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ABSTRACT: The combination of a strongly resonant optical metasur- Pumping
face (MS) with a MoS,/WSe, heterobilayer is proposed for efficient (740 nm)
free-space lasing enabled by the enhanced coupling between the optical Lasing

and matter (exciton) states. The MS comprises silicon-rich nitride meta-  (~1130 nm)
atoms periodically arrayed in a subdiffractive lattice and overlaid with
MoS,/WSe,, which provides an optically pumped gain around 1130 nm.
Light emission is enabled by exploiting a quasi-bound state in the

Interlaye!
Exciton

I’J\IV\

continuum in the form of a perturbed vertical magnetic dipole — CMmT

resonance. Following a meticulous design process guided by full-wave ;‘ET © TD-FEM
simulations and multipole expansion analysis, an ultralow lasing ~z b,
threshold of ~6 kW/cm? is achieved. Moreover, the thermal stability T 103 108

of the lasing structure is examined through heat-transfer simulations;

stable operation with pump power densities up to a few MW/cm? (3 orders of magnitude above the threshold) is predicted. These
results demonstrate that MoS,/WSe,-based MS lasers can exhibit robust operation, paving the way for highly performing ultrathin
light-emitting surfaces. The lasing response is rigorously assessed through a highly efficient temporal coupled-mode theory
framework, verified by time-domain FEM simulations showing excellent agreement. Thus, an efficient and accurate approach to
design and study MS lasers with arbitrary geometries and surface or bulk gain media is introduced, exhibiting significant advantages
over cumbersome full-wave simulations.

KEYWORDS: light-emitting metasurfaces, bound states in the continuum, transition-metal dichalcogenides, two-dimensional materials,
temporal coupled-mode theory

1. INTRODUCTION Alongside a strongly resonant optical state, an efficient and
robust gain medium is required. The advent of two-
dimensional (2D) direct-bandgap semiconductors, such as
transition-metal dichalcogenides (TMDs) ' has opened new
prospects due to their extraordinary luminescence proper-
ties.">'® Recently, lasing MSs where the gain is provided by
TMD monolayers have been proposed and realized.""'” Even
more promising are TMD heterobilayers forming type-II band
alignment heterostructures that host bright interlayer ex-

Light-emitting surfaces, where a strongly resonant metasurface
(MS) acts as the optical cavity, have concentrated significant
attention during the past decade."” In particular, dielectric
optical MSs supporting bound states in the continuum (BICs)
offer an attractive route to achieving efficient ultrathin lasing
elements with tunable emission properties.”” Being decoupled
from radiation fields, BICs are characterized by theoretically

infinite radiative quality factors; their total quality factor (Q) is citons.'"® The latter are characterized by long metastable
limited only by material absorption and fabrication imperfec- lifetime exceeding 1 ns'" (in stark contrast to the picosecond
tions. In practical light-emitting MSs, radiation leakage has to lifetimes of intralayer excitons'”*®), high quantum yield, and
be allowed in order to outcouple the emitted light.” To this electrically tunable luminescence properties in the near-
end, BICs are transformed into quasi-BICs (qBICs) with finite, infrared (NIR).”'

yet very high, radiative quality factors. In the most common One of the most promising bilayers is MoS,/WSe, that
case of symmetry-protected BICs, this transformation can be emits in the range of 1100—1300 nm. It has been utilized in
performed controllably by introducing structural asymmetries

in the MS unit cell.*”” Thus, a number of MS lasers have been Received: October 25, 2025 e
recently proposed and realized, exploiting a range of different Revised:  January 10, 2026

symmetry-protected BIC resonances. These include vertical Accepted: January 15, 2026

electric,® magnetic,9 and toroidal'” dipoles, as well as higher- Published: January 26, 2026

order dark Mie multipoles, such as electric octupoles,'’ and
dark surface lattice resonances.'”

© 2026 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsanm.5c04888

v ACS PUbl icatiOI’] S 2301 ACS Appl. Nano Mater. 2026, 9, 23012308


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgios+Nousios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Christopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emmanouil+E.+Kriezis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Odysseas+Tsilipakos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.5c04888&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04888?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04888?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04888?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04888?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04888?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/9/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/9/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/9/5?ref=pdf
https://pubs.acs.org/toc/aanmf6/9/5?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.5c04888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Applied Nano Materials

www.acsanm.org

(a) Pump gmm 1 MoS,/WSe,
light B SRN
[] MgF,

Emitted

light = S

?U(M

- —
1
%s?.‘;"w)

r

4

!
i
! unit cell
A

(b)

WSe, /\ Ny
I (Ar)
dxd ( P
\ ‘ Ip
BTN =
& Intral
& ntralayer
Interlayer | Exciton
Exciton N
o— N,

Figure 1. (a) Hlustration of the considered MS laser consisting of symmetry-broken SRN stripes periodically arrayed on a SiO, substrate. The
structure is planarized with a low-index cladding and is overlaid with the MoS,/WSe, heterobilayer. The MS laser is optically pumped by a
normally incident plane wave at 4, and emits vertically in both + % directions at 4;. The geometric parameters are annotated in the unit cell cross-
section (right part). (b) Energy diagram of MoS,/WSe, showing the lasing process due to the radiative recombination of interlayer excitons.

integrated nanophotonic light sources;>>~** however, thus far,
it has not been leveraged for light-emitting MSs. In this work,
we investigate whether the combination of MoS,/WSe, with a
strongly resonant qBIC MS can enable efficient free-space
lasing and allow for robust and stable operation. Specifically,
we propose and theoretically study a dielectric MS laser
composed of silicon-rich nitride (SRN) meta-atoms arrayed in
a subdiffractive lattice and residing on a SiO, substrate. The
MS is overlaid with MoS,/WSe,, which providesgain around
1130 nm after being optically pumped at 740 nm. Lasing is
enabled by a vertical magnetic dipole mode supported by the
MS, i.e.,, a symmetry-protected BIC.>® The optical properties of
the magnetic dipole gBIC are thoroughly studied through
eigenfrequency finite element method (FEM) simulations and
multipolar expansion analysis.”® Upon appropriately breaking
the symmetry, the emitted light is radiated in the normal
direction by a large coherent aperture. The proposed MS laser
is characterized by a low lasing threshold of ~6 kW/cm?
enabled by the enhanced coupling between the optical and
matter (exciton) states, and an efficiency of ~3.7%. Heat-
transfer simulations indicate that the proposed laser can stably
operate for pump irradiances up to a few MW/cm? (3 orders
of magnitude above the threshold) unhindered by deleterious
thermal effects. Therefore, our results demonstrate that MoS,/
WSe,-based MS lasers can exhibit eflicient and robust
operation, suitable for practical applications. To assess the
lasing response, we utilize a highly efficient temporal coupled-
mode theory (CMT) framework for nanophotonic lasers,
rigorously implementing a semiclassical description of the
light—matter interactions at the nanoscale.”””* The CMT
results are systematically verified against full-wave nonlinear
time-domain FEM (TD-FEM) simulations, showing excellent
agreement. Thus, another important contribution of this work
is the introduction of an efficient and accurate approach to
design and study MS lasers with arbitrary geometries and
surface or bulk gain media without relying on cumbersome
full-wave simulations.

The rest of the paper is organized as follows: In Section 2.1,
the passive qBIC MS is designed, while in Section 2.2, the
lasing response is thoroughly assessed. Section 2.3 addresses
the thermal stability of the proposed lasing element, and
Section 3 offers concluding remarks.
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2. RESULTS AND DISCUSSION

2.1. Design of the Quasi-Dark MS

The MS under study is schematically depicted in Figure la.
SRN stripes are periodically arrayed in a subdiffractive lattice
of pitch A = 500 nm. We opt for the ultra-silicon-rich SRN
compound of ref 29, characterized by a comparably high
refractive index to silicon and an extended transparency
window down to 605 nm. Taking advantage of the low
dispersion of SRN in the NIR, we assume a wavelength-
independent index of nggy & 3.15. The height of the SRN
stripes is set to the typical value of h = 220 nm; their width is
adjusted to w = 272 nm for the resonance wavelength of the
lasing mode, i.e,, the out-of-plane magnetic dipole, to fall near
the maximum of the emission spectrum of MoS,/WSe,, ie.,
1128 nm (1.1 eV).”> The MS resides on a SiO, substrate with
fisio, = 1.45. The structure is subdiffractive even in trans-

mission for wavelengths 4 > ngo A = 725 nm under normal

incidence. The periodic configuration is planarized with a
MgF, cladding so that a flat surface is available for the TMD
heterobilayer to reside on. MgF, is a favorable cladding
material characterized by both a low refractive index nyp, =

1.37 (resulting in strong index contrast with SRN) and high
thermal conductivity (see Section 2.3). All the utilized
dielectric materials are practically transparent at the wave-
lengths of interest and are considered lossless.

Among the dark Mie resonances supported by the dielectric
MS, the out-of-plane magnetic dipole resonance (MD,) is
quite favorable for lasing applications involving gain provided
by 2D semiconductors that reside atop the MS. This is because
MD, is characterized by an in-plane loop of polarization
current, with the electric field being tangential and interacting
strongly with the sheet material. On the contrary, out-of-plane
electric and toroidal dipoles have a dominant vertical electric
field component, rendering them ill-suited for enhanced light—
matter interaction with 2D media. We focus on the TE
(Transverse Electric) polarization, E = E,X, and examine the
dark MD, mode hosted by the examined passive structure
(absence of MoS,/WSe,) via conducting eigenfrequency and
plane-wave scattering simulations on the unit cell of the MS
using COMSOL Multiphysics. The mode profile is depicted in
the inset of Figure 2a, where color denotes Re{E,} and arrows
indicate the magnetic field which lies exclusively on the yz
plane. Since this is a 2D geometry, the polarization current

https://doi.org/10.1021/acsanm.5c04888
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Figure 2. (a) Transmission and reflection spectra of the examined MS
under vertical plane wave illumination when d = 20 nm (solid lines)
and d = 0 nm (dashed lines). Inset: Field profile of the qBIC excited
near ~1128 nm when d = 20 nm. Color denotes Re{E,}, whereas
arrows indicate the magnetic field. (b) MD, mode: radiative quality
factor Q4 and magnitude of the residual in-plane magnetic dipole
moment m, (normalized to the dominant vertical component) as a
function of the defect size d.

loop that characterizes MD modes is not closed (Figure 2a);
rather, it can be viewed as closing through infinity in the x
direction.

When arrayed in a subdiffractive lattice, the MD, mode
constitutes a symmetry-protected BIC, which is completely
decoupled from the radiation channel in the normal
direction;™” this is evident from the antisymmetric nature of
the mode with respect to the xz center plane. Hence, a square
sector with side d is removed from the upper right corner of
the SRN stripes (Figure la), introducing the structural
asymmetry (defect) that transforms the MD, mode into a
gBIC that can couple with free space. This is evident in Figure
2a, where the transmission and reflection spectra under vertical
plane-wave illumination are presented for d = 0 and d = 20 nm.
Only in the latter case, a sharp dip (peak) in transmission
(reflection) emerges at the resonance wavelength of the MD,
mode, indicating that the qBIC mode can be excited. The
structure also supports a magnetic quadrupole gBIC at ~790
nm. We should note here that an actual MS would have a finite
extent along the y axis. As shown in Section SI of the
Supporting Information (SI), even with 45 unit cells, the
optical response under illumination by a loosely focused
Gaussian beam is very similar to the ideal periodic structure
(plane wave incidence).

The size d of the defect determines the radiative damping of
MD,. The radiative quality factor, Q,,q of the mode as a
function of d is presented in Figure 2b (blue line). When d = 0
(symmetric structure), Q.4 diverges to infinity; for d # 0, Q.yq
becomes finite and can be tuned at will. Note that in practical
realizations, the total Q is bounded by material losses and
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fabrication-related imperfections, as well as the finite size of the
MS.** For lasing applications, values of the defect size d
between 15 and 40 nm (corresponding to Q,,q values between
~60,000 and 1000) attract the main interest as they can strike
a compromise between achieving a high Q for low lasing
threshold while permitting a sufficient amount of optical power
to be emitted from the MS. The physical mechanism behind
the transformation of the MD, mode from BIC to gqBIC can be
revealed by conducting a multipole expansion on the
polarization currents of the eigenvector, using the expressions
of ref 26. When d = 0, the mode is solely characterized by the
vertical magnetic dipole moment, m,, while the other moments
are zero. As d increases, the mode also acquires a small in-
plane/tangential magnetic dipole moment m,, which increases
with d (red line in Figure 2b). In contrast to m, the m,
moment is bright meaning that it scatters in the normal + z
direction. Thus, the coupling of the MD, mode with the
radiation fields is mediated through the residual in-plane
magnetic dipole moment that the mode acquires with the

introduction of the defect.
2.2. Assesment of the Lasing Performance

We now proceed to assess the lasing performance of the gBIC
MS overlaid with a MoS,/WSe, heterostructure. The bilayer
under study constitutes a three-level gain medium (Figure 1b).
The pump wave excites the A intralayer excitons of WSe,, with
the intralayer excitonic (pump) transition being described by

the induced surface electric polarization field SDEP ), t).
Subsequently, the photogenerated electrons transfer from the
conduction band of WSe, to that of MoS, (type-II band
alignment) with a characteristic carrier lifetime 73,18
Consequently, interlayer excitons are formed, characterized
by the overall recombination (radiative and nonradiative)
carrier lifetime 7,,, for which we have 7,, > 73, resulting in the
ability to attain population inversion between level 2
(conduction band of MoS,) and level 1 (valence band of
WSe,). The interlayer excitonic (lasing) transition is described

by a separate surface electric polarization field Pgm)(r, t). Both
of these fields follow Lorentzian oscillator equations:***'

¥ P )
s 4 02P% = —6 AN, E
atz ot iq” s iq iq™ll (1)

where k = {p, m}, whereas iqg = {31, 21} denotes the levels of
the gain medium related to each transition and ANiq(r, t) =
Ni(r, t) — N,(r, t) is the corresponding population inversion.
Furthermore, w;; and T, are the central frequency and line
width of each transition, respectively, while o, is the coupling
strength of the transition. &, denotes the tangential total
electric field to the TMD heterobilayer. The evolution of the
surface carrier densities, N;(r, t), in each level i = {1, 2, 3} of
the gain medium is %iven by typical semiclassical carrier rate
equations reading”*”

+1,

N, 1 _ oP?P N,

ot hwy ' ot 1, (22)

N, _ 1 o™ N, N,

ot hw, " ot T, Ty (2b)
®) (m)

ON; 1 0P 1 & 0P, N,

ot haog, " ot hwy, ' ot 1, (20
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while the total carrier density is conserved, i.e.,, N; + N, + N;
= N, = const. The parameters for MoS,/WSe, are taken
from ref 24 and are typical for the examined TMD
heterobilayer.'®>>** More specifically, 1,, = 1128 nm, A5, =
740 nm, [y, = 20 Trad/s, I'y, = 70 Trad/s, 6,; = 1.43 x 107%
C?/kg, 63, = 5.32 X 1077 C*/kg, 75, = 2.5 ns, 73, = 100 fs, and
Ny = 10" cm™ Note that recent studies have shown that 4,
(the central wavelength of the interlayer excitonic transition in
MoS,/WSe,) depends on the twist angle of the two
constituent monolayers and for a perfectly aligned bilayer
(twist angle & 0°) 1, is closer to 1300 nm.”' The adopted
value of 4,; = 1128 nm corresponds to a small misalignment of
a few degrees. In addition, a separate surface electric

polarization field Pgbg)(r, t) is used to describe the background
(nonresonant) dispersive dielectric properties of MoS,/WSe,.
It follows a typical single-pole Drude—Lorentz relation™

i

pYe + wbzgopgbg) = ‘SOdTMowZg,pall )
where @y, = 1.43 X 10'° rad/s and Dpgp = 5.99 X 10" rad/s
are the background resonance and plasma frequencies fitted to
the experimental data of refs 33,34 [see also SI, Section S2 for
more details], while dryp & 1.4 nm is the thickness of the
TMD bilayer.

Equations 1—3 have to be solved in conjunction with
Maxwell’s equations to assess the response of the proposed MS
laser. This task involves a heavy computational burden. Thus,
we resort to a much more efficient, yet rigorous and very
accurate, approach based on temporal CMT that was very
recently developed and demonstrated in ref 27. It has been
built upon the aforementioned semiclassical light—matter
interactions using first-order perturbation theory and a limited
number of approximations widely used in lasing theory. In the
context of CMT, the cavity is treated as being lumped, thus the
spatial dimension is removed and the response can be obtained
by a set of coupled first-order ordinary differential equations
(ODEs).”® Importantly, the coefficients of the CMT equations
derived directly from the physical system and are evaluated
once through linear eigenvalue simulations of the unit cell of
the MS. The ODE for the cavity amplitude of the lasing mode
a(t), normalized so that la(t)I* is equal to the modal energy per
unit length of the SRN stripes, reads”’

do_ o
dt J\ Dyt

wc,O)a -

1 dp
—a- 5 jwrep +
rad g|: ‘ dt (4)

where @ is the resonance frequency of MD, in the passive
(cold) MS and @, is an arbitrarily chosen reference frequency
that is used in place of the a priori unknown lasing frequency,
;. Importantly, the actual lasing frequency is left undeter-
mined and can be evaluated either through a Fourier transform
of a(t) in a postprocessing step or through a closed-form
relation presented in ref 27. In addition, 7,4 is the radiative
cavity lifetime related to the respective quality factor through
Qud = WoTa/2, and &, is an overlap factor expressing the
strength of interaction between the lasing mode and the sheet
gain medium. Eq 4 is complemented by the corresponding
ODEs for the polarization amplitude p(t) of the lasing
transition and the spatially averaged carrier rate equations.
The full system of CMT equations and more details regarding
the evaluation of the electromagnetic parameters that feed the
CMT framework are presented in SI, Section S3. In order to
validate the employed CMT framework, we also conduct
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nonlinear TD-FEM simulations after appropriately implement-
ing the semiclassical description of light—matter interactions
[egs 1-3 together with Maxwell’s equations] in COMSOL
Multiphysics (see SI, Section S4 for more details).

We initially set the defect size to d = 20 nm for which we
have 4,5 = 1127.76 nm = ,, and Q4 = 17,633. The MS laser
is then pumped by a normally incident plane wave with pump
power density I, at the pump wavelength of 4, = 4;; = 740 nm
and emits vertically in both + Z directions with a total power
density I, at the lasing wavelength A;; the upward
(downward) output power density in air (substrate) is denoted
as I (I%"). The light-light curve (I, vs I,) evaluated

through both CMT (solid line) and TD-FEM (circular
markers) is depicted in Figure 3a. A broad range of pump

CMT
o TD-FEM

Output power density Tout (kW/cm?2)

o1 — omr -
o TD-FEM

Carrier density (cm-2)

| (b)

10°

O =N W hH» OO N ®
— T T T T T

10’ 102 10 10" 10° 108

Pump power density 7, (kW/cm?)

Figure 3. (a) Total emitted power density I, and (b) spatially
averaged surface carrier densities N; in the three levels of the gain
medium as a function of the pump power density I, obtained by both
CMT (solid lines) and TD-FEM (circular markers). Inset in (b)
carrier density Ny vs I, in logarithmic scale.

power density levels is covered (1 kW/cm” to 1 GW/cm?) and
the agreement between the two methods is excellent. Note that
in CMT the total output power density is calculated through
L. = 2/t )lal’/A. In TD-FEM, on the other hand, I, is
assessed by recording the electric field at an appropriate
fictitious plane above/below the MS unit cell, followed by a
postprocessing Fourier transform to separate the reflected/
transmitted pump wave from the emitted wave in the
respective direction (inset of Figure 4a).

The examined MS laser exhibits a very low lasing threshold
of I 4, = 6.16 kW/cm® and a total efficiency (I,,/I,) of ~3.7%.
This is due to the eflicient coupling between the interlayer
excitons of MoS,/WSe, and the magnetic dipole gBIC mode
of the MS, as well as the enhanced absorption of the pump
light by the intralayer excitons of the WSe, constituent
monolayer. Although the incident pump wave is not coupled to
a high-quality-factor mode of the MS, the absorption efficiency,
1y 1s still significant with 7, = 9.56%. The power emitted in air
(upward emission) is 42.3% of the total emitted power, while

https://doi.org/10.1021/acsanm.5c04888
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Figure 4. Temporal evolution of (a, b) the output power density in air, I:%, and (c, d) the spatially averaged surface carrier densities N| and N,
evaluated through both CMT and TD-FEM. The pump power density is smoothly switched-on until reaching the constant value of I, = 1 MW/ cm?
[gray curve in (b)]. In (a, c), the defect size is d = 20 nm, while in (b, d) d = 30 nm. Inset in (a) normalized optical spectrum of the electric field in
air comprising the reflected pump wave at 4, and the upward emitted wave at 4.

the rest (57.7%) is emitted in the substrate (downward
emission), as evaluated either through nonlinear TD-FEM
simulations or linear eigenvalue simulations (very good
agreement). Note that for a free-standing structure (ie.
absence of substrate), the emitted power would have been
equally split in the two + Z directions, since the lasing mode
radiates in the far-field as an in-plane magnetic dipole with no
other multipole contributing. In addition, CMT and TD-FEM
agree in the prediction of the lasing frequency, for which it
holds A, ~ 4, since we had initially aligned the cavity
resonance with the peak of the gain spectrum, ie., 4.9 & 4.
We stress that in contrast to other models our CMT
framework does not require 4.y = 4,; and that the detuning
between them can be selected freely. The agreement between
CMT and TD-FEM is further highlighted in Figure 3b, where
the spatially averaged surface carrier densities, N, in the three
levels of the gain medium are depicted as a function of I,

In Figure 4a, we depict the temporal evolution of the output
power density in air, I}, evaluated through both CMT and
TD-FEM, when I, is smoothly switched-on until reaching the
constant value of I MW/cm? (gray curve in Figure 4b). The
corresponding dynamic response of N; and N, is presented in
Figure 4c. Once again, the agreement between the two
methods is very good both at steady-state and during the
transient. The same calculations are also performed for a
greater defect size, d = 30 nm, with the corresponding results
presented in Figure 4b,d. By increasing the introduced
asymmetry, the radiative quality factor decreases to Q.4 = 3
250 (cf. Figure 2b). Concurrently, the resonance wavelength is
blue-shifted from the central emission wavelength to the value
Ao = 1124.5 nm, thus leading to a suboptimal coupling
between the gain medium and the lasing mode. Therefore, the
lasing threshold is increased to I, 4, = 11.13 kW/ cm?, an almost
2-fold increase compared to d = 20 nm. This is indirectly
captured in Figure 4d, where the population inversion at steady
state, ANy, , Ip‘th,27 is much larger than that of Figure 4c. In
addition, the output power density at steady-state is now lower
for the same level of I, (cf. Figure 4a, b), while the transient
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effect is more pronounced with intense relaxation oscillations.
The lasing wavelength obtained by TD-FEM simulations is 4
= 1124.86 nm in this case, in accordance with that estimated
through CMT (4, = 1124.6 nm).

The importance of the results in Figure 4 should not be
overlooked. Using only first-order simplifications and spatial
averaging, we were able to reproduce the temporal response of
a highly inhomogeneous MS accurately, predicting not only
the emitted power but also the carrier densities in the gain
medium. CMT can be utilized to probe the underlying physics
in complex systems, enables physical interpretations in an
efficient manner, and allows for quantitative assessments of the
performance.

2.3. Thermal Stability Analysis

In Figure 3a, we examined the CW lasing response of the
proposed MS for an extended range of pump power density
levels, up to the point where lasing is fully saturated due to the
quenching of the intralayer excitonic transition (pump
absorption saturation). The latter occurs for I, > 100 MW/
cm?, ie., 4 orders of magnitude above the lasing threshold.
Nonetheless, in practical nanophotonic lasing structures, the
emission process can be hampered at much lower irradiances
due to deleterious thermal effects, which can become
important in the case of CW pumping (they are typically
benign in the case of pulsed pumping). In fact, they are even
more pronounced in compact dielectric nanostructures, where
the small cavity volume and the absence of metallic interfaces
limit the heat removal capabilities.”® Thus, heat generated by
Joule losses remains trapped inside the nanophotonic laser,
leading to a substantial increase of the lattice temperature of
the gain medium and the subsequent degradation of its
luminescence properties.

The heat-removal capability of the examined structure under
CW pumping is assessed through heat-transfer simulations
with COMSOL Multiphysics. We initially examine a practical
realization of the proposed MS laser built on a standard silicon-
on-insulator (SOI) wafer (left inset of Figure Sa). The
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Figure 5. (a) Temperature increase in MoS,/WSe, (spatially
averaged) as a function of generated heat rate density I, for the
two different configurations shown in the insets. Dashed lines indicate
operation below the lasing threshold. (b, c) Spatial distribution of the
temperature variation in the MS unit cell for I, = 10 kW/cm? (I, =
170 kW/cm?*) when the MS resides on top of a (a) standard silicon-
on-insulator and (b) silicon-on-sapphire substrate.

thickness of the buried oxide (SiO,) is 0.5 gm. For the silicon
handle layer, a thickness of 10 um is included in the
simulations before being truncated with a constant-temper-
ature boundary condition. As the MS consists of transparent
materials at both the pump and lasing wavelengths, the sole
heat source is the fraction of the pump power absorbed by the
2D gain medium that is not offered for the amplification of the
lasing mode. More specifically, the heat rate density, I, is given
by I, = n,l, — I, We also assume that heat is uniformly
generated over the MoS,/WSe, layer. The simulations are
conducted with the unit cell of the MS, using continuity
boundary conditions at the lateral sides, convective boundary
conditions at the interfaces with air [heat-transfer coefficient
equal to h = 10 W/(m?K)],*° and a constant temperature, T, =
293 K, boundary condition at the bottom side of Si. The
thermal conductivities of the underlying materials are Kg
Kepy = 145 W/ (mK), Kyygr, = 28 W/(mK), and Ko, = 1.4 W/
(mK). In Figure Sa (blue curve), we depict the spatially
averaged temperature increase in MoS,/WSe, compared with
the ambient temperature T, = 293 K, (AT), as a function of I
and I, The lasing response is expected to be unobstructed by
deleterious thermal effects for almost 2 orders of magnitude
above the lasing threshold, where (AT) is well below 100 K.

As I, approaches 1 MW/ cm?, the lattice temperature
increases excessively. The low thermal conductivity of the
SiO, substrate is the main reason for the excessive temperature
increase as it restricts the generated heat from being effectively
funneled into the high-thermal-conductivity Si layer, where it
can be dissipated. This is also evident in Figure Sb, where the
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spatial variation of the temperature in the yz plane is depicted
when I, = 10 kW/cm? (1, 170 kW/cm?). A significant
improvement of the heat removal capability can be achieved by
considering the examined MS laser on top of a silicon-on-
sapphire (SOS) wafer (right inset of Figure Sa). Sapphire
(AL O5) possesses a thermal conductivity 20 times higher than
that of SiO, [Ky o, = 28 W/(m K)] and a comparably low

refractive index (ny,0, = 1.75). The corresponding spatially

~
~

averaged temperature increase over MoS,/WSe, is presented
in Figure Sa (red curve). The introduction of the high-thermal-
conductivity substrate results in a 5-fold reduction of (AT) for
the same level of I, (cf. Figure Sb,c), which consequently
enables the operation of the MS laser at much higher pump
power density levels up to few MW/cm® (3 orders of
magnitude above threshold).

Note that the presence of the high thermal-conductivity
MgF, cladding also contributes to heat removal in both of the
investigated configurations. This is because the MgF, cladding
and the SRN core form a uniform high-thermal-conductivity
layer across the entire lateral extent of the MS, which
effectively drains the generated heat toward the substrate.””*

3. CONCLUSIONS

In summary, we have proposed an MS laser comprising SRN
stripes periodically arrayed in a subdiffractive lattice and
overlaid with the contemporary MoS,/WSe, TMD hetero-
bilayer. Highly efficient lasing in the NIR is enabled by the
enhanced coupling between the qBIC magnetic dipole mode
supported by the MS and the long-lived interlayer excitons
hosted by the 2D gain medium. The modal properties of the
quasi-dark resonance and the physical mechanism behind its
transformation from BIC to gBIC are elucidated through
eigenfrequency simulations and multipole expansion analysis.
The proposed structure is characterized by a very low lasing
threshold of only a few kW/cm?® A comprehensive thermal
stability analysis through heat-transfer simulations has shown
that the laser can function free from deleterious thermal effect
in a wide range of pump power densities (up to 3 orders of
magnitude above threshold), where the MS laser can deliver
practical levels of output power.

The lasing response of the examined MS was thoroughly
assessed through a highly efficient temporal CMT framework
verified by full-wave nonlinear TD-FEM simulations. The
agreement between the two methods is excellent both at steady
state and during the transient. The validation of the CMT
framework opens new avenues for efficiently designing and
studying elaborate MS laser structures based on 2D or 3D gain
media without resorting to time-consuming full-wave nonlinear
simulations.®”

In terms of practicality, the proposed MS can be fabricated
by a two-step lithography and etching process. In the first step,
the partially etched defect is formed. Subsequently, a second
lithography and etching process follows for the fully etched
(down to the buried oxide) regions. Fine control over the
shallow-etch depth and the alignment between the two
lithography steps is required.
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