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Abstract: In this work, we propose and numerically inves-
tigate a two-dimensional microlaser based on the con-
cept of bound states in the continuum (BIC). The device
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consists of a thin gain layer (Rhodamine 6G dye-doped
silica) sandwiched between two high-contrast-grating lay-
ers. The structure supports various BIC modes upon a
proper choice of topological parameters; in particular it
supports a high-Q quasi-BIC mode when partially breaking
a bound state in the continuum at I" point. The optically-
pumped gain medium provides sufficient optical gain to
compensate the quasi-BIC mode losses, enabling lasing
with ultra-low pump threshold (fluence of 17 pJ/cm?) and
very narrow optical linewidth in the visible range. This
innovative device displays distinguished sensing perfor-
mance for gas detection, and the emission wavelength
sensitively shifts to the longer wavelength with the chang-
ing of environment refractive index (in order of 5 X 10™%).
The achieved bulk sensitivity is 221 nm/RIU with a high sig-
nal to noise ratio, and a record-high figure of merit reaches
to 4420 RIU~L. This ultracompact and low threshold quasi-
BIC laser facilitated by the ultra-narrow resonance can
serve as formidable candidate for on-chip gas sensor.

1 Introduction

In recent years, the investigation of bound states in the
continuum (BICs) has attracted substantial attention due
to the interesting physics and practical applications [1].
The BIC theory originated from quantum mechanics and
was firstly proposed by von Neumann and Wigner in 1929
[2, 3]. Since then, it has been used to explain the impor-
tant physical concept of resonance with infinite lifetime in
various physical systems, such as photonics [4-7], acous-
tics [8, 9] and water waves [10]. According to Neumann
and Wigner’s seminal work [2], when two resonances
pass each other as a function of a continuous parame-
ter, the two channels will interfere, and give rise to an
avoided crossing for their resonances. Theoretically, at
a given value of the continuous parameter, one of the
channels vanishes entirely and hence becomes a dark
mode (BIC mode) with an infinite quality (Q) factor [11]. In
practice, BICs are limited by finite structure size, material
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absorption, and structural imperfection [12], they manifest
themselves and collapse to Fano resonant states with long
lifetime, also known as quasi-BICs [13, 14]. Recently, high-Q
quasi-BICs have been observed in many passive systems,
and it has been recognized that practical systems support-
ing such resonances are well suited for lasing and sensing
applications [15, 16].

Sub-wavelength high-contrast gratings (HCGs) pos-
sess distinct features, such as broadband high reflectivity
(> 99%) and high-Q resonances (> 107) [17]. In particular,
it has been shown that HCG systems can support BICs with
improved spectral performance [1, 18]. The narrow spectral
linewidth (y) featured by these structures are very sensitive
to changes in refractive index around them [19], making
them promising candidates for engineering optical sen-
sors with high sensitivity (S) and excellent figure of merit,
FOM = S/y [20]. However, investigations thus far have
considered only passive structures, which can limit signif-
icantly the device’s sensitivity [21]. Recent studies indicate
that active sensors based on small lasers not only sup-
ply coherent radiation, but also show enhanced sensing
performance [22, 23]. Thus, photonic structures support-
ing high-Q quasi-BIC lasers are of great interest in sensing
applications, as they could offer possibilities of achieving
a sensing performance beyond that of more conventional
photonic sensors [24, 25].

Lasing action based on BICs or quasi-BICs in two-
dimensional photonic-crystal structures has been reported
recently [15, 16, 26]. Nonetheless, investigations on poten-
tial applications of such devices are scarce, e.g., active
sensing based on BIC lasers. In this work, we propose an
innovative resonator composed of highly reflecting HCG
layers surrounding a thin organic-dye-doped SiO, layer
working as gain material for laser emission. This ultracom-
pact resonator design not only opens an alternative route
to generate different resonance modes, but also provides a
platform to demonstrate a Fabry—Pérot quasi-BIC laser by
combining organic dye molecules with inorganic grating.
Finite difference-time-domain (FDTD) numerical simula-
tions have been performed to evaluate the performance of
the aforementioned system with the results suggesting that
a high-Q quasi-BIC mode (Q > 10%) can be established by
carefully optimizing the HCG structural parameters. Then,
when the quasi-BIC mode spectrum overlaps with that of
the gain material, a pronounced lasing action is obtained.
More significantly, this quasi-BIC laser allows for a highly
precise environment change detection through the read-
ing of the emission wavelength shift. The achieved narrow
linewidth (0.05 nm) combined with a large bulk sensitivity
of 221 nm/RIU, results in a FOM of 4420 RIU!, which is
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approximately 20 times larger than typical passive sensors
[27]. Therefore, our results suggest that the proposed quasi-
BIC laser offers great potential for optical sensing of gases
in low-concentration.

2 Resonator design and numerical
model

2.1 Structure design

The schematic diagram of proposed double-HCG resonant
structure is shown in Figure 1. The structure is designed to
support a quasi-BIC at wavelength of 570 nm. The active
region consists of 215 nm thick SiO, layer doped with Rho-
damine 6G (R6G), as shown in Figure 1(a). A similar gain
medium has been reported in a previous work [28]. The
R6G layer is surrounded by Si;N, stripes with a symmet-
ric arrangement along z direction, and the refractive index
of Si3N, is 2.0. The HCG parameters are described by the
thickness of grating layer T, filling factor (the grating width
divided by the period) F and the period A. We consider the
dimensions of whole device in x- and y-direction are infi-
nite, as exhibited in Figure 1(b). The detail parameters of
materials are shown in Table 1.

In the point of fabrication view, although there may
exist several technical challenges, several experiments on

Y X I sin, B R6G doped sio,
Figure 1: Schematic of proposed resonator based on HCGs:

(a) single unit cell of two dimensional resonator; (b) whole structure
with the organic R6G thin layer. The dark green downward arrow
represents optical pump, the light green arrows on both sides of
resonator are emitted light from the resonator.

Table 1: Material parameters.

Layer Material Refractive index Thickness (nm)
Top HCG SisN, 2.0 230
Gain R6G-doped SiO, 1.46 215
Bottom HCG  Si3N, 2.0 230
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the similar grating structure have been reported [29, 30].
A freestanding cascade grating fabrication technique,
based on positive resist e-beam lithography (EBL) and
ion coupling plasma, is supposed to be feasible to fab-
ricate the designed structure. The SiO, layer doped with
R6G can be made by using sol-gel technique, which is a
suitable method for incorporating organic molecules into
inorganic solid hosts. The low-temperature process involv-
ing the hydrolysis and condensation reactions of metal
alkoxides enables us to dope different molecules with a
poor thermal stability into coating films [31]. The fabri-
cation process mainly includes thin film deposition and
grating pattern. The Si;N, thin film is uniformly coated
with SiO, doped R6G sol solution, and then cover another
Si;N, thin film on the other side. The grating structures can
be separately patterned on both sides by using EBL and ICP
with CHF; gas [32]. A similar sandwiching structure con-
sisting of two aluminum gratings and a Si;N, membrane
has been reported recently [33].

2.2 Theory and simulation

A semi-quantum framework is adopted to simulate the
interaction between the electromagnetic fields and gain
medium. The organic dye molecules in this work are well
described as a four-energy-level system, and the popula-
tion inversion is generated between the electronic level of
L, state and L, state. As shown in Figure 2, which presents
the population dynamics of the four relevant electronic lev-
els of the molecule, such as the ground state, L,, and the
three excited states, L,, L,, and L;. The molecular polariza-
tion given by spontaneous and stimulated transitions are
described through the following equation [34]:

d’P, P = -
g They— @} Py = kAN (OE@) (1)

where Aw; ;and w, ; are the bandwidth and frequency of the
transition between statesiand j, k; ; = 67£,c%/ (colz] -7, j>
[35], 7;; represents the lifetime of the spontaneous emis-
sion. AN, ;(f) is the difference of population density

between two energy states of the interest. E(t) is the
total electric field, and can be calculated by solving
the curl Maxwell equations [36]:

= _ _ OH(D)
V x H(t) = gaggt) + a(PBO(t)a': Py () 3)

In order to solve for the fields in a self-consistent fash-
ion, it is necessary to couple the molecular polarization P, ;
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Figure 2: Energy leveldiagram and parameters used for modelling the
dye molecules in FDTD simulations. The transition energies are E5, =
E; —E,and E,, = E, — E,. Since the transition from L; to L, is much
faster than the transition from L; to L, the excitation quickly decay
toL,, leadingto a population inversion for the transition from L, to L,.

to the electromagnetic fields via the rate equations of the
four-level system describing the gain medium [37]. Such
rate equations describe the time evolution of the energy
states’ population densities, and are given by Ref. [38]. The
time evolution of each energy state density is described by
their respective spontaneous decay processes N;/(z; ;) and
stimulated processes (E(t) . d}_5i’ i /dt). The field involved in
the rate equations is the total field and accounts for the
effects of any local optical intensity on the dynamics of the
population densities.

The FDTD method is adopted to solve the coupled
equations. A plane wave in 4 ps pump pulse normally
incident on the device along z-direction, as shown by the
dark green downward arrow in Figure 1(b), and its cen-
ter wavelength is A, = 512 nm. For the case of R6G-doped
Si0,, we set that the absorption transition: A, = 512 nm
and AA, = 35 nm; the emission transition: A, = 570 nm
and A4, =50 nm; the concentration of dye molecule:
C =1x 10" cm™3, which is comparable to the concentra-
tions previously reported in the same material host [28];
and the lifetimes: 75, = 7,0 = 5 X 1075, 75, = 1X 1077 s,
7, = 1.8 X107 s. Finally, the calculated emission cross
section is around 3 X 107! c¢m?, which is also consistent
with the experimental report [39].

3 Bound states in the continuum
and quasi-BIC lasing

3.1 BIC modes supported by the passive
structure

First, the optical properties of single HCG layer are ana-
lyzed. To obtain a perfect mirror for light trapped in
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a Fabry-pérot BIC system, we carry out FDTD simula-
tions and calculate the structure’s reflectance, for a nor-
mally incident plane wave polarized along the y-direction.
Figure 3(a) illustrates the results of our simulations as a
function of the wavelength and of the grating thickness,
taking a grating filling factor F = 0.5. We observe two
regions, which we refer to as the dual/multi-mode region
(from A = 530 to 700 nm) and the single-mode region
(A>700nm), as suggested by previous nomenclature [40].
For the single mode region, the grating operates in a longer
wavelength regime, behaving like a quasi-uniform layer
[17], so only Fabry—Pérot modes are supported in this wave-
length range. On the other hand, in the dual/multi-modes
region, the patternis quite different, describing contrasting
regions with high (> 99%) and low reflectance. In addition,
we find the localized patterns do not change in an obvious
manner when modify the filling factor F, instead, just an
overall shifting to the longer wavelength. The reflectance
spectrum shown in Figure 3(a) reveals that with a proper
selection of the grating parameters (e.g., the thickness T,
filling factor F, and period A), an ultra-high (> 99%) reflec-
tivity over a spectral range is achievable (as shown by the
double arrow line).

We proceed now to study the optical properties of the
entire passive structure (SiO, layer sandwiched by the two
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Figure 3: Reflectance spectra mapping and electric field distribution
profile.

(a) Reflectance spectra mapping as a function of grating thickness
when the filling factor F = 0.50; (b) reflectance spectra as a function
of the thickness of SiO,; (c) reflectance contour distribution of the
architecture by sweeping the incident angle from —25° to 25°; (d)
electric field distribution profiles within four periods corresponding
to the places marked by ‘2°.
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HCGs) as a function of the main structural parameters.
Figure 3(b) displays the reflectance spectra mapping as
function of SiO, layer thickness, under the condition of T
=230 nm, F = 0.50, and A = 530 nm. We notice there are
a series of discrete reflectance vanishing points at the SiO,
layer thickness of 20, 210, 400, and 590 nm, corresponding
to a periodical disappearance of resonance. These singular
points break the high reflection continuum, showing the
typical feature of Fabry—Pérot BIC. As mentioned before,
an HCG layer possesses high reflectivity within a wide
range, thus two HCGs layers with a symmetric alignment
can make a Fabry—Pérot cavity. Therefore, BICs are formed
when the distance between two HCG layers is tuned to
make the round-trip phase shifts add up to an integer
multiple of 27 [13]. Similar phenomenon was observed in
a hybrid structure composed of a subwavelength grating
layer and an un-patterned high-refractive-index cap layer
[41]. However, the BIC nature of the modes was not identi-
fied. In addition, the high Q resonance in such a structure
originates from the constructive interference of two Bloch
modes in the grating layer, which is fundamentally differ-
ent from the Fabry—-Pérot BIC that exits in double gratings
and stacked photonic crystal (PhC) slabs.

To obtain a quasi-BIC mode at wavelength of 566 nm
that could be employed in a practical device, we slightly
increase the thickness of SiO, layer by 5 nm. Figure 3(c)
shows the band diagram of the designed structure, which
is plotted by varying the angle of incidence (8, from —25° to
25°) with respect to the z-axis. We observe symmetric pat-
terns relative to the axis of 8 = 0° (also I" point), and the
quasi-BIC mode at the position of mode 2, where is marked
by the arrow and number 2, is successfully identified.
This quasi-BIC mode exhibits a low dispersion near 8 = 0°
around 566 nm, suggesting a strong resonance in individ-
ual unit cell [42]. Apart from mode 2, we also find other
BIC modes at 8 = 0° (e.g., positions marked by ‘1’ and ‘3’)
and 14.8° (e.g., position marked by ‘4’). Those BICs feature
vanishing linewidths, suggesting a nonleaky state [4].

To further characterize the quasi-BIC at mode 2, we
plot the field distribution profile in (x, z)-plane for this
mode under the incident angle 8 = 0°, as shown in Figure
3(d). The E, distribution of mode 2 over the (x, z)-plane
shows a strong confinement within the cavity and a sym-
metric profile along z-direction. Due to the high reflectance
of the HCGs and the sub-wavelength thickness of the SiO,
layer, the first-order standing wave (i.e., one peak across
the SiO, layer) is observed [43]. Typically, Fabry-Pérot BIC
can be generated in systems with two identical resonances
coupled to a single radiation channel [13]. Here, the round-
trip phase shift between the two resonances in HCGs is
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27, thus the field is constructively interfered and trapped
in the cavity while the resonant radiations from the HCGs
interfere destructively out side of the cavity, which leads
to the formation of Fabry—Pérot BIC.

3.2 Quasi-BIC lasing and characterization

To realize quasi-BIC lasing, we selected the grating param-
eters (T = 230 nm, F = 0.50, and A = 530 nm) which
can provide the highest possible reflectivity (as marked in
Figure 3), and the SiO, thickness is 215 nm. Then, R6G dye
molecules are doped into SiO, thin layer to compensated
the internal losses of resonator. As shown in Figure 1(b),
the proposed sandwiched structure recalls conventional
VCSELs, however, our design significantly reduces the
cavity length. Figure 4(a) shows the gain spectrum of
R6G (black curve), the spectrum of the cavity mode (blue
curve) and typical lasing spectrum of resonator (red curve).
Clearly, the R6G gain spectrum has a broad linewidth with
its central region overlapping with the cavity mode peak, a
feature guaranteeing a proper compensation of the cavity
losses. Interestingly, the cavity mode shows the typical
asymmetric line shape of a Fano resonance. This reso-
nance is caused by the interference of radiative (bright)
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Figure 4: Lasing characterization results.

(@) Gain spectrum of R6G (black curve), cavity mode spectrum (blue
curve), and typical emission spectrum of laser (red curve) operated
above threshold; (b) input-output function curve (black) and
spectrum linewidth changing as a function of input energy (blue); (c)
near field intensity distribution of laserin (x, y) plane at z = 612.5
nm; (d) electric field intensity distribution in (x, z) plane aty = 0 nm.
Both near fields are calculated at the peak laser emission
wavelength, and the pump beam size in the simulation is 7.6 pm X
5.0 pm.
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and nonradiative (dark) modes [44, 45]. For Si;N,-based
HCG resonator, dark mode is associated with the Bragg
scattering induced by HCG in the lateral direction, which
results in a resonant mode with narrow bandwidth. On the
other hand, the bright mode is associated with the weak
Fabry-Pérot mode induced by the index difference in the
vertical direction, which results in a mode with nearly flat-
band spectrum. The interference of these two modes result
in an asymmetric line shape of the spectrum [46, 47]. More-
over, this phenomenon could confine the optical mode in
the structure well and result in a high Q factor, which is
beneficial for the BIC laser operation with very narrow
linewidth (red curve).

Figure 4(b) shows the detail characterizations of lasing
behaviour. The black curve is the conventional plot of out-
put power as a function of pump energy density, so we can
estimate the threshold is around 17 pJ/cm?, and the output
power can reach to more than 40 pW when the pump is
25 pJ/cm?, which is close to the power of practical device.
The blue curve represents the corresponding optical spec-
trum linewidth (the full-width at half-maximum of the
peak, FWHM) changing, the sharp narrowing of spectrum
also indicates a coherence emission is achieved when the
laser is operated above threshold. Both results are clear
indications of lasing. We notice the linewidth is pump
power modulated, and it becomes broader in far above
threshold region. Such behavior has been reported in sev-
eral experimental investigations on plasmonic laser sys-
tems [48, 49], and can be attributed to the dependence of
refractive index on pump power.

Figure 4(c) and (d) are the electric field intensity distri-
butions of resonator in (x, y) and (x, z) planes, respectively.
When the resonator is operated above threshold, a large
mode overlaps with the input pump contributing to a sim-
ple and efficient coupling of the input light, as suggested
by the high intensity interfere fringes. In addition, the far
field observation indicates a single mode lasing, which
makes the laser device is more attractive. From the side
view (Figure 4(d)), it is clear how the light is predominantly
confined within the grating bars and there is exactly one
intensity lobe within the interval of neighboring bars. In the
middle, higher intensity stripe indicates the gain medium
region, where we can find the vertical confinement of this
device is much stronger than the confinement typically
found in conventional DBRs-based vertical cavity emit-
ting lasers. Since the double gratings provide the largest
power reflectance, all diffraction orders disappear except
the Oth order. In addition, the HCGs bring a higher effective
refraction index and much higher than the surrounding



302 —— H.Zhangetal.: Quasi-BIC laser enabled gas detection

environment, leading to strong lateral confinement for the
lateral modes.

4 Sensing function for gas
detection

High-Q resonators with narrow resonance line widths and
long photon storage time, have been considered as ideal
candidates for sensors with enhanced detection sensitivity
[50, 51]. Therefore, we carry out quantitative calculations
of the quasi-BIC laser intrinsic sensitivity upon changes
of the surrounding refractive index. We first reproduced a
gas environment and immersed the resonator in a atmo-
sphere of known refractive index value, then performing a
refractive index change from 1.0000 to 1.0020. Figure 5(a)
displays the full lasing spectra of the device versus vari-
ation of refractive index, where it is easily observe a shift
of the emission wavelength towards a longer wavelengths,
even though the refractive index increase step was just of
the order of 5 X 107, The inset exhibits the laser spec-
tra upon change of the gas environment, where we notice
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Figure 5: Sensing characterization.

(@) Mapping of emission wavelength shift with the variation of
environment refractive index, inset: full lasing spectra for different
refractive indexes; (b) linear relationship between emission wave-
length shift and environment refractive index (black curve), and the
corresponding spectrum linewidth changing with refractive index.

DE GRUYTER

a single wavelength shifting without any other obvious
changing. This also can be found from Figure 5(b), which
presents the linear dependence of emission peaks on the
refractive index (black curve), and the linewidth variation
(dash curve). It is further confirmed that the change of
refractive index results in only the shift of lasing wave-
length without affecting the lasing state. This simple linear
relationship between lasing wavelength shift and the vari-
ation of environment confirms the sensing capability of the
proposed microlaser structure.

Specifically, the sensing performance of the device was
evaluated by estimating the sensitivity (S;) and figure of
merit (FOM,), which can be calculated through using the
following formulas:

_ A4
T An’

FOM, = % 5)

Sy (%)

where A represents the emission wavelength shifting,
and An is the change of refractive index. y is the emission
spectrum linewidth measured at its full width at half maxi-
mum. FOM parameter is another important and more com-
prehensive benchmark to evaluate sensing performance
[52, 53]. From the results in Figure 5(b), we calculated the S,
and FOM, which are 221 nm/RIU and 4420 RIU™, respec-
tively. Very importantly, the achieved FOM value resulted
much higher than the theoretical result for localized sur-
face plasmon resonance sensors (~20) [54], PhC cavity
[25], microring [55], and fiber Bragg grating sensors [56]. It
is also comparable with that of state-of-the-art symmetry
guided-mode resonance based sensors [52]. Inaddition, the
organic gain enabled laser design leads to a coherent light
source, which can either be detected at optical far field,
or be easily coupled into fiber system. Thus, this flexible
operation will facilitate the experimental measurements.
In addition, the simple structure design will effectively
reduce the cost of fabrication, making the sensor more
appealing.

5 Conclusions

In conclusion, we have presented the design and numer-
ical characterization of a compact quasi-BIC-laser based
sensor for detecting of gas environment changing. The sen-
sor is designed by using double Si;N, HCG grating layers
and organic R6G dye molecule doped SiO, layer located
between the grating layers. The proposed unique hybrid
design enables stimulated vertical emission from the
organic gain medium embedded in the HCG stripes. Opti-
mizations concerning HCGs and microcavity configuration
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designed for a 570 nm resonant wavelength have been per-
formed. Our design features a high-Q resonance, which
enables a narrow-linewidth laser emission of 0.05 nm.
Therefore, a pronounced BIC lasing behavior with narrow
spectrum linewidth have been realized. The emitted light
is close to the plane wave in air, which indicates a sin-
gle lobe far field pattern for laser beam distribution. The
sensing mechanism can be reasonably explained through
the guided-mode resonance effect originated by construc-
tive interference between the guided modes of the slab
grating and the strong reflection modes. Finally, we also
investigated the bulk sensing performance by inserting the
device in some specific environment with different refrac-
tive index values, demonstrating remarkable sensitivity
and figure of merit estimated equal to 221 nm/RIU and 4420
RIU-Y, respectively. Especially the figure of merit value
outperforms recently reported GRM devices [52, 57] and
other state-of-the-art passive sensors [25]. In view of these
achievements, it is believed that this new platform could
improve the current technology in remote gas sensing, e.g.,
warning from dangerous chemical gas.
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