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Photonic integrated circuits have the potential to be a disruptive technology comparable to
the success of electronic integrated circuits. The absence of a compact, low-power all-optical
nonlinearity limits the capability for information processing and communication applications.
Dielectric microresonators and the heterogeneous integration of optical transitions such
as color centers, quantum dots, and quantum wells have distinct advantages for integrated
nonlinear optics. This thesis explores the light-matter interaction of two-dimensional materials
supporting an excitonic optical transition coupled to dielectric microresonators. A compact
expression for calculating the light-matter interaction is presented. The theoretical estimate of
the light-matter interaction and input-output characteristics of the exciton-resonator system
agrees with experimental observations. Exciton-phonon interactions are incorporated into the
Hamiltonian model to describe the asymmetric cavity-coupled photoluminescence observed

in experiments.
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Chapter 1

INTRODUCTION

Atomically thin van der Waals (vdW) materials have generated strong interest in recent
years for their possible electronic and optoelectronic applications [1H3]. The appeal of vdW
materials for use as an active or passive material in photonic integrated circuits (PICs)
hinges on their layered nature, which allows them to be integrated without concern for
lattice-matching to the underlying substrate material [4]. The integration of vdW materials
can thus be made independent of the PIC fabrication. The devices can be manufactured
separately using existing high-throughput nanofabrication, including CMOS processes, and
then the vdW material can be transferred on this pre-fabricated photonic platform to add new
functionalities. The variety of vdW materials available with different optoelectronic properties
provides for broad opportunities in the fabrication of light sources [5] |6], modulators [7],

detectors [8], and nonlinear optical devices [4].

1.1 Integrated nonlinear optics

At the ultimate extreme, realizing single-photon nonlinear optics in a scalable platform
could revolutionize both classical and quantum information science and engineering [9-H12].
However, there exist fundamental reasons why low-power nonlinear optics in a small form
factor is difficult to achieve. Consider the Mach-Zehnder interferometer (MZI, Fig. [L.1h)
which consists of two input (@;) and output (I;Z) modes, two 50 : 50 beamsplitters BS; and
BS,, and a phase shift ¢; = 5;L; in each arm where L; is the physical length of the optical

path and 3; = @ is the propagation constant with index of refraction n; at the input

wavelength A |13} |14]. The mode transformations are



111 1 err 1 -1 a,
=3 (L.1)

by 1 1] [0 e?] |1 1] |a
_ 02 | cos g /2 isingL/2| |a (1.2)
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The relative phase shift for the linear MZI is ¢ = ¢, with ¢, = ¢1 — ¢ = S1L1 — BoLos.
The optical intensity is proportional to the number operators of the modes (i.e., I;, o d}dl,

Loy 8%1) In the absence of input into mode @, the output intensity of mode 31 is then

[in
Lou = 7 (1 + cos ¢) (13)

By imparting a relative phase shift of ¢ = 7 the Mach-Zehnder interferometer output can
be swept from I,,; = I;, to I,,; = 0. In other words, the MZI acts as an optical switch. This is
the premise behind optical modulators that take advantage of the electro-optic, thermo-optic,
or plasma dispersion effects to manipulate the index of refraction n; of the interferometer
arms.

Now consider the nonlinear MZI with cross-phase modulation (XPM, Fig. [L.1b) due to
an intensity-dependent refractive index n = ng + ol |15, [16]. ng is the normal, weak-field
refractive index and 75 is the second-order refractive index (optical Kerr effect). The output

intensity of Eq. (1.3)) now includes a nonlinear relative phase shift ¢ = ¢ + ¢y with

Iin
dyr = 72 (L1 — Ly) . (1.4)
The nonlinear parameter is v = /\2;;_%;' Although the effective mode area (A.sf) of integrated

waveguides is small, L; — Ly must also be small for a compact footprint, and waveguiding
materials are typically chosen for their foundry compatibility and low absorptive loss; not
their optical nonlinearity (73). This leads to the high power requirements needed to observe

integrated nonlinear optical phenomena.
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Figure 1.1: Mach-Zehnder interferometer. a) Mach-Zehnder interferometer (MZI) with
two input and output modes, two 50 : 50 beamsplitters BS; and BS,, and a phase shift
¢; = B;L; in each arm. b) Nonlinear MZI with cross-phase modulation (XPM) due to an
intensity-dependent refractive index n = ng + m2/. ¢) Resonator-enhanced MZI with a
nonlinear ring resonator inserted into one of the arms of a MZI enhances the nonlinear phase

shift near the optical resonance.



Introduction of a nonlinear ring resonator into one of the arms of a nonlinear MZI
(Fig. ) can enhance the nonlinear phase shift near the optical resonance. The effective
interaction length (L.ss) of the interferometer arm increases due to re-circulation of the input
light. And the resonator electric field intensity (I¢) increases due to accumulated temporal

confinement of the input light. This results in an effective nonlinear phase shift

_ 2malyy Q
ONL = 2 Q@ (V_'m) : (1.5)
Lepy SN=—~—

The quality factor Q) = 5 is a fundamental figure of merit for all resonators that quantifies
the energy stored in the resonator (wy) relative to the power dissipated per cycle (I'). The
mode volume (V,,, = A.frR) quantifies the spatial confinement of the light in the resonator.
The point of this digression was to provide a short, practical motivation for microresonators

with a large Q/V,, in integrated nonlinear optics.
1.2 Microresonator QED

This thesis explores the light-matter interaction of monolayer, semiconducting transition
metal dichalcogenides (TMDs) that support an excitonic optical transition evanescently
coupled to a dielectric microresonator |2, |4]. The intent is to repeat the successes of
cavity quantum electrodynamics (cQED) with atomic beams [17] implemented instead with
microresonators and semiconductor optical transitions that can ostensibly be scaled using
fabrication technologies developed for the microelectronics industry.

The first experimental step for such a system is to demonstrate a coherent interaction
between a resonant optical mode and the two-dimensional (2D) excitonic transition. When
the coherent interaction strength is greater than the photonic and excitonic losses, the system
is said to be in the strong coupling regime manifesting as hybridized exciton-polariton modes.
These polariton modes are generally observed via an anti-crossing in the spectrum of the
resonator frequency and the excitonic transition, when one of the resonances is tuned across

the other. For integrated nonlinear optics, the polariton then inherits the quantum features



of the excitonic transition which includes exciton-exciton interactions, lending to a Kerr-type
optical nonlinearity from the polariton-polariton interaction. From this optical nonlinearity
there exist theoretical proposals utilizing the TMD excitonic transition for quantum optical
applications in single-photon nonlinear optics [18-20].

Several research groups have already observed exciton-polaritons using 2D TMD excitons
with 2D planar resonators, including distributed Bragg reflector (DBR) cavities [21-24] and
nonlocal metasurfaces [25]. 1D guided resonances in planar waveguides have also been used
to study exciton-polaritons [26, [27]. An advantage of these types of resonators is the strong
dispersion thanks in part to the lack of 3D confinement of the electromagnetic field. This
dispersion allows the investigation of strong coupling via energy-momentum spectroscopy.
In other words, by collecting light at different angles of emission or reflection from the
resonator we can probe different resonance frequencies without the requirement of physically
tuning the resonator. However, the lack of 3D confinement also implies a large mode volume.
Hence, it would be difficult to realize a strong polariton-polariton interaction that is inversely

proportional to the confinement area [18§].

Zero-dimensional (0D) resonators can confine the electromagnetic field in all three spatial
dimensions to a sub-wavelength mode volume. As a result of such strong resonant mode
localization, the resonance is dispersionless and the exciton-resonator detuning must be
modified by some other physical means. To date, curved fiber-DBR cavities are the only
0D platform that have demonstrated exciton-polaritons with 2D excitons [28, 29]. Here, a
fixed DBR mirror and a mechanically movable fiber creates the cavity mode. The cavity
length, and hence the cavity resonance frequency, is controlled by the spatial separation
of the fiber and bottom DBR. The tuning of the cavity allows for direct observation of
the avoided crossing associated with the formation of exciton-polariton modes. Recently,
signatures of single-photon nonlinearity have been reported in a III-V quantum well system
coupled to an optically confined mode of a fiber-DBR cavity [30, 31]. While these works
provide remarkable proof of concept demonstrations with promising perspectives [32], the

in-situ tuning advantage of a fiber-DBR cavity comes at the expense of a larger mode volume



as compared to a photonic crystal defect resonator [33) 34].

On-chip integrated 0D resonators, such as a photonic crystal defect resonator (PCDR),
provide a means to confine light in a wavelength-scale mode volume while allowing many such
resonators to couple to each other via evanescent fields [35]. In fact, TMDs coupled to PCDRs
have already been used to demonstrate optically pumped lasing [5, 36|, cavity enhanced
electroluminescence [37], and second harmonic generation [38, 39]. TMD hetero-structures
have also been integrated with PCDRs to demonstrate emission enhancement [40] and lasing
[41].

However, no conclusive signature of a coherent interaction between TMD excitons and a
small mode volume on-chip microresonator had been reported and the value of a coherent
light-matter interaction strength g had not been estimated for any 2D excitonic transition,
including III-V quantum wells coupled to an on-chip PCDR. The difficulties lie in the
degradation of the quantum well excitonic transition due to etching, lack of in-situ tuning of
on-chip resonators, and measuring the 0D resonator in a transmission configuration.

Strong coupling and subsequent single-photon nonlinear optics have been demonstrated
in self-assembled quantum dots coupled to zero-dimensional (0D) cavity systems [42-45]. In
a quantum dot, the exciton is confined in all three dimensions, which is defined as a 0D
exciton. Similarly, in a PCDR [46] or a fiber-DBR cavity [47], light is confined at wavelength
scale in all three dimensions, making these systems 0D cavities. While such 0D polaritons
can provide the strongest nonlinearity, arising from the quantum anharmonicity induced by
the 0D exciton [45, 48|, practical limitations, such as limited range of cavity tuning and the
stochastic nature of the position and wavelength of quantum dots, prevent the scalability of
such a platform.

The importance of the strong coupling between the 2D excitonic transition and the
microresonator stems from the enhancement of the exciton-exciton interaction due to the
same increased electric field intensity mentioned in the previous section 18| 49]. The field
enhancement is necessary to overcome the reduced Hamiltonian anharmonicity compared

to the 0D excitonic transition. While many quantum optical effects have been predicted in



the 2D exciton-polariton systems |50, 51|, the lack of excitonic wave function confinement
in all three dimensions precluded a clear observation of single-photon nonlinearity (e.g.,
reaching the regime of polariton blockade under resonant excitation [18]). We emphasize that,
assuming strong coupling is achieved, a small cavity mode volume is the primary figure of
merit for maximizing the optical nonlinearity [52]|. As such, on-chip 0D microresonators with a
sub-wavelength mode volume coupled to a 2D excitonic transition can simultaneously provide
a large light-matter interaction and a clear path to a scalable architecture for integrated

nonlinear optics.



Chapter 2
TECHNOLOGY DEVELOPMENT

Dielectric microresonators and semiconducting transition metal dichalcogenides (TMDs)
support optical resonances which are solutions of the wave equation and Schrédinger equation,
respectively, subject to suitable boundary conditions. In this chapter I provide theoretical
background for the physical manifestations of these solutions, known as quasinormal modes
for dielectric microresonators and Wannier excitons for TMDs.

A modified polycarbonate-polydimethylsiloxane (PC-PDMS) transfer technique is then
presented, which allows precise pickup and placement of vdW materials onto photonic
integrated circuits (PICs). As mentioned in Kim et al [53|, the contact area (i.e. the region
of the PC film which is in contact with the substrate) of the standard dome stamp transfer
method is limited to an approximately 50 pm x 50 pm area. The selectivity of the standard
transfer method leaves detritus on the photonic integrated circuits that can destroy their
optical properties. The contact area of the modified process can be two orders of magnitude
smaller than the dome method. The efficacy of the new transfer process is demonstrated
by placing WSe; onto a large-area silicon nitride spiral [54] and two different semiconductor

monolayers (WSez, MoSe,) onto neighboring silicon nitride ring resonators [55].

2.1 Dielectric microresonators

Photonic intergrated circuits (PICs) use wavelength-scale patterning of dielectric materials
to confine and guide light via a refractive index contrast similar to the mechanism for total
internal reflection. Dielectric microresonators, a component used in PICs, use constructive and
destructive interference of the wave solutions of Maxwell’s equations to enable confinement of

the electromagnetic field in time.



2.1.1 Quasinormal modes

These quasinormal modes (QNMs), or resonant modes, of dissipative (non-Hermitian) elec-
tromagnetic resonators are time-harmonic solutions of the source-free, Maxwell’s equations

56, [57]

[Hoptr(r,&,)] 7'V x Eu(r> = i@uﬁu(r) (2.1)

[eoer(r,@,)] 7'V x H,(r) = —i2, E,(r) (2.2)

satisfying the Silver-Miiller radiation condition

i x B(r,w) — ﬂI:I(r,w), T — 00 (2.3)
€0€ERB

tx Hr,w) = — | 2 LE(r,w), r— oo (2.4)
Ho

The radiation condition ensures the solution contains only outgoing waves [57-59]. E, (H,)
is the electric (magnetic) field, €y (110) is the permittivity (permeability) of free space, and
er (pug) is the relativity permittivity (permeability). At sufficiently large distances the
relative permittivity and permeability are assumed to have constant background values,
€r = eg =n% and pur = 1. A finite-difference time-domain (FDTD) electromagnetic solver,
such as Lumerical-Ansys, with perfectly matched layers can be used to calculate the QNMs by
initially exciting the the resonant field with a short input pulse and simulating the resonator
ring-down [60, [61].

The difficulty associated with the QNMs of dissipative electromagnetic resonators is their
complex resonant frequency, w, = w, — iv,, used to define the resonator quality factor @), =
wy/27,. Assuming a spherical outgoing wave where E(r,t) o< exp [—iw,(t — ng|r|/c)]/|r],
substitution of the complex resonant frequency leads to a spatially divergent far-field behavior,
E o exp [y,ngr|/c]/|r] |56} 62]. This field divergence necessarily leads to a difficulty making

quantitative predictions from simulated mode field profiles. Specifically, for dissipative
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resonators the volume integral used to define the normalization of the electromagnetic field is
exponentially diverging. Compare this to the classical results of Hermitian resonators where
the integration volume is defined by energy considerations, usually located at the physical

boundaries of the resonator [63].

Methods have been established to regularize QNMs using FDTD electromagnetic solvers
[62]. However, note that the divergent behavior of the QNM becomes significant at a distance
ronum such that (y,np/c)ronm ~ 1. For a dielectric microresonator with a moderate quality
factor, for example Q = 10%, the field decay rate at visible frequencies of light (w =~ 400
THz) is approximately 10 GHz. With a background relative permittivity equal to that of free
space (eg = n% = 1) the divergent behavior of the QNM is important at distances beyond
ronm ~ 1 x 10* pm. From this we can infer the QNM for dielectric microresonators can be

regularized by introducing a spatial cut-off of the integration volume [58, 61].

The zero-dimensional photonic crystal defect resonator (PCDR) in-line with an optical
waveguide is an example of a dielectric microresonator that supports QNMs. The simplest
one-dimensional photonic crystal is the infinite Bragg grating, with the center wavelength of
the stop-band at A\g = 2An.s, known as the Bragg wavelength [14] 63, 64]. A = L; + Ly is
the grating period and n.sf = (n1L; + naLs) /(L1 + Lo) is the average effective index (Fig.
. The PCDR is, in essence, a Fabry-Perot optical cavity formed by distributed Bragg
reflectors (DBRs). A 7/2 phase shift defect with an optical length A/2 is inserted in the

center of a finite Bragg grating to introduce resonant tunneling at the Bragg wavelength [14]
(Fig. 2.2).

For monolithic fabrication of an in-plane PCDR on a dielectric substrate the mirror
strength of the grating (a measure of the grating’s reflectivity) is linearly apodized to reduce
the out-of-plane scattering from coupling to radiation modes. We use the deterministic
design outlined in Quan et al. [66, |67] for its high quality factor and strong coupling to the
feeding waveguide. The former is essential for the strong coupling regime of the light-matter

interaction and the latter for observation of polaritons in a transmission configuration.



11

Input Reflection
1 n, | hy=2iz/4n,
Period 1 — 1
2 n, h, = Az/4n,
vy
3=1 n, |  hs=h,
Period 2 — 1
=2 n, h, = h,
L A4
2N-1 n hyy4 =hy
Period N 4
2N n; h,y = h,
v
2N+1 n { hyyg = hy

|

Transmission

Figure 2.1: Distributed Bragg reflector. A distributed Bragg reflector (DBR) consisting
of 2N + 1 layers of alternating quarter-wavelength high and low index materials [65].
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Figure 2.2: Distributed Bragg reflector resonator. A dielectric resonator formed by the
inclusion of a 7/2 phase shift defect within a distributed Bragg reflector (DBR). Alternatively,

this can be understood in terms of a resonance formed between two DBRs.

2.1.2  Input-output relations
In-line resonator

To understand the transmission properties of the in-line resonator, such as the PCDR, consider
that the Hamiltonian of a single-mode electromagnetic resonator is commonly described by

that of a free harmonic oscillator of the form

ﬁc = hzwkdidka (25)
k

&L is the bosonic creation operator of photon with momentum k. For a dispersionless

resonator with no in-plane (perpendicular to the propagation direction of the waveguide)
photon momentum this reduces to

He = hie (2.6)

j=)
Ry
joN



13

where We = we — ik is the complex resonant frequency of the resonant mode which includes
the intrinsic radiative loss k. Following the input-output theory of Collett and Gardiner |68,
69|, the quantum Langevin equation describing the internal mode for a two-sided, single-mode
resonator with a single external driving field is
e Fo) = Ma ﬁa + i, (2.7)
dt h 2
712 are the resonator damping constants for the two sides of the resonator. a;, is the external

driving field coupled to the resonator through ;. The transmitted field a,,; is coupled to the

resonator via 7., as described by the equation

&out = ’}/2& (28)

Inserting Eq. (2.6) into Eq. (2.7) and computing the commutator gives

dé
d_(z = —iWca — %& — ﬁ& + vV Min- (2.9)

In the frequency domain the internal mode operator is taken to be

a(w) et 2.10
\/ 2 / ( )
Eq. (2.9) in the frequency domain is then
Y1~
—wa = —10ca — 54 —a + /Y1 Ui (2.11)

The operator @ can be solved in terms of the operator a;,

a = p = Qip,
—i(w = @c) + 5(n + 1)

This can be substituted into Eq. (2.8]) to find

a vl a (2.12)

Qout
Ain

2 2
‘ V172 (2.13)

—i(w —@c) + 3(n +72)
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Substituting we = we — ik we get

aout 2 _ ‘ V 7172 2 (2 14)
Gin —i(w —we) + £+ 5(n + )

Simplification of this result leads to the standard transmitted spectrum of an in-line resonator

2
_ V172 (2.15)

(Aw)? + (K + 5(71 +72))?

Qout

Qi

T(w) =

with Aw = w — we the detuning of the driving external field frequency w, such as a laser,

from the resonator frequency we. For a symmetric resonator with v = v = 7, this reduces to

Gout | 2
T(w) == = 2.16
It 7 (R v e (210
2
This result is in accord with analysis based on scattering theory |70]. T}u0: = (fg%) is the

maximum transmission efficiency of the in-line resonator at zero detuning (Aw = 0) for a

given instrinsic radiative loss (k) and waveguide-coupled resonator damping (7).

Side-coupled resonator

Single-mode: Alternatively, the side-coupled resonator geometry has the advantage it
partially decouples the intrinsic cavity quality factor and field profile from the transmission
properties of the resonator. The quantum Langevin equation describing the internal mode
for a side-coupled, single-mode resonator with a single external driving field is |71, |[72]

da T, » . .

i _ﬁ[ cHel —i/vsctun. (2.17)
The resonator loss vg¢ associated with the presence of the side-coupled waveguide leads to a
modified complex frequency of the resonant mode W¢ = we — i(k + s¢). The transmitted

field G,y is coupled to the resonator via vs¢, as described by the equation

a/out = dm — i\/")/scd. (2‘18)
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Following identical steps which concluded with Eq. (2.15)), the transmitted spectrum of a

side-coupled resonator is

(Aw)? + K2

T((,u) - (Aw)2 + (Ii + 750)2.

(2.19)

Again, this result is in accord with analysis based on scattering theory [70].

Two degenerate modes: The quantum Langevin equations describing the two degenerate

internal modes for a side-coupled resonator with a single external driving field are

da i, . = . .
Lo Lay, o] - iy, (2:20)
da i, = . .
d_t2 = —ﬁ[ag, Hc] — U\/V2Qin. (221)

The Hamiltonian describing the two modes is now
He = hivedlay + hvcabay + hp*aral + hpalas, (2.22)

a1 2 are the bosonic annihilation operators for the resonator modes. /3 is a mode coupling
between the two resonator modes [73]. The resonator loss associated with the presence of
the side-coupled waveguide for the two modes leads to a modified complex frequency of the
resonant mode Wo = we — i(k + %(71 + 72)). The transmitted field a,,, is coupled to the

resonator via ysc, as described by the equation

&out = &zn - i\/ 71d1 - Z\/%&Q (223)

Following identical steps which concluded with Eq. (2.15) and Eq. (2.19), the complex

transmittance of the two degenerate modes is found to be

Hw) = ZL;: _ (w—we)((w—@c) —(:(11;;;722)_)?&7;/7172(5 + B%) — || (2.24)
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In the absence of coupling between the degenerate modes (5 = 0), and the couplings between
each resonator mode and the waveguide are equally strong (7 = v; = 72), the transmission
spectrum reduces to

(Aw)? + (K —7)?

T Bt (5t ) (229)

This result is in accord with analysis based on scattering theory [70| and applies to both

~ 2
Qout

T(w) =

Qip

standing wave resonators (e.g., a photonic crystal defect resonator) and traveling wave
resonators (e.g., a whispering gallery mode resonator). There exists a critical coupling where
the intrinsic radiative loss is equal to the resonator-waveguide coupling (x = 7) such that

transmission is zero at the resonant frequency of the degenerate resonator modes.
2.2 Two-dimensional excitonic transition

An exciton is a quasiparticle excitation consisting of an electron and hole bound by the
Coulomb force. The phenomenological approach to treating the Wannier exciton in TMDs
is the effective mass Hamiltonian which is identical to that of the hydrogen atom with the
reduced mass defined from the effective mass of the electron and hole. In this section I sketch
the second quantized derivation of the Wannier exciton for motivating the excitonic operator
used in later chapters.

The one-pair subspace of the electron-hole Hamiltonian H., = H. + Hj + V.5, describing

semiconductors is [74]

H.=Y eala (2.26)
k
Hy =" el"blby (2.27)
k
Vo = =2 _Va 2 tlsqbi-qgbiac (2.28)
a0  kiko

al and 61(f) are the electron creation operator and electron kinetic energy, respectively. bl
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and 51((h) are the hole creation operator and hole kinetic energy, respectively. And V., is
the Coulomb interaction between the electron and hole with Vg, = e? [eges. L3q* for two-
and three-dimensional systems. ¢, is the dielectric constant of the semiconductor, L is a
quantization volume, and ¢ is the transferred momenta between the electron and hole states.

The correlated state |i) of an electron-hole pair is an eigenstate of the Schrodinger equation

in the presence of the Coulomb interaction

(H. + Hy, + Vi — E;) |i) = 0. (2.29)

The correlated pair state

i) = BlJv) (2.30)

defines the exciton creation operator BZ-T . The exciton creation operator can be written in

terms of the electron and hole creation operators

T _ (vs) 1 T
Bini - Z fp )ap+veQib—p+lei (2'31)
p

fl(,”) is the relative motion wave function of the exciton satisfying the hydrogen-like Schrodinger

equation, also known as the Wannier equation,

2

p v; Vi 123

s ;=3 Vafh = e, f0). (2.32)
X q#0

The free electron (k. = p +7.Q;) and free hole (k, = —p +7,Q;) momenta define the center-
of-mass momentum (Q;) and relative momentum (p) with v, = 1 — v, = m./ (me +my,).
The reduced mass is puy' = m_* +m;, .

The two-dimensional exciton bound-state energies from the solution of Eq. (2.32]) are [75]

1

E,=—-FE———
"(n+1/2)

(2.33)
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with n = 0,1, ... where Ey = SwfjaB is the exciton Rydberg energy and ap = % is the
exciton Bohr radius. Note, the binding energy of the exciton ground state in three dimensions
is Ey and 4F, in two dimensions due to out-of-plane quantum confinement of the Bohr radius.

Transition metal dichalcogenides [76] are van der Waals (vdW) materials similar to
graphene that can be mechanically exfoliated from bulk crystals or chemical grown. When
thinned to a single monolayer the MX, TMDs with M = Mo, W and X = S, Se become direct
bandgap semiconductors which support excitonic transitions. Due to the large out-of-plane
confinement the typical exciton binding energies are on the order of 0.5 meV. The exciton
binding energies are larger than the thermal energy kT ~ 25 meV at room temperature
allowing for observation of excitonic photoluminescence even at elevated temperatures. Al-
though the excitonic transition in monolayer TMDs conforms well to the effective mass
Hamiltonian described in Eq. the Coulomb interaction must be replaced by a electron-
hole interaction that accounts for nonlocal charge screening [77H79]. In the 2D TMD material

family, monolayer MoSe, is particularly interesting as the only one with the the neutral

exciton as the ground state optical transition [80].
2.3 DMaterial integration

Having motivated the design of dielectric microresonators and the existence of an excitonic
optical transition in TMDs it is important to first establish a deterministic transfer method
for marrying the two material platforms into a single device. Mechanically exfoliated and
small-area chemical vapor deposition (CVD) grown vdW materials are pervasive in laboratory
experiments due to their high quality and ease of device integration |81, [82|. Various transfer
techniques have been devised to facilitate rapid prototyping of vdW material heterostructures
assembled from randomly located, micron-sized flakes that are often surrounded by unwanted
bulk material [53, 83} |84]. For pure material studies the surrounding bulk materials do not
pose a serious problem because there are no extended structures to avoid in the transfer
process. In the realm of nanophotonics, however, stray bulk material can modify the optical

properties of the structure under study. Moreover, many of these contaminants cannot be
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removed easily via etching or cleaning in solvents, often leading to ruined devices. Hence,
a local transfer technique with improved monolayer discrimination is desired for high-yield

vdW material integrated nanophotonic structures.

2.3.1 Ezxperimental procedure

Figure 2.3|a) and figure 2.3|b) is an example of the standard dome transfer method with a
zoomed-in nanobeam cavity to illustrate the scale of a photonic device [34]. The monolayer
was successfully transferred onto the nanobeam cavity. Note the monolayer is invisible under
an optical microscope due to the poor optical contrast on the silicon nitride substrate. The
dome stamp contaminated the waveguide with bulk material and tape residue which can
significantly alter the transmission properties of the devices, sometimes to an extent where no
transmission through the waveguide can be measured. The local transfer method described
below allows for the precise pickup and placement of vdW material flake without the usual
accompanying bulk material pieces.

The hemispherical dome stamp fabrication begins by preparing a 2-3 mm layer of cured
PDMS (SYLGARD™184 Silicone Elastomer) cut into 6 mm diameter rounds. A second batch
of PDMS is mixed from the silicone elastomer base with the curing agent, and placed in
vacuum for 20 minutes for degassing. The liquid PDMS is then pipetted onto the round layer
to form a hemisphere under the surface tension of the liquid. The domes are cured by leaving
them in vacuum for 24 hours (Fig. [2.3c)).

The PC film (Sigma Aldrich@) Poly(Bisphenol A carbonate), 7% solution in chloroform)
is secured to the hemispherical PDMS stamp using Scotch®) tape with a hole punched into it
as a window (Fig. [2.3|d)). The sample stage is first set to 125 °C (Fig. 2.3|f)-1) and always
under vacuum to avoid picking up the chip. Under an optical microscope, the dome stamp is
lowered into minimal contact with the sample stage (Fig[2.3(f)-2). An SU-8 chip is used with
pillars of varying diameters for the sample stage as a visual reference in the point formation.
The dome is offset from the pillar, so it does not interfere with the melting PC. The SU-8

chip is not essential for the PC point formation. It is solely a pragmatic solution to making
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Figure 2.3: Material transfer schematic. a) 2D material transferred onto a nanobeam

cavity indicated by the arrows. The monolayer material is not visible on the SiN subtrate.
b) Bulk material on waveguides indicated by the arrows. Scale bars are 10 pm. c¢) Dome
stamp on a glass slide. d) PC film secured to the dome stamp with Scotch®) tape. e) ~ 1
mm drawn PC point indicated by the arrow. f) Visual schematic of the procedure described
in the text. Steps numbered 1-9. Purple is the stage substrate (e.g. SU-8 or SiOs) and teal is
the SiN waveguide. Dark gray is the glass slide, light gray is the PDMS dome, and black is
the PC film. Green is the vdW material.
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Figure 2.4: Material transfer example. a) Before pickup - CVD grown 2D material on

Si0g. b) After pickup with PC dome - CVD grown 2D material on SiOy. Any materials
picked up will be deposited onto the nanophotonic device. ¢) Before pickup — CVD-grown 2D
material on SiOs. d) After pickup with PC point — CVD-grown 2D material on SiOy without
the removed monolayer WSe, triangle. A small sliver of the monolayer’s edge is left behind.

Scale bars are 10 pm.
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a point with the same diameter as the monolayer sample to prevent picking up additional
material. The sample stage is then heated to 160 °C. After the stage equilibrates to the
new temperature, the sample stage temperature is again set to 125 °C. As the sample stage
decreases towards the lower temperature, the dome stamp is drawn away from the sample
stage to separate the PDMS stamp from the PC film, which will still be adhered to the sample
stage. The dome stamp is continuously pulled away from the substrate as a point is drawn in
the PC film commensurate with the monolayer sample (Fig. [2.3(f)-3). The point should be
formed before the sample stage reaches the polycarbonate glass transition temperature (147
°C). It is imperative to intentionally pull the newly formed point away from the stage after
the sample stage crosses the glass transition temperature (Fig. [2.3|(e) and Fig. [2.3((f)-4).

During pickup of the monolayer it is important to ensure that the monolayer sample
is centered on the microscope objective along with the newly formed point (Fig. [2.3(f)-5).
As the hemispherical PDMS dome itself acts as a lens, the heated stage position has to be
adjusted to maintain the monolayer sample in the focal plane of the objective. The point will
manifest as a white disk. Pickup is performed by contacting the point to the monolayer (Fig.
[2.3(f)-6 and Fig. 2.3(f)-7).

Finally, to transfer the monolayer onto a photonic device the point is again brought close
to the surface (Fig. [2.3(f)-8). Due to the suspended nature of the PC point, melting can
cause the point to droop unpredictably. For precise placement of the monolayer it is easiest
to rapidly lower the PDMS dome stamp into contact with the monolayer to anchor it to the
sample substrate (Fig. [2.3(f)-9). The temperature of the sample stage is then raised to 180
°C to detach the PC as a sacrificial layer from the PDMS stamp. The PC film is dissolved in
chloroform for 12 hours followed by a 30 minute isopropanol bath.

The main limitation of the dome stamp is that as the PC dome is lowered to a close
enough distance that the Newton’s rings can be seen, the dome will suddenly contact the
substrate with the previously mentioned 50 pm x pm area contact area (Fig. [2.4(a) and Fig.
2.4(b)). Anything in contact with the PC film will likely be picked up and transferred onto
the photonic device. By using the described local transfer method, it is possible pick up,
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for example, a single 10 pm? triangle of CVD-grown monolayer WSe, heavily surrounded by

unwanted material (Fig. 2.4]c) and Fig. 2.4[(d)).

2.3.2  Fxperimental results and discussion

I first demonstrated the modified transfer method with the integration of WSe; onto a
non-resonant nanophotonic device - a large-area silicon nitride (SiN) spiral (Fig. [2.5(a)).
Due to its large area, the transmission spectrum is known to be sensitive to contaminants
[85]. Then, resonant photonic devices were demonstrated by the dual integration of two
different semiconductor monolayers (WSey, MoSey) onto neighboring SiN ring resonators. As
the two monolayers are integrated in separate transfer steps the samples can be integrated as
a heterostructure or onto separate devices depending on the desired experiment.

The underlying nanophotonic devices were fabricated using a 220 nm thick SiN membrane
grown via LPCVD on 4 pm of thermal oxide on silicon. The samples were obtained from
commercial vendor Rogue Valley Microelectronics. Roughly 400 nm of Zeon ZEP520A was
spin-coated onto the silicon nitride chip which was coated with a thin layer of Pt/Au that
served as a charging layer. The resist was then patterned using a JEOL JBX6300FX electron-
beam lithography system with an accelerating voltage of 100 kV. The pattern was transferred
to the SiN using a reactive ion etch (RIE) in CHF3/0, chemistry.

Photoluminescence (PL) measurements [86] were conducted by exciting the monolayers
with a 632 nm HeNe laser. The resulting emission was collected with a free-space confocal
microscopy setup and measured in a spectrometer. The spectrometer was a Princeton
Instruments IsoPlane SCT-320 Imaging Spectrograph. The transmission spectrum was
measured by exciting a grating coupler with a supercontinuum laser (Fianium WhiteLase
Micro) and collecting from the other grating coupler (Fig. [2.5(a), top right inset). For
cavity-coupled PL [6] the sample was directly excited with the HeNe laser and the resulting
emission was collected from a grating coupler using a pinhole in the image plane of the
confocal microscope. To obtain high signal-to-noise ratio PL the sample was cooled down to

80K using liquid nitrogen in a continuous flow cryostat (Janis ST-500).
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Figure 2.5: Silicon nitride spiral transfer. a) SEM image of a silicon nitride spiral. The
bottom right inset is a false-color SEM of the integrated monolayer WSe,. The top right
inset is the grating couplers (green - excitation, red - collection). Scale bar is 10 pm. b)
Room-temperature PL of the monolayer WSe, integrated onto the silicon nitride spiral. ¢)
Transmission spectrum for the silicon nitride spiral. d) Transmission spectrum for the silicon

nitride spiral with the integrated monolayer WSes.
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Figure 2.6: Silicon nitride ring resonator transfer. Optical image of exfoliated WSe,

and MoSe,; monolayers integrated onto the left and top ring resonators, respectively, with

false-color SEM images of the integrated monolayers. Scale bar is 10 pm.

The room-temperature PL with a strong excitonic peak of the WSe, monolayer integrated
onto the SiN spiral (Fig. [2.5(b)) establishes the presence of the vdW material on the waveguide
. The primary peak is attributed to neutral exciton emission, which is indicative of a
direct bandgap, semiconducting material when the TMD vdW materials are exfoliated as
monolayers. The secondary sidebands are likely due to defects or trions , . The before
and after transmission spectrum (Fig. 2.5|c) and Fig. 2.5{(d), respectively) for the SiN spiral
waveguide integrated with the monolayer WSes illustrates the contamination-free nature of
the transfer process. Significant contamination would prevent any transmission spectrum from
being measured. The envelope modulation of the spectrum is due to the frequency-dependent
coupling efficiency of the grating couplers. The relative amplitude change between the two
features in the spectrum is likely due to the angular dependence of the grating couplers. As
the measurement is done before and after the transfer - which requires removing the sample
from the optical setup - the angular alignment of the confocal microscope objective to the

grating coupler will be slightly different [14].

The method can be extended to integrate vdW materials to disjoint but proximate vdW
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material photonic devices (Fig. . The four SiN ring resonators were each separated by 1
pm to ensure no coupling between cavities. Each cavity can be independently addressed by
input and output grating couplers. Again, the PL of the WSe, and MoSe, (Fig. [2.7(a) and
Fig. (d), respectively) establishes the presence of the monolayers. The low-temperature
transmission spectrum for the ring resonators (Fig. 2.7(b) and Fig. [2.7)(e)) with the integrated
monolayers illustrates a contamination-free transfer. The dips in transmission correspond
to the resonance in the ring resonators. The separation between the modes corresponds to
the free spectral range of the ring resonator. The PL of the WSe; and MoSes coupled to the
evanescent field of the ring resonators collected from the grating coupler (Fig. (c) and Fig.
[2.7(f), respectively) was amplified at the cavity resonances.

2.3.83 Conclusion

A method was presented to facilitate the integration of vdW materials onto photonic devices
that require minimal contamination from bulk material. A PL measurement was used to
identify the presence of vdW materials on the photonic devices. The transmission spectrum
of the SiN spiral integrated with a monolayer material demonstrates the contamination-free
nature of the described transfer method. The integration of two different transition metal
dichalcogenide monolayers onto neighboring SiN ring resonators demonstrates the capability
to manually scale the fabrication of devices for rapid prototyping. This local transfer technique
can potentially enable a lithographically defined quantum emitter [88, |89] deterministically
integrated onto a nanocavity, which can reach the few-photon nonlinear optical regime |20, 30,
31| for applications in neuromorphic photonics [90, 91| and quantum many-body simulation

[92] [93].
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Figure 2.7: Ring resonator spectra with integrated monolayer WSe, and MoSe,.
a) PL of the integrated WSe, monolayer at 80 K. b) Transmission spectrum for the ring
resonator with the integrated monolayer WSey. ¢) Cavity-coupled PL of the integrated
monolayer WSe; on the ring resonator. d) PL of the integrated MoSe; monolayer at 80 K.
e) Transmission spectrum for the ring resonator with the integrated monolayer MoSe,. f)
Cavity-coupled PL of the integrated monolayer MoSes on the ring resonator. The baseline

below the cavity resonance peaks in ¢ and f is due to background PL.
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Chapter 3

LIGHT-MATTER INTERACTION

I derive a compact expression for the light-matter interaction strength between a single
quasinormal mode (QNM) of a dielectric microresonator and the two-dimensional excitonic
transition. The theoretical result of the light-matter interaction strength is applied to the
neutral exciton in a monolayer transition metal dichalcogenide (TMD) (MoSey) evanescently
coupled to a silicon nitride, in-line photonic crystal defect resonator (PCDR). An optimal
spatial extent of the monolayer TMD that maximizes the light-matter interaction strength
was found due to the competition between minimizing the excitonic envelope function area
and maximizing the total integrated field. The theoretical estimate was then experimentally
corroborated by demonstration of a dispersive shift in the cavity transmission spectrum

observed as the exciton is temperature-tuned near the QNM.

An on-substrate PCDR was utilized to ensure mechanical stability needed for the two-
dimensional (2D) material transfer process. The microresonator was fabricated in silicon
nitride (SiN) used for its large optical bandgap (necessary for the frequencies of the excitonic
transition in TMDs) and a small thermo-optic coefficient. The latter is essential for the
temperature tuning utilized in the demonstration of a coherent interaction. Otherwise the
temperature dependence of the dispersive shift must be deconvolved from the temperature
shift of the QNM. In comparison, an encapsulating polymer on the microresonator can have

a significant effect on the resonant frequency [94].

The system was probed in transmission with the QNM red-detuned with respect to the
excitonic transition because as the cavity-coupled photoluminescence is known to be affected
by exciton-phonon interactions [95|, discussed in chapter 4. The QNM was measured at

large exciton-cavity detunings due to a significant increase in insertion loss of the QNM in
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transmission at small detunings [96]. The extracted light-matter interaction strength from
the dispersive shift was lig ~ 6.5 meV for an estimated cooperativity C = 4¢?/(kg7p) ~ 4.0,
in which Ay} = 11.11 meV is the measured broadening of the TMD exciton at 80 K, and
hko = 3.8 meV is the bare photonic mode linewidth measured without the TMD material.
The cooperativity is a measure of the polariton mode splitting visibility, where at C' > 1 the
splitting is greater than the respective linewidths of the upper and lower polariton modes.
This experimental result compares favorably to the theoretical estimate of hg ~ 4.2 meV.
The cooperativity can be further enhanced to C' ~ 380 at 4 K due to reduction of the exciton
decay rate and by increasing the QNM quality factor to 10, which is well within the reach of
current fabrication technology.

By applying an input-output theory approach to calculate the cavity transmission it
is shown that the transmission efficiency drops significantly for a resonant exciton-cavity
system. The predicted transmission suppression agrees with experimental observations [97].
Alternatively, it is shown that strong coupling can be probed in a transmission configuration

by exploiting a side-coupled cavity.
3.1 Exciton-photon coupling

3.1.1 Second quantized Hamiltonian

The electric-field operator can be expanded near the electromagnetic resonator as [98, 99|

. | h X\~
E(r,w) =14/ %0 EM Vwuf.(r)a, +Ha.. (3.1)
fu is the QNM solution to the Helmholtz equation

~2

V XV x £ (r) - %EOeR@,wu)ﬂ(r) —0 (3.2)

derived from the substitution of Eq. (2.1)) into Eq. (2.2). ¢ = 1//éoiip is the speed of light
in vacuum. For a single QNM Eq. (3.1]) reduces to
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B(r) =i %\/gfc(r)a + H.a. (3.3)

in a symmetrized basis to ensure the bosonic annihilation operator a satisfies canonical
commutation relations [98, 99]. The S factor is a unitless quantity approximately equal to one
for a single QNM (S ~ 1) |100, [L01]. The subscript C' on w¢ and fo represents cavity.

The linear exciton-photon interaction associated with transitions between conduction and

valence bands for a single QNM is [49, [74]

Wi=hY a (gkabLa + gf:ab_ka) +Ha. (3.4)
ka

summed over the in-plane wavevector k and the degenerate high-symmetry points a € K, K’
of the electronic band structure |76]. @ (bka) is the bosonic annihilation operator for the

QNM (exciton). The exciton-photon interaction strength is given by

. |6|Pka h .
ke = o~ \/ - (v|r=0). (3.5)

e is the elementary charge and my is the electron mass. The factor

Py, = /dg’reik'ru:’a(r)fc  PUyo(r) (3.6)

can be simplified by assuming QNM field profile is constant over the unit cell and the
wavevector k is small compared to the reciprocal lattice vector. Then the integral can be

written as the integral over a unit cell and a summation over all unit cells.

Pka = Z eik.rjf‘c (rja ZO) ) pgv (37)
J
where p%, = fVuc d*ruf , (r)Puyq(r) is the interband momentum matrix element. The

summation over j can then be rewritten as an integral:

1 . ~
Py, = §/dgrelk'rﬂ'fC (rj, 20) - Poy- (3.8)
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Then the position space wavefunction of a 2D exciton (r | v) = \/g %6_2“'/ @ |75] contributes
a factor of
2

(v|r=0)= @ (3.9)

with an effective Bohr radius ap = ag/2, assuming equal electron and hole effective masses

[102]. Substitution of Eq. (3.8) and (3.9)) into Eq. (3.5 becomes

|€| h / 2 ikrp
=—y | ———— [ d°re’™*"f, -p . 3.10
mg \| TeqwadS re™Ho (v, 20) - ey ( )

In a frame rotating at the frequency of an external pump laser, utilizing the rotating wave

approximation, the linear exciton-photon interaction reduces to

m=3 (hgakacégk + hg;kagéak) (3.11)

ak

A reaction coordinate (RC) mapping [103H105] can then be chosen in which the QNM coupled
to the bosonic environment of excitons in Eq. (3.11) is mapped to a collective excitonic
mode, called the exciton reaction coordinate, with the simplified light-matter interaction

Hamiltonian

Ay = hGy (BOaT + Bg&) . (3.12)

The light-matter interaction strength is then

= [ 1gaxl” = / dwJpe(w (3.13)

characterized by an effective spectral density J S i |ax]? 0 (w — wy). By inspection

the excitonic mode annihilation operator is

—1/2
>, \gak!2] > Giacba. (3.14)
ak ak




32

This can be extended to higher-order exciton modes

Bi - Z Uiakl;ozk (315)
ak
where the first row of the transformation matrix U is Upx = g% (Zak | gak\Q)_l/z.

Substitution of Eq. (3.10) into Eq. (3.13]) results in

2

hGo = (3.16)

1 -
IS Z/d% fo (r,z0) - P&

he?
Tegmiway S

o [ ¥ [fe (r,z0)] 3.17
\/WeomowaBSZ‘e pCV|/ oAl %0 (3.17)

To relate the free parameters of Eq. (3.16)) to quantities that can be experimentally deter-

IN

mined, consider within the semi-classical Lorentz oscillator model the electric susceptibility

can be written as |75} [106|

62 fj
= 3.18
= ey 15

with an oscillator strength f; at frequency w; with a damping 7;. The exciton oscillator

strength is evaluated in the effective mass approximation as

2
f€: |6 pcv| ’/ dR

mohw

2

(3.19)

For free excitons in two dimensions, the exciton envelope function is (r, R | v) = S~1/2ekR(y |
v) where (r | v) is as described before Eq. (3.9)). For a single excitonic transition the dielectric
function of a monolayer TMD , such as MoSe,, can be modeled as a Lorentzian oscillator

[107]

€(w) =6+ — (3.20)

w2
Wy —w

— inw'
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€y is the background dielectric constant, where ¢, = 26 for MoSe; [108|, which results in a

perturbative shift of the cavity resonance. And

2

A= eoszovfj (3.21)
2
- eo:zov : |;1017;Z : ‘ / (3.22)
2
= ¥ wif;;u 73% (3.23)
2,2
e (3.24)

is an effective oscillator strength having dimensions of a squared frequency, wy is the frequency
of the excitonic transition, and 7y is the total exciton loss rate (including both radiative and
non-radiative contributions). The assumption going from Eq. to Eq. is the field
is polarized in-plane. The effective oscillator strength can be measured by fitting a transfer
matrix model to the differential reflectance, or reflection contrast, of the monolayer TMD

illuminated by a broad spectrum light source [107].

With p2, = 3 |é- p&,|” substitution of Eq. (3.24) into Eq. (3.16) results in a compact

expression for the light-matter interaction strength

A
Gy = £ (3.25)
L. is the effective thickness of the monolayer TMD and L.g is a length scale defined by the
competition between minimizing the excitonic envelope function area S and maximizing the

total integrated field.

Lleff B % (/ dr ’fc (r, ZO)DQ‘ (3.26)
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3.1.2  Optimal material coverage

While this formalism can be applied to any extended 2D coherent media in confined cavity
geometries, this result is illustrated assuming parameters appropriate for a MoSe, monolayer
deposited on a silicon nitride in-line nanobeam cavity, because such a system can be readily
fabricated in practice [97]. In the following, 7*A = 0.4 eV? is fixed as a representative
value from experimental reflectivity measurements [107] for monolayer MoSe;. Using a
finite difference time domain (FDTD) electromagnetic solver (from Lumerical-Ansys), the
cavity field profile is calculated (Fig. ) to be used into Eq. with a resonance
at we/2m = 395.777 THz (wavelength of 757 nm). Taking the effective thickness of the
monolayer material to be equal to the measured one, Lz = 0.7 nm, a maximal value for the
light-matter interaction is found for a monolayer length of 4.31 pm (Fig. . This result
runs counter to the result associated with the Dicke model, in which a giant oscillator is
expected to grow monotonically with the number of oscillators (g o< v/Ngo) [109], which in
this case correlates to the area of monolayer MoSe; assuming the excitonic wavefunction
is delocalized over the entire field integration region. For a confined field in the cavity we
would then expect the light-matter interaction strength g to saturate with the length of the

monolayer material and not have a non-monotonic behavior as shown in Fig. 3.7

Heuristically, this optimal condition between the 2D exciton envelope function and the
cavity field profile can be understood in terms of the light-matter interaction by recognizing
that the steady state electric field of the nanobeam cavity has an approximately Gaussian
envelope along the cavity axis, with a width ¢ (units of length) modulated by a sinusoidal
signal of the photonic lattice periodicity [67] (see, e.g., Fig. [3.6h). Assuming the length of the
coherent polarization due to the delocalized excitonic wavefunction is the same as the length

of the cavity integration, L., substitution of a Gaussian cavity field profile into Eq. gives

2\2
a light-matter interaction strength of the form ¢ o \/L% ffzﬁz e 3(2) dr Lizerf(Q\L/%a).

The latter function gives a peak in the light-matter interaction around 2.80c, which roughly

corresponds with the 2.44¢ that is numerically calculated for the designed in-line nanobeam
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cavity. In Fig. this heuristic estimate is overlayed on top of the numerical simulation.
3.2 Light-matter interaction strength

A zero-dimensional (0D) PCDR integrated into a waveguide, also known as a nanobeam
cavity, was designed (Fig. [3.1p) and fabricated (Fig. [3.1b) in a SiN thin-film on a silicon
dioxide substrate with an estimated cavity mode volume V ~ 2(A/n)3, according to the
standard cavity QED definition [110]. Finite difference time domain simulations were used to
optimize the cavity design [34, |66, |111] with additional Bragg mirrors included to further
improve the cavity quality factor. Note that unlike most SiN photonic crystal cavities, this
design is an on-substrate cavity that is not suspended. The substrate underneath makes the
cavity quality factor lower than what can be achieved in a suspended cavity, but provides
the mechanical stability for easy transfer of 2D materials and cleaning of the chip. The bare
cavity transmission is interrogated via a confocal microscope using input and output grating
couplers with a ~ 5 pm x 5 um collection area and a 5-10% collection efficiency at the cavity
resonance frequency. A monolayer MoSe; flake was then transferred onto the nanobeam via
the method described in chapter 2 to eliminate any bulk materials or tape residues on the
grating or the waveguide [112] (Figs. B.1f, d). This coupled MoSes-nanobeam device was

placed in a cryostat where the temperature was swept between 80 K and 200 K.

3.2.1 Device characterization

Monolayer MoSes exhibits poor optical contrast on the SiN substrate (Fig. ) Hence, the
presence of the monolayer on the nanocavity is confirmed by measuring the photoluminescence
(PL). A strong excitonic peak was observed in the PL spectrum (at 80K), as shown in Fig.
. When the PL is collected from a grating coupler (versus from the full field of view
of the confocal microscope), a cavity peak is clearly evidenced in the spectrum (Fig. )
The background PL is also observed simultaneously due to imperfect spatial filtering in the
confocal microscope. Due to a limited field of view in the microscopy setup (= 50 pm x 50 pm),

the cavity with transferred monolayer must be in close proximity to the output grating,
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Figure 3.1: Monolayer MoSe, integrated onto a photonic crystal defect resonator.
a) Electric field intensity simulated at the center of the SiN nanobeam cavity by 3D-FDTD
at the cavity mode resonance frequency, showing wavelength scale field confinement. The
maximum field intensity is seen in the center of the nanobeam. b) Optical image of the
monolayer MoSe; (not visible) integrated onto the nanobeam (orange box) with the grating
couplers for transmission measurements (green - excitation, red - collection). Scale bar is
10 pm. ¢) False color SEM image of the monolayer MoSe, integrated onto the nanobeam.
(MoSe; - gold, SiN - purple, SiO; - teal). Scale bar is 1 pm. d) False color SEM image of
the monolayer MoSe, integrated onto the nanobeam with deposited gold to prevent charging.
The obstruction of the nanobeam holes is made explicit. Red arrows indicate the cavity

center. Scale bar is 500 nm.
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making it difficult to spatially filter radiation scattered from the sample.

The nanobeam cavity was characterized via resonant transmission. A broadband super-
continuum laser was directed into one of the gratings and the transmitted radiation is collected
from the other grating. Prior to monolayer material integration, the cavity resonance was
measured at 300 K to be hwe = 1595 meV with a linewidth hkg = 3.8 meV, corresponding
to a bare quality factor Qy = 420 (Fig. ) After transfer of the monolayer MoSe, the
bare cavity resonance was measured at 80 K to be hwe = 1590 meV with a broadened
linewidth Ak = 10.7 meV, corresponding to a loaded quality factor Q = 149 (Fig. ) The
reduction in quality factor is attributed to the optical absorption of the monolayer MoSes;.
The shift in the resonance energy comes from the perturbation of the cavity due to the
background dielectric constant of the monolayer material and a dispersive shift of the cavity.
The dispersive shift is investigated via temperature tuning of the excitonic transition. It is
emphasized that as the linewidth of the monolayer MoSe, is the dominant source of decay in
the coupled system, the observed quality factor of the cavity, albeit low, is sufficient to probe

the physical effect of coherent coupling.

3.2.2  Temperature dependence

The neutral exciton PL and cavity transmission were then concurrently measured as the
temperature was swept from 80K to 200K. At low temperature, the cavity mode is detuned
on the blue side of the excitonic resonance. As the temperature is increased the exciton
resonance redshifts, so the detuning between the exciton and cavity resonances decrease. The
excitonic PL spectra at different temperatures are fit with a Voigt function [113] to extract
the peak energy (wx) and linewidth () where the source of inhomogeneous broadening

(A =4.42 +2.27 meV) is assumed to be independent of temperature [114].

The temperature dependence of the neutral exciton peak energy is fit to the standard
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Figure 3.2: Spectra for the monolayer MoSe, integrated onto a photonic crystal
defect resonator. a) Photoluminescence of monolayer MoSe; at 80 K. b) Cavity-coupled
photoluminescence of monolayer MoSes at 80 K. Primary peak is background photolumines-
cence. Secondary peak is collected from the grating coupler confirming cavity coupling. c)
Bare transmission spectrum of the nanobeam cavity at 300 K. The blue curve is a Lorentzian
fit to the cavity resonance. d) Transmission spectrum of the nanobeam cavity with an

integrated flake of monolayer MoSe; at 80 K. The blue curve is a Lorentzian fit to the cavity

resonance.
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equation for the semiconductor bandgap [115] (Fig. [B.3h):

Ex(T) = Ex(0) — S{hw)|coth [(hw) /(2ksT)] — 1]
~ E'(0) — 2SkgT (3.27)

where E'x(0) is the zero Kelvin neutral exciton energy, S is a dimensionless coupling constant,
and (hw) is the average phonon energy. This relation corresponds to the neutral exciton
energy assuming the exciton binding energy is not strongly temperature dependent. In this
experiment, the temperature range explored remains in the linear regime at high temperatures.
A fit to the extracted energy of the neutral exciton provides a linearized zero Kelvin neutral
exciton energy of F'(0) = Ex(0)+ S(hw) = 1637 meV and a dimensionless coupling constant
S = 1.21. These values are comparable to previous reports in the literature [116].

Similarly, the temperature dependence of the neutral exciton linewidth is fit to the Rudin
equation [117] (Fig. [3.3p):

C2

() =0t el + Gmr

~ ) + RkpT (3.28)

where 7y is the intrinsic homogeneous linewidth, ¢; includes exciton interactions with acoustic
phonons, ¢y includes exciton interactions with longitudinal-optical phonons, and €2 is the
average phonon energy. In the linearized equation 75 = 7 — % and R = 3§ where it is
assumed ¢; << co. A fit to the extracted neutral exciton linewidth provides for an intrinsic
linewidth of 7y = 5.77 meV and a dimensionless coupling constant R = 0.69. These values
are also comparable to previous reports in the literature [114].

It is worth noting the bare nanobeam cavity resonance wavelength does not significantly
shift with temperature, which is primarily due to the low thermo-optic coefficient of SiN
(Fig. [3.4a). The temperature-independent cavity resonance shift of ~ 5 meV (comparing
Fig. and Fig. [3.2b) is consistent with the cavity perturbation theory [118||119], where

the monolayer material is modelled as a d = 0.7 nm thick homogeneous dielectric with

an ng = ,/ep index of refraction where eg = 26 is the background dielectric constant for
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Figure 3.3: Temperature dependence of the neutral exciton resonance in MoSe,. a)
Temperature dependence of the neutral exciton resonance.The black dots are the neutral
exciton energy observed in the photoluminescence spectrum fit to a Voigt function. The blue
line is a fit to Eq. . b) Temperature dependence of the neutral exciton linewidth. The
black dots are the neutral exciton linewidth observed in the photoluminescence spectrum fit

to a Voigt function. The blue line is a fit to Eq. [3.28|
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monolayer MoSe; [107]. In the TMD-coupled nanobeam resonator a shift in the cavity
resonance is clearly observed as the exciton-cavity detuning decreases (Fig. [3.4b). We
attribute this shift to the dispersive coupling of the 2D excitons in the monolayer MoSe; to
the 0D nanobeam cavity mode, which is hereby established via a simple coupled oscillator
model. We note that the cavity transmission is significantly suppressed as the exciton is
brought into resonance with the cavity (Fig. [3.9a). Additionally, the exciton linewidth
increases at higher temperatures precluding the observation of avoided crossing, a hallmark
of strong coupling, in the reported system. This is a critical limitation of the temperature
tuning. Other tuning mechanisms, such as gas tuning [120], have been considered but the
effect of deposited xenon and nitrogen gas on 2D materials leads to inconclusive results.

It is worth noting the bare nanobeam cavity resonance wavelength does not significantly
shift with temperature, which is primarily due to the low thermo-optic coefficient of SiN (Fig.
3.4h). However, in the TMD-coupled nanobeam resonator a shift in the cavity resonance was
clearly observed as the exciton-cavity detuning decreases (Fig. [3.4b). We attribute this shift
to the dispersive coupling of the 2D excitons in the monolayer MoSe; to the zero-dimensional
(0D) nanobeam cavity mode, which is hereby established via a simple coupled oscillator

model.

3.2.8  Coupled oscillator model

A homogeneous distribution of TMD excitons and a single 0D cavity mode can be phenomeno-
logically modeled with a Hamiltonian describing two coupled oscillators, wherein the exciton
and cavity degrees of freedom coherently interact via an exciton-cavity coupling rate, g. The
bare oscillator resonance frequencies are measured with respect to a rotating frame at the

resonant driving frequency, wy. The Hamiltonian is
Hxe = hAcpata+ hAx b’ + hg(bta + bat) (3.29)

where Ay, = wx — wy, and Agr, = we — wy, are the detunings of the exciton and cavity

~

modes from the laser frequency, respectively; b (a) is the annihilation operator for the exciton
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Figure 3.4: Temperature dependence of the monolayer MoSe, integrated onto
a photonic crystal defect resonator. a) Representative transmission spectra of the
nanobeam cavity without an integrated flake of monolayer MoSe,; at 100 K to 200 K in
20 K increments. b) Representative transmission spectra of the nanobeam cavity with an
integrated flake of monolayer MoSe, at 80 K to 200 K in 20 K increments. b) Dispersive shift

of the cavity resonance in transmission.
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(cavity) mode. In the weak excitation regime, exciton saturation and any exciton-exciton
interaction can be neglected. Hence, both exciton and cavity operators can be treated as
bosonic modes. Including losses, the model can be completed by defining the Liouvillian
operator for the density matrix, £(p) = +[H, p| + hrLs(p) + hyL;(p), which accounts for the
finite cavity and exciton linewidths. The Lindblad operators are L¢(p) = EpET — 2£1¢p— % pETE,
in which & = b, a.

By diagonalizing the Liouvillian within the single excitation subspace, the following

eigenenergies can be obtained [48, |110} 121}, 122]

A K+ 1 :
Wy = we + ;C—zﬁzyi\/g2+Z[AXC+z(/£—'y)]2, (3.30)

in which Axc = wx — we is the exciton-cavity detuning. The experimental data is fit with
Eq. for an exciton-cavity coupling energy hg = 6.47 £+ 0.39 meV (Fig. [3.4p). Near
zero exciton-cavity detuning transmission spectra were not included due to the reduced
transmission efficiency inherent to the in-line cavity design [96]. It should be noted the
exciton PL peak energy is used as a proxy for the absorption resonance, since MoSes is known
to have a small Stokes shift [29] which in this case is approximately 1 meV. The extracted
light-matter interaction is similar to related nanophotonic structures, although it is expected
to be larger with an optimal coverage of the cavity mode [95, 97].

Figure [3.5] is an alternative plot demonstrating the subtle dispersive shift of the cavity
as the exciton-cavity detuning is decreased. The blue diagonal line tracks the peak of the
neutral exciton photoluminescence in monolayer MoSe,. The orange vertical line tracks what
would be the temperature-independent cavity resonant frequency due to the low thermo-optic
coefficient of silicon nitride. The curved purple line tracks the peak of the cavity transmission
spectrum showing the avoided crossing of the cavity resonant frequency and the excitonic
transition. The photoluminescence is the total emission of the monolayer flake. Should it be
possible to observe the photoluminescent emission solely at the center of the cavity mode we
would expect to see level repulsion of the exciton resonant frequency as well.

The light-matter coupling energy was theoretically estimated to be hg = 4.2 meV from Eq
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Figure 3.5: Overlayed plots of the cavity transmission (left peak) and MoSe, photolumines-
cence (right peak). The center frequency of the neutral exciton exhibited in the photolumi-
nescence is plotted in Fig. [3.3h. The center frequency of the cavity resonance is plotted in

Fig. 3.4k with respect to the exciton detuning from the bare cavity resonant frequency.
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(3.25). Qualitative agreement with the value extracted from the dispersive shift is attained
when assuming a 2D flake coverage of the nanocavity compatible with the one inferred from
the sample SEM (Fig. 3.1[d). A maximal simulated exciton-cavity coupling energy hg = 5.1
meV is obtained for this cavity design when the 2D flake extension matches the spatial
envelope of the cavity mode electric field. Note that the experimentally measured value of hg
is slightly larger than the theoretical prediction. This is attributed to reduced confinement
of the electromagnetic field in the cavity due to fabrication imperfections (such as sidewall

roughness), and thus a stronger field on the cavity surface than the theoretical design.

3.3 Input-output relations

Now explicitly consider the experimental scheme allowing to probe the polariton excitations
in the material system. Often, such light-matter coupled systems are measured via incoherent
photoluminescence; however, coherent driving in a transmission configuration is necessary
in view of practical development of quantum technology applications [123|. For the on-chip
microresonator, the exciton-polariton modes can generally be probed using a two-sided cavity
[68] (Fig. [3.6h). An input grating is used to send light to the coupled system and the
transmitted light is collected via an output grating.

The input-output relation for the exciton-resonator system in the linear regime is similar
to that found for the side-coupled resonator with two degenerate modes owing to the bosonic
nature of the excitonic transition. The Hamiltonian (compare to Eq. (3.29)) describing
the in-line, single-mode electromagnetic resonator and the localized excitonic mode as two

coupled oscillators is

Hxe = hAcpata+ hAx b’ + hg(bta + bat) (3.31)
with a light-matter interaction strength g. Agp = (we —wp) —ik and Axy = (wx —wp) —ivx
are the detunings and intrinsic radiative loss of the resonator mode (w¢, k) and excitonic

transition (wy,yx) from the laser frequency (wy ), respectively. a (b) is the bosonic annihilation

operator for the resonator (excitonic) mode.



46

3.8.1 In-line resonator

For an in-line resonator, the quantum Langevin equations describing the internal resonator

and excitonic modes with a single external driving field are

da i . . .

= = 710, Hxo] = %a — %a + V/V1in (3.32)
db i

— =710, Hxcl. (3.33)

Eq. (3.32)) is identital to that of Eq. (2.7) except the modified Hamiltonian. The transmitted

field @,y is coupled to the resonator via s, as described by the equation

Gout = /7200 (3.34)

Inserting Eq. (3.31)) into Eqgs. (3.32)) and (3.33)), and then computing the commutator gives

da a3 . . .

i —iwea — igb — %a — %a + VvV MNGin (3.35)
db .

i —iwxb — iga. (3.36)

Following identical steps which concluded with Eq. (2.15]), the transmission efficiency is

~ 2 2
1 53
Qip, —Z(W - UJC’) + 5(71 + ,72) + —i(wg—LDx)

Collecting real and imaginary components of the expression, this can be rewritten as

T(w) = V172 (3.38)

—i (W—wc)—M] + [é(%+%)+/—c+—(w i ]

w—wx)?+7% —wx)? 7%

The transmitted spectrum is then
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Y172
w1 1 __xg*
w — We ( -+ K+2(’Y1+’YQ)+(

w—wx)?+7% w—wx)?+7%

T(w) =

. (3.39)

For an in-line resonator symmetrically coupled to the waveguide (7 = 71 = 72), the transmitted

spectrum of the exciton-resonator system is

_ 7’
T(w) = — — (3.40)
[w_wc_ ((w_WX)g :| _|_ |:H+fy+ ( Yx9g

w—wx)?+7% w—wx)?+7%

The minima for Eq. (3.40) in the strong coupling regime at zero exciton-cavity detuning

(setting w = we = wx) gives a transmission of

r= (le)Q (1 +1c>2 (3:41)

where the cooperativity is defined as C' = L which effectively quantifies the visibility of

92
¥x (K4
the polariton modes. In the absence of an optical transition this reduces to the T,,,, discussed
in section [2.1.2]

At zero exciton-cavity detuning (we = wy) by setting the derivative of Eq. (3.40) equal
to zero (% = 0) there exists a maxima at wy = we + /C’g? — 7% associated with normal
mode splitting in the strong coupling regime. Substituting w. into Eq. (3.40), the peaks

have a transmission efficiency of

72 O/

T(wi): 2 (1 2 2 2 ’ '
9> (C"=1)" + [(k +7)? = 7%] C" + 2vx [(k +7) + 7x]

(3.42)

where a new constant is defined C’' = \/1 + Z[1+vx/(k + 7))

The intrinsic cavity loss and cavity-waveguide coupling can be inferred from the FDTD
simulations. The designed in-line nanobeam cavity has a loaded quality factor of Qoadeq =
11924 and an intrinsic quality factor of Qjntrinsic = 25480. The intrinsic quality factor of
the cavity is found by increasing the number of Bragg mirror holes until the waveguide is

no longer coupled to the cavity and the simulated quality factor approaches an asymptotic
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Figure 3.6: Schematic of the input-output characteristics of a two-sided cavity. a)
Top-view pictorial representation of a photonic crystal defect cavity embedded in-line to a
waveguide, coupled to a quantum well supporting a two-dimensional excitonic transition.
Blue is the confining dielectric and orange is the quantum well. 7, o are the waveguide-coupled
losses. Ly is the length of the integrated quantum well. Ly is the width of the integrated
quantum well. b) Side-view of the waveguide. xk and yx are the intrinsic losses of the cavity
and exciton, respectively. Ly is the effective height of the integrated quantum well. b)
Electric field intensity simulated at the center of a silicon nitride nanobeam cavity by a
finite-difference time-domain electromagnetic solver at the cavity mode resonant frequency,
showing wavelength scale field confinement. The maximum field intensity is seen in the center

of the nanobeam.
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Figure 3.7: Optimal condition for the light-matter interaction strength. Light-
matter interaction strength for different lengths Ly of the integrated quantum well with Ly
fixed to the width of the waveguide. The oscillations seen in the light-matter interaction
originate from the periodic variation of the electric field commensurate with the lattice spacing
of the nanobeam air holes. ¢g/27 = 1.2389 THz is the maximum value for this cavity design
and oscillator strength. The dotted line is a fit to the heuristic equation in the text elucidating

the peak in the light-matter interaction for a cavity confinement length of o = 1.77 pm.
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value. Note that for this particular cavity, the design is chosen for an on-substrate, silicon
nitride, in-line, nanobeam cavity due to its mechanical stability [34], hence the reduced
quality factor compared to a suspended nanobeam cavity. The decay rate of the cavity

field is k = 1 -%¢ = 27 x 7.77 GHz. Similarly, the decay rate of the loaded cavity

2 Qintrinsic

field is kK + v = %ﬁ = 27 x 16.6 GHz, which gives a waveguide-coupled field decay

rate v = 27 x 8.83 GHz. This results in an estimated maximum transmission efficiency of
Toaz = (#)2 = 0.28 [70]. From the measured temperature dependence of the excitonic
transition vx(4.2K) = 27 x 566 GHz is used as a representative value for the excitonic
linewidth in the strong coupling regime.

The transmission spectrum of the coupled exciton-cavity system is calculated using these
estimated values of the system parameters (Fig. [3.8a). At large exciton-cavity detuning the
transmission efficiency approaches the bare cavity value T},,,. At smaller detunings, the
dispersive cavity shift is noticeable with broadening of the transmission peak. Near zero
detuning, however, the intensity of the transmission peak in the strong coupling regime is
several orders of magnitude smaller than the bare cavity transmission (Fig. [3.8p). Substituting
the parameters, for example, from Fig. [3.8)into Eq. [3.42] the maximum transmission efficiency
with the integrated 2D exciton relative to the bare cavity transmission maximum is only
0.098%. Thus a major drawback of an in-line symmetric two-sided cavity is the drastic
suppression of transmission near zero exciton-cavity detuning. Note that, suppression of the

cavity transmission was observed in experiment as the exciton is brought into resonance with

the cavity (Fig. [3.9).

3.3.2  Side-coupled resonator

The drastic reduction in the transmission efficiency of an in-line cavity primarily comes
from the large excitonic loss rate vx. To ensure an appreciable transmission efficiency, the
waveguide-cavity coupling rate () can be increased. But this will reduce the quality factor
of the cavity and reaching the strong coupling regime may not be possible. The difficulty

of demonstrating high transmission efficiency of the cavity mode near zero exciton-cavity
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Figure 3.8: Transmission efficiency of a two-sided cavity with an integrated exci-
tonic transition. a) Transmission spectrum relative to Tyue (Tretative = T(W)/Tmas) at
different exciton-cavity detunings Axc. Acr, = we — wy, is the laser detuning from the bare
cavity resonance. For clarity, the transmission spectrum are offset by 0.5 from the lower to
upper plots. b) Transmission spectrum relative to T,,, at zero exciton-cavity detuning. The
solid line in part (b) is the magnified solid line of part (a). Note the different x-axis range.

Parameters: x/2m = 7.77 GHz, v/2m = 8.83 GHz, vx /27 = 566 GHz, g/2m = 1.2389 THz.
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Figure 3.9: Cavity transmission suppression at small exciton-cavity detunings. On
a second device: a) Transmission spectra at different exciton-cavity detunings. Note a
factor of five reduction in transmission intensity even at large detunings which precludes
on-resonance transmission measurements, hence the dispersive regime. b) Dispersive shift of
the cavity resonance in transmission for a radiation-matter coupling of hg = 8.17 4+ 0.36 meV

commensurate with that found in the main device with a different areal coverage.
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detuning stems from the mismatch between the loss of the hybridized polariton mode and
waveguide-coupled loss [124, [125]. This effect is similar to the condition of reaching critical
coupling in a waveguide-coupled microring resonator [65]. One way to circumvent this loss in
transmission will be to employ a side-coupled waveguide-cavity system [126]. By engineering
the side-coupled, waveguide-cavity coupling rate (vsc) the radiative loss of the polariton
can be kept relatively low while still maintaining sufficient waveguide-coupling to observe
polariton modes in transmission.

In a side-coupled nanobeam cavity, by modifying the width and the gap of the coupled
waveguide to the nanobeam cavity the waveguide-coupled loss can be engineered. Such
side-coupled geometry partially decouples the intrinsic cavity quality factor and field profile
from the transmission properties of the cavity. We analyze the performance of such a
side-coupled cavity and found that significant transmission contrast can be achieved in the
strong coupling regime (Fig. [3.10a). Reaching critical coupling in the side-coupled cavity
design requires the waveguide-cavity coupling rate to be the same as the polariton loss,
which is necessarily no longer in the strong coupling regime. However, in the under-coupled
regime, by carefully choosing the waveguide-cavity coupling rate we can achieve a measurable
transmission contrast, as we verified numerically (Fig. [3.4p). The side-coupled, waveguide-
cavity coupling rate (ysc) essentially provides an additional degree of freedom for cavity
design that is absent in in-line cavities.

For a single-mode, side-coupled resonator the quantum Langevin equations describing the

internal resonator and excitonic modes with a single external driving field are

da i o~ . .

7 __[ 7HXC'] — U/7Ysclin (343)
dt h

db i o

= = 710 Hxcl. (3.44)

The transmitted field a,,; is coupled to the resonator via ygc, as described by the equation

dout = din - Z‘\/ Ysca (345)
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Figure 3.10: Schematic of the input-output characteristics and transmission effi-
ciency of a side-coupled cavity with an integrated excitonic transition. a) Top-view
pictorial representation of a photonic crystal defect cavity side-coupled to a waveguide, coupled
to a quantum well supporting a two-dimensional excitonic transition. Blue is the confining di-
electric and orange is the quantum well. vg¢ is the waveguide-coupled loss for the side-coupled
cavity. b) Side-coupled transmission spectrum for increasing values of the waveguide-coupled

loss. Parameters: /2w = 7.77 GHz, vx /27 = 566 GHz, g/27 = 1.2389 THz.
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Following identical steps which concluded with Eq. (3.40]), the transmission efficiency is
2 . .
ivsc(w — Wx)

(w —we)(w —wx) — g°

Collecting real and imaginary components of the expression, this can be rewritten as

Qout

T(w) =

= ‘1 — (3.46)

Ain

9% + 7x (K — ¥s¢) — (w — we)(w — wx)] — i [rx(w — we) + (k — vs0) (W — wx)] |
(9% + yxk — (W — wo) (W — wx)] — i [yx (W — weo) + K(w — wx)]

T(w) =
(3.47)
For a single-mode, side-coupled resonator the transmitted spectrum of the exciton-resonator

system is then

9 + 7 (5 = y5¢) = (W — we)(w = wy)l” + [ (w = we) + (5~ y50)(w — wx)l*

T(w) = 5 5
(9% + xk — (W — wo)(w — wx)]” + [vx(w — we) + Klw — wx)]

(3.48)

Significant transmission contrast can still be achieved in the side-coupling geometry while
remaining in the strong coupling regime (Fig. [3.10b). Reaching critical coupling in the
side-coupled cavity design requires the waveguide-cavity coupling rate to be the same as
the polariton loss, which is necessarily no longer in the strong coupling regime. However,
in the under-coupled regime, by carefully choosing the waveguide-cavity coupling rate a
measurable transmission contrast can be achieved, as verified numerically. The side-coupled,
waveguide-cavity coupling rate (ysc) essentially provides an additional degree of freedom for

cavity design that is absent in in-line cavities.

3.4 Discussion

A theoretical and experimental estimate of the light-matter interaction strength was de-
termined for a monolayer TMD excitonic transition integrated onto a PCDR (hg = 6.5

meV). An optimal condition for the of monolayer length was found for observation of avoided
g )
¥x (K+7)

maximizing the light-matter interaction, the small transmission efficiency remains a challenge

crossing in this material system. Despite the improved cooperativity (C' = found by
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to experimentally probe the strong coupling regime [97]. This low transmission efficiency may
be avoided by decoupling the waveguide-coupled loss from the intrinsic cavity loss, using a
side-coupled nanobeam or ring resonator |70, 126]. This allows for an extra degree of freedom
to increase the waveguide-coupled loss at a similar rate to that of the cavity broadening from
the perturbing monolayer MoSe,. The limiting factor in this material system is the linewidth
of the neutral exciton in monolayer MoSe;. hBN encapsulation is a means to narrow the
linewidth by modifying the dielectric environment and reducing sample inhomogeneity [127].
However, experiment may be better served by pursuing two-dimensional excitonic transitions
with intrinsically narrow linewidths [128].

Additionally, the difficulty remains in the necessary tuning range of the microresonator
and /or exciton resonance to best observe an avoided crossing due to the large linewidth
of the excitonic transition. Temperature tuning was used as it is the only mechanism to
provide sufficient range of the exciton-cavity detuning to make observation of a coherent
interaction in a dispersionless cavity. The disadvantage to temperature tuning is the increased
linewidth of the exciton transition at elevated temperatures preventing the observation of
strong coupling. As such, a tunable nanocavity at low temperature is necessary to observe
strong coupling with a broad optical transition. The quantum confined Stark effect is a
possible in situ mechanism for tuning of the excitonic transition, however the in-plane nature
of the intralayer exciton dipole moment with an out-of-plane electric field does not have
sufficient tuning range to be practically useful [129]. A hetero-bilayer structure supporting
interlayer excitons has a distinct advantage as the excitations then support a dipole moment
aligned to an out-of-plane electric field [130]. An alternative form of digital tuning would be
to transfer a large-area of monolayer TMDs grown via chemical vapor deposition |131} [132]
onto an array of nanobeam cavities with different resonant wavelengths. This would allow for

the simultaneous observation of multiple exciton-cavity detunings on many devices.
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Chapter 4

EXCITON-PHONON INTERACTION

A necessary step for elucidating the potential applications of microresonator quantum
electrodynamics (cQED) is an understanding of the relevant underlying physics of the light-
matter interaction. The prevailing description of the interaction between quasinormal modes
of dielectric microresonators and the excitonic transition in transition metal dichalcogenides
(TMDs) largely neglects the role of the solid-state environment. However, exciton-phonon
interactions are known to have a significant effect on the neutral exciton photoluminescence
(PL) 102, 133H138]. In other solid-state cQED systems, such as self-assembled quantum dots
coupled to nanocavities, the exciton-phonon interaction is known to cause an asymmetric
photoluminescent lineshape in the form of phonon sidebands as well as modify the cavity-
coupled photoluminescence [123, |139] [140|. For TMDs coupled to whispering gallery mode
resonators the excitonic photoluminescent emission into the cavity modes appear preferentially
coupled to the red-detuned side of the excitonic resonant frequency |6}, 112, 141} |142]. This
asymmetric coupling, which is not predicted by the simple coupled oscillator model for the

light-matter interaction, points to important missing elements in the model.

Interactions of acoustic phonons with the excitonic transition is shown to play a role in
the cavity-coupled photoluminescence of monolayer TMDs and dielectric microresonators.
The coupled oscillator model for the coupling of the TMD neutral excitonic transition to
a quasinormal mode (QNM) |20, 143, 144] is modified to include a deformation potential
interaction used to model the exciton-phonon interaction [145, |146], similar to the studies
in self-assembled quantum dots coupled to photonic crystal defect resonators (PCDRs). An
effective master equation is employed to describe phonon-mediated decay processes and

incoherent exciton-cavity coupling [147]. Experimentally, monolayer WSe, is transferred onto
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a silicon nitride ring resonator which allows for the simultaneous measurement of multiple
QNMs at different exciton-cavity detunings. The model exhibits preferential coupling of the
exciton emission to red-detuned cavity modes, faithfully reproducing the experimental data.
The theoretical model is further validated with a prediction and experimental confirmation
that the asymmetry decreases with increasing temperature.

The Hamiltonian description of our system begins with the coupled oscillator model H x¢
(Eq. ) wherein the exciton Ay, = wxy — wy, and cavity A¢r, = we — wy, resonances,
measured with respect to a rotating frame at the resonant drive frequency wy, interact via an
exciton-cavity coupling ¢ |20, 143|. The deformation potential exciton-phonon Hamiltonian
(Hxp = Hp + Wxp) [145] |146] is a simplified model to account for effects of the solid state
environment similar to that seen in the spin-boson model 148, 149| or for optomechanical

systems |150]. In the deformation potential exciton-phonon interaction

Wxp =h > MNHFbLb(Cqpr + ¢4 p) (4.1)

q.k.k'

the exciton number operator is coupled to a bath of harmonic oscillators Hp =}, haw,clé,
with frequency w, and coupling A¥**". For small momentum transfer (k' ~ k) we can substitute

the exciton reaction coordinate. The exciton-phonon interaction then reduces to

Wxp =hb'bY " A(é, +¢h) (4.2)
q
The total Hamiltonian is H = Hxc + Hp + Hxp and

Hxe = hAcrata + hAxbTo + hg(bta + ba') (4.3)
Hxp =Y hw,the,+ b~ N (é, + éh). (4.5)
q q

a (Z;) is the annihilation operator for the cavity (excitonic) mode. In the weak excitation

regime, exciton saturation and any exciton-exciton interaction is neglected. Hence, both the
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exciton and cavity operators can be treated as bosonic. nx is the amplitude of a coherent

drive for the excitonic transition.
4.1 Polaron transformation

In order to distinguish the observed neutral exciton from the effects associated with phonon
bath induced fluctuations, the polaron transformation P = b1b > . U’\J—Z(ég—éq) is used with H —
e He=F [149,[151]. Using the identity e¥Ye ™ = Y+[X, Y]+ £[X, [X, Y][+4[X, [X, [X, Y]]+

- and that @, b, and ¢ are all bosonic operators (e.g. [a,af] = 1) leads to

AXLbTb — AXLbTb

Acrata = Acrala
2

A
b1b Y Agleq + ) = 610D Agleg +¢f) = 2(60)° Y w_z
q q q
- bTbZ Ag(cq + C;) - 2(bTb>2AP
q

2

A
Z Wocheq = Z wyCheq — blb Z Aq(cq +ch) + (b'b)? Z w_q
q q q g

q

= wyche, =10 Ag(eq + ) + (070)°Ap
q q
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g(b'a +a'd) + nx(b+b") — g(b'a + a'b) + nx (b + b')
1 25— eq)lgbla— a't) + nx(b — b1
+ 1) 22 (el = c)Plg(bla+ alb) + nx (b + b1)]
+1> el = e)Plg(bla— a'b) + nx(b— 1] + - --
= exp[) 2—2(02 — ¢g)](gba + nxb) + exp[— Y ﬁ(CZ — ¢))(ga’b + nxb')

w
q q 9

= g(C bla+ C_a'd) +nx(CLbT + C_b)
—— N—— ~—— =~

1 2 3 4
1

= —[gC.a'b+ gC. bla+nyC.b+nxC. b
29 t g q; 77Xjﬂ+ 77X3+

+ gC_a’b+ gC_bla+nxC_b+nxC_bl

+ gCybla— gCra’b+nxCob' —nxCLb
—— = Y= =

1 I 3 II7
— gC_bla+ gC_a’b—nxC_b +nxC_b
g a+gC_a'b—nx nx
II 2 1A% 4
1
= 5(C+ +C)[g(a'd + b'a) + nx (b + b))
1
+5(Cy = C)lgbTa — alb) + nx (b — b))
1 1
- 5(04_ + C_)Xg + Z(C_;_ - C_)Xu
1

(€ + O = 2CYX, +(C)X, + +(Cy — CLX,

) %

= Cng + CuXu + <C>X9
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The polaron shift is defined Ap =3, ;\J_E = J;7 dwJ(w)/w and the exciton-cavity coupling

terms

X, = hg(a'v+b'a) + hnx (b + b')

X, = ihg(bla — a'b) + ihnx (b" — b)

J(w) is the phonon spectral function. The bath displacement operators C1. = exp |+, i\TZ(Cq - cg)]

are included in the exciton-cavity prefactors

G = 3(Ch +C—2(C))

1
Cu = 2_Z(C+ - O—)

where (C) = (Cy) = (C_). The resulting system, bath, and interaction Hamiltonian give

HYy = hAcra'a +hAxb'b — hApR(B'D)? + (C) X, (4.6)

= hAcrala + h(Axp — Ap)b'b — RApRDIDBY + (C) X, (4.7)

Hy = Z hwyclcg (4.8)
q

Hj = Xy + Xulu (4.9)

Eq. (4.7) is the effective Hamiltonian describing the transformed system [148| (150, 152, [153].
The exciton resonance A/, = A, — Ap is renormalized by a polaron shift Ap = > . 2—3,
which is analogous to a Lamb shift [154]. When the harmonic oscillator bath is written in

terms of the phonon displacement operator C. = exp [i > . 2—‘;(@] — cfl)} the exciton-cavity
coupling is modified from the bare value by the average phonon displacement (C)

(C) = exp [—% 3 (%)2 (27, + 1)

q

where 71, = [¢#"s — 1]7! is the mean phonon number with bath temperature T' = 1/kp/3
[155]. As the temperature increases, the average phonon number in each mode increases,

which decreases the light-matter interaction strength.
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4.2 Effective master equation

The Markovian time-convolutionless (TCL) master equation can be used to approximate the
temporal dynamics of the system and derive an effective master equation that models the

incoherent exciton-cavity feeding [149, |153} |[155-158)].

dp(t 1 1 &0 N i N
?)(t) = E[Hg,p(t)] + L(p) — ?/ dr Z (G (T)[ X, e H5T/M X 5T/ p(4)] 4+ H o}
0 m=g,u

(4.10)

G (t) are the polaron Green functions (m = g, u)

Gy(t) = (C)cosh[(1)] — 1
G, (t) = (C)? sinh[o ()]

and ¢(7) = [~ dw JL‘;’) [coth (21?2%) cos(wT) — isin(wt)| is the phonon correlation function.

The average phonon displacement can be calculated as (C') = exp(—¢(0)/2) |158].
To approximate the integral in the master equation the cavity-exciton detuning (Acx)
is assumed to be large compared to g and weak excitation such that (b') << 1. In the

interaction picture this reduces to
¢TI T/ o i/ g i/ (4.11)
with H) = hAcrata + h(Axp — Ap)b'd where Ay, — Ap — Axy is renormalized. The
component transformations become
o~ iHyT/hp piHyT/h _ pt —ibxpT
o~ iHoT/hpt iHyT /B _ pt GiSxLT
o~ HGT /B g p i HyT /B — ot iDoLTpo—iAxLT
= alpe~"RexT
o~ HHOT/hpt ot HOT/R — Pt oiAXLT g p—iBorT

bTaeiAch



Without the coherent driving term, substitution gives

G, (T)[X,, e M5/ X eHsT/h ()] + H.c.

~ 12, (1) (a'b + bla)(a b 4 blae=2exT) p(1)

— 12gGy(7)(a’be™ X + blae"2XT)p(t) (a'b + bla)
(T)p(t)(a’be " 2XT 4 blae2exT) (alh + bla)

— 12625 (alb + bla) p(t) (albe 7A0xT 4 placibexT)

= BP(G,y(T)e 20" Blaalbp(t) +G,(r)e' X" albblap(t)
1 5

— W2 g?[G,(T)e " 2XT albp(t)bla +G (7)™ XT blap(t)a'b]

3 7

n hzgz[G;(T)e—iAcxr p(t)aTbbTa—kG;(T)eiAch p(t)bTaaTb]
p4 2

— h2g? [G;(T)e_iACXT blap(t)a'h +GZ(T)61ACXT a'bp(r)b'a]
4 4

= g {R[G, () e 2xTbTaabp(t) + iS[Gy(T)e 2 T]blaalbp(t) }

1

+ I RIG, (1) p(t)b aalb — iS(G, ()e "4 p(t)blaalt}

2

— hQQQ{GQ(T)e_iACXTapr(t)bTa + G;(T)eiACXTapr(t)bTa}
3 e

3

+ B2 {R[G,(T)e X aTbbap(t) + iS[G,(T)e 2 x|abbap(t)}

5

g (RIG, (1) plt)albbla — iS(G (7)o" p(t)albb'a)

6

— BPP{Gy ()2 blap(t)alh + Gy (r)e > Blap(t)alb)

7 8
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Gy (7)[K gy e M7/ T p(1)] 4 Hc.

~ B2 g*R[G ,(T)e " 2oxT) (bl aalbp(t) + p(t)b'aa’b — 2abp(t)b'a)

Rl Ri2 s+
+ W2 g*R[G, (1) 2ex] (atbbTap(t) —i—\p(t)aTbchE — ?bTap(t)aTb)
R[5] R[6] 7+8
+ ih2g* (G, (1) HAexT] (?Tacﬁbp(tl - g(t)bTaaTb)
il 32
+ iR g*S[Gy (1) AexT] (ELTbbTap(tl - g(t)aTbchi)
S(3] 6]

Eight terms are lost in the first equality by cancellation with terms from the integrand
containing X, due to the imaginary ¢ giving an overall minus sign to the manipulations. By
inspection of the last equality all af are replaced by —a' for the integrand with X, (7) but
the overall minus sign negates this. Then m = g, u can be summed over.

g /000 dr Z {R[G (7)) 2exT](bTaa’bp(t) + p(t)blaa’d — 2atbp(t)bla)

m=g,u
+ R[G o (T)e2xT](aTbbTap(t) + p(t)a’bbla — 2bTap(t)a'd)
4+ iS[G o (T)e™ X (bTaatbp(t) — p(t)baa'b)

+ iS[Gn (7)™ X7 (albbT ap(t) — p(t)aTbbTa)}

Recall 37— Gu(T) = (C)2(e?™ —1) and the dissipator is defined £[¢] = {’pr—%fop—%png
with Lindbladian operators £&. The resulting term becomes
FbTa a’db
i[A;;“bTaaTb + A;ZbaTbbTa, p(t)] + ;h L(b'a) + %hﬁ(cﬂb) (4.12)
The frequency shifts are given as
Az;a/“fb = (0)?¢*Im {/ drefifexT (o) 1)} (4.13)
0

The scattering rates are given as

FZTha/aTb _ 2((])292Re |:/ dTe:tiAch(e¢(T) — 1):| (414)
0
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Ignoring cross-terms in the integrand commutator between the coherent exciton-cavity
interaction g and coherent exciton drive 7nx, a rederivation can be avoided by observing all a

and a' can be removed, replacing ¢ — nx, and replacing Acx — Axz. The resulting term

becomes
; Lph o

i[AL DT+ AL bT, p(1)] + %ﬁ(b*) + %E(b) (4.15)
The frequency shifts are given

Afjh/b = (O)*n%Im {/ dTeiiAXLT(e¢(T) — 1)} (4.16)

0

The scattering rates are given

le/b = 2(C)*n3Re {/0 dTeﬂAXLT(ed’(T) - 1)] (4.17)

For the purposes of simulation and fitting to the data the AC Stark shifts Ag;ba/ @™ and ASL/ b

are ignored which do not contribute modifications to the spectrum in the linear regime.

4.3 Excitonic photoluminescence

Before considering the cavity-coupled photoluminescence, the quantum optical model is first
applied to the excitonic photoluminescence without cavity integration. Photoluminescence
(PL) is measured to confirm the presence of the monolayer after material transfer because 2D
materials exhibit poor optical contrast on the SiN substrate (Fig. [£.1d). The strong excitonic
peak of the WSe; monolayer integrated onto the SiN ring resonator establishes the presence
of the vdW material on the waveguide [77]. The primary peak is attributed to neutral exciton
emission. The secondary sidebands are likely due to defects or trion emission |28, |87]. PL is
measured by exciting the monolayer with a HeNe laser (40 ptW at 633 nm). By fitting the
measured PL at 80 K, the material dependent parameters for the phonon spectral function
can be calculated, independent of the cavity coupling. An exciton linewidth v = 48.4 meV
is measured with an exciton-phonon coupling a, = 0.018 ps® and cutoff frequency wy, = 6.7
meV. These extracted parameters are consistent with values estimated from bulk material

measurements discussed in the following numerical details. The polaron shift of the exciton
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Figure 4.1: Photoluminescence and transmission spectra. a) SEM of four 5 pm (radius)
uncoupled SiN ring resonators. Inset: SEM of the coupled ring/waveguide and grating couplers.
The grating couplers are used to input light and collect transmitted light. b) Transmission
spectrum of the SiN ring resonator before integration of monolayer WSe,. ¢) Transmission
spectrum of the SiN ring resonator after integration of monolayer WSe,. d) PL of monolayer

WSe,. e) Cavity-coupled PL of monolayer WSes.

energy is then calculated to be hAp = h [ dwJ(w)/w = hy/Topw; = 24 meV, which is

incorporated into the modified exciton resonance A/, = A, — Ap.

4.3.1  Numerical details

It is important to note the photonic devices are fabricated on a 220 nm thick SiN membrane
grown via LPCVD on 4 pm of thermal oxide on silicon. The underlying silicon is opaque to the
wavelengths of the excitonic transition in monolayer transition metal dichalcogenides, hence
absorption spectroscopy is not possible. Alternatively, a differential reflectance measurement

may be considered. However, the structured surface of the photonic devices does not provide
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a good (i.e. flat) substrate for high-quality measurements. This limits the experiment to using
the photoluminescence as a proxy for the neutral exciton lineshape. Independent differential
reflectivity measurements on monolayer TMDs find agreement with the photoluminescence
peaks, within a classical understanding of disordered two-dimensional semiconductors [159].

The steady-state exciton population [160] without cavity-coupling can be found for

comparison to PL measurements

o1 Lo, —Tg, —~
NX - 5 1+ ot pa— - 4n2(B)2T' o1 (418)
th + th + v+ T2, +8%,

with 'y = %(F;‘); +I'7, + 7). For numerical fitting of the data to this model nx = 0.017.
The coefficient choice does not significantly affect the lineshape of N,. Fixed parameters in
this model are temperature (T') and the exciton decay rate () extracted from the linewidth
of the exciton resonance. Ny reduces to a Lorentzian with full width at half maximum
(FWHM) equal to 7. Free parameters of the model are the exciton-phonon coupling strength
(a,) and cutoff frequency (wp).

Photoluminescence involves above-band excitation which phenomenologically amounts
to an incoherent drive of the neutral exciton. Our presented simplified model requires a
coherent drive for phonon-mediated processes as seen by the ny in the I’ZIL/ “ scattering rates.
By representing the incoherent excitation as a coherent field with a random phase [161}, [162]
the Markovian approximation made for the TCL master equation allows for the consideration
of a steady state population of neutral excitons by effectively integrating out the transient
dynamics.

The secondary sidebands observed in the photoluminescence spectra are assumed to be
defects or trions |28, 87| and are fit using a Gaussian and Lorentzian function, respectively. The
emission is inferred to be from defects because a fraction of the red-detuned photoluminescence
is quenched at elevated temperatures [163]|. As single defect emission is known to have a
relatively narrow linewidth the inhomogeneous broadening is assumed to dominatesin the

observed linewidth of the defect emission [136, 164]. Similarly, for the trion emission a
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Lorentzian lineshape is chosen as is often done in the literature [136, 165, 166]. The remaining
photoluminescence is fit to the steady-state exciton population of equation which amounts
to asymmetric emission on the blue-detuned side of the neutral exciton [102, [137]. The total

PL spectrum is fit using SciPy’s curve _fit function for the Gaussian and Lorentzian terms,

and a brute force grid search for o, and w;, (Fig[4.2)).

—4In2(Ax;—Ap)?

ADG FQD 2AT PT —
Sor (A = 9 + + + fNx(A 4.19
PL(AxL) = Yo FD\/E 7 A(Dxr — Ar)? + F% fNx(Axr) ( )

The defect (Ap = —82.31 meV) and trion (Ar = —26.55 meV) peak detunings with respect
to the neutral exciton are consistent with previous results in the literature (Ap ~ —101 meV,
Ar ~ —28 meV) |87, |167].

Although there are excellent papers on the subject of phonon-mediated interactions in
monolayer materials [102] |133, 137, [168|, there is no clear comparison for «y, and wy. Consider
vy, for a spherically confining potential is known to be % [169-171]. D, (D,) are the
deformation potential constants for the conduction (valence) band, p is the bulk material
density, and s is the sound velocity. Using the bulk material parameters for WSe, with
|D, — D,| =5.4¢eV [172], p=9.32 gem ™ [173], and s = 4000 ms~* [174], the derived value
is oy, = 0.019 meV, which is similar to the extracted result of oy, = 0.018 meV. The phonon
cutoff energy wy, = § = 6.7 meV corresponds to a d = 3 nm in-plane localization. This length
scale is not unreasonable for an estimate of the silicon nitride surface roughness. There may
also be some correlation between the localization and defect emission.

The deformational potential ansatz assumes coupling to acoustic phonons [145]. The
linear dispersion for acoustic phonons leads to the super-ohmic spectral density function. The
spectral density function is introduced in terms of a localizing length scale. Alternatively,
it can be understood as analogous to the Debye model for the phonon contribution to the
heat capacity of a solid where a low frequency power law dependence is assumed with a soft
energy cutoff [148]. At lower temperatures a more quantitative representation of the phonon

spectral function accounting for the thermal occupancy of specific phonon modes would then

be necessary [175].
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Figure 4.2: Photoluminescence spectra and fit for an excitonic transition. The
extracted fit parameters for equation [£.19] are: yo = —0.01262, Ap = 15.82, I'p, = 122.0
meV, Ap = —82.31 meV, Ar = 17.02, I'r = 38.56 meV, Ar = —26.55 meV, f = 0.9038,
a, = 0.018 ps?, and w, = 6.7 meV.
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4.4 Cavity-coupled photoluminescence

Tbl?e resulting Tebffective master equation derived above is % = = [H, p| + £LJa] + ZXL[b] +
%E[Eﬁa] + %E[a*b] |147] with the effective Hamiltonian in Eq. (4.7)). Figure % illustrates
the energy-level diagram of the exciton and cavity system. The dissipator £[¢] with Lindblad
operators ¢ describes the cavity decay rate (k), exciton decay rate (), and the incoherent
phonon-mediated exciton-cavity scattering (th“, FZ;}’).

The phonon-mediated exciton-cavity scattering (Fig. |4.3p) with cavity-exciton detuning

Acx = we — wy is given by

FZ:Lc/cTa _ 2(B>292Re |:/ dTeiAch(ed)(T) — 1):| (420)
0

with the phonon correlation function ¢(7) = [~ dw JUE“;) [coth (QZ:T) cos(wT) — isin(wr)]

[148] [156]. A Gaussian localization of the exciton is assumed, confined to the monolayer TMD
due to substrate inhomogeneities coupled to acoustic phonons for a qualitative super-ohmic
spectral density J(w) = a,w® exp(—w?/2w?) |145} [148] with «, and wj, serving as the exciton-
phonon coupling strength and cutoff frequency, respectively. This phonon spectral function is
identical to that used in quantum dot studies of phonon interactions [153], 169, [170].

Without phonon-mediated scattering the peak cavity intensity occurs at zero detuning
(we = wy) and the cavity-coupled PL is symmetric with respect to the exciton PL emission
peak (Fig. 4.3c). The additional scattering from phonon processes of the exciton into the
cavity mode dominates when the cavity is red-detuned with respect to the exciton (Fig. 4.3(d).
Physically, down-conversion of an exciton into a phonon and cavity photon is expected as an
example of a Stokes process. Including phonon-mediated scattering demonstrates the peak
cavity intensity is red-detuned with respect to the exciton PL emission peak. Furthermore,
the model predicts that at the same detuning, the relative intensity between the red-detuned
and blue-detuned cavity-coupled photoluminescence decreases for increasing temperature
(Fig. [4.3d, dashed line) [147].

To validate the quantum optical model, experiments are performed with a ring resonator
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Figure 4.3: Exciton-cavity detuning dependent phonon-mediated scattering. The-
oretical modeling with the Hamiltonian described in the text (7' = 80 K, v = 48.4 meV,
o, = 0.018 ps?, w, = 6.7 meV, k = 2.85 meV, g = 4 meV) a) Level diagram with phonon-
mediated scattering. b) Asymmetric phonon-mediated exciton-cavity coupling rates. The
blue line gives the phonon-mediated incoherent emission into the cavity. Note that the peak
is not centered at zero detuning. ¢) Detuning dependent (Acx = £5,4+10, 15, £20 meV)
cavity emission without phonons. d) Detuning dependent cavity emission with phonons at 80
K (solid line) and 320 K (dashed line). Note that for the Acx = £5 meV the dashed and

solid line are on top of each other for the blue detuned case.
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integrated with a monolayer of WSes. A ring resonator can support multiple cavity modes
separated by the free spectral range, and thus provides an ideal platform for studying the

coupling of the photoluminescence to cavity modes with different detunings from the exciton.

The transmission spectrum of the SiN ring resonator is measured by exciting a grating
coupler with a supercontinuum laser (Fianium WhiteLase Micro) and collecting from the other
grating coupler (Fig. 4.1h, inset). An initial transmission measurement of the ring resonator
before monolayer TMD transfer yields the bare cavity linewidth of x = 2.85 meV (Fig.
). The dips in the transmission correspond to the resonance in the ring resonators. The
separation between the modes corresponds to the free spectral range (FSR = W ~ 4.8
THz) of the ring resonator, which matches the FSR expected from the ring radius (R = 5 pm)
and effective index of refraction of the SiN waveguide (n.s; ~ 2). The envelope modulation
of the spectrum is due to the frequency-dependent coupling efficiency of the grating couplers
(Figs. and ) The angular dependence of the grating coupler does not affect the
cavity-coupled PL measurement due to the large numerical aperture of the objective lens.
There exists a relative amplitude change between the envelope modulation function in the
observed transmission spectrum due to the angular dependence of the grating couplers. As
the measurement is done before and after the transfer, which requires removing the sample
from the optical setup, the angular alignment of the confocal microscope objective to the
grating coupler will be slightly different [14]. The transmission spectrum of the ring resonator
after material transfer demonstrates the monolayer does not significantly affect the cavity
modes (Fig. [4.1c). It is important to point out that with the exciton at approximately 1700
meV, the small linewidth increase seen in the transmission spectrum equally affects cavity

modes both red and blue-detuned with respect to the exciton resonance.

Cavity-coupled PL is measured by directly exciting the monolayer WSe, from the top and
collecting the resulting emission from a grating coupler using a pinhole in the image plane of
a free-space confocal microscope. Cavity-coupled PL exhibits asymmetric emission into the
cavity modes where there is greater intensity in the cavities red-detuned with respect to the

exciton (Fig. 4.1g). The coherent exciton-cavity coupling hg can be extracted by considering
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the linear superposition of all cavity resonances for the ring resonator and including a
contribution from background PL that is difficult to completely remove due to the proximity
of the grating coupler and laser excitation of the monolayer WSe,. The exciton-cavity coupling
accounting for the average phonon displacement is found to be g &~ 4 — 6 meV (Fig. by
a brute force search minimizing the least squares error between the simulated and observed
data over a windowed region of the cavity-coupled PL spectrum. The far red-detuned data
attributed to defect and trion emission was accounted for by a convolution of the PL and

Lorentzian cavity modes.

In this experiment only ~ 1/4 of the SiN ring resonator was covered with monolayer WSes,.
A full coverage of monolayer WSe, on the SiN ring resonator gives hg &~ 8 — 12 meV as an
estimated coherent interaction of the exciton and cavity mode due to the g < v/N scaling of
the light-matter interaction in the collective excitation basis and assuming the number of
available exciton states is proportional to the area of monolayer material on the cavity. The
extracted g value is consistent with the light-matter interaction hg =~ 10 — 14 meV found in
strong-coupling experiments with van der Waals materials integrated on photonic crystal

cavities with comparable cavity length [22, 26, [27].

To further confirm the theoretical model, the temperature-dependent variation in the
asymmetric coupling was measured in the range 80 K - 320 K. Using liquid nitrogen in
a continuous flow cryostat (Janis ST-500) the energy of the exciton can be tuned in the
monolayer WSe; from 1650 meV - 1700 meV with the consequent changes in linewidth. As the
cryostat temperature is increased, cavity-coupled PL extends to farther blue-detuned cavities
with respect to the exciton energy (Fig. [4.5a) where the spectra are shifted by the exciton
center frequency. In particular, the maximum detuning with visible cavity modes increases
with increasing temperature (Fig. [4.5b). The model Hamiltonian parameters extracted from
the PL and cavity-coupled PL qualitatively reproduce the spectrum at elevated temperatures
(Fig. [4.5c) where the only modified simulation parameter is the measured temperature of the
cryostat. Reduced asymmetry in cavity-coupled PL at elevated temperatures is due to the

reduced asymmetry of the phonon-mediated exciton-cavity coupling rates with respect to the
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Figure 4.4: Theoretical fit of a polaron model to cavity-coupled photoluminescence
data. Measured cavity-coupled PL (black) and simulated cavity-coupled PL (blue) at 80 K.
Theoretical model fit to the windowed region of data with the Hamiltonian described in the

text (T =80 K, v = 48.4 meV, a, = 0.018 ps?, wp, = 6.7 meV, k = 2.85 meV, g = 4 meV).

neutral exciton resonance.

4.4.1  Numerical details

The cavity-coupled PL spectrum is found from the Fourier transform of the correlation

function

S(w) = /OO lim (c!(t + 7)c(t))dr

0o t—o00

which is provided as a function in the QuTiP Python library . Although it is tempting
to simultaneously include all cavity resonances in the system Hamiltonian, with the cavity
bosonic operator truncated at N = 10 to ensure convergence a Hilbert space dimension that
is classically intractable to simulate quickly overwhelms the computational resources. Instead,
each cavity mode of the ring resonator is assumed to be independent because the spatial

overlap of different modes is approximately equal to zero. Similarly, only cavity modes which



a) b) c)
451 FoTTTmmm e = I, | 451
. I
4.0 ! 4.0 : 4.0 4
] I I :
|
I
3.5 4 320K : I 3.5 1 3.5
1 I
> 304 | | > 30- I 30l
@ 254 240K 1 | o 254 | S254
o ! | E £
2 2.0+ : 2 2.0 : 020+
T ] I ® b=
o 154 160K | I g 151 | B 151
o j 1 | o 12
1.0 : : 1.0 I 1.0+
] I
I
054 80K I I 0.5 4 : 05 -JML
4 1 1
0.0 4 1 ! 0.0 ! 0.0
e | S
T T 1 - ————————r—— T T T 1
-200 -100 0 100 0 50 100 100 -50 0 50 100
Detuning (meV) Detuning (meV) Detuning (meV)

Figure 4.5: Temperature dependent cavity-coupled photoluminescence data and
simulations. a) Temperature dependence (80 K to 320 K) of the asymmetric cavity-coupled
PL. b) Zoomed-in to show the temperature dependence of the asymmetric cavity-coupled PL
for cavities blue-detuned with respect to the exciton. ¢) Simulated temperature dependence
of cavity-coupled PL without trion and defect emission. All free parameters are held fixed
except the measured cryostat temperature (7' = 80 K, 160 K, 240 K, 320 K, v = 48.4 meV,
a, = 0.018 ps?, w, = 6.7 meV, k = 2.85 meV, g = 4 meV).
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have the same spatial wavefunction as the collective excitation of the excitonic resonance
[18,131] are considered. The total spectrum Stuq; is then a linear superposition of all cavity

resonances with different detuning Acx coupled to the monolayer PL and background PL

STotal<w) = flSPL(w) + f2 Z SACX (w>

Acx
—4In2(w—Ap)?
Ape b 2Apc I'pe
+ f3
pr/ﬁ g{ T A(w—Acx)?+T%,
2AT 2ATC FTC
= fa s 4(w—AT 22 T 4w — Acx)?+ T3,

The free parameters for fitting the model to the cavity-coupled PL data are f;_4 as the relative
intensity of the background PL, cavity-coupled neutral exciton PL, cavity-coupled defect
PL and cavity-coupled trion PL and the exciton-cavity coupling g. The relative intensity
in this experiment was found to be f; = 0.53, fo = 0.44, f3 = 2.18, and f; = 1.49. A single
cavity parameter for defect and trion emission was chosen to reduce overfitting. For the
cavity-coupled defect PL Apc = 2.24 and I'pe = 2.33 meV. For the cavity-coupled trion PL
Arc =142 and I're = 2.29 meV.

4.5 Discussion

The exciton-phonon interactions in cavity-integrated TMDs manifesting as a phenomenological
deformation potential has significant value in explaining asymmetric cavity emission |6, (112,
141, 142|. Reflecting on the effective system Hamiltonian (Eq. , the polaron shift
hAp = 24 meV of the exciton energy is comparable to the hAp = 29 meV found via the
excitonic Bloch equations [137]. Temperature dependence of the exciton-cavity coupling has
been previously observed in strong-coupling experiments with TMD excitons [23, 26, 27|,
although a rigorous model explaining this behavior was not reported. The modification of the
bare value is attributed to the average phonon displacement g — (B)g. A consequence of the
exciton-cavity incoherent scattering (Eq. is an efficient means for exciton population

inversion which could potentially explain observations of lasing in cavity-integrated monolayer



7

materials [5, 6, 36, |141} (147, 177]. In the interest of a low-power optical non-linearity, polaron-
polaron scattering in the effective system Hamiltonain (Apb'b'bb) provides an interesting
opportunity which could lead to non-classical light generation [150]. The calculated polaron
shift is two orders of magnitude larger than expected for the exciton-exciton interaction due
to a lateral confining potential [20]. The investigation of the exciton-phonon interaction in a
quantum optical model for this material system demonstrates the need to fully consider all

many-body interactions to assess the potential for future classical and quantum technologies.
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Chapter 5

OUTLOOK

The potential advantage of cavity quantum electrodynamics (cQED) [17,|64] with dielectric
microresonators for ultra-low power integrated nonlinear optics stems from the wavelength-
scale mode volumes (V,,, ~ (A/n)?) with moderate quality factors (Q ~ 1x10°) and an inherent
scalability using fabrication technologies developed for the microelectronics industry. Compare
this to millimeter-scale superconducting cavities with quality factors in excess of @ ~ 10'°
[17, 1178 179]. The figure of merit Q/V, for electric field enhancement is orders of magnitude
larger for dielectric microresonators. However, due to fabrication imperfections in situ tuning
of the quasinormal mode resonant frequency for monolithic dielectric microresonators is
necessary, but remains an outstanding problem. Some potential solutions exist such as

micro-electro-mechanical displacement of coupled cavities.

Another difficulty of microcavity QED is in choosing an ideal quantum emitter. Color
centers, rare-earth ions, quantum dots, and donor qubits all support optical transitions
with long-lived internal degrees of freedom, such as electron or nuclear spin sublevels. The
stochastic nature of the emitter position precludes a straightforward monolithic fabrication
process flow. And, similar to microresonators, due to inhomogeneous broadening the emitter
resonant frequency also requires in situ tuning, possibly via the quantum confined Stark effect.
The intent of the monolayer transition metal dichalcogenides (TMDs) was for a quantum
emitter that can be deterministically integrated into microresonators at the expense of a
reduced quantum anharmonicity. This thesis leaves unresolved the possibility for ultra-low

power or quantum nonlinear optics in this material system.
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5.1 Excitonic optical nonlinearity

5.1.1 Conventional and unconventional photon statisitics

An incontrovertible manifestation of quantum nonlinear optics is a classically forbidden value
of the second-order correlation function. The second-order correlation function defined as
(ah) (@la) (t+ na()  (af (ata) (r)a)

@ (7) = lim
ST i oF iy

compares the photon arrival times to that of a Poissonian process, such as a laser, where

(5.1)

photon arrival times are uncorrelated. Poissonian light sources have ¢®(7) = 1. Super-
Poissonian statistics (¢‘®(7) > 1) exhibits photon bunching and sub-Poissonian statistics
(9¥ (1) < 1) exhibits photon antibunching. Sub-Poissonian statistics cannot be achieved
with classical electromagnetic radiation suggesting the measurement of photon statistics as a
straightforward test for the quantum nature of a light source.

The general Hamiltonian for polariton blockade in microcavity QED is

H = hAcpata+ hAx b’ + hg(bla + bat)
' it ara) + Lititii
+ihy/y1(ca" + o*a) + Eb b'bb. (5.2)

The first line is the coupled oscillator Hamiltonian of Eq. . The second line describes
the resonant drive of the photonic mode and a Kerr-type nonlinearity (%) of the excitonic
mode due to exciton-exciton interactions. ~; is the input coupling to the cavity and |a/|?
is the incident photon flux for a coherent, classical cavity drive. There exist two regimes
of non-classical photon statistics for Hamiltonians of this type known as conventional and
unconventional, both of which can be described by the mixing of a squeezed and coherent state
[180]. Conventional polariton blockade arises when a single photon, resonant to the polariton,
excites the material system, but any subsequent photon is detuned from the polariton due to
the nonlinearity. Unconventional polariton blockade arises from the destructive interference

between two paths to the two-photon excited state |181].
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5.1.2 FEzxciton-exciton interaction

In establishing the exciton-photon interaction and exciton-phonon interaction the excitonic
annihilation operator was assumed to satisfy bosonic commutation relations. The exciton

Hamiltonian can be extended to include a Kerr-type optical nonlinearity [49]

FIX = Z hwki)Lki)ak + Z hWkk/qBLk_i_qlA)Lkl_ql;ak’Bak~ (53)
ak

akK'q
The first term is the exciton kinetic energy of the bosonic exciton creation operator. The
second term is a two body exciton-exciton interaction which is the lowest-order correction to
account for the fermionic electron and hole constituents of the composite boson. Within the

exciton reaction coordinate the exciton-exciton interaction is

Wo = hIV! BLE! BoBo (5.4)

where W/ =>" 1 o Wi qUoak+qUoak —qUgaie Usax (Uoax is defined in chapter 3). Note the
position space exciton creation operator is b} (r) = S™Y2 3", e‘ik'rbka. And the position space
exciton reaction coordinate creation operator is Bf = 7. [ d?ryg(r)bl(r). The position

space exciton reaction coordinate wave function is

fc (I‘, ZO) ' p?v

B N 2
\/‘Za, fer’ f. (r',20) - PY

U (r) = (5.5)

For dielectric microresonators the quasinormal mode confining length scale is much larger
than the exciton Bohr radius. Then Wyyq >~ Wygo is approximately constant over similar
momentum variations as Up.k. The exciton-exciton interaction strength can then be written

as

Wi = SWooo » / d?r |y (r)[! (5.6)
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justifying the standard assumption in confined exciton-polariton systems that there exists an
excitonic mode commensurate with the cavity mode [18]. The integral in Eq. (5.6) can be
written in terms of the QNM field profile as

[ d’r \%C (r, ZO)]4
(f &r [f (r, ZO)‘Z)Q

The bare exciton-exciton interaction is of the order Wyg =~ Epa% /S [182]. For monolayer

W(/) - SWOOO

(5.7)

MoSe; the exciton binding energy is F, = 0.5 eV and the exciton Bohr radius is ap = 2.6
nm [49]. For the photonic crystal defect resonator in chapter 3 the confinement-enhanced
exciton-exciton interaction is & = W ~ 0.1 peV (27 x 25 GHz).

Assuming optimal experimental parameters for the exciton-resonator system an a priori
estimate can be made for the second-order correlation function at zero time delay (Fig. .
The figure of merit for observing polariton blockade is U/vx [180]. For U/yx = 107 a
minimum ¢ (0) = 0.97 is similar to that seen in other polariton systems |30, 31] but is
difficult to discern from experimental noise. An encouraging prospect is the exciton dressed
by phonons, the exciton-polaron, discussed in chapter 4 leads to a larger effective Bohr
radius with the polaron-polaron interaction hA, = h [ dwJ(w)/w = hy/Tayw;. For an
order of magnitude improvement with U/yyx = 107 a minimum ¢ (0) = 0.73 is found
and with U/yx = 1072 a minimum ¢®(0) = 0.05 is found. Unconventional blockade was
explored for this system in Ryou et al. [20] although the model can be improved with our
better understanding of the light-matter interaction and confinement effects on the excitonic

transition [89).
5.2 Conclusion

In this thesis I established a deterministic and clean method to incorporate micron-scale
two-dimensional semiconductors onto integrated photonic devices. I established theoretical

and experimental estimates of the light-matter interaction strength for two-dimensional
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Figure 5.1: g(?(0) versus the driving laser frequency wy, relative to the cavity
frequency for various U/yx. Parameters: h(k + ) = 0.01 meV, vx = 100(k + 7),
hg = 5.1 meV, h,/y1a = 0.001 meV.
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excitons in monolayer MoSes coupled to a nanobeam cavity. And I established limitations of
the experimental system due to cavity design and phonon-mediated loss channels.

I also established the confinement-enhanced exciton-exciton interaction and expectations
for polariton blockade. The prospects must be re-evaluated for observation with a side-coupled
cavity where the input-ouput geometry determines the optimal design [183], such as with a
bimodal cavity that allows for multiple driving lasers to engineer the photonic environment

[184, |185]. There also exists an anharmonic exciton-photon coupling

Wisi = > okt (Blae Datbars + Hee. ) (af +ac) (5.8)
akikoks
that leads to saturation of the excitonic oscillator strength [186, |187]. Preliminary results
with a far-detuned cavity suggest excitonic optical bistability might be a more straightforward
means to observe an optical nonlinearity in this system [188].

The biggest difficulty in observing non-classical photon statistics in this material system
is the weak anharmonicity of the excitonic Hamiltonian. Hetero-bilayer structures of two-
dimensional materials are a natural next step of my research that hope to avoid this limitation.
Hetero-bilayers support interlayer excitons with large out-of-plane dipole moments. Using
the methods outlined in chapter 3 it should be possible to ascertain if the light-matter
interaction strength is sufficient to form dipolar-polariton modes [189, [190]. The cavities
would require a transverse magnetic (TM) mode, instead of the earlier transverse electric (TE)
mode, to maximize coupling to the interlayer exciton. The advantage to the hetero-bilayer
is the dipolar-dipolar interaction which is &~ 1 meV [191], four orders of magnitude larger
than that of the monolayer. The ancillary benefit is the out-of-plane dipole moment aligns
with the out-of-plane electric field used in electrostatic gating of the optical transition to
demonstrate the quantum confined Stark effect. This affords a larger tuning effect on the
excitonic resonance frequency useful for in situ control of the quantum device.

The material system described in this thesis, a two-dimensional optical transition coupled

to a dielectric microresonator, attempts to circumvent the obstacles of zero-dimensional
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optical transitions (e.g. color centers, quantum dots, etc.) such as their stochastic position
and wavelength. However, two-dimensional excitonic transitions come at the expense of a
large linewidth, sensitivity to the atomic smoothness of the dielectric environment, and weak
excitonic anharmonicity. Fortunately, all these limitations have straightforward engineering
solutions lending to promising prospects for integrated nonlinear optics using dipolar-polaritons

in dielectric microresonators.
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