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Abstract

Microprocessor clock speeds have stagnated in the 2010s no longer
keeping up with Moore’s Law. With node sizes down to 7 nm it is becoming
difficult to fit more transistors onto a chip due to quantum tunneling. The
energy consumption of microprocessors is also a major problem for climate
change and the battery life of mobile devices. To combat these problems we
look to silicon photonics to provide a solution. Transmitting data optically
has two main benefits, reducing the resistive heating of electrical data
transfer and increasing possible data transfer bandwidth. These two
properties in concert would allow a microprocessor with optical data

connects to run faster and use less energy.

The main problem with silicon photonics is the lack of an on-chip light
source due to the poor light emission of silicon. An on-chip light source
must be compatible with current CMOS fabrication processes and easy to
mass produce. We seek to solve this problem by employing
two-dimensional transition metal dichalcogenides (TMDs) as a laser gain
material. Two-dimensional materials became a popular area of research
after the "graphene revolution” pioneered by Andre Geim and Konstantin
Novoselov. The techniques developed to produce atomically thin layers of
graphene can be transferred to TMDs. TMDs exhibit the same strong
in-plane bonding and weak interlayer van der Waals bonding as graphene,
however when thinned down to monolayers they have a direct bandgap.

The direct bandgap makes them good optical emitters.

In this thesis I review the performance of TMD microcavity emitters in
the literature and then focus on two main areas, the design and fabrication
of photonic crystal cavities to produce a laser resonator and the optical and
structural characterisation of 2H-MoTe,. For technological applications,
large area monolayers of 2H-MoTe, that can be grown on a device are
required. I investigate the optical and structural differences between

2H-MoTe, exfoliated from a bulk crystal and the CVD growth of MoTe,.
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1 Introduction

1.1 Background and Motivation

The clock speed of microprocessors has increased exponentially since 1965,
as predicted by Intel CEO Gordon Moore [1] who foresaw that microprocessor
speeds would be likely to double every 18 months. In fact, Moore predicted that
by 1975 as many as 65000 components could be squeezed onto a single silicon
chip. In 2019, AMD produced their 64 core Epyc CPU containing 32 billion
transistors[2]. While Moore's law has held until recently, it has begun to slow
down and clock speeds have remained relatively stable in the 2010's with e ort
being spent to improve power e ciency and add more cores to larger dies as to
leverage parallel processing. This slow down can be attributed to transistor node
size shrinking from 13- m in 1970 to 7 nm in 2019. Transistors can no longer be
made smaller due to the problematic quantum tunneling of electrons from the
source to drain in metal-oxide semiconductor eld-e ect transistors (MOSFETS).
Another problem faced when increasing clock speed is the dynamic power
consumption of activating logic gates in the CPU. The dynamic power
consumption scales proportionately to the CPU frequency. This is a major
problem for CPUs that are widely integrated into mobile devices where battery
life is critical. It is also a major environmental problem due to the energy
consumption of data centers with current gures putting global data centers as
exceeding 200 TWh of energy (arourido of global energy usage) [3]. Data
centre electricity use is projected to increase 15-fold by 2030 which equat&®to
of projected global demand [4].

One solution to the heating problem is to replace as much electrical wiring as
possible with optical interconnects. Optical data transmission is widely adopted
for transoceanic data cables, with these forming the backbone of the internet.
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Optical bers to personal premises are becoming more ubiquitous and optical
data connections are linking servers together in datacenters through use of
products developed by companies like Luxtera [5]. To further increase computer
speeds and reduce power consumption, optical interconnects need to be brought
on-chip [6] and this is where silicon photonics will play a crucial role. Silicon
photonics is a mature technology in which high-performance modulators [7],
detectors [8], and waveguides [9] are already well developed. The larger inherent
bandwidth of silicon photonics disentangles the link between bandwidth and
power consumption. Bandwidth can also be increased by wavelength division
multiplexing (WDM). The missing piece in the silicon photonics jigsaw is a light
source that can be easily implemented with current CMOS processing techniques.
Silicon itself is a poor light emitter due to its indirect bandgap which has resulted
in other materials being investigated commercially by Intel and IBM. A popular
approach is hybrid integration where a IlI-V laser module is bonded to a Si chip.
Intel's approach [10] was to directly bond an AlGalnAs strained Quantum Well
(QW) laser operating at 1550 nm to a waveguide and evanescently couple the
light in. Active alignment between the laser and waveguide were required during
the bonding process which added cost and complexity along with a poor yield.
These insurmountable problems hampered commercialization of this technology.

To address the lack of an on-chip light source for silicon photonics, we have
investigated two-dimensional materials such as transition metal dichalcogenides
(TMDs). 2D materials gained notoriety in 2010 when Andre Geim and Konstantin
Novoselov won the Nobel Prize in Physics for their work on graphene. There are
a whole family of 2D materials ranging from conducting graphene to insulating
hexagonal boron nitride. The family of 2D materials are characterized by their
strong in-plane bonding and weak interlayer van der Waals bonding. This weak
interlayer bonding allows for them to be exfoliated mechanically by the "scotch
tape" method citescotchtape. Of most interest for silicon photonics are the
transition metal dichalcogenides which are semiconducting. When thinned to a
monolayer, the TMDs exhibit direct bandgaps which is opposed to their bulk
behaviour where they exhibit an indirect bandgap. This direct bandgap make
them good optical emitters. They also exhibit strong exciton binding energies
and high mobility [11]. Most research into 2D material light sources have focused
on TMDs which emit in the visible wavelength range. These include
molybdenum disul de, Mo$ [12], and tungsten diselenide, WS¢13]. The
problem with these TMDs is that silicon absorbs light below 1100 nm which
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renders these visible light sources unsuitable for silicon photonics. TMDs with
lower bandgap energies emitting above 1100 nm are good candidates for a 2D
material on-chip light source. Of particular interest is molybdenum ditelluride
MoTe,. MoTe has a bandgap of 1.1 eV (1130 nm) [14] which is just within the
transparency window of silicon.

In the next section we will review four transition metal dichalcogenide light
emitting devices from the literature.

1.2 State-of-the-Art 2D TMD Light Emitters

Based on these favorable properties, it is no surprise that researchers have
sought to realize laser action using TMD gain materials. So far, all reported laser
devices are optically pumped, but electrical pumping is a real possibility given
the ability of forming sandwich structures with boron nitride as the insulator and
graphene as the electrode.

1.2.1 Tungsten Diselenide Photonic Crystal Cavity

The rst nanoscale laser with two-dimensional gain material was reported by
Wu et al. in 2015 [13]. The team transferred a monolayer of tungsten diselenide
(WSe) onto an L3 photonic crystal (PhC) cavity fabricated in a gallium
phosphide thin membrane (Figure 1.1). Gallium phosphide was chosen as the
substrate because its bandgap energy is higher than the yé8assion energy.

The L3 PhC cavity, which is a line defect cavity created by the removal of three
adjacent holes, was tuned to be resonant around the PL peak at low temperature,
i.e., 740 nm. The cavity exhibited a loaded Q-factor of 1300 at room temperature
which increased to 2500 when the device was cooled to cryogenic temperatures.
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Figure 1.1: (a) Cartoon depiction of the device architecture, where the electric eld
pro le (in plane, xy) of the fundamental cavity mode (pristine cavity before WSe
transfer) is embedded as the color plot. Inset: cartoon of the atomic structure
of the monolayer. (b) Light output intensity as a function of the optical pump
power (L-L curve) at 130 K. Red lled squares correspond to the cavity emission.
Violet half- lled squares correspond to the spontaneous emission (SE) o cavity
resonance. Solid lines are the simulated curves using the laser rate equation with
di erent ~-factors.” =0.19is the best tto the lasing data. Dark gray dashed line
corresponds to the de ned laser threshold, labeled by "Thd." (c) L-L curve for the
same lasing device at 80 K (red squares), where the solid line is a guide for the eye to
the transition region. (d) Photoluminescence spectra for increasing pump power.
The solid lines are Lorentzian ts to the photoluminescence spectra. (e) Cavity
linewidth as a function of the detected output power at 160 K (open red squares).
Dashed line is a guide to the eye to the nonlinear line width rebroadening area,
which corresponds to the lasing threshold region. Figure and caption reproduced
from Ref. [13].

A remarkable feature of this device was that the gain material was placed in the
evanescent tail of the cavity, not at the center. Using nite-di erence time-domain
simulation (Figure 1.1(a)), however, the intensity of the lasing mode at the position
of the monolayer was found to be 40% of the maximum, which showed that strong
gain-cavity coupling can be achieved even via the evanescent tail.

The emission spectrum of the laser is shown in Figure 1.1(d), obtained by
pumping with a 632 nm continuous wave laser at 80 K. The device emits at 739.5
nm with a linewidth of 0.3 nm FWHM. The emission is polarized in the y-direction
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which is consistent with the cavity polarization. Figure 1.1(b) and 1.1(c) show
plots of the output intensity as a function of incident pump power indicating
lasing action at 130 K (b) and 80 K (c). The typical nonlinear "kink" in the L-
L curve is clearly apparent. The;j factor, which is the fraction of spontaneous
emission coupled into the lasing mode, was deduced by tting the cavity laser rate
equations. A"j factor of 0.19 was found to be the best tas shown in Figure 1.1(b).
The threshold was found to be 27 nW corresponding to a pump densitysofW

cm 2 and linewidth narrowing was observed around the lasing threshold Figure
1.1(e)).

1.2.2 Tungsten Disul de Microdisk

Shortly after this rst demonstration, Ye et al. presented a monolayer excitonic
microcavity light emitter[15] based on a monolayer of tungsten disul de (WS
placed onto a silicon nitride microdisk resonator. A schematic view of the device
is shown in Figure 1.2(a).

A monolayer of WS has a direct bandgap around 2 eV (Figure 1.2),
corresponding to a photoluminescence peak at 610 nm. The &Sandwiched
between the silicon nitride microdisk resonator and a thin layer of hydrogen
silsesquioxane (HSQ) (Figure 1.2(a)), which serves to enhance the lasing mode
overlap with the gain material, additionally encapsulating the Y/® prevent
degradation by exposure to air. This encapsulation serves the additional purpose
of increasing the optical con nement factor by.30% compared to the monolayer
directly placed on the cavity.

The microdisk structure was designed to have a diameter oft318to give a
strong TE polarized whispering gallery mode (WGM) resonance at 612 nm. The
small diameter of the cavity increases the free spectral range hence there is only
one mode available within the gain bandwidth. The Q-factor of the cavity is
Q = 2604. The device was cooled to 10 K and optically pumped with a 190 fs
pulsed 473 nm laser and emission spectra collected via a 50 x objective. The
emission characteristics as a function of pump power density are shown in Figure
1.2(c). Above 22.4 MW ¢rfy the intensity of the peak at 612 nm increases sharply,
suggesting lasing. A nonlinear "kink" in the L-L curve is shown in Figure 1.2(b)
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Figure 1.2: (a) Schematic image of a monolayer ,\Wicrodisk device
highlighting the SgN4/WS,/HSQ sandwich structure. (b) Experimental data
and rate equation analytical ts. The best t to the experimental data gives

a threshold pump intensity of/5-8 MW cni? with a spontaneous emission
factor, 7, of 0.5. The ts to~ of 0.005, 0.05, and 1 are also presented for
comparison. (c) Steady-state photoluminescence emission spectra with increasing
pump intensity, normalized to pump intensity, illustrating the transition from
spontaneous emission to stimulated emission and lasing. (d) Monolayes WS
photoluminescence background and cavity emissions as a function of pump
intensity. Dashed lines represent linear ts to the experimental data. The,WS
photoluminescence background emission shows a linear dependence on the pump
intensity, and the green dashed lines (cavity emission) show a kink indicating the
onset of superlinear emission and lasing operation. (€) FWHM versus input pump
intensity. Linewidth narrowing of the lasing mode is observed as the excitation
intensity exceeds the lasing threshold. The red dashed line is a guide to the eye.
Figure and caption reproduced from Ref. [15].

compared to the linear behavior of the background emission. Afactor of 0.5

was determined from the t shown in Figure 1.2(b). The corresponding threshold
analysis indicates a threshold value of around 5-8 MW énil he linewidth of the
lasing mode was shown to narrow from 0.28 to 0.24 nm at threshold (Figure 1.2(e)).
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1.2.3 Molybdenum Disul de Microdisk

Also in 2015, Salehzadeh et al. [12] presented the rst room temperature laser
based on Mog Four-layer Mog was placed on a freestanding Si@nicrodisk
cavity, illustrated in Figure 1.3(a). The four-layer Mo®as treated with an @
plasma [16], resulting in an increased PL intensity due to the decoupling of
electronic states in individual layers. Using multilayer TMDs a ords a higher
optical con nement factor compared to a monolayer. The device was optically
characterized at room temperature using a micro-PL setup with a 514 nm cw
pump laser, using a silica microsphere to facilitate coupling (Figure 1.3(a)). At
low pump power, below threshold, the characteristic WGM spectrum can be seen
weakly superimposed on the PL background Figure 1.3(b). At higher pump
powers, above threshold, the WGMs are enhanced by a factor of 20 whereas the
background PL is only enhanced by a factor 2. Polarization dependent
measurements were carried out showing that the observed modes were
TE-polarized. Around the lasing threshold, a linewidth narrowing of the ITE
mode from 0.3@& 0.02 to 0.2& 0.02 nm was observed together with an abrupt
change in slope of the L-L curve. The Q factor of the WGMs was measured to be
in the range of 2600-3300. The threshold power was estimated to beVZ0
Figure 1.3(c). The threshold pump power density was not reported.

Figure 1.3: (a) Schematic con guration of the coupled microsphere/microdisk
optical cavity with the incorporation of 2D Mo§ (b) RT-micro-PL spectra of the
laser device with an excitation power of23W (lower spectrum) and 30W (upper
spectrum). (c) L-L plot of the integrated intensity as a function of excitation power.
Figure and caption reproduced from Ref. [12].
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1.2.4 Molybdenum Ditelluride Nanowire

Correspondingly, the rst silicon-compatible TMD light emitter was presented
by Li et al. [17] using a monolayer of Mo}eon a 1D silicon photonic crystal
nanobeam cavity as illustrated in Figure 1.4(b). Monolayer Mdi&s a bandgap
around 1.72 eV but an excitonic photoluminescence emission peak exists at 1.1
eV, just below the bandgap of silicon. Silicon is only weakly absorbing at 1.1 eV,
S0 transparent enough to support cavity modes of su ciently high quality factor.
The team measured their devices at room temperature pumping with 633 nm and
obtained the spectra shown in Figure 1.4(c).

Figure 1.4: (a) Crystal structure of MoJ€2H). (b) Device schematic (silicon
photonic crystal nanobeam laser structure suspended in air with a monolayer
of MoTe, on top). (c) PL spectra of the nanobeam light emitter with increasing
pump power levels at room temperature. (d) Fitting of the PL spectra for di erent
pump levels. Solid squares represent the measured data points. The lines represent
Lorentzian ts. (e) SEM of an undercut silicon nanobeam cavity. (f) Log-log plot of
light in versus light out for the rst two modes and for a background spontaneous
emission. The solid squares represent data from experimental measurements,
and the solid line is a rate-equation tting. (g) Linewidth (black) and resonant
wavelength (blue), with arrows pointing to their respective axes, versus pump
power. Figure and caption reproduced from Ref. [17].

The rst lasing mode at 1052 nm has a signi cantly larger threshold of 0.426
mW compared to the 2nd mode at 1132 nm, because it experiences higher
absorption from the silicon due to its shorter wavelength as well as less gain,
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being further away from the gain peak. The spontaneous emission exhibits a
linear response to increasing pump power compared to the nonlinear behavior of
the lasing modes shown in the L-L curves in Figure 1.4(f). The linewidth of the
2nd mode at 1132 nm was measured to be 0.202 nm at Wpumping power
corresponding to a Q factor of 5603. This is the highest Q factor of any TMD
laser demonstrated so far. Thg factor of 0.1 was deduced from tting the laser
rate equations. The threshold was determined from Figure 1.4(f) to be 0.097 mwW
corresponding to a pump density of 6.6 W ¢ although the authors used a
very nonstandard method to obtain this pump density data. Applying standard
methods, i.e., calculating the incident power density directly on the gain
materials without taking absorption and coupling coe cients into account, based
on the information given in the paper, we determined the pump threshold to be
v2.1 KW cm?. We also note that Figure 1.4(g) plots a factor 2 reduction in the
emission linewidth at threshold, although the spectrum that would support a
factor 2 narrowing is not shown in Figure 1.4(d).

1.2.5 Summary

We have described a number of representative examples of microcavity light
emitters based on 2D-TMD materials reported in the literature, all of which claim
lasing action based on a careful analysis of the light input output curve,
demonstrating the characteristic kink in the curve that is traditionally seen as
evidence for lasing. In Section 2.3 the conditions required for lasing will be
discussed with particular emphasis on microcavity lasers.



2 Theory

In this section, we will discuss the background theory underpinning this
thesis. First we will examine photonic crystals, then move on to two dimensional
dichalcogenides and conclude with an analysis of lasing from microcavity
emitters.

2.1 Photonic Crystals

2.1.1 The Electromagnetic Wave Equation

The following section has been partially adapted from [18]. We begin with
Maxwell's equations and then describe a photonic bandgap in a 1D photonic
crystal. We consider an isotropic material with electric permittivity and
magnetic permeabilityt that are scalar quantities. We also assume that our
material is non-magnetic thereforet A& 1y (vacuum permeability) and
non-electric (both the charge density and electrical conductivity are zero). With
these assumptions, the Maxwell equations can be written as:

r¢ E A0 (2.1)

re E/Ei% (2.2)
r¢ B A0 (2.3)

r£ B/ 02% (2.4)

whereB andH are the vector electric and magnetic elds, respectively, aénid
the vacuum permittivity2o multiplied by the dielectric functior?(r). We start by
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taking the curl of Equation 2.2:

@ L ,@E
r€ (r€ E)AE|@r£ BﬁElloz@ (2.5)
Then using the vector identities (where is any vector function of space):

rE (€ V) & r(reV)ir v (2.6)
r2v A& re(rV) (2.7)

and using Equations 2.1 and 2.3 we obtain the fundamental electric wave equation:

E
r 2E A 02% (2.8)
Similarly, the magnetic wave equation is:
B
r 2B /& 02% (2.9)

The solutions to these equations are of a harmonic nature in the form of a mode
pro le times a complex exponential, therefore light propagates as a wave.

E(r,t) & E(r)el ! (2.10)
B(r,t) A& B(r)el'! (2.11)

2.1.2 Light Propagating in Free Space

Propagation of the plane wave in free space is governed by the optical
frequency! and the wave vectok. The direction of the propagating wave is
determined by the direction ofk and the phase velocity of the wave is
determined byvi A&! /k. The optical frequency and wave vector are linked
together by the dispersion relation:

! ﬁEk% (2.12)

where c is the speed of light in free space amdis the refractive index of the
dielectric medium in which the light is propagating. In an isotropic medium, the
dispersion relation is independent of the propagation direction and so there is
only one possible wave vectdr for each frequency . This can be described by a
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straight line! /Akc/n in the dispersion diagram! ( vsk) and this is often referred
to as the light line.

2.1.3 Waveguides

Light incident on an interface between two homogeneous media can be
re ected (Fresnel's formula) or refracted (Snell's law). Typically both occur,
except for the case of total internal re ection. If we consider light incident on an
interface with a higher refractive index E n,, as we increase the angle of
incidencey; the angle of refractionu, also increases to the point whege /A£90*.
This angle of incidence is known as the critical angle of incidence where
e Zsini 1(n,/ny). For angles of incidence higher than the critical angieE i,
all the light is re ected back into the medium, and hence, is totally internally
re ected. When light is totally internally re ected there is no change in the
amplitude of the propagating wave, however, there is a phase change that is
dependent on the angle of incidengg and the polarization of the incident light.
The phase change relation is given by the Fresnel equations:

tan(byi M) _ jATE
R —— 2.13
T tan (U1 A pp) © (213)
Sin(Mii H2) _ jAT™
R j———————— /& 2.14
™ SinmAw) 219

whereR is the re ectivity coe cientand AT®™™ s the phase shift for the TE and
TM polarization.

2.1.3.1 Planar Waveguides

A planar dielectric waveguide is a slab of dielectric material (core) that has a
thicknessd in the xj direction and is isotropic in they andz-directions. This slab
is surrounded on the top and bottom by a lower refractive index material (cladding)
illustrated in Figure 2.1(a). Light that propagates at angles higher than the critical
angle . is totally internally re ected at the core cladding interfaces. However,
as light cannot be guided at any arbitrary angleE ., it is also necessary that
after two re ections the re ected wave interferes constructively with the original
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wave to allow propagation in the waveguide. This is known as the self-consistency
condition and is illustrated schematically in Figure 2.1(a). For a simple step index
waveguide, the self-consistency condition can be written as:

2%
—02d sin uT EITM FAT{E’TN; AE2Ym (2.15)
, 7

re ection

propagatlon

wherem A0,1,2,...,N, d is the slab thickness, and, is the vacuum wavelength.
The angley ¥ ™ de nes the wave vector components in the direction of
propagation and the propagation constant'¥™ /& nykocosp/E'™. The
propagation constant is di erent for TE and TM modes due to the polarization
dependence of the phase shift terld. The frequency dependence of the

(@) (b)

Figure 2.1: (a) A schematic diagram of the self-consistency condition for a planar
waveguide. (b) A dispersion diagram for the TE modes of a planar waveguide.

propagation constant gives the dispersion diagram (Figure 2.1(b)). For a
symmetric slab waveguide, the fundamental made£0 is always supported and
higher order modes are supported above their cuto frequencies Above the

cuto frequency, the propagation constant increases framk, towardsnykg as

the light becomes more con ned in the high-index medium. The dispersion
curves of the guided modes are bounded by the core and cladding light lines. For
frequencies higher than the cladding light line, the total internal re ection
condition is not satis ed and hence light refracts into the cladding. These are
known as leaky modes and can cause high propagation losses. However, leaky
modes can be useful for coupling light into waveguides.
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2.1.3.2 2D Waveguides

In planar waveguides, light is only con ned in the vertical direction by the
refractive index contrast in the slab and diverges within the plane of the slab. Two-
dimensional waveguides allow light to be con ned in both tlxeandy; directions.

The physics that governs 2D waveguides is analogous to the planar waveguide,
only more complex mathematically. For 2D waveguides the polarization of the
guided mode is no longer purely TE or TM, but quasi-TE and quasi-TM. When
there are bends in the waveguide or the cladding top and bottom are asymmetric,
the quasi-TE and quasi-TM modes can interact causing cross talk between the two.

A common type of waveguide used in integrated photonics is a nanowire
waveguide which is fabricated on Silicon-on-Insulator (SOI) wafers, see Figure
2.2(a). Trenches either side of the nanowire are etched through the top device
layer of SOI, leaving a 500 x 220 nm cross-section waveguide bounded by air on
the top and the sides and by silica underneath. These dimensions are chosen to
guide a single quasi-TE mode in SOI with a silicon layer thickness of 220 nm. The
waveguide modes were simulated using EIMS (E ective Index Mode Solver) [19].
EIMS is a 2D multilayer waveguide mode solver that calculates the propagation
constant and e ective index of guided modes. The calculated mode eld pro les
were overlaid on the schematic diagrams in Figure 2.2.

Figure 2.2: (a) A schematic of a silicon nanowire waveguide on SOI substrate. (b) A
schematic of a polymer strip-loaded waveguide on thermal oxide on silicon wafer.
The electric eld pro les T Eg,jEyj® were simulated using EIMS [19] and overlaid
onto a schematic diagram.

Another type of waveguide that is relevant to this thesis is the strip-loaded
waveguide, where a thin layer of high refractive index material is deposited on a
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lower index material, see Figure 2.2(b). The in uence of the high index strip guides
the light, however, the majority of the optical mode overlaps with the low index
substrate which is bene cial for producing waveguide ampli ers.

2.1.4 1D Photonic Crystal Band Gap

The simplest photonic crystal consists of alternating layers of materials with
di erent dielectric constants. These layers are nite in thg direction and in nite
inthe xy; plane. Lord Rayleigh rst published an optical analysis of such a system
in 1887 [20], so light propagation in a periodic system is not at all a new concept;
what is relatively new is the extension of this concept to 2 and 3 dimensions, as we
will see later. Since the layer stack is periodic in thgdirection, we can consider
the periodic dielectric function as(z) Ze(zAla) wherel is an integer and is the
lattice vector. The wave propagating through the layer structure in thedirection
has a wave vectok,. As we are dealing with a periodic structure, we can apply
the Bloch theorem. The Bloch theorem states that for a system that is periodic in
k-space, the solution at point must equal that of a point an integer number of
lattice vectors away Ala.

E(z) £uy, (z)e’ k7 (2.16)

where E is the electric eld vector with wave vectolk, and uy, the periodic
function with the lattice vectora.

ug,(z) A£uy, (zAR) (2.17)

whereR Al a which is an integer multiple of the lattice period. The Bloch theorem
can be expressed in the alternate form by combining Equation 2.16 and Equation
2.17:

E(zAR) £E(z)el kR (2.18)

The Bloch mode with wave vectdk, is identical to the Bloch mode with wave
vector k, Al(2v4a). We will now consider waves that propagate only in the
zj direction crossing each dielectric interface at normal incidence. If we consider
the case wheren; £n,, i.e. a homogeneous medium, thenZAck which is
represented by the solid blue lines in Figure 2.3(b). The dispersion relation
replicates itself everk, Akgy, whereky A2Y4 a is the reciprocal lattice vector. At
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each crossing point of the dispersion lineslatE 8/ a the solution is degenerate.

By changing the refractive index of the two layers such that 64n,, the
degeneracy is lifted allowing for two di erent values df for the samek,. Due to

the periodicity of the structure and by simple symmetry arguments, to arrange
the modes in the structure, the nodes of each mode must lie at the center of
either the high or low index regions. In analogy to solid-state physics, the
high-index region can be considered equivalent to the lower potential. Therefore,
the lower frequency modg! i) preferentially occupies the high index region
and, conversely, the higher frequency mogle?) occupies the low-index region

as shown in Figure 2.3(a). Consequently, there are a range frequencies where no
modes can exist, called the photonic band gap, highlighted by the yellow band in
Figure 2.3(b). When light with a frequency within the photonic band gap of the
structure is incident on the structure, it is re ected as there are no allowed modes
into which the light can couple. The size of this photonic band gap is
proportional to the refractive index contrast.

Figure 2.3: Schematic diagram of (Left) 1D periodic dielectric stack, in the z-
direction with high (n,) and low (n;) refractive indices. The eld intensity of
the two standing wave solutions is shown upper wage) and lower wave(! i ).
(Right) Band diagram of the 1D dielectric stack shown on the left. The band gap is
highlighted in yellow and the irreducible Brillouin zone is highlighted in orange.
Figure adapted from [18].

2.1.5 2D Photonic Crystal Band Gap

The concept of the 1D photonic crystal can be extended to two dimensions.
Two dimensional photonic crystals are periodic within they; plane and
homogeneous in thej direction. The physics that governs 2D photonic crystals
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is broadly the same as in 1D, so the concepts of Bloch modes and band structures
similarly apply. The added dimension adds interest and complexity to the band
structure. The most common two dimensional photonic crystal lattices are the
square and triangular lattices. These lattices are de ned by a pair of lattice
vectorsa; anda,. Since 2D photonic crystals are not isotropic, the dispersion
diagram needs to be speci ed in all possible propagation directions. Figure 2.4
shows the dispersion relation for a photonic crystal with a triangular lattice
plotted along the 3 possible dispersion paths:j K, j i M, andM j K. A
photonic band gap then opens up for TE polarized light at bdthand M
symmetry points. For the range of frequencies that the two band gaps overlap,
highlighted in yellow, light is forbidden to propagate in any direction. Note that
this band gap is polarization sensitive, i.e. it only applies for the TE mode (the
in-plane E- eld). The orthogonal TM mode does not exhibit a band gap for this
structure. Structures with dielectric bulk and air holes favour opening a TE band
gap, whereas, dielectric pillars in air favour a TM band gap. Other lattice
geometries can be carefully engineered to provide a band gap for both TE and
TM polarizations. Another parameter that is important to 2D photonic crystals is
the lling fraction of the air holes. While in the 1D case any refractive index
contrast is su cient to produce a photonic band gap, for the 2D case the lling
fraction (i.e. the fraction of the total surface area that the air hole occupies) and
the refractive index contrast are the crucial parameters. There is only a limited
range of lling fractions available that open up a complete band gap for 2D
photonic crystals. TM photonic band gaps can be opened when there are isolated
islands of high-index material (rods of high-index in air), whereas, a TE bandgap
is opened when there is a connected network of high-index material (air-holes in
high-index materials). A TE and TM band gap can be achieved in a triangular
lattice of air holes in silicon through using a su ciently large air hole radius that
causes the spots between the air holes to act like isolated islands of high index
material connected by thin veins [18].

2.1.5.1 2D Photonic Crystal Slab

The fact that 2D photonic crystals are homogeneous in thedirection limits
their applications to photonic crystal bers (2D photonic crystals with radial
symmetry). In integrated optics, photonic crystal slabs are widely used. Here,
con nement in the vertical direction is provided by total internal re ection while
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Figure 2.4. Band-diagram of a two-dimensional photonic crystal (in nite in
zj direction) (n1 A£3.5) with hexagonal array of air holeg¢n, £1,r/a A0.35), as
shown in the right inset. The directions of the wavevector are shown in the left
inset with speci ¢ points corresponding to the graph. The red lines show the bands
with the electric eld in-plane (TE modes). The dashed blue lines show the bands
with the electric eld out of plane (TM modes). Mode calculations performed by
Dr Bryan J O'Regan.

con nement in-plane is provided by the photonic crystal lattice.
Silicon-on-insulator (SOI) is the preferred substrate for silicon photonic crystal
slabs. SOI consists of a 220 nm thick crystalline silicon "device" layer on top of
thermally grown silica with a regular silicon carrier wafer underneath. SOI can
yield a suspended membrane structure when the silica is under-etched.

Figure 2.5 shows the band diagram for a membraned photonic crystal slab in
SOIl. Comparing the band diagram to that of the 2D photonic crystal (Figure 2.4),
the shape of the dispersion curves are similar. However, the curves of the photonic
crystal slab are stretched in frequency due to the con nement of the mode in the
vertical direction which lowers the average refractive index. All modes which lie
above the light line experience high propagation losses as they are able to radiate
out of plane. This leaky region is shaded in grey in Figure 2.5.
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Figure 2.5: Band-diagram of a two-dimensional photonic crystal slab (220 nm
zj direction) (n, £3.5) with hexagonal array of air holegn, £1,r/a A£0.35), as
shown in the right inset. The directions of wavevector are shown in the left inset
with speci ¢ points corresponding to the graph. The red lines show the bands with
the electric eld in-plane (TE modes). The light lines are shown with dashed lines
and the leaky region is highlighted in grey. Mode calculations performed by Dr
Bryan J O'Regan.

2.1.6 Defects in 2D Photonic Crystal Slabs

The propagation of light in the photonic crystal slab can be a ected by any
irregularities in the crystal structure. Light can either be scattered or localized to
any defects in the structure. In the case where light is localized, defect states are
introduced into the band structure. If the defect state is found within the photonic
band gap, the eld remains localized to the defect location and exponentially
decays into the bulk photonic crystal. Just as in solid-state physics, these defects
can be classied by their dimensionality as O-dimensional (point defects) or
1-dimensional (line defects). The con nement of light into small mode volumes
(Q/V) increases light matter interaction and can lead to non-linear optical e ects.
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2.1.6.1 2D Photonic Crystal Cavities

The most common type of cavity is formed by a line defect whereby a line of
n holes is removed from the lattice; this con guration is referred to as the Ln-type
photonic crystal cavity. Typically, odd numbers are chosen, such that the L3 cavity
is formed by removing a line of 3 holes, the L5 cavity by removing 5 holes and so
on. These Ln-type cavities are illustrated in Figure 2.6. For cavities with a line
of , 3 holes removed, the nanocavity can be described by a simple Fabry-Perot
resonator model in which the fundamental mode of a photonic crystal waveguide
is con ned by 2 photonic crystal mirrors [21]. The parameters that de ne the
cavity are the re ectivity of the photonic crystal mirrors, the cavity length and the
group index of the Bloch mode. For L3 and larger cavities, more than one mode
is supported, and the number of supported modes increases with cavity length.
The lowest frequency mode supported by the cavity is the fundamental mode and
usually possesses the highest quality factor (Q-factor). The quality factor of the

Figure 2.6: Ln-type photonic crystal cavities. Left to right: L3, L5, and L7 photonic
crystal cavities.

cavity is de ned as:

Q 2V, Energy stored
‘Energy dissipated per cycle

(2.19)

however to experimentally measure the Q-factor we are interested in the lineshape
and linewidth of the resonance spectrally. The cavity resonance has a Lorentzian
lineshape centered at with a linewidth ¢! which is the full-width at half-
maximum of the Lorentzian [22]. These quantities are related to the Q-factor by:

Mo
Q& (2.20)

Light-matter interaction is enhanced in high-Q, low mode volume cavities by the
Purcell factor(F,) (Equation 2.21). The Purcell e ect [23] is based upon Fermi's
golden rule and it states that the transition rate between states is proportional to
the density of nal states. Due to the small volume of the L3 cavity, the density of
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these states is enhanced. By enclosing an emitter in a cavity, Spontaneous emission
can therefore be enhanced. Purcell enhancement is only possible when the emitter
linewidth is comparable to or smaller than the linewidth of the cavity resonance
[24]. For emitters with a larger linewidth than the cavity (the "bad emitter” regime),
the enhancement of spontaneous emission is dominated by the emitter linewidth
and a large spontaneous emission coupling factor, referred to as thiactor, is

not achievable [25]. The Purcell factor is given by:

M T 9

3 Liree ~ Q

F, £— - 2.21
P a2 n v (2.21)

where (, free/ N) is the wavelength of light in material with refractive inder, Q
is the Q-factor, and/ is the mode volume.

2.1.7 Q-factor Optimization of 2D Photonic Crystal Cavities

In the process of trying to achieve high Q-factors in Ln-type photonic crystal
cavities, the group of Prof. S. Noda [26] found that by altering the size and
position of the holes adjacent to the cavity in thej K direction, a dramatic
increase in Q-factor was observed. When investigating how to explain the
phenomenon, they considered how the light was being con ned in the cavity.
With no adjustments, the light is con ned in the cavity like a Fabry-Perot
resonator with perfectly re ecting mirrors. However, with the shifted and
reduced radius holes, the light was able to penetrate deeper into the photonic
crystal mirrors, so experienced a gentler transition; they named this
phenomenon “"gentle con nement”. One can also think of it as analogous to
impedance matching in RF/AC circuits. The gentle con nement hole shifts are
shown in Figure 2.7.

Considering a Fabry-Perot cavity, the electric eld in the cavity is a standing
wave within a top-hat envelope function as illustrated in Figure 2.8(a). For the case
of gentle con nement, the envelope function is a Gaussian as illustrated in Figure
2.8(b).

We can now take the Fourier transform of the envelope functions, yielding a
sinc function atk &£ ¥4, for the top-hat and a delta function at & 8v4, for
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Figure 2.7. Schematic of the gentle con nement L3 cavity. The holes in red are
shifted away from the cavity by x/a and have radius°.

Figure 2.8: (a) Schematic diagram of a standing wave within a perfectly re ecting
Fabry-Perot cavity, the square envelope function is in blue. (b) Schematic of a
standing wave in a distributed Bragg re ector with a defect. This is similar to the
gentle con nement case. The Gaussian envelope curve is in blue.

the Gaussian. The Fourier transforms are plotted in k-space, Figure 2.9(c) & (d),
with the position of the leaky region highlighted in blue. We can see that there is

a signi cant proportion of the electric eld that overlaps with the leaky region for

the top-hat case causing loss of energy from the cavity. Whereas, for the gentle
con nement, the electric eld overlap with the leaky region is minimized reducing
energy loss and therefore increasing the Q-factor of the cavity.

We can now consider the L3 cavity as opposed to a simpli ed Fabry-Perot
model and take the 2D Fourier transform of the electric eld pro I&) for the
fundamental mode, illustrated in Figure 2.10. We can see the electric eld pro les
in real space in subplots (a) & (c) and in k-space in subplots (b) & (d). The leaky
region, i.e. the light cone, is plotted as a circle. As with the 1D case, there is
signi cant overlap of the electric eld with the light cone for the standard L3 cavity,
while the overlap is minimized for the gentle con nement geometry. Further work
from this Q-factor optimization realized photonic crystal nanocavities with Q-
factors of up to 9,000,000 [27].
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Figure 2.9: (a) & (b) The electric eld pro le inside a cavity with a very sha2tg, )
length, and the spatial FT spectra. The leaky region is indicated as a blue area. (c)
& (d) The electric eld pro le with a gentle envelope function (Gaussian curve)
and its spatial FT spectrum. Reproduced from [26].

Figure 2.10: (a) The electric eld pro legy) of the fundamental mode of photonic
crystal cavity. (b) The FT spectra of (a). The region inside the grey circle
corresponds to the leaky region. (c) & (d) The electric eld prole and 2D FT
spectrum, respectively, for the L3 cavity. Figure and caption reproduced from Ref.

[26].
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2.1.8 Far eld Optimization of 2D Photonic Crystal Cavities

In the previous section, we looked to optimize the light storage within the
cavity to increase the Q-factor of the cavity. Not only is the Q-factor important for
devices, but we need a mechanism to out-couple light vertically from the cavity
whilst maintaining high Q-factors. This apparently con icting requirement can be
met by implementing the "far- eld optimization” technique that was developed by
Portalupi et al. [28]. The technique superimposes a second-order grating onto the
photonic crystal cavity by enlarging/reducing the size of surrounding holes, see
Figure 2.11(a).

Figure 2.11: (a) Schematic of far- eld optimized L3 PhCC. Holes with red edge are
shrunk and shifted to optimize the Q-factor. Dark holes are modi ed to increase
the vertical out-coupling. (b) Calculated Q-factor and out-coupling e ciency (
out) as a function of radius variation of the alternating holes highlighted in yellow.
(c) A selection of calculated far- eld patterns (electric eld intensity pro Ig£j?)
corresponding to the labeled numbers on the e ciency plot (see numbers in panel
(b)). Field intensities are normalized to the total emitted power in the vertical
half-space. Concentric circles correspondutge20*, 30%, 40%, 50%, 60%, 90* from the

inner to the outer one, respectively. Figure and caption reproduced from Ref. [28].

The second-order grating acts to fold some of the k-vectors outside of the
light cone back into the light cone for extraction. As the modi ed hole radius
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is controllable, a compromise can be made to increase the out-coupling e ciency
of the cavity whilst maintaining high Q-factors. The Q-factor and out-coupling

e ciency are plotted as a function of hole enlargement in Figure 2.11(b). The
gure highlights that a good compromise can be achieved, e.g. at points 3 and 6,
where the light out-coupling e ciency can be increased by an order of magnitude
while the Q-factor is reduced b 20%. Another practical consideration is the
angular emission pro le of the cavity. For applications where a long working
distance objective is desirable, for example if the measurement is to be performed
in a cryostat, emission pro le 3 in Figure 2.11 may be preferable as the emission
can be collected by a low NA objective.

2.2 2D Materials

Interest in atomically thin materials was sparked by the discovery of
graphene by Novoselov and Geim in 2004 [29] and their 2010 Nobel prize. In the
wake of this achievement, a number of techniques for producing monolayers,
such as mechanical exfoliation [29] and CVD growth [30], were developed. These
techniques then opened the door for research into materials 'beyond graphene’
to explore what other functionalities may be realised, and transition metal
dichalcogenides (TMDs) came to the fore. While graphene o ers excellent
mobility for electronic applications [31], the TMDs o er very high exciton
binding energies [32] which is advantageous in photonics. TMDs have the
general formula MX, where M is a transition metal and X is a chalcogen. Typical
transition metals forming TMDs are Mo or W with the chalcogens being S, Se or
Te. It has been known for a while that thin layers of TMDs feature direct
bandgaps in the visible and near-IR region of the optical spectrum [33] in
contrast to their indirect bandgaps observed in bulk, yet it took the graphene
revolution to awaken this interest on a larger scale.

These direct bandgaps are found at the K and K' valleys of the reciprocal
lattice (see Figure 2.12). The reason for the existence of two valleys at the K-point
is that the inversion symmetry in the 2D Brillouin zone is broken by the alternate
positioning of the transition metal and the chalcogen; hence the K point in each
direction is di erent. The valleys are energy degenerate in momentum space;
therefore, the interband transitions exhibit circular dichroism meaning that
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di erent transitions are coupled to right or left hand circularly polarized light.
For an optically generated electron to change valley, it either has to ip its spin
or it has to undergo an energetically unfavorable transition; hence the electron is
both valley and spin-polarized. These valley-speci ¢ selection rules have given
rise to a new area of research, "valleytronics" [34], meaning that data could be
stored or manipulated via di erent discrete values of the crystal momentum. At
the K points, the spin degeneracy is lifted in both the conduction band (CB) and
the valence band (VB), which is in contrast to, e.g., GaAs QWs where both CB
and VB are spin degenerate. This spin-splitting e ect gives rise to spin-allowed
optically 'bright’ transitions as well as spin-forbidden optically ‘dark’ transitions
[35].

Figure 2.12: Schematic bandstructure of monolayer TMDs showing the circular
dichroism and the K and K' valleys. The K and K' valleys are energy degenerate
due to the inversion symmetry of the 2D Brillouin zone. The interband transitions
at the K point are coupled t&/ circularly polarised light and at the K' point the
interband transitions are coupled t& circularly polarised light. These valley
speci ¢ selection rules are the basis of valleytronics.

Light emission from TMDs is dominated by excitons and trions because of the
strong Coulomb interactions inherent in the low dimensionality and the reduced
dielectric screening compared to the bulk. These excitons (bound electron-hole
pairs) have a very high binding energy (0.5-1 eV), which is one or two orders of
magnitude higher than, e.g., that of GaAs quantum wells (QWSs) [36]. The high
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binding energy of the excitons leads to very short radiative decay rates on the
order of 1 ps [37, 38], which is two orders of magnitude shorter than that of GaAs

QWs. The transition metals and chalcogens can be combined almost arbitrarily
within the MX, framework, and di erent combinations yield optical transitions of

di erent energies, typically in the 1-2 eV range as illustrated in Figure 2.13.

Figure 2.13: Photoluminescence (PL) spectra of a variety of monolayer TMDs at
room temperature. The PL intensities are each normalized to unity for ease of
comparison. Data is shown for MoZ¢14], Mo$S [39], WSe [39], and WS [40].

2.3 Conditions for Lasing

Having reviewed four examples of TMD light emitting devices in Section 1.2,
it is instructive to ask whether they actually meet the conditions for laser
operation. To this end, we refer to the checklist of laser criteria published by
Nature Photonics in 2017 [41]. The list refers to a common set of data including
threshold behavior, linewidth narrowing, polarization, and/or coherence together
with recommendations of how best to represent the data to aid transparency and
reproducibility. The list is partially based on a paper by Samuel et al. [42], which
was motivated by the same question ("How to recognize lasing") in organic
semiconductor gain materials. Samuel et al. also highlighted threshold, linewidth
narrowing, beamshape, and evidence of a cavity signature, together with
coherence and polarization as lasing criteria. Through assessment of the four
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