we require more stringent condition that
2R > vx + o
in order for the system to be in the strong coupling regime.

3.3 Polaritons in Two-Dimensional Materials

Since the discovery of two-dimensional semiconducting TMDCs, there has been a
tremendous interest in exploring the possibility of strong coupling with these mate-
rials. Because the excitons have such large binding energies and are therefore stable
at room temperature, this brings the exciting possibility that many of the phenom-
ena in conventional polariton systems may now be accessible without the need for
cryogenic cooling, which would make them much more practical.

Open Tunable Dielectric DBR/DBR Plasmonic FP
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Figure 3.5: Three typical cavity structures used for strong coupling in TMDCs. (left) An open
tunable cavity from [21] (middle) A closed all-dielectric DBR/DBR cavity from [50]
(right) a closed metallic Fabry-Perot cavity from [83].

The unique structural properties of TMDCs present both challenges and benefits

in terms of how easy they are to integrate with optical cavities. Many initial attempts
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to create polaritons in these materials used Fabry-Pérot type cavities, in one of two
configurations. The first involved closed cavities, akin to the type used in III-V ma-
terials. These have been demonstrated with both all-dielectric mirrors[50] as well as
with metallic mirrors[83]. These have better performance, but the growth processes
runs the risk of damaging the material after transfer. The second type are open cavi-
ties, in which the monolayer is exfoliated or grown onto the surface of one mirror, and
a second mirror is suspended with a piezo-controller above the first mirror, with an
airgap separating the top mirror from the flake[21]. These cavities have larger-than-
ideal mode volumes, and are impractical for on-chip integration. Additionally, there
are other types of systems which can support strong coupling in TMDCs, which uti-
lize optical modes that can have very different properties from Fabry-Perot cavities.
One example of this is using plasmonic nanoantennas|72|, which confine the electric
field to a very small region.

Another type of polariton which is relevant to this dissertation is the self-hybridized
polariton. In these systems, the optical cavity is formed by the material itself, with-
out the need for a complete external cavity constructed around the exciton layer,
as shown in 3.6. In other words, the material acts as both the exciton layer and
the cavity. This has been demonstrated in group VI materials using thick flakes of
TMDC[63].

Recently, condensation of polaritons in a WS, monolayer has been demonstrated
at room temperature[98]. This demonstrates a very important advance in the state
of 2D-material polaritons, as the demonstration of condensation is a prerequisite to
exploring most of the interesting physics that is associated with polaritons.

Two of the main results of this thesis are the demonstration of self-hybridized

polaritons in group VII materials, as well as theoretical and experimental results
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Figure 3.6: (a) A schematic showing the principle of self-hybridization in group VI TMDCs (b)
Calculations of uncoupled and coupled modes of the self-hybridized system. Reproduced
from [63].

presenting a new method of creating polaritons with group VI TMDCs by utilizing

photonic crystals instead of Fabry-Pérot type cavities.



CHAPTER IV

Designing Photonic Crystals for Strong Coupling in TMDC
Monolayers

4.1 Introduction

In this section, we will demonstrate strong coupling in photonic crystals coupled
to TMDCs. Much of this work has been published in Optics Express [32] and is
reproduced here.

There have been many previous examples of polaritons in two-dimensional ma-
terials systems, most frequently utilizing Fabry-Pérot type optical cavities. One of
the biggest advantages of TMDC monolayers is their versatility of integration, since
they can be exfoliated onto a wide variety of optical structures. Many of the Fabry-
Pérot structures are either open-cavity structures, which have a larger-than-ideal
mode volume and are impractical for integration into practical on-chip devices, or
closed cavities, which are more complicated to fabricate (involving more steps) and
risk damaging the monolayer via stresses and strain induced during the fabrication
process.

Here we demonstrate dielectric slab photonic crystals as a flexible and compact
platform for polaritons, where excitons are strongly coupled to photons confined
in the leaky modes of the slab. We show that our structure is well-suited for van

der Waals materials, features unusual adjustable dispersions, and allows for multi-
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wavelength operation on a single chip. The TMDC monolayers are directly exfoliated
onto photonic crystals, which is particularly simple from the standpoint of integra-
tion and we are able to sustain strong-coupling at temperatures up to room temper-
ature. We will review some background on photonic crystals, the design procedure
for these devices, and example calculations of photonic crystals integrated with WS,
monolayers. Additionally, we will briefly review an alternative photonic optimization
method. Finally, we will present experimental results which demonstrate excellent
agreement between the theoretical predictions and fabricated devices, demonstrating

the viability of this method as a room temperature polariton platform.

4.2 Photonic Crystals for Controlling Strong Coupling in van der Waals
materials

When excitons in semiconductors are strongly coupled to photons, new quasi-
particles called exciton-polaritons are formed[37, 88]. In vertical Fabry-Pérot (FP)
microcavities, polaritons have a meta-stable ground state at the zero in-plane wavenum-
ber with a very light effective mass and robust coherence. Such microcavity po-
laritons allow room-temperature Bose-Einstein condensation and other many-body
phenomena at high temperatures, potentially enabling polaritronic devices such as
low threshold lasers and ultrafast optical switches[19, 13, 26]. However, high qual-
ity vertical FP cavities are made of distributed Bragg reflectors, which require a
large numbers of wavelength-scale epitaxial-layers that are closely lattice-matched
to the quantum wells containing the excitonic medium. Consequently, such polari-
ton cavities are difficult to make and are limited to a handful of material choices.
High quality polariton cavities have been made with GaAs and CdTe systems, but
they require low temperature operation. In high temperature materials, polaritons

have been realized with GaN[15], ZnO[47], and organics[44], although typically with
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relative low cavity quality and large inhomogeneous broadening of excitons, which
makes it challenging to observe many-body coherent phenomena. Furthermore, the
multi-layer construction of FP-cavities makes them bulky and inflexible, and it is
difficult to integrate multiple components on a single chip.

Recently, monolayer transition metal dichalcogenides crystals (TMDCs) have emerged
as a promising candidate for both high-temperature polariton physics and increased
flexibility in device integration. They are direct-bandgap semiconductors[71, 55]
with exceptionally large exciton binding energies and oscillator strengths[56], there-
fore supporting excitons and polaritons at room temperature [50, 95, 49, 21, 83, §].

Uniquely, these 2D crystals and heterostructures can be placed on substrates with-
out requiring lattice-matching and are robust against surface effects of the substrate
[91]. These properties suggest new possibilities to control matter-light interactions
in these materials with diverse photonic structures. It has been demonstrated that
photonic crystal defect cavities coupled to 2D materials can be used to enhance both
absorption[29] and emission[28], as well as second harmonic generation[27, 23]. Re-
cently TMDC-polaritons have been created in slab photonic crystals (PhCs) [95]. In
this chapter, we provide the design principles of such PhC-polariton systems and
show that they enable dispersion engineering, and multi-color integration on a single

chip, therefore providing a flexible and compact platform for 2D material polaritons.

4.2.1 Guided mode resonances

We will restrict the discussion to the simplest example of one-dimensional (1D)
periodic PhCs, so as to clarify the basic properties and design principles of the slab-
PhC polariton system. Extension to more complicated 1D patterns and 2D PhCs
is straightforward conceptually as well as fabrication-wise, but opens up a wide

design space for mode-engineering. For the 1D PhC, we will consider a semi-infinite
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Figure 4.1: (a) A schematic of the proposed PhC structure. (b) A reflectance spectrum of the guided
mode resonance showing the characteristic asymmetric Fano lineshape (A = 420 nm,
t =100 nm, Fp = .9, F; = 0) (c) The distribution of the amplitude of the electric field
for the guided mode resonance in (b).

SiOy substrate (n = 1.46) with a Si3N, (n=2.02) PhC grown on top. As shown in
Fig. 4.1(a), the PhC is characterized by a period A, thickness ¢, modulation fill factor
Fr = wy/A, and thickness fill factor F; = (1 —¢,/t). All calculations are done using
the RCWA method.

We utilize guided mode resonances in the PhC, which occur when light is incident
on a weakly modulated PhC that essentially acts as a periodic waveguide [16]. The

incident light can be coupled into the waveguide mode and propagates along while
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energy is coupled out of the waveguide due to the periodic modulation [66], resulting
in the formation of sharp, polarization-dependent resonances. Assuming the index
modulation can be treated as a weak perturbation, these resonances are formed when
the external radiation and the waveguide mode satisfy the following phase matching

condition [67]:

(1) o)l = |(kele) £m % )5+ by

= B;(w)]

where w is the angular frequency, k| is the in-plane wavevector, k, , are the wavenum-
bers of the external radiation in the %/§ directions, m is an integer, and 3, is the
effective propagation constant of the j** slab waveguide mode. The resonance wave-
length can be adjusted by modifying A, which changes the frequency that satisfies
Eqgn. 4.1, or by adjusting the grating parameters such as t, F, or F;, which alters
the waveguide dispersion B(w).

This type of mode is qualitatively quite different from the more popular photonic
crystal defect mode, such as the one used in [91], where the photonic crystal is con-
structed such that it has a photonic bandgap in-plane, and a defect is introduced
which pulls a localized state into the bandgap. This type of defect cavity is particu-
larly popular in nanophotonics, and can be integrated with monolayers in much the
same way as the guided-mode resonance photonic crystals. One important difference
is that the defect modes do not possess an easily accessible method of detuning the
photon mode, so mapping out an anti-crossing of the two modes can be difficult.
In contrast, our modes have a dispersion which can easily be measured via k-space
resolved spectroscopy.

The mechanism behind the operation of the guided-mode resonance is clearly
illustrated in 4.2. Consider a slab of dielectric material, which supports a guided

mode with a dispersion, as plotted. Since this is a true bound mode, the dispersion
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Figure 4.2: A schematic showing the operation of a guided-mode resonance in a photonic crystal.
(left) The dispersion of an unpatterned dielectric slab, showing modes that exist soley
below the light-line (right) The dispersion of the slab after patterning, showing the
formation of a Brillouin zone, the opening of band-gaps, and the folding of modes
inside the light line. Adapted from [34].

is entirely below the light line and thus is not accessible from vertically incident light.
If we pattern this slab, we will form a Brillouin zone and fold the bands into the
irreducible Brillouin zone. Several important modifications result from this: first, a
bandgap will open up at the edges of the Brillouin zones. Second, there are folded
bands which now exist inside the light cone, which now do couple to externally
incident light. As a result of this, the nature of the mode is strongly modified; rather
than being a true guided (bound) state, it is now a leaky resonance with a finite

lifetime. It is clear what the dispersion looks like along the k, direction in Fig. 4.2,
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and an example of the full 2D dispersion surface near one of these resonance is shown

in 4.3.
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Figure 4.3: (a)The two-dimensional dispersion surface of a typical guided-mode resonance, showing
both the folded-waveguide k, dispersion and the upwards-facing k, dispersion (b) Line
cuts of (a) which show the difference between the the two momentum directions.

The fundamental mode manifests as a narrow-band peak in the reflectance spec-
trum, with the peak reflectance approaching unity, as shown in Fig. 4.1(b). This
is due to destructive interference of the transmitted light [66, 53]. The resonance
features a characteristic Fano lineshape due to interference between energy reflected

through two distinct pathways: energy is reflected directly from the slab as well

as indirectly reflected after coupling to the guided resonances of the slab [22, 52].
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The linewidth of the resonances can become very narrow, in particular when the
magnitude of the index modulation (controlled here by F and F3) is very small[82].

This type of PhC structure has been used in a variety of applications, such as
general-purpose narrow-band optical filters [53], biosensors [68], and distributed feed-
back lasers [43]. In this letter, we focus on using the fundamental TE, mode for
strong-coupling.

4.2.2 Photonic design for strong coupling

In order to gain some intuition about the design of these photonic crystals, it is
instructive to consider the behavior of a simple un-patterned slab waveguide. The
primary consideration which will need to be kept in mind is the electric field distribu-
tion, as this is the property of the cavity which will directly modify the exciton-photon
coupling energy. Although the field distributions are not exactly the same as those of
the photonic crystal, the behavior is close enough to provide qualitative guidance on
what we should expect. In Fig. 4.4 we show the fields calculated for three different
waveguide thicknesses. In order to maximize the light-matter coupling, we want to
simultaneously keep the mode volume small, while maximizing the field overlap with
the monolayer.

We can see that for thin waveguides, the optical mode is close to the cutoff (e.g.
the slab is barely thick enough to support a mode), and although the field amplitude
outside the slab is a high fraction of the maximum field, the mode volume is huge
(which, as we will see later, means the normalized field is small). As we make the
waveguide thicker, we can see that the mode is much more localized in the slab,
which drastically lowers the mode volume, and the field at the monolayer is still an
appreciable fraction of the maximum field value. Finally, for a thick waveguide, the

mode volume again increases, and the field at the monolayer is a small fraction of



37

Thin Waveguide Medium Waveguide Thick Waveguide

[T T T T T T T T ] 50 T T T T T T T T = e
a) .f [—]{b)sp [—e]q C)*=¢ 3
2f 1 2r i 24 .
C ]l s 1 o0 F ]
16 [ 1 30 [ 7 r b
w [ ] wasf 1w N
2L ] 20 [ - 12 ]
s 4 5f H b N N
C ] 10 [ d ]
af 3 oL ] . 3
0 1 1 1 1 L L 0 1 1 L 1 1 1 1 L 0
0 8 8 -4 -2 0 2 4 6 8 10 10 8 8 4 -2 0 2 4 6 8 10 - 10
X [um]
T 1 1 1 T T T T T] 50
d) ..f — = ] ) sf
L ] a0 B
20 : : 35
_ e[ 4 sof
w [ 1 wasp
2 ] 2B
sl 15 [
r 1 10
af ] sk
0 1 1 1 1 1 1 1 1 1 0 1 1 0 |
008 -004 0 004 008 0.2 03 02 01 0 01 02 03 04 05 45 4 05 0 05 1 15 2 25
x [um] X [um] X [um]

Figure 4.4: Plots showing the calculated electric field distributions of thin (left), medium (middle),
and thick (right) slab waveguides comprised of SiOs (medium colored), SizNy (dark
colored), and air (light colored). The top row is zoomed out versions of the bottom
row.

the maximum field. Thus, we can conclude that very thin and very thick waveguides
are both detrimental to the light-matter coupling strength, and thus we can expect
there to be a middle value which balances these considerations and yields the optimal
coupling strength.

Now, we consider the full photonic crystal. The thin slab results in strong vertical
confinement of the waveguide mode and large electric field enhancement (Fig. 4.1(c)),
which makes the 1D PhC a good platform for polaritons. The electric field of the
resonant mode is confined to the high-index slab and decays exponentially into the
surrounding regions. The 2D materials can be incorporated simply by exfoliation
onto the top of the PhC, as shown in Fig. 4.1(a). Note that propagating waveguide-
polaritons can also be formed in unmodulated waveguides[77], which do not have a
meta-stable ground state and do not couple out of the system except at the ends of

the waveguide. Here we focus on polaritons with a meta-stable ground state within
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the light cone, by using PhCs.

a) 1 T T L T I 1
350
-
5 ™
EEY
0 .
S5 g
220t
w
15 1 1 1 1 1 1 1 1 1
80 100 120 140 160 180 200 220 240 260 280
b)
=
i
I
kg
80 100 120 140 160 180 200 220 240 260 280 300
t [nm]
c)
3 S —
5
|
Ry ————— A ——

80 100 120 140 160 180 200 220 240 260 280 300
t [nm]

Figure 4.5: (a) Variation of the average normalized field amplitude at the monolayer (black) with
ty, compared with the polariton splitting vs. t, obtained from (c) (red dots); (b-c) The
absorption spectrum versus the PhC thickness at high (b) and low (¢) temperatures.
The period is tuned to maintain zero-detuning with the exciton. All calculations are at
normal incidence.

The evanescent coupling between the PhC mode and the 2D material excitons can
be tuned by adjusting the thickness of the slab. This can be understood as being
analogous to the evanescent field overlap in the asymmetric slab waveguide. When
the PhC layer is much thicker than the operating wavelength, the field is mostly
confined within the PhC with low evanescent leakage as well as low normalized
peak amplitude. Reducing the thickness, the evanescent leakage increases while the
normalized peak amplitude also increases due to tighter confinement, leading to

higher field amplitude at the surface of the photonic crystal. This can be quantified
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by appropriately normalizing the electric fields according to [84]

(4.2) /|E(r)|26(r) AV = %hw

The electric field is confined in the vertical direction and unbound in the in-plane
directions, and the integral is evaluated over a finite volume. As the photonic crystal
thickness is decreased to much smaller than the wavelength, there will be a high
amount of field leakage, and the peak amplitude of the field will decrease as well
since the confinement is no longer sufficient to localize the field. Thus, it follows
there is an optimal thickness for the field-amplitude enhancement. This is seen in
Fig. 4.5(a), where we plot the E field, normalized according to Eqn. 4.2 and averaged
in the plane of the monolayer.

With a large field enhancement and the large oscillator strength of TMDCs, strong
coupling is readily achieved once we incorporate TMDCs on the PhC. We consider
the example of a monolayer WS,, coupled to a PhC with F; = 0 and F, = .9, with
the period A adjusted such that we obtain a guided mode resonance at zero in-plane
wave-number that matches the exciton resonance. We model the exciton resonance

of a single .8 nm thick monolayer of WS, as a Lorentz oscillator:

f
E% —E? —iTE

(43) E(E) = €R +

with background static permittivity ez = 20, exciton resonance Ex, oscillator strength
f=1.59 eV?, and linewidth I'=30 meV, consistent with experimentally measured
results[83]. The resonances of this WSo-PhC coupled system are shown in Fig. 4.5(b).
Normal mode splitting is evident. The splitting varies with the thickness of the grat-
ing, proportional to the field strength enhancement, as shown in Fig. 4.5(a). A
maximum splitting of about 30 meV is obtained at maximum field enhancement,

comparable to monolithic DBR structures near room temperature[49], and 13 meV
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smaller than the splitting in Bloch-Surface Wave structures[8], as expected by the
improved field confinement in the latter[5]. The corresponding optimal thickness is
at t = 100 nm, in agreement with Eqn. 4.2. Although we are primarily interested in
room temperature polaritons in this letter, for comparison we show the same plot at
low temperatures in Fig. 4.5(c) by reducing I" to 5 meV, which shows a similar result
with a slightly higher splitting of about 35 meV. The coupling can be increased by
moving the TMDCs to the interior of the PhC, where the field amplitude is higher,
and by using more than one monolayer. By embedding three WS, monolayers in
the center of the SizNy layer of the PhC, each separated by 2 nm sheets of hBN, the
polariton mode splitting is increased to over 70 meV. While we have used SizNy here
due to its prevalence as a common optical material, higher index materials can also
be used to increase the coupling|5].

Due to the coexistence of the direct and indirect transmission/reflection pathways
discussed above, the structure exhibits both weak coupling of excitons to the free-
space continuum of optical modes, clearly visible in Fig. 4.5(b), and the split upper
and lower polaritons modes formed due to strong coupling between the exciton and

the confined resonant mode.

4.2.3 Alternative Methods for Optimization

In this chapter, we have looked at designing these photonic crystals based on the
physical principles of the device. There are, however, alternative ways of approaching
device design. One way would be to brute force the problem by fixing the general
architecture of the device, and then simulating all possible values of the different
parameters. This is computationally expensive for most simulations, and generally
isn’t feasible except for particularly simple problems. As an alternative method of

optimizing our devices, we can instead use automated algorithmic methods which
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intelligently search through the simulation space and attempt to minimize some
defined loss function in order to arrive at a design which fulfills our requirements.
We'll briefly review one such method here, the so-called particle-swarm optimization.
Although we did not end up using this for any of our final designs, it is a popular
method which is useful for many types of problems where physical intuition is more
difficult to come by.

The general flow of this type of optimization involves initializing a ”"swarm” of
"agents”, each of which is defined by a coordinate in the defined parameter space.
The simulation is run for the parameters associated with each agent, and the results
of the simulation are converted into a defined loss-function which determines the
"fitness” of each agent. At each round, the agents keep track of their personal best
value, and the global best value amongst the entire swarm, and at each round the
position of each agent is updated following a kinematic formula with new velocities
based on their old velocity, the distance of each agent from their personal best, and
the distance from the global best. The weighting between these can be modified as a
hyperparameter of the optimization process, or can be dynamically changed during
the optimization, e.g. in order to favor ”local” exploration early on and ”global”
consensus at later points in the optimization.

Example results are shown in Fig. 4.6, where we are optimizing a photonic crystal
to act as a broadband mirror (simply as a test problem, unrelated to the goal of strong
coupling in TMDCs). We compare the results to a value in the literature from [58],
and see that our algorithm is able to converge on a solution which is very comparable.

Although this methodology is very useful for some problems, for the problems we
are interested in this chapter, we will not need to resort to heuristic algorithms in

order to complete our designs.
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Figure 4.6: (left) A plot of the convergence of a PSO optimization algorithm solving for a high-
reflectance mirror (inset) A table of the final parameters, compared to the results from
[58] (right) A plot comparing the solution from [58] and the solution found using PSO.

4.2.4 Dispersion properties

Unlike a DBR cavity, which has a fixed isotropic dispersion, a PhC allows for
more complex dispersions [85]. As shown in Fig. 4.7, the dispersion of the polariton
modes consists of highly anisotropic bands. Along one direction it is very steep, and
along the other it is shallow. The anisotropy of the bands can be understood from
the phase matching condition in Eqn. 4.1. For dispersions along just the X and y

directions, we have the following expressions:

2
ky(w) £ m=r

(4.4) Ik (w)| = n

= [B(w)],

(4.5) k()| = \/(”%T) +k2(w) = [B(w)].

The first equation simply results in a folded waveguide dispersion, and the second
results in an approximately parabolic dispersion with a much lower group veloc-
ity. The dispersion anisotropy means that depending on the plane in k-space being

considered, the polaritons have drastically different group velocities.
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Figure 4.7: (a-b) Polariton dispersions along the two principle k directions; note the different scales
on the k-axis. (¢) A double-well dispersion, showing two separate local minima located
at the first Brillouin zone edges ki, = /A, well away from k = 0.

The device may also be designed to have unusual dispersions. For example, the po-
lariton ground state can be shifted to k£ # 0. As shown in the example in Fig. 4.7(c),
the ground states are located at the edge of the PhC Brillouin zone at k, = w/A.
For this structure, we use a center-coupled grating with A = 606 nm, ¢ = 100 nm,
Fi=0, and F,=.96. By choosing A appropriately, the edge of the Brillouin zone can
be tuned to a desired k,.

The 1D PhC can be generalized to two dimensions. The dispersion may be fur-
ther tuned by breaking the symmetry in the ¥ direction to create a 2D PhC, or
by introducing variations within a single period [51] to allow additional degrees of

freedom in designing the dispersion relation for the system, such as massless Dirac
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Figure 4.8: a) Tuning of a PhC resonance with the period A while all other grating parameters
are fixed. The circles mark the resonance wavelength of the exciton resonances of
the four commonly used monolayer TMDCs. Inset: A schematic showing the proposed
multi-wavelength chip with multiple TMDC heterostructures emitting at different wave-
lengths. b) The corresponding absorption spectrum of the TMDC-PhC system as A is
tuned. Normal mode splitting is evident and maintained throughout the tuning range.

disperions[99)].
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4.2.5 Multi-color, hybrid polariton systems on a single chip

Another unique benefit of the PhC platform is that different PhC cavities can be
created side-by-side on the same slab of a uniform total thickness ¢, which allows
for simple fabrication of multiple devices operating at different wavelengths on the
same chip[41]. With 2D materials, the different PhC cavities can also couple to
different materials. As an example, in Fig. 4.8 we tune the PhC resonance in the
strong-coupling regime over 200 nm by varying only the period. The PhC has a fixed
t = 100 nm, Fy = .9, and F; = 0. For a period of A = 420 nm, this structure is
equivalent to the structure in Sec. 4 for strong coupling with monolayer WSs. As we
vary A from 400 nm to 540 nm, the resonance shifts from 600 nm to 800 nm, covering
the exciton resonances of four common monolayer TMDCs. At the same time, a high
finesse is maintained. Adjusting the exciton resonance to track the PhC resonance
and assuming the same oscillator strength and linewidth of WSy, we compute the
coupled modes in this structure. As shown in Fig. 4.8(b), normal mode splitting is
maintained throughout the tuning range of over 200 nm. This shows that one can
straightforwardly integrate photonic and polaritronic devices of WSy, WSey, MoS,,
MoSe; and their heterostructures at various temperatures, simply by choosing an

appropriate A at various locations on a single chip.

4.3 Experimental Demonstration

Using the previous sections as a guide, several photonic crystals with integrated
monolayers were fabricated by our group, with results presented in [95] (the fabrica-
tion and characterization done by Long, the first author of this paper). The photonic
crystals were designed for two TMDCs, WS, and WSe,. Since WS, has a higher os-

cillator strength, it is expected to have a higher Rabi splitting and thus was the
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choice for demonstrating room-temperature strong coupling. The results are shown
in Fig. 4.10. WSe, has a smaller oscillator strength, and results are only presented

at cryogenic temperatures, as shown in Fig. 4.9.

a —— b WSe,PC c WSe,-PC d
0 02505 0.75 1

0 02505 075 1
R (100%) m— PL (a.u.) m— ] A (100%) >@<
1.8 J T
_. 178 Exp, R Sim, R
s Y
L R
e 1.76 \\\\\ _f‘,"
© A A T T B TR e 0 2 al
o 1.74 g, 2
L'C" \"\,,\ ,'g\’
1.72 N,
1.7 ' !
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
Ky (u m™) Ky (u m™) k, (um™)
0 02505 075 1 0 02505 075 1
R (100%) ) PL (a.u.) EE— A (100%) |c|? U, | X2
] —
A ‘
— 1 i
< -
2 N
. toa
w boa
Y oa
—4 -2 0 2 4 -4 -2 0 2 4
4 —1
ky, (u m™) ky, (wm™)

Figure 4.9: (a-c) Plots showing comparisons of the calculated and experimentally measured disper-
sions of a WSes polariton device at 10K (d) Fitting and extracted Hopfield coefficients
of the measured spectra. Reproduced from [95].

In both cases, we have excellent agreement between the experimental results
and the theoretical predictions. These results unambiguously demonstrate that the
guided-mode resonances in appropriately designed photonic crystals are a viable

platform for polariton physics in TMDC monolayers.

4.4 Conclusions

In conclusion, we have demonstrated slab PhCs as a simple and flexible structure
for creating polaritons with monolayer TMDCs. The PhC resonators allow compara-
ble exciton-photon coupling as in DBR cavities, while allowing on-chip integration,
compact design, and a much greater degree of flexibility in engineering the properties

of the polaritons, including generating complex dispersions and wavelength tuning.
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Figure 4.10: (a-c) Plots showing comparisons of the calculated and experimentally measured dis-
persions of a WSy polariton device at room temperature (d) A waterfall plot of the
measured photoluminesence. Reproduced from [95].

These features will facilitate the realization of novel phenomena and development of

practical photonic devices with 2D material polaritons.



CHAPTER V

Dual-Band Cavities for Strong Coupling

5.1 Introduction

When designing photonic cavities for integration with excitonic materials, we
typically only consider the coupling of a single optical mode to a single excitonic
state. Due to the ubiquitous presence of multiple excitonic states in TMDCs, it is
worth considering the design of cavities designed to coupled to multiple resonances
simultaneously. Here we present results of a cavity which had two modes, a guided-
mode resonance and Fabry-Pérot mode, which both have a tightly confined field
near the same location and are independently tunable over a broad range, and may
facilitate coupling to a diverse range of excitonic modes in 2D materials and other

systems.

5.2 Design of Dual-Band Photonic Cavities for Coupling to TMDCs

Optical cavities play a critical role in the engineering of light-matter interactions.
The most common system consists of a single emitter coupled to a cavity with a
single optical mode. This arrangement allows for the exploration of a wide variety of
physical phenomena, such as Purcell enhancement[28] and polaritons[19, 37, 88], and
many more. Although the most common situation is to consider is a single emitter

and a single optical mode, in practice most material systems which are explored often

48
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have many different resonances, which can be separated by a wide range of differ-
ent energy gaps. The popular transition-metal dichalcogenides (TMDCs) provide an
example of a system with a particularly rich landscape of resonances which can be
coupled to an optical cavity. For example, in the semiconducting group VI TMDCs
(MoSs, MoSes, WSe,, and WS,), even a single monolayer has a rich excitonic land-
scape, with several neutral excitonic resonances corresponding to different interband
transitions, which are separated by 100s of meV (corresponding to the large valence
band splitting). Additionally, there are prominent peaks corresponding to charged
trions, which are typically separated by 10s of meV from their corresponding neutral

excitons.
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Figure 5.1: (a) Spectrum of a typical Fabry-Perot cavity, showing multiple modes and their asso-
ciated field intensity distributions (b) A schematic of the proposed dual-band cavity,
which is designed such that it supports both guided-mode resonances and Fabry-Perot
modes with electric field distributions which both overlap with the same material layer,
and can be tuned independently of each other.

The excitonic landscape can be further tailored by combining multiple materials.
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Moving beyond a single monolayer, one can produce a large variety of composite
heterostructures by stacking multiple TMDCs, leading to a wider array of interest-
ing excitonic features. For example, both intralayer and interlayer excitons can be
redistributed across a set of moiré peaks due to the moiré potential formed by a het-
erobilayer, and the separation between these peaks is highly tunable by adjusting the
angle between the two layers[90][89]. Additionally, a bilayer of two different group
VI materials will naturally have two intralayer excitons which are separated by 100s
of meV.

There a wide variety of cavities which are commonly used for light-matter cou-
pling: Fabry-Pérot cavities[50], guided-mode resonances|[95] and defect modes[91]
in photonic crystals are all common choices. These cavities are generally designed
such that a single optical mode is coupled to the material. One example of a situa-
tion where two optical modes are desirable is in the case of doubly-resonant second
harmonic generation, where an optical mode is resonant at both w and 2w[74, 80].
Whereas the design of a single-mode cavity is relatively straightforward, the design
of this double-mode cavity is more involved and naturally presents challenges.

In this chapter, we demonstrate the design of hybrid cavities which form reso-
nances by two completely distinct photonic processes: a Fabry-Pérot type mode and
a guided-mode resonance formed by propagating states inside the DBR cavity. The
spectral properties of the modes as well as their electric field distributions are inde-
pendently tunable, allowing for a high level of control in engineering the light-matter

interactions of systems with many excitonic resonances.

5.2.1 Results and Discussion

As an illustrative example of a typical optical cavity, consider the structure shown

in Fig. 5.1a, a Fabry-Pérot cavity formed by two silver mirrors. This structure sup-
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ports a spectrum of modes, which are formed when the round-trip phase ¢ is equal
to a multiple of 2. Each mode order also has an associated electric field distribu-
tion, with the m'* mode having m electric-field anti-nodes. These modes are not
independently tunable: once we have fixed a desired m** order mode at a frequency
W, the rest of the modes wyz,, and their associated electric field distributions are
fixed, and cannot be tuned to an arbitrary frequency.

In order to overcome the design limitations of conventional cavities, we propose
a cavity which supports modes that originate from two entirely separate physical
mechanisms, which would in principle allow the modes to be tuned separately from
each other. The design of our proposed structure is shown in Fig. 5.1b. It consists
of a DBR/DBR type Fabry-Pérot cavity, where the cavity region in the center is
etched with a weak periodic modulation. For this design, we use two materials, a
high index material with n;, = 2.55, corresponding to TiO, and a low index material
with n; = 1.46, corresponding to SiO,. The structure is on an SiOy substrate, with
seven DBR pairs of thicknesses (¢5,t;) = (126,205)nm, arranged so the top layer is a
low index layer. The particular thicknesses we use here don’t exactly correspond to
exactly the same value \/4n for both materials, but nevertheless these parameters
result in a high-reflectivity dielectric mirror. Then, we have 75nm of SiO,, a 70nm
thick SiO, grating layer with a fill-factor of 50% and adjustable period A, 10nm of
air (which can be replaced by another material), and finally another 7 DBR layers
(with the layer closest to the etched portion being a low-index layer). Designing
the cavity in this manner allows for two distinct mechanisms to simultaneously be
supported: the completely out-of-plane Fabry-Pérot mode, and the guided-mode
resonance which is caused by the periodic modulation. The GMR mode is reminiscent

of a Surface-Bloch Wave[6], but here it is supported in the cavity formed by the
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interface of the two cavity mirrors rather than just at the surface of a single mirror.
An example of a surface-Bloch wave GMR (with just one DBR mirror) is shown in

Fig. 5.2, displaying a the characteristic Fano lineshape and resonant field.
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Figure 5.2: An example of the spectrum of a guided-mode resonance photonic crystal etched into
a DBR mirror (inset) the associated electric field distribution.

To explore the possibilities of this structure, we’ll examine the case of simultane-
ous enhancement at both w; and ws, for either simultaneous Purcell enhancement
or simultaneous strong coupling. This is shown in Fig. 5.3 , where we see the clear
signatures of both the FP mode in the DBR stopband, as well as the Fano resonance
corresponding to the GMR. In Fig 5.3a-b, we can see that the electric field distribu-
tions are both tightly confined around the location of the material, and both modes
have field distributions that are tightly confined around the active material and are

near the field maximum.
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Figure 5.3: (c)Spectrum showing the presence of both a guided-mode resonance (a) and Fabry-
Pérot mode (b). The associated field distributions are plotted, showing that both are
concentrated in the layer where the excitonic material is located.

Finally, we’ll show that these modes are very easy to tune across a very wide
spectral range, covering a range of experimentally relevant energy gaps between
various emitters. In Fig. 5.4, we show a map of the reflectance spectrum as a function
of the modulation period A. We show that by adjusting A over a wide range, we
can continuously tune the GMR mode over a very wide energy range, while leaving
the Fabry-Pérot mode essentially unchanged. This is due to the different origins
of the modes: the periodic modulation is simply a weak perturbation on the FP

mode, whereas it is a critical part of the formation of the GMR mode. Over this
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range, both modes remain well-confined, and have a high quality factor. To have
this degree of tunability of multiple modes simultaneously is not easy to accomplish
with a traditional cavity, such as the one in Fig. 5.1a, but it is very easy to achieve

with our structure.
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Figure 5.4: (top) A sweep of the grating period A, showing the tunability of the GMR type res-
onance, while the FP type resonance is largely unchanged (bottom) A line cut of the
two extreme values in this sweep (inset) a zoom-in on the FP modes, showing the slight
displacement of the mode.

Finally, we adjust the patterning to bring the states even closer by further in-
creasing A. In Fig. 5.5, we can see that by adjust the patterning we have tuned
the mode inside the photonic bandgap, and that now the modes are separated by
only about 40 meV. At this detuning, we still see high-Q resonances, which have
a strongly confined field distributions centered around the active material layer. A

notable feature is that once the modes have been brought this close together, there

is a clear modification of the electric field distribution for the DBR-type mode, but
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Figure 5.5: (a) A comparison of the cavity with A = 525nm and A = 3095nm, showing the range of
tunability of this mode. The mode spacing in the latter case is just 40 meV, compared
to the former case, where it is on the order of a full eV (b) Zoom in of the FP modes
(c-d) Electric field distributions of the two blue dips in (b), showing that the resonant
field his still strongly confined near the center of the cavity, although the DBR field is
modified from the unpatterned field.

nevertheless the field distribution is favorable for coupling to the active material.

5.3 Conclusions

In conclusion, we have demonstrated the design of a hybrid, dual-band cavity
which has a much higher degree of tunability in terms of both the spectral proper-
ties, as well as the associated electric field distribution. This allows for a degree of
tunability which is not possible in a traditional optical cavity, and opens a pathway

to further engineering the radiative properties of multiple emitters in optoelectronic

systems.



CHAPTER VI

TMDC Heterostructures

6.1 Introduction

As discussed in Chapter 2, one of the interesting properties of TMDCs is their
ability to be combined into arbitrary heterostructures with novel electronic and op-
tical properties. In this chapter, we will present experimental results of the helicity-
resolved photoluminescence which clearly demonstrates the interesting optical se-
lection rules which are present in these heterostructures, along with a high degree
of valley polarization (these measurements were conducted as part of [94]). Then
we will present some calculations of the electronic and optical properties of TMDC

moiré heterostructures.

6.2 Experimental Results on MoSe;/WSe, Heterobilayers

6.2.1 Overview

Here we will present experimental results of low-temperature photoluminescence
measurements on WSey/MoSe, heterobilayers. The measurements which are pre-
sented here are done on the same samples as in [94], which were fabricated by a
collaborator with our group who is co-authored on this paper. An image of the het-
erostructure being measured is shown in Fig. 6.1, with the various different layers

outlined. We are interested in the portions of the sample where the bilayer is fully
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encapsulated by the boron nitride. The encapsulation of the heterobilayer in hexag-
onal boron nitride helps reduce the broadening of the exciton peaks significantly,
and allows us to easily resolve features that would otherwise have a strong overlap.
The two individual monolayers are aligned such that they are oriented at roughly

60° relative to each other, which ensures that there is a small momentum mismatch

between the electron and holes.

Figure 6.1: A optical microscope image showing the heterostructure measured in this section. The
various regions of the sample are labeled

6.2.2 Results

The main optical property we are interested in here is the circular-polarization
resolved photoluminescence. The samples are cooled down to 4K, and pumped us-
ing a tunable CW Ti-Sapphire laser, tuned to the wavelength which maximizes the
emission helicity, which in this case is the WSey A exciton energy. In simpler systems
like single monolayers, the optical selection rules dictate that the emission should be

co-circularly polarized, but as we can see in the results in Fig. 6.3, the interlayer
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Figure 6.2: A schematic of the moiré structure formed in the MoSes/WSe; heterobilayer, with the
three high-symmetry registries labeled Reproduced from [94].

excitons are very different. There are two peaks, one of which is largely co-circularly
polarized and the other which is largely counter-circularly polarized, and both of
which display high degrees of polarization over 80%. The expected results in het-
erostructures is much more complicated in general than in the single monolayer, and
there are many different possibilities for what the optical response can look like. In
this case, the multiple exciton peaks with flipped helicities can be explained as orig-
inating from singlet and triplet excitons, which are theoretically predicted to display

this particular behavior at the HJ' registry in the moiré lattice[94], which is shown



59

o
[ed

o
fo)

o
N

PL Intensity

0.2

Figure 6.3: The measured polarization-resolved photoluminescence from the heterobilayer sample.
(top) The extracted degree of polarization, showing near-unity positive and negative
polarization (bottom) The spectrum for both co- and cross-polarized collection of the
emission.

in Fig. 6.2. The other two high-symmetry points do not have selection rules that
agree with our observations; at these sites the singlet and triplet excitons couple in
either the opposite way as we observed, or they couple to out-of-plane light. The
observed high degree of valley polarization present in this sample (along with addi-

tional time-resolved measurements done in [94]) suggest that there is a rapid electron
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transfer between layers, which is significantly faster than the WSe, intralayer exciton

depolarization time.

6.3 Theoretical Predictions of Heterobilayer Physics

Energy [eV]

Figure 6.4: The band structure of monolayer WSes (calculated with Quantum Espresso), showing
band structure along the irreducible Brillouin zone.

In order to predict the theoretical properties of TMDCs and their heterostruc-
tures, an invaluable tool is the Density Functional Theory (DFT) calculation, which
can be used to calculate the electronic band structure of materials, among other
properties. The calculations presented here are done with the open-source DFT

package Quantum Espresso, a popular choice for doing DFT calculations. As a basic
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Figure 6.5: The calculated spatially dependent bandgap for an AA stacked WSes/MoSey het-
erostructure. The calculation was done using Quantum Espresso. There was a single
calculation which failed due to a crashed program, which is the one discontinuous point
on the mapping.

example, we can calculate the band structure of monolayer WSey, which is shown
in Fig. 6.4, in excellent agreement with expected results from the literature (for
instance, in [46]). We can clearly see all of the important features in the electronic
band structure, such as the direct bandgap at the K point and the large splitting
on the order of .5eV in the valence band. Although this calculation is just done for
a single monolayer of WSe,, we can extend the calculations to explore the effect of
modifications of the material structure, such as applied stresses and strains or the

introduction of other materials in the vicinity of the monolayer.
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Moving beyond the simple monolayer, we can begin to explore the theoretical pre-
dictions made when heterobilayers are constructed, where we combined two different
group VI TMDCs together. Many of these predictions rely on the existence of moiré
lattices forming when the two monolayers are integrated with each other, and which
generally form due to a combination of lattice mismatch and finite twist angle. These
moiré heterostructures have a spatially varying bandgap[90], which can be calculated
via DFT calculations in order to understand the strength of the moiré potential. We
calculate the moiré potential strength in Fig. 6.5 of an AA stacked heterobilayer of
MoSey /WSes, following the prescription in [90][89]. What we are calculating here
is the bandgap magnitude as a function of the offset of one monolayer relative to
the other monolayer, which determines the underlying moiré potential[90]. It is in
excellent agreement with the results in [90], showing a moiré potential depth on the
order of about 100 meV.

Additionally, we can go beyond calculations of the electronic properties and calcu-
late the direct optical properties of the heterostructures as well. Here, we follow the
theoretical work developed in [89] to calculate the exciton band structure and absorp-
tion of intralayer excitons as a function of twist angle in an AA stacked MoS, /WS,

heterobilayer. The Hamiltonian is

H= H0—|—A(7“)7'0

with

202

hQ
- (1, 2

)To T J1Qlm + J1Ql[cos(26q)m, + sin(26q)7,)

and

6
A(r) =~ Z Vjexp(ib; - r).
j=1
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Figure 6.6: (top) Calculated moiré band structure at a twist angle of 1° (bottom)twist-angle de-
pendent absorption spectrum for an AA stacked MoS; /WS heterobilayer.

Here, h)q is the energy at Q = 0, 7 is the identity matrix (corresponding to the
intravalley electron-hole exchange interaction), 7, , are Pauli matrices (corresponding
to the intervalley exchange interaction), ¢q is the angle of the vector Q, and J

quantifies the strength of the electron-hole exchange interactions. Plugging in the
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same material values as in [89], we can diagonalize the Hamiltonian and calculate
the intralayer exciton band structure, as shown in Fig. 6.6. In order to perform
the calculation, we have written a plane-wave expansion code in MATLAB, which
diagonalizes the Hamiltonian and produces the band structures.

In addition to the exciton band structure, we can also calculate the absorption
spectrum based on the calculated eigenvectors of the states at the v point of the
exciton band structure, as shown in the bottom panel of 6.6. Here the calculation is
done for a range of twist angles, from 0.6° to 1.2°, in steps of 0.2° from top to bottom,
and the highest energy peaks in each are multiplied by a factor of 10. This shows
that the effect of the moiré lattice is to redistribute the emission to multiple peaks,
which can shift in energy based on the twist angle of the heterobilayer. The results
presented here use the same values as in [89] and thus are essentially a replication
of their results, but can easily be modified in order to predict the behaviors of other

combinations of monolayers.

6.4 Conclusions

In this section, we have explored a few different aspects of TMDC heterostructures.
First, we presented experimental results which show that group VI heterostructures
can support multiple different interlayer exciton states, some of which have interest-
ing flipped optical selection rules which are not present in monolayers. The interlayer
excitons also showed a very high degree of valley polarization of about 80%. Follow-
ing this, we showed calculations of the moiré potential strength as well as the exciton
band structure and absorption of moiré exciton states, showing the characteristic re-
distribution of the exciton oscillator strength across multiple mini-peaks which are

tunable via twist-angle.



CHAPTER VII

Self-Hybridized Polaritons in ReS,

7.1 Introduction

In this section, we will demonstrate self-hybridization of exciton states in ReS,
flakes. Most of this work has been published in ACS Photonics [31] and is reproduced
here.

Strong coupling between excitons and photons in a photonic cavity provides a
promising platform for exploring a wide array of physical effects. To date, there are
many examples of strong coupling in group VI TMDCs, but no examples of group
VII polaritons have been demonstrated. Here, we show evidence of polaritons in
ReS, flakes, where the photonic confinement arises from internal reflections within
the flake itself, without requiring a separate cavity to confine the field. By examin-
ing several different samples of varying thicknesses (each thickness with a different
intrinsic cavity mode), we vary the detuning and map out a polariton dispersion.
The polaritons exhibit multiple peaks in the absorption spectra, a fact which may
help elucidate the observed multiple resonances in similar group VII TMDCs. As
a unique feature of the anisotropic crystal structure of group VII TMDCs, these
polaritons inherit the underlying polarization dependence of the two lowest order

bright ReSs excitons, displaying a polarization-tunable absorption, with maximum
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absorption greater than 95%.

7.2 Self-Hybridized Polaritons in ReS,

Transition Metal Dichalcogenides (TMDCs) have emerged as a new class of semi-
conductor materials with many unique properties. The most commonly studied
TMDCs are monolayer crystals containing group VI transition metal (MXy, M=Mo, W,
X=S,Se) [55, 71, 56], since excitons in these four monolayer crystals feature high oscil-
lator strengths, high binding energies, and narrow linewidth, making them attractive
as optical materials. In particular, strong exciton-photon coupling can be established
even at the room temperature in a variety of photonic structures [21, 50, 25, 95],
opening the possibility of high-temperature polariton Bose-Einstein condensation,
superfluid transport, lasing, matter-wave logic, and many other rich nonlinear phe-
nomena. However, these group VI TMDCs become indirect bandgaps semiconduc-
tors when the crystals have more than one molecular layer. The need to exfoliate
down to monolayer thicknesses and to integrate a monolayer crystal into additional
cavities and other photonic structures, without significantly changing or degrading
the crystal’s properties, poses a technical challenge in the study and application of
these materials.

A number of group VII TMDCs have also been shown to feature exciton transitions
with large oscillator strengths in both bulk and monolayer forms [3], and have other
interesting properties, making them potentially a more versatile alternative to group
VI materials. As opposed to the hexagonal symmetry of group VI TMDCs, group
VII TMDCs have a triclinic crystal symmetry[86] with a distorted 1T diamond-

chain structure. As a result, the optical response is highly anisotropic, giving rise to
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a myriad of unusual phenomena, such as non-degenerate linearly polarized exciton
resonances [36, 3, 2, 39], selectively tunable optical Stark effect[69], anisotropic third
harmonic generation[17], and anisotropic saturable absorption[59]. Many of these
phenomena can be enhanced in the strong-coupling regime [88], but to date there
have been no reports on coupling of these materials with cavities.

In thin crystals of group VII materials, the optical anisotropy leads to two promi-
nent, non-degenerate linearly polarized exciton resonances [3, 39|, but there is evi-
dence in the literature of additional nearby resonances whose physical origin is not
clear. For example, thicker samples of the related material ReSe; have been re-
ported to exhibit multiple well-resolved additional nearby resonances, which vary
from sample to sample in energies and spectral weights [2]. It was suggested that
these additional resonances were due to breaking of the 2-fold spin degeneracy at the
conduction and valence band extrema by exchange interactions. In ReSsy, however,
similar splitting is not clearly evident [3, 39].

In this work, we demonstrate a similar set of closely spaced exciton peaks and
show that they originate from strong-coupling between ReS, excitons and photons
via self-hybridization [81, 63, 77, 96, 65, 76, 12, 24], without the need of an external
cavity. The Fabry-Pérot cavity modes are formed within the TMDC crystal itself
between its top and bottom interfaces due to the high refractive index of ReSy. The
polariton modes are identified by studying the variation of resonances in ReS, crystals
of a variety of thicknesses. Notably, the self-hybridized polariton modes maintain
the underlying polarization sensitivity of the excitons, and can achieve polarization-
tunable absorptions greater than 95%. These results provide insight into fundamental
excitonic properties of ReSy and open a door to developing optoelectronic devices

which can exploit strong light-matter coupling in optically anisotropic materials.
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7.3 Results and Discussion

7.3.1 Sample Fabrication

In this project, we will be interested in measuring the properties of ReS, flakes
of a variety of thicknesses, on different substrates. The fabrication process used to
make our devices follows the standard mechanical exfoliation procedure used with the
group VI materials. We utilize repeated exfoliation between sheets of Polydimethyl-
siloxane (PDMS) in order to progressively thin down the ReSs until all large flakes
have been visibly removed, then perform the final transfer onto the end substrate.
The end result is large areas of the substrate covered in randomly arrange pieces of
ReS,, with varying thicknesses. The pieces are deposited in tightly packed clusters
which can be separated by large distances, on the orders of mm, on the chip.

The two substrates which we use here are gold and sapphire. The higher reflec-
tivity of the gold substrates makes them an excellent choice for the experiment, as
it drastically improves the reflection at the bottom surface and allows us to signifi-
cantly narrow the linewidth of the intrinsic optical mode. We also use sapphire as
it is a standard choice of substrate for exfoliating TMDC materials, and will allow
us to demonstrate that cavity effects are easily seen even in the absence of a high
reflectivity substrate.

In Fig. 7.1 we show a typical optical microscope image of the samples on a gold
substrate, with several candidate samples circled. Due to the high absorbance of the
samples, when placed on a reflective substrate they often display bright, bold colors
when observed under a microscope. In Fig. 7.2 we show a typical sample which was
exfoliated onto the sapphire substrate. Since this method of preparation results in
random thicknesses of ReS,, getting appropriate thicknesses required in order to map

out a thickness map is a matter of luck. Once the samples have been exfoliated, the
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Figure 7.1: An optical microscope image showing a typical exfoliation of ReSs on a gold substrate.

thicknesses were then measured via Atomic-Force Microscopy (AFM) measurements
(conducted by the second author of [31]). These measurements allowed us to compare

the properties of different thicknesses directly, and map out our thickness sweep.

7.3.2 Optical Measurements

In Fig. 7.3a, we show a schematic of our device, where a single flake of ReS, is
exfoliated onto a gold mirror. An optical microscope image of a typical device is
shown in Fig. 7.3b. We characterize the devices via polarization-resolved absorption
and photoluminescence (PL) spectroscopy.

Unless otherwise stated, all measurements were carried out at a temperature of

5K. Reflection and absorption measurements were taken with a halogen white-light
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Figure 7.2: An optical microscope image showing a typical exfoliation of ReSs on a sapphire sub-
strate.

source focused to a spot size of 10 um, and PL measurements were performed by
pumping the sample with a 532nm solid-state laser focused to a spot size of 2 um. All
measurements were done in a home-built optical microscope with an objective lens
with NA=0.45. A half-waveplate and linear polarizer were inserted in the collection
path to obtain the polarization-resolved absorption and reflection. The thicknesses
of the samples were determined via AFM measurements.

We show in Fig. 7.4 the PL and absorption spectra of the device. As shown in
Fig. 7.4a, the PL spectrum at 5 K, measured without polarization selectivity, has
two pairs of peaks clearly separated by about 40 meV. Each pair contains two peaks

about 10 meV apart. Fig. 7.4b. shows the temperature dependent absorption, also
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20 um

Figure 7.3: (a) Schematic of the device consisting of a ReSy crystal on gold. Reflections at the
top and bottom surfaces of the crystal leads to confined photon modes, sufficient for
achieving strong coupling with the excitons in the crystal. (b) An optical microscope
image of a typical ReSy flake deposited on a gold substrate.

including all polarizations. The two pairs of resonances in the PL spectrum are
clearly seen in the low-temperature absorption spectrum as well. With increasing
temperature, the peaks broaden, and each pair merges into one broader peak in-
stead. The presence of two broad absorption resonances in thicker samples at room

temperature agrees well with previous reports.
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Figure 7.4: (a) Unpolarized PL of the 72nm flake shown in Fig. 7.3, at 5K. (b) Temperature de-
pendent unpolarized absorption from the same flake up to room temperature, showing
the splitting vanish at higher temperatures. (c) Polarization-resolved absorption of the
same flake. (d) Line cuts of the polarization angle-resolved absorption from (c). (e-f)
Measured angle-resolved dispersion from the same flake, for each of the two underlying
excitons, compared to the theoretical predictions from a transfer matrix calculation.

To identify the origin of the resonances, we measure absorption of different linear
polarizations. As shown in Fig. 7.4c,d, the two pairs of peaks as measured in Fig.
7.4a,b are clearly resolved. Interestingly, while the two peaks in each pair have about

the same linear polarization, the polarizations of the two pairs differ by about 74°,
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which also agrees well with previous reports of polarization properties of the two
exciton resonances [69]. As shown in Fig. 7.4c, we label the lower energy pair of
peaks as arising from the splitting of the underlying exciton X;, and the higher
energy pair as arising from Xs.

Mode splitting is a characteristic of strong coupling of excitons with photons.
The properties of strongly coupled modes can be analyzed using transfer-matrix
simulations, where the bare exciton resonances, X; and X5, can be modeled using

Lorentz oscillators, with the dielectric function given by

n J12
B, ,— B2 —iETy,

€1,2 = €By 2

Here, ep is the background permittivity, Fx is the exciton resonance energy, I is the
linewidth, and f is the oscillator strength. To clarify if strong-coupling is the origin
of the multiple resonances, we measure the dispersion and thickness dependence of
the mode and compare them with simulations. The fitted values used for the excitons
(X1, X3) in our calculations are eg = (17,14); I' = (5,5) meV, Ex = (1.5431, 1.5744)
eV, and f = (0.325, 0.3) eV

We first compare the calculated and measured energy-momentum dispersion of
the device, which is widely used to identify polaritons formed in external Fabry-
Pérot cavities. We measure the energy-momentum dispersion via angle-resolved
spectroscopy, and we use a linear polarizer to maximize the spectral weight of the
X, (Fig. 7.4e) and X, (Fig. 7.4f) peaks, respectively. To compare with the data of
the lower-energy mode, associated with X, we set fo = 0 in the simulation. As
shown in Fig. 7.4e, the calculated dispersions agree well with the experiment data.
Similarly, considering only X, renders dispersions matching well with the measured
dispersions of the higher-energy peaks. However, the dispersion is very flat, making

it impossible to observe anti-crossing of the modes with angle. Rather than mapping
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out polariton modes via angle, we instead characterize the thickness dependence of

the modes.
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Figure 7.5: Polarization dependent thickness sweep of ReSs absorption. (a-b) Thickness tuning of
the calculated absorption spectrum as a function of sample thickness, showing an effec-
tive dispersion and anti-crossing as the photon modes cross each of the two excitons X3
and Xs. (c-h) Linecuts of the absorption spectrum for samples of different thicknesses
(labeled in (a-b) with dashed lines). Each plot shows two prominent pairs of peaks, with
each pair corresponding to the two underlying exciton modes. For each flake, selecting
each exciton is done by rotating the polarization collection angle that maximimizes the
signal for that pair of peaks. The data are overlaid with line-cuts from from the transfer
matrix calculation in (a-b) showing good agreement between the two.

Figure 7.5a and b show the calculated absorption spectrum versus the thickness
of the crystals due to exciton resonances X; and Xs, respectively. These calculations

reveal the anti-crossing of the photon modes with each of the excitons. We have ex-
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perimentally measured six samples with different thicknesses, marked as (c-h) in the
bottom panel, and compared with the corresponding line-cuts of the calculated spec-
tra in Fig. 7.5a and b. Each spectrum is taken at the polarization which maximizes
that particular exciton absorption signal. We find excellent quantitative agreement
between our model and the measured absorption for all six different thicknesses,
which confirms that the different peaks of the same polarization are polariton modes
formed by coupling with different photon modes. It is important to note that the
observed splitting here is different from what is typically measured in conventional
polariton systems: the split peaks are not the upper and lower polaritons directly,
but instead are the highly detuned upper polariton from one photonic Fabry-Pérot
mode, and the lower polariton from the next order Fabry-Pérot mode, as is evident
in Fig. 7.5a, b (a more detailed explanation of this can be found in the next section).
Notably, the absorption magnitude is very large, greater than 95% in some of the
samples.

We note that similarly split peaks have been reported in crystals of a related
group VII material, ReSes [2], of comparable thicknesses used here. Although these
resonances were attributed as excitonic, it is possible they could be explained by the
polaritronic effect demonstrated here. In a more recent paper where the absence of
these four peaks in multiple ReSy samples are discussed [39], all the samples used
are all thin enough so that multiple polariton resonances are not expected based on
our analysis.

Finally, we also characterize a 128 nm thick flake of ReSs on sapphire to show
that the same effect is still observable without a gold substrate. For this sample, we
measure the reflection contrast since it is difficult to extract the absorption from a

sample with a transparent substrate. As shown in Fig. 7.6, we see clearly presence
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of multiple resonances in the vicinity of the two bare excitons, and the spectra match
very well with our model. This shows that even without a gold substrate, a similar
strong modification of the spectrum is present (i.e., an apparent splitting of the

exciton resonance), due to the cavity effect caused by reflections within the flake.
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Figure 7.6: Measured and calculated reflectance contrast spectra for a 128nm thick ReS, sample on
sapphire, showing the reflectance contrast for both exciton 1 (a) and 2 (b). The data
in each plot shows the spectrum at a specific polarization angle, which selects for each
of the underlying excitons, as in Fig. 7.5.

7.4 Clarification of Cavity Properties

7.4.1 Bare Cavity

In the section, we will show results to elaborate on the properties of the primary
structure presented in the main text, a cavity formed between a gold substrate and
a flake of ReSy (the Au/Interface cavity). For comparison, and as a reference to
compare the results to, we also show results for a more traditional FP cavity with

two gold mirrors (the Au/Au cavity). Both are shown in Fig. 7.7.
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Figure 7.7: A schematic showing the difference between the cavity studied in our experiments (left)
and the reference cavity we compare it to (right).
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Figure 7.8: (left) The bare cavity modes for our structure (middle) The bare cavity modes for the
reference cavity (right) Line cuts for both cavities, showing a mode at 800nm.

To begin with, we calculate the modes of the bare cavities, as a function of both
energy and cavity thickness, as shown in Fig 7.8. For these calculations, we will take
the material properties of X, as given in the main text, and for the bare cavity we
set f1 = 0 in order to just see the properties of the background material without the
exciton resonance. As we tune the thickness, we see a set of modes for each, and it
is clear that the Au/Interface cavity has a significantly reduced quality factor due
to the lower reflectivity of the top ReSy/Air interface. For the following calculations

where we look at a single device, we select cavity thicknesses for each cavity that
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give a resonance which is approximately at 800nm, in order to easily compare the
two. The Au/Interface cavity has a very low Q of about 10. Despite the low quality

factor, we will show that such a structure is still in the strong-coupling regime.

7.4.2 Cavity with Excitons

Now we consider the case where f; # 0. When the exciton resonance is turned on,
there is a strong modification of the thickness mapping for both cavities, as shown
in Fig. 7.9. We have included overlaid lines to indicate the uncoupled cavity photon
modes (dashed) and the coupled polariton modes (dotted), and different colored the

lines to correspond to different mode orders.
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Figure 7.9: Thickness sweep of the loaded cavity from our results, and the reference cavity. In both,
different FP mode orders are labeled with different colors, and the uncoupled modes
(dashed) and coupled modes (dotted) are also labeled

We can see that there is a clear anti-crossing of the photonic modes as they
approach the exciton resonance near 1.54 eV. Importantly, if we look at a single
cavity thickness for the Au/Interface cavity (say, near 70nm), the line cut will show
multiple resonances: one coming from a higher order mode (the red branch), and

one from the lower order mode (the black branch). These two peaks are not the
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upper/lower polariton modes for a single photonic resonance, but rather each comes
from a different photonic resonance (one from the red branch, and one from the
black), due to the effects of strong-coupling with the exciton. In the previous section,
this is what we see in our data. At other thickness, say near 125-140 nm, we would
be able to see split peaks where both originate from the same photonic mode (a more
typical experimental signature for polaritronic systems). In our experiments, we did

not have any samples which had an appropriate thickness to see this case.
7.4.3 Strong Coupling
In order to directly determine that a particular cavity is in the strong-coupling

regime, we can sweep the exciton energy across the cavity mode to directly map out

an anti-crossing for a single cavity thickness.
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Figure 7.10: Exciton energy sweeps for the cavity in our result (left) and the reference cavity (mid-
dle). The linecuts at zero-detuning are shown in the right panel.

Although this is experimentally difficult to do for this system, we can easily cal-
culate the results and show that this system is indeed in the strong coupling regime,
as shown in Fig. 7.10. The peak splitting here for the Au/Interface cavity is 2AQ ~

115 meV (indicated by the red arrow). The condition for strong coupling is that

2R > vx + Yo
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e.g. that the peak separation at zero-detuning must exceed the sum of the two half-
linewidths. This condition is easily satisfied here, as our fitted value for vx is 2.5meV
and ¢ for the bare cavity mode is about 90 meV, establishing that this system is in

the strong-coupling regime.

7.5 Conclusions

In conclusion, we have demonstrated the observation of self-hybridized polaritons
in multi-layer ReS, crystals. The resonances exhibit a clear polarization dependence
of the polariton modes, reflecting the underlying polarization dependence of the two
constituent excitons. Our samples which were deposited on gold exhibited a very
high, polarization tunable absorption of over 95%, and showed tunability of the
polariton modes by adjusting the sample thickness. These results may help clarify
the origin of multiple peaks observed in these group VII samples, and pave the way

for developing next-generation optoelectronic devices utilizing thin TMDC crystals.



CHAPTER VIII

Conclusions and Future Work

8.1 Conclusions

In this dissertation, we have demonstrated several experimental and computa-
tional results broadly related to the coupling of light and matter in two-dimensional
semiconductors, with a particular focus on optical cavity design and the strong-
coupling regime.

First, we demonstrated a new design for achieving strong coupling in these sys-
tems by integrating a single monolayer of group VI TMDC with the guided mode
resonances of a photonic crystal. The design was optimized using RCWA simulations
and was experimentally demonstrated, and has unambiguously shown the signatures
of strong coupling. This demonstrates that photonic crystals are a viable polariton
platform for these materials at both low temperatures and at room temperature.
The fact that these polaritons exist at room temperature is particularly important,
as it allows for the potential of exploring interesting polariton physics at room tem-
perature.

Then, we introduced the design of dual-band cavities which are capable of sup-
porting two optical modes that can be tuned independently of each other while

maintaining a favorable electric field distribution, in order to achieve coupling be-
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tween multiple different states in the same material. This opens the possibility of
using the cavity to engineer the properties of multiple excitonic states which are
present in a single material.

Following this, we presented some work on TMDC heterobilayers, including the-
oretical calculations of the expected moiré potentials experienced by interlayer ex-
citons, as well as calculations of the exciton band structure and absorption spectra
of intralayer moiré excitons. We also presented experimental work on measuring the
helicity of heterobilayers which display a flipped optical selection rule compared to
the bare monolayer, and which display high levels of valley polarization.

Finally, we demonstrated that the group VII material ReS, is capable of support-
ing self-hybridized polaritons, in which the interface of the flake acts as a mirror to
create an intra-flake cavity effect. These results demonstrate that interesting pho-
tonic effects can be seen even when measuring just the flake itself, manifesting as
a splitting of each of the bare excitons into a pair of resonances which inherit the

underlying polarization of the excitonic state.

8.2 Future Work

Moving forward, there are many exciting possibilities for extending and expand-
ing upon the work which has been presented in this dissertation. Firstly, it would be
very interesting to experimentally achieve the goal of polariton lasing and Bose-
Einstein condensation using our photonic crystal devices. It was only recently
demonstrated[98] that condensation is possible at room temperature in a typical
Fabry-Pérot type cavity, and experimental verification of this in our photonic crystal
system would be make this a very useful platform to explore more complicated BEC

physics, due to it’s simplicity and on-chip tunability.
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The dual-band cavities which have been described in this dissertation have never
been fabricated, and it will be interesting to fabricate them and utilize them for
coupling to multiple resonances in a single heterostructure. For example, we could
place a heterobilayer into the cavity and couple to both underlying intralayer excitons
at once.

With regards to the TMDC heterostructures, there is still a significant amount
of interesting, unexplored physics to be done on both the existing heterostructures
which have been looked at already, as well as the innumerable possible combinations
of TMDCs and other 2D materials which are yet to be made. With regards to the
heterostructure that we reported on here, the spatial distribution of the confined
emission still has not been measured, due to the fact that the length scales of the
moiré period are small (deep subwavelength), and thus not possible to resolve with
conventional optics. It would be interesting to optically characterize the spatial
distribution to be able to further investigate the properties of the moiré potential
landscape.

Finally, there are many opportunities to further explore the physics of group
VII TMDC materials. These are generally much less studied than their group VI
counterparts, especially in regards to polaritronic physics, but are nevertheless an
interesting material for these applications. Currently, as far as we are aware, there
are no other demonstrations of strong-coupling in group VII materials other than
our work, so it would be very interesting to see them integrated into proper external

photonic cavities as well.
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