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ABSTRACT: New practical ways to reach the lasing effect in
symmetrical metasurfaces have been developed and theoretically
demonstrated. Our approach is based on excitation of the resonance of
an octupole quasi-trapped mode (OQTM) in heterostructured sym-
metrical metasurfaces composed of monolithic disk-shaped van der Waals
meta-atoms featured by thin photoluminescent layers and placed on a
substrate. We revealed that the coincidence of the photoluminescence
spectrum maximum of these layers with the wavelength of high-quality
OQTM resonance leads to the lasing effect. Based on the solution of laser
rate equations and direct full-wave simulation, it was shown that lasing is
normally oriented to the metasurface plane and occurs from the entire
area of metasurface consisting of MoS2/hBN/MoTe2 disks with line width
of generated emission of only about 1.4 nm near the wavelength 1140 nm. This opens up new practical possibilities for creating
surface emitting laser devices in subwavelength material systems.
KEYWORDS: van der Waals heterostructured metasurfaces, lasing effect, Mie resonances, octupole quasi-trapped modes,
laser rate equations

Dielectric nanophotonics has come a long way in a very
short time from the first steps in understanding the

general principles of excitation of resonances in dielectric
nanoparticles1−3 to the practical creation of nanoantennas,4

subwavelength waveguides,5 nonlinear nanoconverters of
radiation,6 biosensors,7 and nanolasers.8,9 A promising
direction of nanophotonics is associated with the use of a
class of layered van der Waals (vdW) materials, whose
prominent representatives are transition-metal dichalcogenides
(TMDs). They have a unique combination of high refractive
index,10 strong optical anisotropy,11,12 very pronounced
exciton resonances,13−15 and nonlinear properties.16 All this
has already allowed scientists to use such materials for light
conversion by its scattering on multilayer TMD nano-
resonators and their lattices17−19 as well as by achieving the
strong coupling conditions in the process of inelastic light-
matter interaction10,20−22 and realization of lasing in such
materials.23,24 At the same time, the rapid progress of recent
years in the area of material science for two-dimensional
materials25,26 allowed researchers to take a considerably fresh
look at the problem of tuning of optical properties of such
materials. In particular, the strategy of combining monolayers
or thin films of vdW materials into stacks27−31 allows the
creation of heterostructures with a very wide range of optical
properties. The design and fabrication of light-emitting devices,
including diodes and lasers based on vdW heterostruc-

tures,32−35 are of particular interest here. One of the promising
approaches for these purposes is the combination of vdW
heterostructures and metasurfaces, used as resonators, for the
amplification of photoluminescence and increasing of quantum
yield, which opens up new possibilities for modern nano-
photonics.36

In the first works devoted to vdW lasers, the direct bandgap
monolayers of WSe2,

37 MoS2,
38 and MoTe2,

39,40 transferred to
resonators with different geometries, were used. More
complicated vdW MoS2/WSe2 heterostructures in the regime
of hybridization of exciton resonances have been used in
combination with a SiN cavity41 and with a photonic crystal
cavity (PhCC).42 Thus, the combination of vdW hetero-
structures with resonators opens up new possibilities for
creating passive and active ultracompact optical devices. In
particular, the integration of TMD layers with Mie-resonant
dielectric nanostructures has been used for these purposes.36 It
should be noted that the introduction of vdW materials into
modern photonics is only at the initial stage, and we have the
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right to expect that further development of this process will
lead to new and important practical results.
In particular, in our work, we predict and show that the

lasing effect can be obtained in heterostructural metasurfaces
made from only vdW materials without the use of other
resonant systems. To do this, we propose to combine the high-
Q Mie-resonant response of the building blocks of the MoS2
metasurface with the photoluminescence of an additional thin
active layer of MoTe2 placed on the upper side of the building
blocks and separated from MoS2 by a thin hexagonal boron
nitride (hBN) layer. The ability to maintain the high-Q Mie
resonances results from the higher refractive index of vdW
materials11,43 in excess of conventional dielectric photonics
materials such as silicon and germanium.2,44 Our approach is
based on the recently revealed mechanism for the excitation of
an electric octupole quasi-trapped mode (OQTM) in sym-
metrical MoS2 metasurfaces.

45 It was shown that the electric
octupole mode, which does not radiate electromagnetic energy
to the far-field region from the metasurface, is resonantly
excited due to its coupling with electric dipole mode that in
turn is excited by an incident light wave. In a homogeneous
medium, such as air, the energy transfer between the dipole
and octupole modes leads to the appearance of a narrow dip in
the spectrum of a wide electric dipole resonance as well as to
the implementation of the induced transparency effect with
simultaneous excitation of the electric octupole resonance. In
this Letter, we propose to use such a metasurface supported
octupole resonance as a subdiffractive distributed resonator. By
matching the OQTM wavelength and the maximum photo-
luminescence for the active layer, we tune the pump intensity
and carrier density in order to achieve positive feedback and
lasing in such a system due to the coupling effect. Our
theoretical approach is based on solving the problem of

reflection and transmission of external radiation through a two-
dimensional array of particles using COMSOL Multiphysics
facilities as well as on the numerical solution of rate
equations46 for the carrier density and photon density of the
signal field at a given wavelength in the active medium
(detailed discussion of methods and sequence of calculations
are presented in Supporting Information).
The proposed system is schematically shown in Figure 1a.

We consider the solid disks made of a combination of thick
MoS2 layer and few-atomic-layer MoTe2 material as the
building blocks of the metasurface placed on a quartz substrate,
see Figure 1a and Figure S2a in Supporting Information. For
experimental conditions it could be necessary to use a few-
layer hBN between MoS2 and MoTe2 subsystems to avoid the
formation of heterobilayer42 and prevent charge transfer
between layers. However, for simplicity in numerical
simulations, the system can be considered without a few-
layer hBN, since its inclusion does not affect the calculated
results. Note that suggested metasurfaces could be fabricated
by successively stacking flakes of various TMDs49−51 followed
by applying the electron beam lithography process for the
obtained stack.52

We carried out the optimization of metasurface composed of
MoS2 on MoTe2 disks similar to ref 45 and found out that the
addition of two-layered MoTe2 material (MoTe2 bilayer) does
not destroy the effect of the OQTM excitation (details of the
method are presented in Supporting Information). The
considered effect of OQTM arises at the wavelength λv =
1138 nm when choosing MoS2/hBN/MoTe2 disks (material
layers oriented parallel to disk’s base) with height H = 233 nm
(including 1.4 nm thickness of MoTe2 placed on the top base
of the disk) and radius R = 300 nm and period P = 760 nm of
metasurface placed in air, see the multipole decomposition and

Figure 1. (a) Sketch of the metasurface based on MoS2/hBN/MoTe2 heterostructure in the OQTM regime. (b) Spectra of the absolute values of
the multipole contributions EDx, MDy, EQxz, MQyz to the reflection coefficient (R) as well as the value EOCyyx corresponding to the nonradiating
electric octupole moment (EOC) of the MoS2/hBN/MoTe2 disk with radius R = 300 nm and height H = 233 nm from the metasurface with period
P = 760 nm placed on SiO2 substrate and irradiated by Ex(kz) wave from the far-field region. (c) Reflection coefficient and resonator spectral form
factor for the MoS2/hBN/MoTe2 metasurface with parameters corresponding to panel (b) and excited by wave Ex(kz) from the far-field region
(solid blue curve) as well as from the near-field region (solid green curve) by means of pumped MoTe2 layers. The designations EDx, MDy, EQxz,
MQyz, and EOCyyx correspond to the contributions of the electric dipole (ED), magnetic dipole (MD), electric octupole (EQ), magnetic
quadrupole (MQ), and electric octupole (EOC), respectively, to the reflection (see refs 45, 47, and 48 and Supporting Information for details).
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spectra of reflection and transmission for OQTM regime
shown in Figure S2b,c in Supporting Information. Note that in
the considered case, the regime of diffraction into the substrate
corresponds to the wavelength range λ < 1070 nm that is
outside the spectral range in Figure 1c. The choice of the
parameters is due to the need to match the octupole resonance
with the interband transition for MoTe2 material in the vicinity
of wavelength λv

53 as well as the possibility to maintain the
subdiffraction regime when the metasurface is placed on the
SiO2 substrate.

54

The location of a metasurface on a dielectric substrate is an
important distinction with respect to ref 45 and is of
fundamental importance for observing lasing in such a system.
In particular, the presence of dielectric SiO2 substrate does not
violate the conditions for excitation of the OQTM resonance
due to the coupling mechanism but, at the same time, provides
the appearance of an additional way of interparticle interaction
through the wave reflected from the dielectric boundary. As a
result, in contrast to the case of location in the air, there is a
small red shift of the octupole resonance to the wavelength λs =
1146 nm (compare the octupole resonance position in Figures
1b and S2b in Supporting Information). Besides, an additional
peak, which exactly corresponds to the spectral position of the
octupole resonance, appears on the profile of the broad dipole
resonance, as can be seen from the blue curve in Figure 1b.
Moreover, other multipole moments also have spectral features
at the octupole resonance, which indicates that the presence of
a substrate leads to coupling between all multipoles (as shown
in Figure 1b). Formally, strong all-multipole coupling can be
associated with the breaking of reverse symmetry due to the
presence of the substrate.55 As a result, in the considered
regime, the energy exchange with the pump field mainly occurs
with the mode components EDx, EQxz, and EOCyyx.
Thus, the location of metasurface on a substrate, on the one

hand, makes the system more adapted for experimental
realization and, on the other hand, does not lead to the
suppression of electric dipole moment and to the induced
transparency at the spectral position of the octupole resonance.
As a result, a narrow peak associated with resonant coupling
between electric dipole and electric octupole modes appears in
the reflection spectrum of the metasurface placed on the
substrate (see the resonant peak at λ = 1146 nm of the
reflection coefficient in Figure 1c calculated for the far-field
irradiation conditions). Note that the dip near the wavelength
1150 nm in Figure 1c corresponds to the suppression of
backward light radiation due to destructive multipole
interference.56,57

Next, we analyze the properties of a metasurface (distributed
resonator system) using near-field excitation from MoTe2
layers of each disk, which is necessary for further analysis of
the system’s photoluminescence properties. In this case,
instead of the reflection spectrum, we calculate the resonator
spectral form factor, which is the spectrum of the total
radiation intensity from the metasurface normalized to the
intensity of the source (method is discussed in Supporting
Information). For the above-mentioned system’s parameters,
there is an increase in the concentration of the near field in
each disk related to an additional narrowing of the OQTM
resonance; see the green curve in Figure 1c. In particular, for
the case of near-field pumping as in Figure 1c, the width of the
resonance at λ = 1146 corresponding to the OQTM is full
width at half-maximum (FWHM) = 1.7 nm (with the quality
factor Q0 = 674).

Having studied the properties of a distributed resonator
using far-field and near-field excitation, we proceed to consider
the lasing scheme shown in Figure 1a. The MoTe2 photo-
luminescence wavelength λ0 is determined by the dependence
of the bandgap Δg on the number of layers.53 Two-layer
MoTe2 material with Δg = 1.08 eV and photoluminescence
peak at the wavelength λ0 = λs = 1146 nm at room
temperature58 can be used as part of the metasurface. Initially,
the parameters of the MoS2/hBN/MoTe2 metasurface were
chosen in such a way that the wavelengths of octupole
resonance and photoluminescence λ0 in two-layer MoTe2
material coincide. In simulation, we used the complex
refractive index n = n + iα for MoTe2, and it takes the
value12 n( )0 = n( )0 + i ( )0 = 4.4242+ i0.51349 at the
wavelength λ0.
We assume that the system is pumped by a He−Ne

continuous-wave (CW) laser at the wavelength λp = 633 nm.39
The pump wave Ex

(p)(kz) normally irradiates the metasurface,
see Figure 1a. As a result of the interband transition and
radiative recombination, a strong near field is generated by the
MoTe2 bilayer with a maximum value at the wavelength λ0.
Since the octupole eigenmode of a lattice is tuned exactly to
this wavelength, positive feedback is realized in the system due
to the coupling effect between the near field of MoTe2 layer,
the electric dipole, and electric octupole modes of the total
metasurface. Under these conditions, the metasurface acts as a
distributed resonator, which should provide a narrowing of the
photoluminescence line and, under certain conditions, lasing
from the metasurface.
To describe the laser generation in the system, we use the

rate equations for the carrier density N and photon density S of
the signal field in the active area determined by the MoTe2
material. Following the approach used for similar sys-
tems,8,46,59 these equations can be written in the following
form

N
t

P

V
R N R N g N S

S
t

S
g N S R N

( ) ( ) ( ) (1a)

( ) ( ) (1b)

p pump

p
nr sp g

p
g sp

=

= + +

where V is the volume of MoTe2 bilayer in each disk (V = 3.96
× 10−22 m3), ℏωp is the photon energy of external optical
pump, αp is the absorption coefficient of MoTe2 material for
pump wave Ex

(p)(kz) at the wavelength λp, τp = Q0/ω0 is the
lifetime of the lasing mode, ω0 = 2πc/λ0 and Q0 are the
frequency and quality factor of the lasing mode, respectively, Γ
is the confinement factor of the lasing mode, β is the
spontaneous emission factor determined by Purcell factor60

(corresponding calculation is presented in S5.4 of Supporting
Information), and Ppump is the pumping power. The quality
factor Q0 is determined by the resonance of the OQTM
excited in the metasurafce and extracted from numerical
simulation. The following parameters are given in eqs 1: Rnr =
N/τnr + CN3 and Rsp = N/τsp are the nonradiative
recombination and total spontaneous emission rates, respec-
tively; g(N) = a(N − Ntr) is the active medium gain. Here, τnr
and τsp are the nonradiative and spontaneous recombination
lifetimes, respectively, C is the Auger recombination
coefficient, a is the linear gain coefficient, Ntr is the
transparency carrier density, υg = c/ng is the material group
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velocity of the active medium for the lasing mode, and c is the
light speed in vacuum, ng is the group refractive index of the
material; we suppose that ng = n(λ0). Next, following ref 61, we
choose τsp = 3 ps and τnr = 23 ps for the MoTe2 as well as C =
10−40 m6 s−1,8 see Table S1, where the references to the
experimental works containing the used parameters and their
values for MoTe2 are presented.
In the general case, the stationary solutions of the system of

nonlinear eqs 1 are cumbersome; therefore, we use the
parametric solutions of system (eqs 1) in the stationary case
for the values Ppump and S, where the variable parameter is N.
This approach is reasonable from the applied point of view, if
MoTe2 is additionally gated by an external field in the regime
of varying N.62−66 Stationary solutions of the system of eqs 1
for the photon density Ss and pumping power Ppump depend on
the stationary value of the density of charge carriers Ns and
take the following form.46

S N
N

a N N
( )

(1 ( ))s s
p s

sp g p tr s
=

+ (2a)

i
k
jjjjj

y
{
zzzzzz

P N
V

CN
N

N S N

( )

(1 )
( )

pump s
p

p
s
3 s

nr

s

sp

s s

p

= +

+ +
(2b)

Figure 2a shows the parametric gain curves for Ss versus
pump intensity I = Ppump(Ns)/Sdisk corresponding to the MoS2/
hBN/MoTe2 metasurface shown in Figure 1a. Here Sdisk = πR2

is the area of the active medium (MoTe2 material in one
building block). Switching on and subsequently increasing the
intensity of the pump field, one can determine the threshold of
laser generation using the inflection point for gain curve Ss(I)
of the signal field plotted in double logarithmic scale, which
corresponds to the following condition for the second

derivative:39,67 0
d S

d I

log

( log )

2
10 s

10
2 = .

The threshold conditions for MoS2/hBN/MoTe2 metasur-
face are realized for the pump field intensity equal to Ithr = 2.94
kW/cm2 with gain coefficient gthr = 5728 cm−1 (linear gain
coefficient equals to a = 6.9 × 10−14 cm2) and density of charge
carriers Nthr = 2.44 × 1017 cm−3, see dependencies in Figure 2a,
which were obtained using data from Table S2 in Supporting
Information.
Photoluminescence (radiation from the system) can be

simulated for an optically pumped metasurface using the near-
field excitation from MoTe2 bilayer of each disk in the regime
of varying the imaginary part of MoTe2 effective relative
permittivity εeff(ω), see the section S5.2 in Supporting
Information, where formulas for εeff(ω) takes into account
the change in the carrier density N according to eqs (1)−(2)
under conditions of OQTM-resonator. Figure 2b shows the
comparison of numerically calculated photoluminescence
spectra of metasurface in the threshold and above-threshold
regimes for various values of pump intensity corresponding to
the different values of parameter68,69 kg= g

4
0 that determines

imaginary part of εeff(ω). For the parameters presented in
Table S1, the effective relative permittivity of MoTe2 for
threshold conditions equals to εeff(λ0) = 19.3096 − i0.4619,

Figure 2. (a) Gain curves for the heterostructured MoS2/hBN/MoTe2 metasurface with parameters corresponding to Figure 1 at the lasing
wavelength λ0 = 1146 nm. (b) Photoluminescence spectra (correspond to the normalized intensity of emission from metasurface) for the
metasurface shown in Figure 1a for different pump intensities: Ithr = 2.94 kW/cm2 (kg = −0.0522), I1 = 16.4 kW/cm2 (kg = −0.0821). (c) Spectra of
the absolute values of the multipole contributions EDx, MDy, EQxz, and MQyz to the photoluminescence of metasurface as well as the value EOCyyx
corresponding to the nonradiating octupole moment of the disks in the metasurface with parameters as in panel (b) under the action of pump field
with intensity Ithr. (d) Visualization of the electric field distribution calculated for individual building block of MoS2/hBN/MoTe2 metasurface in
the disk center with parameters as for panel (c).
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where we take into account the change of the real part of
relative permittivity near the resonance, see the section S5.3 in
Supporting Information. In threshold conditions, the quality
factor of the OQTM resonance is Q = 819 with FWHM = 1.4
nm, see Figure 2b, and the lifetime of the lasing mode is τp =
4.1 × 10−13 s. The photoluminescence spectrum for threshold
and above-threshold conditions is, in fact, determined by the
characteristics of the resonator (metasurface) and slightly
changes with increasing pump intensity, which is a peculiarity
of the considered system. Note that the octupole quasi-trapped
mode can be excited in relatively small metasurfaces;54

therefore, experimental observation of lasing should also be
possible in spatially limited metasurfaces. The multipole
analysis in Figure 2c performed for the photoluminescence
spectrum in Figure 2b was based on the same definitions of the
various multipole contributions to the reflection coefficient as
in section S3 of Supporting Information but with the
replacement of the scattered fields by the fields emitted from
the metasurface. This analysis demonstrates a narrowband
resonance for several multipoles at once, which is due to both
the dipole-octupole coupling and the action of the substrate;
see Figure 2c. Thus, the laser emission is normally oriented to
the metasurface plane and has a complex multipole nature. At
the same time, a considerable concentration of the electric field
occurs in each disk, and its distribution has a characteristic
octupole shape in Figure 2d.
Summarizing, thus, the possibility of laser generation from a

metasurface based on vdW heterostructures using a new mode
selection mechanism based on multipole coupling in the lattice
was shown. Note that the considered metasurfaces can be
fabricated from a stack assembled from various materials using
the electron beam lithography method. A remarkable feature of
the considered resonances is the low sensitivity to periodicity
inaccuracies and boundary effects for the real metasurface.54

Moreover, even with a low level of coherence and the absence
of the possibility to control the quantum statistics of
photons,70 the proposed metasurfaces allow one to observe
the partially coherent radiation from the large area in the
direction perpendicular to the surface. It is worth noting that
wavelength tuning, in this case, can be realized by filling such a
system with an electrically controlled optically transparent
medium. However, this requires the control of the effective
refractive index for the environment in order to avoid the
diffraction into the substrate and destruction of the lasing
regime. Further development of this work may be related to
the study of metasurfaces combined from monolithic MoS2
and heterostructured MoS2/hBN/MoTe2 disks. Optimization
of the parameters and excitation conditions in them is
necessary to realize coherent on-demand emission from the
given disks. Such pixel-lasing metasurfaces may be promising
for the creation of next-generation laser displays.
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