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Two-dimensional (2D) materials demonstrate appealing characteristics for CW and pulsed light-emitting sources
due to their strong emission and absorption properties, novel nonlinear effects, and compatibility with the silicon-
on-insulator (SOI) platform [1,2]. Contemporary 2D materials have been exploited either as gain media for CW
nanophotonic optical sources [1], or as ultrafast and low-power saturable absorbers enabling pulsed lasing opera-
tion [2]. In this work, we propose and numerically evaluate an integrated nanophotonic passively Q-switched lasing
element in the near-infrared (NIR), which is based on a disk resonator configuration and utilizes 2D materials for
providing both the gain and saturable absorption (SA) mechanisms. The MoS2/WSe2 transition metal dichalco-
genide (TMD) hetero-bilayer is chosen as the gain medium, which is optically pumped at 740 nm (1.675 eV) and
emits light at 1128 nm (1.1 eV) via an inter-layer exciton. Optical pumping is conducted by exciting a resonant
cavity mode near the pump wavelength using guided light. Both the pumping and lasing processes are rigorously
treated by induced electric polarization fields describing homogeneously broadened Lorentzian transitions. Over-
all, the TMD hetero-bilayer is a three-level gain medium described by semiclassical carrier rate equations. The Q-
switched operation is achieved by additionally harnessing the ultrafast and broandband SA response of a graphene
monolayer. To numerically study and design the structure, we rigorously develop a temporal coupled-mode theory
framework fed by linear finite-element method simulations. Our approach enables the accurate evaluation of the
lasing characteristics in a computationally efficient manner.

The proposed Q-switched lasing element is depicted in Fig. 1(a, b) and is based on a silicon-rich nitride (SRN)
disk resonator residing on a silica substrate. The TMD bilayer and graphene monolayer are patterned in disks
matching the resonator and separated by a hexagonal boron nitride (h-BN) spacer. This composite structure is
placed on top of the SRN disk allowing for strong light-matter interaction. To efficiently excite the pump mode
and extract the emitted power from the lasing mode, we utilize two bus waveguides, side-coupled to the resonator.
The geometric parameters of the configuration are annotated in Fig. 1(b). We calculate a lasing threshold of only
26 µW due to the highly-efficient guided optical pumping. In Fig. 1(c, d) we depict the obtained Q-switched pulses
for different values of the input pump power Pp. For Pp = 100 µW the lasing element provides 1.5 mW peak power
pulses with 10% full-width maximum equal to τ10% = 11.6 ps. By increasing the pump power, the pulses become
shorter and the peak power increases. For Pp = 1 mW, a 10 GHz repetition rate is achieved with 3 mW peak power.

In summary, we have thoroughly designed and rigorously evaluated a Q-switched lasing element based on 2D
materials, which is capable of emitting pulses with mW peak power, ps duration, and GHz repetition rates within
an integrated waveguide. Importantly, the pump power requirements are in the sub-mW regime. The proposed
nanophotonic configuration can be exploited as a monolithically-integrated, SOI-compatible pulsed optical source
in the lower limit of the O-band.
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Fig. 1 (a) Schematic of the proposed Q-switched lasing element consisting of a disk resonator enhanced with the MoS2/WSe2
TMD hetero-bilayer (gain) and a graphene monolayer (SA), side-coupled to two different bus waveguides. (b) xy-plane cut
of the structure with the geometric parameters. (c) Output pulse train and (d) individual Q-switched pulses for three different
values of the input pump power Pp. The obtained repetition rates and the 10% full-width maximum, τ10%, are marked.
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