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Theoretical Analysis of Integrated Nanophotonic
Q-Switched Laser Based on Gain and Saturable
Absorption by Two-Dimensional Materials

Georgios Nousios,* Thomas Christopoulos, Odysseas Tsilipakos,

and Emmanouil E. Kriezis*

A nanophotonic passively Q-switched lasing element in the near infrared is
proposed and theoretically investigated. It consists of a silicon-rich nitride disk
resonator enhanced with the contemporary MoS,/WSe, hetero-bilayer and a
graphene monolayer to provide gain and saturable absorption, respectively. The
two-dimensional materials are placed on top of the disk resonator and are
separated by a spacer of hexagonal boron nitride. MoS, /WSe, emits at 1128 nm
due to the radiative recombination of interlayer excitons after being optically
pumped at 740 nm. Optical pumping is conducted in a guided-wave manner
aiming at achieving a high overall efficiency by critically coupling to a cavity mode
near the pump transition. The response of the proposed pulsed laser is assessed
by utilizing a coupled-mode theory framework fed with linear finite-element
method simulations, rigorously derived from the Maxwell-Bloch equations.
Following a meticulous design process and exploiting the guided pumping
scheme, an ultralow lasing threshold of just 24.2 pW is obtained. Overall, the
Q-switched laser delivers pulsed light inside an integrated bus waveguide with
mW peak power, ps duration, and GHz repetition rates requiring sub-mW
continuous wave pumping. These properties are highly promising for commu-
nication applications and highlight the potential of two-dimensional materials

1. Introduction

Nanophotonic integrated circuits have wit-
nessed immense technological growth over
the last two decades and currently consti-
tute the driving force in a number of tech-
nological fields including modern-day
optical communication systems. In partic-
ular, based on the commercial CMOS-
compatible and technologically mature
silicon-on-insulator (SOI) platform, a num-
ber of highly efficient, large-bandwidth,
ultra-compact, and low-loss optical compo-
nents have been demonstrated, including
waveguides, resonators, and electro-optic
modulators."? Recently, the contemporary
silicon-rich-nitride-on-insulator ~ (SRNOI)
platform, which is complementary (and
compatible) to that of SOI, has also
attracted great attention.*~! The SRNOI
platform combines the high refractive
index of Si and the wide bandgap of SiN,
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allowing for miniaturization and strong

light confinement without single- and

two-photon-absorption-induced losses and

consequent free-carrier effects of Si in
the near infrared (NIR).

Currently, the absence of reliable and efficient SOI-compatible
on-chip integrated light sources!® constitutes a bottleneck in
achieving high-integration-density silicon-based nanophotonic
circuitry. Furthermore, exerting control over the laser dynamics
through the utilization of an intracavity saturable absorber in
order to transform continuous wave (CW) nanophotonic lasers
to pulsed sources without the need for external modulation is
still vastly unexplored with only one attempt made on photonic
crystal cavities recently.”) Conventional passive pulsed laser sour-
ces exploiting Q-switched and mode-locked mechanisms are
rather bulky and typically based on either free-space Fabry-
Pérot or fiber-loop cavities, with the gain provided by solid-state
and rare-earth-doped fiber lasers, respectively, while the satura-
ble absorption (SA) effect is delivered by semiconductor satura-
ble absorption mirrors (SESAMs).B% Although the exploitation
of the mode-locking mechanism in the nanoscale seems prob-
lematic due to the short roundtrip of the nanophotonic cavities,
the Q-switching principle seems promising, since it is inherently
favored by compact cavity structures.® Nonetheless, bringing the
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Q-switched mechanism in the nanoscale requires novel gain and
SA media that could be monolithically integrated with silicon
photonic resonators.

The advent of two-dimensional (2D) materials, which exhibit
extraordinary linear, nonlinear, and luminescence properties and
are compatible with the SOI platform, could help bridge this gap.
The first 2D material to be exfoliated was graphene, which is
semi-metallic with conical band structure and zero bandgap that
gives rise to broadband linear and nonlinear optical properties
spanning from the THz into the visible.'>*? Graphene saturable
absorption was the first nonlinear effect to be studied and then
promptly used in pulsed fiber lasers replacing the narrow-band
SESAMs."! SA in graphene is characterized by low-power
requirements, ultrafast response time and has been thoroughly
studied in the literature."*”) The next family of 2D materials
that has attracted considerable attention is transition metal
dichalcogenides (TMDs), which are semiconductors with a direct
bandgap in the visible/NIR and high quantum efficiency, thus
holding great promise as active media in nanophotonic lasing
elements.[**®23) The vertical stacking of two TMD monolayers
creates a type-II band alignment heterostructure hosting inter-
layer excitons with long radiative recombination lifetime
(= ns).*2% Additionally, the emission wavelength of the
TMD hetero-bilayers depends on the energy levels of the individ-
ual monolayers and can be electrically adjusted through the Stark
effect.***2% MoS,/WSe, is one of the most studied TMD
hetero-bilayers which emits in the range 1240-1127nm
(1-1.1eV), rendering it highly promising for optical communica-
tion applications in the lower limit of the O-band.?**”! Finally,
another promising 2D material for optoelectronic applications is
hexagonal boron nitride (h-BN), which is an insulator with
wide bandgap of 6eV and the same crystal structure with
graphene.?% h-BN has been widely used to encapsulate other
2D materials (like graphene and TMDs) in order to enhance their
electrical and optical properties and act as gate dielectric in
heterostructures of 2D materials.*"! Recently, exploiting the
significant refractive index contrast between h-BN and SiO,,
monolithic devices including disk resonators?®*! and photonic-
crystal cavities®* have been directly carved out from h-BN flakes
(multilayer films up to hundreds of nanometers thick), generat-
ing new opportunities for nanophotonic devices fabricated
entirely out of 2D materials.

Motivated by the aforementioned developments, in this work
we propose, tailor, and thoroughly investigate an integrated
passively Q-switched lasing component in the NIR, based on
an SRNOI nanophotonic disk resonator where both the gain
and SA mechanisms are provided by 2D materials. This is the
first time to our knowledge that 2D materials are concurrently
used as both gain and SA media in pulsed nanophotonic lasers.
Thus far, either various 2D materials (graphene, TMDs, MXenes,
black phosphorus) have been employed as saturable absorbers in
bulky fiber laser structures™™ or the gain provided by e.g. TMDs
has been exploited in CW nanophotonic lasing elements.[*>°!
Here, the MoS,/WSe, TMD hetero-bilayer is exploited as the
gain medium, which emits light at 1128 nm after being optically
pumped at 740 nm. In order to minimize the lasing threshold,
the gain medium is pumped in a guided-wave manner by appro-
priately exciting a whispering-gallery mode (WGM) of the cavity
near the pump wavelength. The Q-switched operation is achieved
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by additionally harnessing the ultrafast SA response of a gra-
phene monolayer. Both the TMD bilayer and graphene mono-
layer are placed on top of the resonator separated by a finite
height spacer of h-BN (multiple layers), allowing for tailoring
light-matter interaction between the lasing/pump modes and
the gain and SA media. To efficiently excite the pump mode
and extract the emitted light from the lasing mode, a double-
bus-waveguide scheme is employed with dissimilar waveguides,
each of them adjusted to the pump or lasing wavelength. The
guided-wave output allows to integrate the proposed source with
other optical components on-chip. The cavity is meticulously
designed based on general design directives, in order to achieve
high-quality performance in terms of pump power requirements,
output power, pulse energy and repetition rate.

For designing the proposed lasing element, we develop a
rigorous temporal coupled-mode theory (CMT) framework fed
by linear finite-element method (FEM) simulations.?>~*" Both
the lasing and pump transitions in the gain medium are
described by induced electric polarization fields, which follow
typical Lorentzian oscillator equations capable of describing
homogeneously broadened transitions.****™! The carrier
dynamics of the 2D gain medium are described by semiclassical
carrier rate equations, while the nonlinear response of graphene
by its nonlinear surface conductivity.***”! The effect of the 2D
gain and SA media are introduced in the CMT framework
exploiting first-order perturbation theory.[*¥! Using the developed
framework, we thoroughly evaluate both the CW and pulsed
operation of the proposed lasing element, in order to quantify
all the fundamental emission properties, including the lasing
frequency and threshold, the output power and the metrics char-
acterizing the pulsed operation. Finally, the heat removal capa-
bility of the structure is assessed by heat transfer simulations,*”’
and its thermal stability is confirmed.

The rest of the paper is summarized as follows: In Section 2,
the CMT framework is developed. The photoluminescence and
nonlinear properties of the TMD bilayer and graphene mono-
layer, respectively, are briefly described. In Section 3, the pro-
posed passively Q-switched nanophotonic element is presented
and meticulously designed, while in Section 4, both its CW and
pulsed operation are thoroughly examined. Finally, Section 5
offers concluding remarks.

2. Theoretical Framework: A Temporal Coupled-
mode Theory Approach

2.1. TMD Hetero-bilayer MoS,/WSe, gain

The photoluminescence process of the MoS,/WSe, hetero-
bilayer is illustrated in Figure 1a, and it is fundamentally the
same for every TMD bilayer that forms a type-II band alignment
heterostructure.?*?>223% MoS, /WSe, can be readily modeled as
a three-level gain medium,*" with levels 1, 2, and 3 being the
valence band of WSe,, the conduction band of MoS,, and the
conduction band of WSe,, respectively. The surface carrier den-
sity in each level is marked as N;(r,t), i = {1,2, 3}. The pump
mode, described by fields £P)(r,t) and HP)(r,t), resonantly
excites the A-intralayer excitons of the WSe, monolayer. The
pump transition is described through the induced pump electric
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Figure 1. a) Energy diagram of the MoS, /WSe, TMD hetero-bilayer, which enables the stimulated emission at 1 128 nm due to the radiative recombina-
tion of interlayer excitons after being optically pumped at 740 nm. The formation of the interlayer excitons is graphically presented, and all the electro-
magnetic quantities are marked. b) Graphene band structure and schematic interpretation of the graphene SA effect. c,d) Proposed Q-switched lasing
element based on an SRN disk resonator side coupled to two dissimilar bus waveguides. c) Real part of the E, component of both the lasing and pump
mode in the TMD plane (x—y cut of the structure). The input and output channels of the two modes are clearly marked including the input and transmitted
pump waves and the emitted output wave. d) Schematic of the y-z cut of the structure showing the MoS, /WSe, /h-BN/graphene stack. All the geometric

parameters are annotated.

polarization field P®)(r,t) and is characterized by a central
transition wavelength of ;; = 740 nm (1.675 eV).?*?%3% The
linewidth of the transition is broad with I's; =~ 70 Trads™' at
room temperature.?%?! The strength of the transition is quanti-
fied by the spontaneous emission lifetime, which has been found
to be 7315pon & 290 ps.?2M In the case of an isolated WSe,
monolayer, the A-intralayer excitons would recombine with
the characteristic carrier lifetime 3;, which is in the ps time
scale, predominately dictated by nonradiative channels (at room
temperature).'®?!) Nevertheless, the vertical stacking of the
WSe, and MoS, monolayers results in the formation of a
type-II band alignment heterostructure leading to the ultrafast
carrier transfer of electrons from the conduction band of
WSe, to the empty conduction band of MoS,, governed by a car-
rier lifetime 73, in the sub-100 fs time scale;?+%! throughout this
work we set 73, = 100 fs. At the same time, the recombination of
the intralayer excitons of the WSe, monolayer is quenched**?*!
and energetically favorable interlayer excitons are formed.??*%
The radiative recombination of the interlayer excitons ultimately
enables the amplification of the lasing mode [E(™)(r,t)
and ‘H™(r,t)] from the noise level. The lasing transition is
described through the lasing induced polarization field
PU")(x,t), and it is characterized by a central transition wave-
length of A4,; =1128 nm (1.1eV) and a broad linewidth of
'y &~ 20 Trads~.2%*% Due to the spatial separation of electrons
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and holes in different monolayers, the radiative recombination of
the A-interlayer excitons is characterized by spontaneous emis-
sion lifetime two orders of magnitude greater than that of the
intralayer ones, hence, we set 7 spon = 25 ns.'*2?71 The lumines-
cense properties of the interlayer excitons also depend on the
twist angle between the two individual monolayers. On that
account, the individual TMD monolayers have to be closely
aligned crystallographically, enabling the interlayer excitons to
recombine radiatively (bright excitons).”®*’! Nevertheless, to also
take into account the various nonradiative recombination chan-
nels that may exist, we choose the modest value of ¢ = 0.1 for the
quantum yield of the interlayer excitons, thus, obtaining a carrier
lifetime of 7,; = 2.5 ns, in agreement with the value reported in
ref. [30]. In addition, we assume that the TMD hetero-bilayer is
neutrally doped, where the luminescence is attributed solely
to singlet emission with no observation of triplet states.®!
Note also that since there is no external carrier injection and
the gain medium is not chemically active (absence of
photobleaching), the total surface carrier density is conserved,
ie.,, N;+ N, + N3 =N, For the rest of this work,
Nio: = 103 cm~2, which is a typical value for TMDs.[*®!

We next proceed to the development of the CMT framework.
The 2D nature of the TMD hetero-bilayer dictates that the polari-
zation fields P¥)(x,t), k = {m, p} contain only tangential compo-

nents yielding P (r,t) = P (r, £)8,(r), where P (x,1) is the
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surface polarization field (units of Cm™"), and §,(r) is a surface
Dirac function being nonzero only on the surface of the 2D mate-
rial. Since the lasing and pump transitions are well separated in
frequency and each mode is associated only with one transition,
the Maxwell’s curl equations for each mode and for nonmagnetic
and nondispersive materials read

®)

V x EW(r,1) = _ﬂomait(r’t) (1a)
_oew oY

Vs MO 1,0) = ety () 2 PR 5 (1b)

where the relative permittivity tensor &, (r) describes the isotropic
or uniaxially anisotropic dielectric properties of the underlying
bulk materials of the cavity. Note that the polarization fields
describe only the resonant nonlinear response due to the respec-
tive transition in the gain medium,*"! while its nonresonant
(background) linear dielectric properties are expressed by appro-
priate imaginary surface conductivity tensors, &, which can be
thought of as contributing to the relative permittivity tensor
through the relation & = I3 +jo/(weyd), where d is the
thickness of the 2D materiall**% and I; is the 3 x 3 identity
matrix. Throughout this work, the surface conductivity tensors
are used for the 2D materials, respecting their two-dimensional
nature. The electromagnetic quantities in Equation (1) can be
expressed using a complex slowly varying envelope and a
rapidly oscillating harmonic term at the optical “carrier”
frequency Q®¥); for instance, the electric field is written as
EW(1,t) = Re{EW (1, t)exp(jQ¥t)}. The contribution of the
complex polarization field Pl (r,t) in the respective cavity mode
properties is included by exploiting first-order perturbation

theory,*®i.e., it is assumed that P (r, t) modifies the resonance
frequency and the quality factor of the related mode, but leaves
the modal field distribution unaffected. The typical mathematical
avenue followed for the incorporation of various linear and
nonlinear effects in the CMT frameworkl*#***748] is: In the

unperturbed case (absence of p (r,t)), the complex fields that
fulfill Equation (1) (eigenvectors of a standard eigenfrequency
problem) oscillate at the unperturbed/“cold” cavity resonance fre-
quency w% (subscript “c” stands for “cavity”), i.e, Q¥ is set equal

to w%. We make no assumption regarding the resonance

frequency of each mode and consider the general case where
a)%) # w,; and a)% # w3, i.e., the resonance frequency of
the lasing and pump mode does not necessarily coincide with
the central frequency of the respective transition. In the per-
turbed case (presence of p (r,t)), on the other hand, the com-
plex fields that fulfill Equation (1) oscillate at the perturbed/“hot”
cavity resonance frequency o). The evaluation of the resonance
frequency shift Ae® = ¥ — a)%, which is generally complex to
account for modifications in both the resonance frequency and
the linewidth of each mode, is the final objective of the mathe-
matical analysis. There is, however, one notable difference for
the lasing mode, where the lasing frequency w; (coinciding with
the “hot” resonance frequency of the lasing mode, a)£m>) is not
known a-priori and the CMT framework has to be developed
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on an arbitrarily chosen reference frequency a)izp. The thorough

mathematical evaluation of A@™ and a comprehensive discus-

sion on the choice of wg? is presented in our recent work,*!

while for the extraction of A@®) a similar process has to be fol-
lowed. Here, we omit the rather long mathematical procedure
and present the final result which reads

~ w1 m dp™ (¢

Ao™ :Jfé >(J(T)(t) {Jwief)p(’”)(t) + PT()] (2a)
- , 1 T, dp® (¢

AP = jef) 0 {Jw%p(”)(t) +pd7t()} (2b)

The (solely time-dependent) cavity amplitude a(¥)(t) is con-
nected to the slowly varying fields through the relations:
EX(r,t) = a® (HEY)(r) and HO(r, 1) = a® ()HY)(r). 414 The
reference fields Eig (r) and Hig(r) are proportional to the unper-
turbed modal field distribution and are normalized in order to
have unity energy; the energy of each mode is equal to |a(®|2.
In addition, p®(t) is the surface polarization amplitude given

by P (r,t) = p¥ (DEy
the 2D gain medium electric field intensity. The latter relation
also implies that the induced surface polarization field follows

exactly the tangential field distribution of the respective

(r), where EE’;}YH(r) is the tangential to

mode.*®* Finally, the overlap factors fém (“g” for “gain”) quan-
tify the strength of interaction between the 2D gain medium and
the lasing/pump mode and they are given by

21

where S, is the surface of the TMD hetero-bilayer. Note that the

2
EY ([ ds (3)

definition of §ék) is different from that of the dimensionless
confinement factor of the conventional rate equation frame-
work,”3%3 though both quantities carry the same physical
meaning.

The lasing and pump polarization fields follow typical
Lorentzian oscillator equations describing homogeneously
broadened transitions!****** reading

2P (1, 1) PO (x,1)
02 ot
= —0, AN (1, )E | (1,1)

+ Ty + wizq’ng) (,t)

“)

where the indices ig = {31,21} denote the levels of the gain
medium related to each transition. o;, is the coupling strength
of each transition, which is related to the respective spontane-
ous emission lifetime through o;, = 3wiq£0n§ain(ﬂiq /Ngain)?/
(471'2T,‘qyspon), where ng,;, is the refractive index of the gain
medium.*?! The driving term of Equation (4) is the product
of the respective mode’s electric field and the population differ-
ence of the carrier densities of the levels related to the transition,
AN, =N; — N,. Thus, for AN, <0 (AN, > 0), Equation (5)
describes a saturable absorption (emission) process.
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The slowly varying fields are then introduced in Equation (4),
with the fields related to the lasing mode/transition oscillating at
the reference frequency wref , whereas those related to the pump
mode/transition oscillating at the frequency of the input
pump wave w®. For instance, the electric field is written

as £‘<‘m)(r, t) = Re{El(lm)(r, t)exp(ja)gf)t)} and 8‘<‘p) (r,t) =
Re{ I >(r t)exp(jo® )} Thereafter, the spatial and temporal

dependencies of the fields are disentangled by introducing the
reference fields (as previously) and by exploiting the slowly vary-
ing envelope approximation to neglect the second-order deriva-
tives, Equations (4) are transformed to

dp(M) _ (0%1 ( Eef)) +Jwref r21 p(M)

dt F21 +_]26l) (53.)
0'— [NZ }a(m)
F21 +_]20)ref
dp® _ @5 — (0®)? +Jw Ty )
dt T3 +j20®) (5b)

031 ~ ~
- Bl N, -N,a®
s —I—jZ(u(p) (N3 d

where the temporal dependence has been dropped for brevity.
N;(t) are the spatially averaged carrier densities given by

D N
ﬂsg Eief,m I

ref>H( ) ErefH( )’ ds
2
EY (n)|'ds

:

©)

The spatial averaging in Equation (6) has to be conducted with
the tangential electric fields of both the modes, meaning that
when the spatial overlap of the two modes is poor then
N; ~ 0. Physically, this means that the energy offered by the
pump mode cannot be exploited for the amplification of the las-
ing mode. Inspecting the first term on the right-hand side of
Equation (5) and the form of A@ in Equation (2), we also see that

# w31, the

polarization amplitudes p® induce nonlinear frequency shifts
to the resonance frequency of the respective mode.

The carrier densities in the three levels of the gain medium
obey standard semiclassical carrier rate equations?*®**** reading

in the general case where “’E:lf) # wy; and/or @@

ONs(r,t) _ 1 gy, PP (1) Ni(xt)
ot hoy 8” (1) ot o, (7a)
INy(1,t) 1 _gm 0P (r,t) Ny(rt) Ns(rt)
ot hoy g” (1) ot Ty + 73, (7b)
ONI(LE) 1 m P (r,t)  Ny(r,t)
at - _Tla)21 8” (r’ t) ’ at * 2
(79)
B 1 ») a'ng)(I‘, t)
P e v

The first term in Equation (7a) quantifies the photogeneration
of intralayer excitons by the pump mode, while the first term in
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Equation (7a) and (7c) expresses the stimulated emission
(coherent recombination of interlayer excitons) in the lasing
mode provided that the population inversion is achieved. The
terms Ns(r, t)/73, and N,(r,t) /7, describe nonradiative and/or
incoherent radiative (spontaneous emission) processes that
occur from level 3 to level 2 and from level 2 to level 1, respec-
tively (Figure 1a). Note that the relaxation and recombination pro-
cesses between the different levels of the gain medium are
generally nonlinear and could stem from different physical
effects.>?) Here we have chosen to describe them with simple
decay terms that depend on constant carrier lifetimes (z,; and
73,), which can be viewed as effective quantities that encapsulate
all the underlying nonlinear physical phenomena in an effective
manner. More accurate representations using two-electron
carrier rate equations have been proposed in the literature,>*!
but we found that they do not lead to noticeable changes in
the results presented in Section 4 (see also the Supporting
Information, Section S1 for more details and results). By apply-
ing the same transformations as previously and additionally
exploiting the rotating wave approximation to neglect the second
harmonic terms, the (solely time-dependent) rate equations for
the spatially averaged carrier densities are found

dN, _ &f PV 0] (@) N
& 2hoy, Re i + jo® (aP)* b — ™ (8a)
dN, _ 52? dp™ (m) (m) | (g(m)y* N Ny
T E e O G St Sl
d_Nl — ginﬁi) Re dp(m) (M) (m) (a (m )) +&

dt a 271(1)21 dt refp (3

(p)
Eeff 0] (g0
oo, Re T + jo'? (al?)) (8¢)

The overlap factors gg’;g (not to be confused with the dimen-
sionless confinement factor of the conventional rate equation
framework!”>**!) measure the strength of interaction between
each mode and the 2D gain medium, as well as the modes
between them, and are calculated through (note the different
powers in the numerators):

o _ U, | refu ‘ Bl (r )’ ds

eff — (93)
ffs refH ‘ ErefH( )‘ ds

5(}3 ffs ref|| ) ErefH( )‘ ds o
ffs ref|I ) ngu( )‘ ds

2.2. Graphene Saturable Absorption

The realization of a passive Q-switched laser additionally requires
harnessing the SA effect. In comparison with other 2D materials,
graphene SA is characterized by lower saturation intensity and
faster response,'% properties that are favorable for the realization
of Q-switched laser sources.®® These SA properties stem from
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the unique conical band structure of graphene, which is schemat-
ically depicted in Figure 1b.

The linear and nonlinear response of graphene can be treated
through its surface conductivity ngr.[‘“’] The latter is decomposed
into two parts describing the interband and intraband transi-
tions, i.e., Ggr = Ointra 1 Ginter- Due to Pauli blocking, the inter-
band transitions are only allowed when graphene Fermi
energy, E, is lower than the half-photon energy of the illuminat-
ing wave, i.e., Ef < hw/2. In this regime, the interband compo-
nent dominates the linear response, and graphene is at the high
loss regime. Under strong optical illumination graphene losses
are quenched as a result of Pauli blocking. Although both the
interband and intraband components of graphene surface con-
ductivity are theoretically anticipated to saturate in the NIR, only
the former has been found to occur at practical power densities
(~ MW cm~2).'¥ Therefore, we only consider the saturation of
Ointer- We also assume that graphene is pristine (E = 0), mean-
ing that the intraband losses are zeroed-out (6, = 0), and the
linear interband conductivity is purely real and equal to the
“universal” optical conductivity of graphene, oy, = 69 = 61 pS.

The SA response of graphene in principle depends on the elec-
tric field intensities of both the pump and lasing modes.
Nevertheless, to achieve Q-switched lasing, it is crucial that
the SA response of graphene remains unaffected by the pump
mode; this can be achieved via the careful design of the cavity,
which is addressed in Section 3. Otherwise, the losses of gra-
phene would be predominantly saturated by the pump mode
(instead of the lasing mode), and the laser could not achieve
pulsed operation. The physical description of graphene SA has
been treated through a number of different theoretical descrip-
tions in the literature, each of them introducing a different level
of physical intuition.'"**~*¢ In all cases, however, the strength of
the SA effect can be quantified through a single phenomenolog-
ical macroscopic parameter, namely, the saturation intensity
I 'V15 17 Additionally, graphene SA has been found to be ultra-
fast with the SA relaxation time receiving values from 0.1 to
1 ps.'>**! Therefore, we opt for a simple instantaneous graphene
SA model which, nonetheless, encompasses all the required
physical properties that affect the overall response of the Q-
switched lasing element. The nonlinear surface conductivity of
graphene is given by!*”!

_ (m) 0o
0y =04 | E = (10)
v =u(E") 1 [E(" (o 0) [/ Bl

where E, is the saturation electric field that corresponds to the
typical value of the saturation intensity of I, = 1MW cm~2;*!
they are connected through I, = |Eg|?/(2Z,) and Z, is the vac-
uum characteristic impedance. Each mode induces a surface cur-
rent density in the graphene monolayer given by ]Ek) = agrE‘(‘k )
where the temporal and spatial dependencies have been dropped
for brevity. The impact of ]§’“) on the properties of the two modes
is incorporated once again through first-order perturbation the-
ory, resulting in modifications in the quality factors of the two
modes.[*”! Consequently, the graphene SA-induced dynamic life-

time, tgi), of the two modes is evaluated through
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(k)
Eref

1 _ 1// %0
T(g’f') (a(Wl)) 4 Sea 1 4 !a(m)

where Sg, is the surface of the saturable absorber, i.e., the gra-
phene monolayer. Equation (11) cannot be further simplified
since the solely time-dependent term |a™ |2 cannot be disen-
tangled from the surface integral. Nevertheless, to gain further
physical insight and facilitate the development of design direc-
tives (see Section 3), we aim at defining overlap factors similar

—ds (11)

2
1
(m) |2
|2 Eref,H‘ /Esat

to éék> that express the strength of interaction between the SA and
each of the two modes. For this purpose, we set a™ =0 in
Equation (11) and the linear lifetime due to the graphene losses

becomes 1/ T(g]f») (0) = aoé(s’;), with the 5(512 overlap factor given by

w_1[f
a-4/]
SA 4 Sn

Note that Equation (12) is very similar to Equation (3), but the
integration is performed on graphene rather than the TMD
heterobilayer.

Apart from SA, graphene also possesses strong Kerr
effect,"*1%5* and in general its impact has to be carefully con-
sidered in practical nanophotonic graphene-enhanced structures.
Our preliminary calculations indicate that graphene Kerr effect is
of negligible importance in our Q-switched lasing element and,
thus, its influence is omitted for the rest of this work.

2
Eign(r)’ ds (12)

2.3. Overall Cavity Response

Having evaluated the impact of the 2D gain medium [Equation
(2)] and the 2D SA [Equation (11)] on the two modes, we are now
able to write the final form of the cavity mode amplitude CMT
equations. The proposed Q-switched lasing element is comprised
of a disk resonator side-coupled to two dissimilar bus wave-
guides, namely the pump and the emission waveguides. In
Figure 1c, we present the field distribution on a x—y cut of the
structure for each mode, illustrating the real part of the E,
component of each mode for the designed lasing element (see
Section 3). Therein, we also mark the input and output
channels as well as the respective external lifetimes. The latter
follow the naming convention rg?vg, where the subscript
wg = {emis, pump} denotes the waveguide and the superscript
marks the mode. The pump waveguide couples the input pump
power, P,, to the resonator in order to excite the pump mode,
while the emission waveguide extracts the emitted output power,
Py, from the lasing mode. The exploitation of a double-
waveguide scheme with dissimilar waveguides is necessary to
achieve efficient coupling for both modes, for reasons that will
become evident in Section 3. Although the lasing and pump
modes are also coupled with the pump and emission waveguide,
respectively, these couplings are undesirable and can be mini-
mized in the design stage.

Consequently, the cavity amplitude equation for the lasing
mode reads!*"
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da(m) m m

= e —oly e
{1+ LI S }a“") (13)
a0 (@) T Tipm

where the first term on the right-hand side expresses the detun-
(m)

e and w%), with any choice

ing between the arbitrarily chosen w

of a)g"f) reasonably close to wﬁf(? being valid. The actual lasing
frequency can be either revealed in a post-processing step by tak-
ing the Fourier transform of the evaluated a(™, or estimated
through a closed-form relation presented in ref. [41]. The second

term is the loaded lifetime of the mode consisting of both power-
(m) _(m)

rad > Toemis and ngl)lmp) and power-dependent/

independent (z
dynamic (rgr”)) terms; the lifetime is connected to the respective
quality factor through Q®) = w%r“‘) /2. Finally, the third term
introduces the influence of the lasing polarization field in the
lasing mode, according to Equation (2a). The output power
can be assessed through Py = 2/(z"™_)|a®™ 2.

e,emis
Similarly, the cavity amplitude equation for the pump mode

can be cast as

da(p) ,
= [wuo) —w pg] a®)

1 1 1 1],
o T T |? (14)

m
Trad Tor (a( ) ) Te,emis Te,pump

)

ol 0@, 9P .2

— & Jo op + di +J T(p) PP
e,pump

where the fourth term is the driving term, i.e., the input wave that
excites the pump mode. Pump power that is transmitted in the

2
pump waveguide is Ppans = ’, /P, +j\/2/ Tg’gumpa@)

the pump power transmitted/dropped in the emission wave-
guide is negligible in the designed structure. We also define
the absorption efficiency #, of the laser as the fraction of the

, while

input pump power P, that it is absorbed by the gain medium
(and more specifically the WSe, monolayer). Under the reason-
able approximations that the radiative losses, the coupling losses
with the emission waveguide and the graphene resistive losses
are negligible, the absorption efficiency can be calculated
through My = (Pp - Pp,trans)/Pp-

The final CMT framework consists of Equation (5), (8), (13)
and (14) (and the respective output power-coupling equations),
which comprise a system of seven fully-coupled nonlinear
first-order differential equations and have to be solved in con-
junction with each other in order to assess the response of
the lasing element under study. The coefficients of the CMT dif-
ferential equations can be evaluated by conducting linear eigen-
frequency simulations using a full-wave electromagnetic
method. The framework can be exploited to assess the response
of a general “class C” laser, where the carrier dynamics and the
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polarization response of the gain medium are considered to
determine the overall response of the laser. In comparison with
our recent work,!*") here we have expanded the CMT framework
to incorporate the case where the optical pumping is conducted
with a tightly confined cavity mode excited by guided light rather
than a uniform free-space beam. In addition, the SA effect has
been introduced in the framework enabling the study of pulsed
nanophotonic lasing structures. Moreover, the pump transition
is now described through an electric polarization field, similarly
to the lasing transition, enabling the accurate evaluation of the
pump light absorption by the gain medium, including the satu-
ration of the pump transition at high pump power levels due to
Pauli blocking. The biggest advantage of the guided pumping
scheme is the prospect of achieving absorption efficiency,
1, — 1, which has far-reaching consequences for nanophotonic
lasing elements as it could result in the ultralow lasing thresholds
in the pW region. Maximum absorption efficiency can be
attained by appropriately designing the resonator in order to
meet a typical critical coupling condition for the pump mode.
The onset of the lasing operation is quantitatively described
through the lasing threshold, which can be expressed either
through the population inversion threshold or the corresponding
pump power threshold. The population inversion threshold can
be readily extracted from Equation (13) in the specific case that
o) = o) = 0y = w, yielding: AN, =Ty /o120 (0)],

where T(fm> (0) is the linear loaded lifetime of the lasing mode.!*"!

Lasing operation could then be achieved provided that
Aﬁgll),th < Nyt This threshold is also marked with the super-
script “(1)” denoting the “first” lasing threshold, i.e., the popula-
tion inversion required to compensate the (linear) losses
experienced by the lasing mode. The onset of the Q-switched
(pulsed) operation can also be revealed by a similar condition,
which is commonly referred to as the “second threshold condi-
tion” or Q-switch condition and expresses whether or not a cavity
with gain and SA can achieve pulsed operation.®**? A qualita-
tive description to the Q-switch condition can be given as follows:
For pump power levels above the first lasing threshold, a popu-
lation inversion is developed leading to the amplification of the
lasing mode with the small-signal gain coefficient. Following this
initial growth rate, a Q-switched pulse would develop provided
that the saturation of the SA medium occurs before the satura-
tion of the initial population inversion.*”! The saturation of the
gain and SA media are related to their intrinsic physical proper-
ties and their overlap with the lasing mode. The long radiative
recombination lifetime of MoS,/WSe, and the low saturation
intensity of graphene inherently favors the fulfillment of the sec-
ond threshold condition.®?) Nonetheless, to obtain Q-switched
operation the cavity structure should be appropriately designed
for the overlap of the lasing mode with the SA medium to be
strong and comparable to that between the lasing mode and
the gain medium. Quantitatively, the “second threshold
condition” can be expressed through the second population
inversion threshold AN(Zzl),th’ which can be evaluated from our
CMT framework (Equation (5), (8), (13), and (14)) through a
number of approximations following the procedure described
in ref. [42]. The accuracy of Aﬁgzl)lh to predict the Q-switch oper-

ation is typically good provided that the pump mode has
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negligible impact on the carrier dynamics and therefore on the
output emitted pulses. Our preliminary assessments, however,
have revealed that this is not the case for the three-level gain
medium with the guided-wave pumping under study.

3. Physical Structure

As it has been briefly described in Section 2.3, the proposed
structure consists of a disk resonator side coupled to two dissim-
ilar bus waveguides, with x—y and y—z cuts of the structure sche-
matically presented in Figure 1c,d. All the geometric parameters
of the configuration are marked in Figure 1d. In this section, we
design the physical structure for optimum performance. We will
initially focus on the uncoupled cavity, followed by the full
structure.

The silicon-rich nitride (SRN) disk resonator of radius R and
height hsgy supports tightly confined, high-Q-factor whispering-
gallery modes (WGMs) favorable for the realization of low
threshold lasing elements. SRN has a bandgap of 2.05eV
(605 nm);1* thus, one-photon absorption is prohibited at both
the lasing and pump wavelengths. Such resistive losses would
impede the lasing process by increasing the lasing threshold,
while also increasing the Joule-generated heat in the cavity
(see also Section 4 and the Supporting Information, Section
S4). Note that both wavelength regions of interest are beyond
the two-photon absorption (TPA) bandgap (corresponds to a
wavelength of 1210 nm), where SRN has been found to have
TPA coefficients of frpy & 107° mW~1 TPA can be intro-
duced in the CMT framework with appropriate nonlinear life-
times,*”) similarly to the handling of graphene SA effect
(Equation (11)). The impact of TPA on the response is found
to be negligible for the pump power levels examined in
Section 4, and thus it has been omitted in this work. Similar con-
clusions can be drawn for the Kerr effect in SRN, which is char-
acterized by a nonlinear refractive index of n, ~ 1077 m2w~-1.!
The refractive index of SRN in the lasing wavelength region
(A = 431) is nggy = 3.15, whereas in the pump wavelength region
(A = A31) nspy = 3.36.11 The refractive index of SiO, in both
wavelength regions is ngo, = 1.45. The TMD hetero-bilayer
and the graphene monolayer are patterned in disks matching
the resonator and placed on top of it, separated by a finite-height
spacer of h-BN with height equal to hypy (see Figure 1d). Owing
to its layered nature, h-BN multilayer films are uniaxially aniso-
tropic materials experiencing different in-plane () and out-of-
plane (1, ) refractive indices.?”) More specifically, for A ~ A,;, the
refractive indices of h-BN are nppy ) = 2.1 and mypy , = 1.82,
while for 4 ~ 131 we have nygy | = 2.12 and gy, = 1.84. We
also have to consider the nonresonant (background) linear dielec-
tric properties of the two TMD monolayers, as discussed in
Section 2.1. In the lasing wavelength region, the surface conduc-
tivity of the bilayer is oyjjayer = j369 uS, 224 while in the pump
wavelength region, we have opijayer = j573 pS.2>* To calculate
the coupling strengths, 61, and 631, e use ng,in ~ 4.5,222 yield-
ing 6,; = 1.43 x 1078 C*kg~! and 63, = 5.32 x 1077 C?kg~.

The role of the h-BN layer in our cavity is twofold. First, it pro-
vides the necessary electrical isolation between the TMD bilayer
and graphene monolayer. Even more importantly, its finite
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height provides an invaluable degree of freedom in order to tailor
each mode’s overlap with MoS,/WSe, and graphene.
Specifically, the disk geometric parameters (R, hsgy and hypy)
have to be appropriately selected in order to result in equally
strong overlap between the lasing mode and both MoS,/WSe,
and graphene. The latter is essential for obtaining Q-switched
operation according to the qualitative discussion regarding the
second threshold condition in Section 2.3. This constitutes the
first design directive, and it can be mathematically expressed as

.fg")/ .fé? < 3.5 dB, meaning the two ¢ factors should be of
the same order of magnitude. Note that & factors expressing
the overlap between the two modes and MoS,/WSe, are always
greater than those describing the respective modal overlap with
graphene, due to the relative position of the two sheets (see
Figure 1d). At the same time, the choice of R, hspy, and hypy
needs to ensure a weak overlap between the pump mode and
graphene, in contrast to the overlap between the pump mode
and MoS,/WSe, which should be large to favor pump absorp-
tion. This is crucial so that the saturation of loss stems only from
the lasing mode (see Section 2.2), as reflected by Equation (10).
This is the second design directive and it is quantified through

fép )/ 5(512 > 10 dB, meaning that §ép ) should acquire a value at

least an order of magnitude greater than cfgi. Lastly, the selected
parameters have to provide equally strong overlap between the
TMD bilayer and both lasing and pump modes in order to
achieve low lasing threshold and efficient pumping. This is
the third design directive, and it is quantified by

fém)/ nfép ) < 3.5 dB, meaning that the two ¢ factors should be
of the same order of magnitude. The fulfillment of these three
design directives is inherently favored in our structure since the
refractive index contrast of SRN and h-BN results in the lasing
mode (corresponds to the longer wavelength) to be equally con-
fined in both SRN and h-BN layers, while the pump mode (cor-
responds to the shorter wavelength) confined predominantly in
the higher index material, i.e., inside SRN.

To obtain the optimum geometric parameters of the disk res-
onator, we conduct electromagnetic full-wave eigenfrequency
simulations for the uncoupled disk resonator using the 2D axi-
symmetric module of COMSOL Multiphysics. The parametric
simulations were conducted by varying the hgry and hypy in
the practical height intervals of 200—300 nm and 20—130 nm,
respectively. The azimuthal order of the lasing mode is kept con-
stant and equal to m = 16, while for each hgry and hypy value,

the radius R is tuned in order to achieve /1%) = ;. This is nec-

essary in order to allow for the maximum possible amplification
for the lasing mode. Note that the azimuthal order of the lasing
mode has a less pronounced impact on the ¢ factors than the
height of the disk resonator.*"! The WGM closer to 13, is used
as the pump mode. Although /Ig’o) is in general different from 43,
the lasing operation is not at all hindered, since the pump tran-
sition linewidth is very broad (I'3; = 70 Trads™!, corresponding
to 20.35 nm), and maximum absorption efficiency (17, — 1) can
be always achieved provided that the appropriate critical coupling
condition is met. For the examined values of hggy and hy gy, wWe
can always obtain a WGM with resonance wavelength within 10
nm from A3; and practically infinite radiative quality factor

© 2024 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

BSUS017 SUOWIWOD SAIES.ID d(edldde au1 Aq pausenob afe sajolife YO ‘BSn J0 S3|nu o} Akeud17 3U1IUQO A1/ UO (SUO1IPUOD-pUR-SLLIBYWOD AB| 1M Afe.q U UO//SANY) SUORIPUOD pue SLue L 34} 835 *[20e70/v2] uo Ariqiiauliuo AB)Im ‘4O Aiseaiun aos iy Aq 617200£202 dpe/z00T OT/I0p/w0d A8 |1 Afe.d|1|BulUO//:SdNY WO} poPeoIuMOQ ‘0 ‘E6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

(ngi ~ 10°%). Note that as hgpy and hypy change, the azimuthal
order of the obtained pump mode is not constant, varying from

m = 31 to m = 36. The emerging results for the ratios & /&7,
cfép ) / 5(512, and cfém) / cfép ) in the hsrn—hupn parameter space are pre-

sented in Figure 2a—c. The ratios & /&%) and &P /el) are
mainly determined by hypy and remain almost unaffected by
hsrn. The fulfillment of the first design directive requires low
values of Iy gy, whereas for the second design directive we need

high values of hy,py. Finally, the ratio .fém) / §ép ) mainly depends on

hsry, and the third design directive is favored by low values.
The radiative quality factor of the lasing mode also varies

greatly in the hggy—hypy plane and covers a span of three orders

of magnitude (Figure 2d). QE;:? drops as hgry decreases, since
the lasing mode leaks more outside the disk. High radiative
losses for the lasing mode could hinder the lasing process by
increasing the (first) lasing threshold and, even more crucially,
by excessively increasing the coupling losses with the pump
waveguide, as it will become obvious below. For this purpose,
we set a fourth design directive demanding that the lasing mode
is tightly confined inside the cavity, and its radiative quality factor

obtains values Qg;) > 100000. We have to set an additional

(b)

gy (nm)

200 220 240 260 280
hgpy (m)

(e)

200 220 240 260 280
hgpy (m)

300 200 220 240

hgpy (nm)

300 200 220 240
hgpy (nm)
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fifth design directive that concerns the overall coupled disk resona-
tor, demanding ANgll))th /Nt < 1 so that the lasing process can

start. AN(le),th /Nt is depicted in the hggy—hupny plane in
Figure 2e and has been evaluated for the typical values of
Q™) = 3000 and Q\phmp = 10000. We conclude that the fifth
design directive is satisfied for almost every combination of the
two heights of the resonator, except for very low values of hypy
where the high linear resistive losses of graphene prohibit lasing.
The white quadrilateral area in Figure 2e indicates the region
where all the five design directives are concurrently fulfilled.
Therefore, we choose hgry = 240 nm and hypy = 70 nm, with
the selected point marked with a star in the maps of Figure 2.
The exact disk radius for the selected heights is
R =1.4578 pm, and the azimuthal order of the pump mode is
m = 33.

For the selected geometric parameters of the uncoupled reso-
nator, we plot the tangential to the 2D materials electric field of
the two modes in Figure 2f,g, visually confirming that we have
obtained the desired overlap properties between the modes and
the 2D gain and SA materials. The real part of the E;, component
of the two modes in the TMD plane is depicted in Figure 1c. Note
also that we have single-mode operation in our proposed lasing

260 280

260 280 300

Figure 2. Variation of the CMT parameters: a) fém)/f(s',:'), b) 5?/5&’2, <) §ém)/§ép), d) Qf;';), and e) AN(ZQm/Ntot in the hsgn—hnen plane. The quantities in

(a—c) are expressed in dBs. AN(;])vth in panel (e) has been calculated for Qi

m)
,emis

= 3000 and Qﬁ,’;ﬁmp = 10000. The white contour in (e) indicates the region

where all five design directives are concurrently fulfilled, while the selected point {hsgy, hhgn} = {240 nm, 70 nm} is marked with a star. f,g) Norm of the
tangential to the 2D materials electric field of the (f) lasing and (g) pump mode in the x = 0 plane for the finally selected {hsgn, Ay} point.
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structure,*'! since the neighboring-to-the-lasing-mode WGMs
are located at 1170.85nm (m = 15) and 1088.5nm (m = 17),
thus, well outside the emission Lorentzian of I'y; = 20 Trads™!
(13.5nm) (see Supporting Information, Section S2 for more
details and results on the design process).

We can now proceed to determine the coupling gaps of the
double bus-waveguide configuration. The necessity for using
two dissimilar waveguides originates from the large spectral dis-
tance between the lasing and pump modes. As a result, the radi-
ative quality factors Qﬁ’:& of the two modes differ by many orders
of magnitude (see Table 1), making the efficient coupling with a
single-waveguide scheme quite challenging. The two waveguides
have equal heights with the SRN disk resonator, and their widths
(Wemis and wp,my) are appropriately determined for single-mode
operation in each wavelength region of interest. To this end, we
set Wemis = 180 nm and Wy, = 80 nm. The supported mode is
the TMy,, which is the lowest order quasi-TM mode with E,
being the dominant transverse electric field component. The
bus waveguides are side coupled to the disk resonator with cou-
pling gaps gemis and gpump for the emission and pump wave-
guide, respectively. The coupling gaps are determined by
conducting parametric 3D eigenfrequency simulations with
respect t0 gepis and g, and targeting specific values for the
external Q-factors (see next paragraph). It is important to note
that ideally each mode is to be predominantly coupled to only
one waveguide; some residual nonzero coupling to the other
waveguide is merely an unavoidable side effect. Hence, the pro-
posed cavity scheme does not resemble the standard add-drop
filter configuration.

For the lasing mode, over-coupling with the emission wave-

guide (Qgsr)ms < Qi;"d)) is highly favorable to increase Pg.[*"!
Therefore, we opt for Q, .. ® 3000 which can be obtained

for gemis =210 nm. Note that very low values of Qgrr)nis
(£1700) could prohibit the lasing process leading to

ANS‘) > Ny The coupling losses of the pump mode with the

Table 1. Electromagnetic parameters of the finally proposed Q-switched
lasing element that feed the CMT framework. The geometric parameters of
the proposed structure are R = 1.4578 um, hsgy = 240 nm, hygy = 70 nm,

Wemis = 180nM, Wpump = 80nm, gy = 210nm, and g, = 50nm.

CMT parameters Lasing mode [m] Pump mode [p]

28 nm 1228 733.065
0%, 179329 ~10°
£9v/q] 1371 x 106 6.477 x 10"
£qv/(cm?) 2,067 > 10% 1295 10%
v/ 6.708 x 10" 6.120 x 10
“ (o) 2040 34416
. 2994 ~ 10°
0Yump 10130 3715
A0 [nm] - 733
29 [am] 1128 -

ref
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emission waveguide are totally negligible, Qg’e)mis ~ 10°. The
pump mode, on the other hand, should be critically coupled with
the pump waveguide in order to achieve ;, — 1. For this pur-
pose, the detuning term in Equation (14) should be compensated
with the pump polarization-induced frequency shift (expressed
through Re{A@®®)}) evaluated at the first lasing threshold. The
latter is obtained by carefully selecting the wavelength of the
input pump wave, A%, in order to fulfill the following equation:

- (1
‘7315211)(023 [C‘J%l - (w(p))z} Nt — ANgl%th —0

(@3 — (@P)*]? + (@¥)Ty;)? 2

(15)

resulting in A®) = 733 nm which is almost identical to /Ig’o) (cf.

Table 1). Subsequently, the coupling losses, 1/ ngump, should
be equal to the absorption of the gain medium in the first lasing
threshold, yielding

= (1
1 380 0N 0Pl Nt — ANY (16)
[wgl - (w(p))z]z + (0P)Ty;)? 2

(p)
Te,pump

From Equation (16) we get Q%ump = 3680, which is obtained
for goump = 50nm. Equation (15) and (16) are extracted from
Equation (14) and (5b) in the adiabatic limit (dp®/dt — 0)
and by assuming that N3 < N;, N,; both approximations hold
for the structure under study and the pump power levels we con-
sider. In addition, we have set AN = AN(le),th’ which ensures the
fulfillment of the critical coupling condition at the first lasing
threshold. The fact that the pump waveguide supports only
the fundamental TMy, mode in the pump wavelength region
implies that there are not any guided modes supported in the
lasing wavelength region. Nonetheless, the lasing mode still cou-
ples to radiation modes of the pump waveguide, resulting in

finite values of Q‘E,’;&mp, which needs to be as high as possible.

To attain high values of Qﬁfgﬁ,mp, the lasing mode should be well
confined in the disk resonator (see fourth design directive in

Section 3). Indeed, by satisfying the relation QEZC? > 100000,

we obtain Q%&mp = 10130, which keeps the overall radiation
losses of the lasing mode at acceptable levels (see also the
Supporting Information, Section S2 for more details and results).
The complete electromagnetic parameters of the finally proposed
lasing element that feed the CMT framework are summarized in
Table 1.

The patterning of the stack MoS,/WSe, /h-BN/graphene and
the precise positioning of it on top of the SRN disk resonator,
might be technologically challenging for practical implementa-
tions of the proposed lasing element. In such cases, an
unpatterned 2D material stack can be exploited on top of a
silica-clad (thus planarized) SRN disk cavity. For the dimensions
of the cavity designed previously, this alternative design could
leave practically unaffected the relation between the & factors
(first three design directives), but it would decrease the radiative

Q-factor of the lasing mode (Qg'c'l) ~ 16 000). To restore QZ?
without affecting the & factors, the azimuthal order of the lasing
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mode should increase in expense of higher radii values. More
precisely, by exploiting the WGM with m =20 (R = 1.76 pm)
as the lasing mode, we obtain QEZQ ~ 170000. Therefore, the pat-
terning of the 2D material stack is not necessary to achieve
pulsed operation in the proposed lasing element, but it helps
in making the structure more compact. In addition, in practical
WGM cavities, the influence of the losses induced by impurities
and sidewalls roughness of the SRN disk resonator should also
be carefully considered. Fabrication-quality-related imperfections
can be captured through an appropriate imaginary part in the
SRN refractive index, leading to an additional channel of losses
(measured by an appropriate quality factor) for both modes. The
imaginary part of SRN can be obtained from experimentally mea-
sured propagation losses of fabricated SRNOI wire waveguides
and used to estimate quality factors higher than 100 000. Such
high values of the fabrication-related-losses quality factor would
leave the overall lasing response practically unaffected, since the
intrinsic quality factor of the lasing and pump modes would still
be predominantly dictated by the losses of graphene and
MoS,/WSe,, respectively. In addition, state-of-the-art electron
beam lithography has made possible the fabrication of high-
quality SRN nanodisk cavities®® rendering the proposed lasing
structure readily feasible.

4. Laser Response

Having meticulously designed the Q-switched lasing element in
Section 3, we now assess its CW and pulsed performance. For
this purpose, the electromagnetic parameters of Table 1 are intro-
duced in the CMT framework (Equation (5), (8), (13) and (14))
that has been developed in Section 2 and system of equations
is numerically solved.

4.1. Continuous-Wave Operation

Initially, we study the CW response of the lasing element by arti-
ficially switching-off the graphene SA effect (Eg — o0 in
Equation (11)). The light-light curve is depicted in Figure 3a.
The evaluated pump power threshold is only P,y = 24.2pW,
due to the highly efficient pumping scheme with guided light
and the fulfillment of the critical coupling condition for the
pump mode. As a remark, we note that the calculated threshold
is in good agreement with that of the experimental work.*”
Above the lasing threshold the light-light curve is linear and
the lasing element is characterized by a high total quantum effi-
ciency of » 27%. This is a direct consequence of the advanta-
geous pumping and out-coupling emission schemes we have
employed through the double-access configuration with dissimi-
lar waveguides, constituting one of the novelties of our work that
is important in pushing integrated nanophotonic laser sources
towards realizing their full potential. Nonetheless, the overall
quantum efficiency of the laser is limited to ~ 27% due to
1) the presence of resistive and radiation losses in the lasing
mode, 2) the incoherent radiative (spontaneous emission) and
nonradiative recombination processes in level 2, and 3) the con-
siderable quantum defect of 1 — w;; /w3; = 0.34. The absorption
efficiency and the pump transmission coefficient (P, yrans/ Pp) are
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Figure 3. Continuous-wave operation of the proposed lasing element eval-
uated in the absence of SA by setting E,,; — oo in Equation (11). a) Output
power P, as a function of the pump power P,. The lasing threshold is
Pyt = 24.2 pW. b) Absorption efficiency, 7,, and pump transmission
coefficient, P, rans/Pp, as a function of the pump power.

depicted in Figure 3b. For pump power levels above the lasing
threshold, the critical coupling condition is satisfied resulting in
11, = 1 and the transmitted pump wave is zeroed-out. This, how-
ever, is not the case below the (first) lasing threshold (P, < P, )
where the critical coupling condition is not met (since now
AN # ANgll),th) and the absorption efficiency is sub-optimal.
The results presented in Figure 3 cover pump powers from
1pW up to 3.5mW, a range which attracts the most practical
interest and the heat generated by the input pump wave remains
at acceptable levels (see the discussion below and the Supporting
Information, Section S4). As the pump power approaches
P, ~ 20 mW, the pump absorption process is quenched due
to Pauli blocking, resulting in saturation of the output power
(see the Supporting Information, Section S3.i).

4.2. Pulsed Operation

The presence of graphene SA leads the cavity to an instability just
above the lasing threshold, giving rise to pulsed operation origi-
nating from the Q-switching mechanism. In Figure 4 we present
the response of the lasing element for P, =2 mW. Figure 4a
depicts the temporal evolution of the output power, P.
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Figure 4. Q-switched operation of the proposed lasing element when the
pump power is P, =2 mW. Temporal evolution of a) output power,
b) carrier densities in the three levels of the gain medium, and
c) absorption efficiency of the pump mode. d) Optical spectrum of the
lasing mode cavity amplitude. The annotated wavelength spacing corre-
sponds to the repetition rate of the pulsetrain output.

The Q-switched pulse train is characterized by high peak power

of PP — 4,33 mW, short pulse duration with full-width at half
maximum (FWHM) equal to FWHM = 4.43 ps, and high repe-
tition rate of R, = 24 GHz, corresponding to a repetition period
of 41.7 ps. The temporal evolution of the spatially-averaged car-
rier density for the three levels of the gain medium is presented
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in Figure 4b; note that the y-axis is in logarithmic scale. Initially,
the input pump power creates a practically complete population
inversion, AN,; & Ny, which initiates the development of a Q-
switched pulse. Thereafter, the emission of such a high peak
power pulse results in the quick depletion of the carriers from
level 2 to level 1, as it is indicated by the dip (peak) in the N,
(N;) curve. The resulting population inversion drops below

the first lasing threshold AN(le),th preventing, consequently, the
lasing process. The population inversion is then slowly recovered
under the influence of the pump mode and the aforementioned
cycle repeats. The surface carrier density in level 3, N3, is two
orders of magnitude lower than N; and N, due to the practically
instantaneous relaxation from level 3 to level 2. The temporal evo-
lution of N;, however, is different than that of N; and N,,
experiencing two peaks during the emission of an individual
Q-switched pulse. This behavior is consistent with the temporal
evolution of the absorption (Figure 4c) varying from 0.28 to 1.
This large variation of n, during the Q-switching process reveals
that the lasing and pump modes are highly entangled and jointly
dictate the carrier dynamics of the gain medium. As it has
become obvious from the previous discussion, during the devel-
opment of an individual Q-switched pulse, the population inver-

sion becomes twice equal to AN;ll)m; before and just after the
emission of the pulse. Therefore, the critical coupling condition
is met at these two instances resulting in n,=1.1In effect, this
leads to a maximum of photogenerated carriers in level 3, thus,
explaining the two peaks of N; curve in a single Q-switched
period.

The optical spectrum of the lasing mode cavity amplitude,
a™, is depicted in Figure 4d, consisting of equidistant and pro-
gressively decreasing peaks around the central lasing wavelength
of 1128 nm. The peak distance is 0.1 nm which corresponds to
the repetition rate of R, = 24 GHz. Note that the central lasing
wavelength is equal to the central emission wavelength 4,;, as a
result of the resonance wavelength of the lasing mode being

i%) = A1 (see also the Supporting Information, Section S3.ii
for more results).

Q-switched operation can be obtained for a wide range of
pump power levels starting from the lasing threshold. When
increasing the pump power above 3.5 mW, the individual pulses
have closely approached each other and overlap; as a result, in
such cases the extinction ratio receives finite values. For
P, > 5.2 mW the Q-switched operation stops completely and
the lasing element operates in CW. Given the above, the pump
power levels from 24.2 pW to 3.5 mW attract the main interest for
practical applications. For these P, values, the response of the
Q-switched element is qualitatively the same as the one pre-
sented in Figure 4. In Figure 5, we examine how the quantitative
characteristics of the Q-switched pulse train varies as a function

of P, in the said range. The output peak power PPK (Figure 5a)

rises from 79pW to 6.08 mW. It is noteworthy that we can

achieve PP* = 1 mW for just 45 W of (CW) pump power.

The FWHM of the pulses (Figure 5a) is in the ps time scale (same
order of magnitude with T(fm)) and decreases gradually from
6.35 ps for P, =45pW to its lowest values of 4.35 ps for
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Figure 5. Metrics of the obtained Q-switched pulse trains as a function of
the pump power from the lasing threshold (24.2 pW) up to 3.5 mW where
an infinite extinction ratio can be obtained. a) Output peak power, full-
width at half maximum, and repetition rate and b) output average power
and pulse energy.

P, =3.5 mW. The repetition rate increases almost linearly
(Figure 5a) and spans a range of two orders of magnitude: from
0.41 to 42 GHz. By increasing P, the initial population inversion
in the gain medium is larger and requires more energy from the
lasing mode to deplete it, which consequently results in greater
peak power and shorter duration output pulses. Concurrently,
with greater values of P, the population inversion recovers faster
after the emission of an individual Q-switched pulse leading to
higher repetition rates, thus justifying the trends followed by

PP* FWHM, and R, with P,. The evaluated performance met-
rics of the proposed Q-switched laser are in quite good agree-
ment with the experimental work of ref. [7]. Despite the
differences in the employed cavity as well as the SA and gain
media (thus leading to quite different pump and lasing wave-
lengths) between the two works, this agreement strengthens
our belief that our simulated results are realistic and could be
experimentally verified.

In Figure 5b, we plot the average output power P2, versus P,,
which rises from 0.76pW up to 1.3mW (for 3.5 mW pump
power) indicating a total quantum efficiency for the pulsed laser
of 37%, increased with respect to that derived in Section 4.1 for
CW operation. The pulse energy, W, is also presented in
Figure 5b. It experiences an almost 20-fold increase in the exam-

ined pump power range. The evolution of W is practically identi-

K. . . k
cal to that of P5y; , since the increase in Py is stronger than the
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Figure 6. Dependence of lineshape of the individual Q-switched pulses
with pump power. The pulses are quite symmetric. Slightly longer leading
edges are observed for low values of P,, whereas slightly longer trailing
edges for higher values of P,.

decrease in FWHM. Finally, the dependence of the lineshape of
individual Q-switched pulses with pump power is illustrated in
Figure 6. The individual Q-switched pulses are characterized by
highly-symmetric lineshapes regardless of P, which is attributed
to the fact that the saturable and nonsaturable losses of the lasing
mode are equally dominant. This can be verified by comparing

ngr)nis and Qgr") (0) in Table 1. In addition, we can observe a tran-
sition from pulses with slightly longer leading edges for lower
values of P, to pulses with longer trailing edges for higher values
of P,, which suggests the non-negligible role of the pump mode
on the carrier dynamics of the gain medium and, hence, on P;.

It is also important to discuss the thermal stability of the pro-
posed lasing element, since heating effects induced by strong
light absorption could hamper the lasing process and damage
the nanophotonic laser. For this purpose, we conduct heat trans-
fer simulations using COMSOL Multiphysics aiming at exam-
ining the heat removal capability of the proposed lasing element
and evaluate the highest possible lattice temperature increase
that could occur during its operation. We assume that the heat
sources in our structure are the fraction of the pump power
absorbed by the TMD bilayer that it is not offered to the lasing
mode, and the entire energy of the lasing mode that is absorbed
by the graphene monolayer. Note that since SRN, h-BN, and SiO,
are all transparent at both lasing and pump wavelengths, they do
not contribute to generating heat. The simulations were con-
ducted according to ref. [49]. For P, = 3.5 mW (the highest
pump power level examined previously), we obtain the maxi-
mum temperature rise of AT = 87.7 K, which can be considered
acceptable. In addition, the maximum pump power density in
the TMD bilayer is calculated to be ~ 362 kWem ™2, which is
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two orders of magnitude lower than the optical damage limit of
TMDs (~ 10 MWcm2)P% and close to practical pump power
irradiances used in the literature.*®! Note that the optical damage
limit of graphene is three orders of magnitude greater
(1 GWem )" (see also the Supporting Information,
Section S4 for more details and results).

5. Conclusion

To recapitulate, we have proposed thoroughly designed and
assessed the performance of an integrated nanophotonic passive
Q-switched lasing element in the NIR, where the optically
pumped gain is provided by an MoS,/WSe, TMD hetero-bilayer
and the ultrafast SA effect by a graphene monolayer. The laser is
based on an SRNOI disk resonator with the 2D gain and SA
media residing on top and separated by a finite-height layer of
h-BN. The optical pumping is conducted with guided light. By
ensuring high absorption efficiency and satisfying a critical cou-
pling condition, an ultralow lasing threshold of just 24.2 pW has
been obtained. The geometric parameters of the structure have
been determined following a meticulous design process in order
to achieve the appropriate light-matter interaction between each
mode and the 2D gain and SA media, as well as the suitable cou-
pling with the double bus waveguide scheme we exploit. To
numerically evaluate the overall response of the structure, we
have developed a CMT framework fed by linear FEM simula-
tions, which has been rigorously extracted from the semiclassical
Maxwell-Bloch equations utilizing only first-order perturbation
theory and the standard slowly varying envelope and rotating
wave approximations. The lasing and pump transitions are
explicitly treated through induced polarization fields and the car-
rier dynamics are described by carrier rate equations. The frame-
work is general and can be employed for any “class C” laser.

Overall, the proposed structure is capable of delivering pulsed
light with high total quantum efficiency inside an integrated bus
waveguide with mW peak power, ps duration, and repetition
rates up to tens of GHz, while requiring sub-mW pump powers
(CW). Importantly, the repetition rate can be tuned by varying the
pump power level. These highly favorable properties, in combi-
nation with the compact footprint (< 2 x 2 um?) and the SOI
compatibility, constitute our proposed Q-switched lasing element
highly favorable for a wide variety of modern communication
applications in the NIR.
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