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Optical resonant cavities with high quality factor (Q-factor) are widely used in science and technology for
their capability of strong confinement of light and enhanced light-matter interaction. The 2D photonic crystal
structure with bound states in the continuum (BICs) is a novel concept for resonators with ultra-compact
device size, which can be used to generate surface emitting vortex beams based on symmetry-protected BICs
at the T point. Here, to the best of our knowledge, we demonstrate the first photonic crystal surface emitter
with vortex beam by using BICs monolithically grown on CMOS-compatible silicon substrate. The fabricated
quantum-dot BICs-based surface emitter operates at 1.3 pm under room temperature (RT) with a low
continuous wave (CW) optically pumped condition. We also reveal the BIC's amplified spontaneous emission
with the property of polarization vortex beam, which is promising to provide novel degree of freedom in

classical and quantum realms.

In recent decades, great attention has been paid to finding
promising light sources that own the merits of both ultralow
energy consumption and small footprint to realize the goal of on-
chip integrated optoelectronics * 2. It is usually problematic to
pursue a large Purcell factor (proportional to Q/Vimode) while
keeping a high output power in micro resonators such as the
whispering-gallery-mode based micro-disk lasers and photonic
crystal (PhC) defect cavity lasers 7. Particularly, on-chip integrated
and ultra-compact vortex emitters by employing BICs can naturally
generate vortex beams with high quality factor (Q-factor) 812 Since
the first demonstration of BIC, numerous schemes to design BIC
modes have been proposed, including C3-symmetry protected BIC
13 14 resonance-trapped BIC based on Mie resonance > 16,
electromagnetically induced transparency (EIT) based on quasi-
BIC 1718 mini-BICs °, quasi-BICs %, and multimode laser based on
two non-degenerate BIC modes 2. Symmetry-protected BIC
resonators present extra benefits of vector beam emission which
render them suitable for the on-chip integration and next-
generation smart production and mobility.

Meanwhile, the realization of monolithic integration of high-
performance III-V semiconductor light sources on CMOS-
compatible silicon platform is of great importance to promote the
next-generation Si-based on-chip light emitters for a high-yield and
scalability in real production scenarios ?2. Resonant-cavity light-
emitting diode (RCLED) is an appealing candidate of short-distance
communication systems for its narrow spectral linewidth, narrow
divergence, high luminous intensity, and energy efficiency 2 2%
However, so far, light sources with surface emitting beams based
on BICs monolithically grown on silicon have not been
demonstrated.

Here, we demonstrate a room temperature (RT) pW-level
continuous wave (CW) optically pumped PhC surface emitter with
vortex beam monolithically grown on Si based on symmetry-
protected BICs with the potential of on-chip integrated RCLED and
BIC lasers. Symmetry-protected BIC resonators present extra
benefits of vector beam emission, which render them suitable for
the on-chip integration and next-generation smart production and
mobility. In addition, optical vortex emitters with a helical
wavefront and associated orbital angular momentum (OAM) are at
the heart of wide-range potential applications, including free-space
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communications, high-resolution
quantum communications %,

optical

microscopy, and

Fig. 1. (a) Schematic of the designed BIC emitter monolithically grown on
silicon. The device is schematically pumped by focused purple laser light,
producing a green vortex beam. (b), (c) Scanning electron microscopy
images of InAs QDs BIC emitter suspended in air.

The designed BIC emitters are illustrated in Fig. 1(a). Fig. 1(b)
and 1(c) show the tilted and top-view scanning electron
microscopy (SEM) images of fabricated device, respectively. The
detailed wafer information and epitaxial layer structure is
described in the supplementary material.
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Fig. 2. (a) Dispersion relation of designed BIC structure for TE modes in
both MI" and I'X directions. Modes 1 to 4 denote four resonant modes at
I point for four energy bands, respectively. The inset shows the first
Brillouin zone. Calculated Q-factors of resonant mode 1 and mode 4 are
shown in (b). Mode 1 and 4 are symmetry-protected BIC modes with a
high-Q factor at I point. (c) and (d) shows the simulated H, field
distribution in a unit cell of mode 1 and 4, respectively. The arrows
present the in-plane electric field direction.

To attain the designed BICs structure, we first deposited a
layer of SiO, with a thickness of ~ 200 nm on the as-grown wafer
by plasma-enhanced chemical vapor deposition as a hard mask.
Then, 200 nm ZEP520A electron beam resist was spin-coated on

the surface of the hard mask. The PhC pattern was created by
electron beam lithography (EBL) and subsequently transferred to
the hard mask, the active layer, and the sacrificial layer by
inductively coupled plasma reactive ion etching. Finally, the
fabricated sample was suspended in the air by immersing devices
in 40% hydrofluoric acid solution for 30 seconds. The sacrificial
layer Al ¢Gag 4As with a thickness of 1 um was removed to form a
hollow region under the emitter to enhance the light confinement
in vertical direction.

The designed structure was simulated by using a three-
dimensional eigenfrequency solver in COMSOL Multiphysics. The
structural parameters in the simulation model are radius of air
holes r= 170 nm, lattice constant a = 500 nm, thickness of the slab
T = 362 nm, and the refractive index n = 3.4. Fig. 2(a) shows the
dispersion relation of BIC structure for TE-like modes along I'X
directions, where M, T, X are high-symmetry points of the reduced
Brillouin zone for a square PhC structure. The calculated Q-factors
of these modes are described in Fig. 2(b), where we can find
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Fig. 3. (a) Evolution of the emission spectrum as the function of the input
powers. The inset presents a near-field mode pattern image measured
by using an infrared camera. The boundary of the emitter is also
indicated by the dash line. (b) shows the output intensity as a function of
the input powers for the peak of ~ 1345.8 nm. The inset shows the
emission spectrum measured atlow input power and the corresponding
Lorentzian curve fitting.

two high Q-factor symmetry-protected BIC modes (mode 1 and
mode 4) at I' point. The calculated H, field profiles of mode 1 and
mode 4 with vorticity of field distribution are plotted in the Fig. 2(c)
and Fig. 2(d), respectively. We can deduce that these high-Q modes
are even modes with 180° rotational symmetry (C,) around the z-
axis (mode 1 has C, rotational symmetry), which corresponds with



the features of BIC modes and implies the emission behavior as a
vector beam with azimuthal polarization'?. The symmetry-
protected BIC modes are decoupled from radiation continuum
owing to symmetry mismatch atI" point, thus yielding a stronglocal
confinement. The Q-factor drops rapidly off I' point, which
illustrates the high demand for the symmetry of the structure to
form the symmetry-protected BIC modes.

The fabricated emitter was optically pumped at RT by using a
CW 632.8 nm He-Ne laser. The measured spectra under various
pumping powers of the designed emitter with a =510 nm and r =
170 nm are shown in Fig. 3(a). Single mode emission is expected to
be achieved of fabricated devices with the high Q-factor resonant
mode (mode 1 in Fig. 2), due to that only the mode 1 at T’ point is
within the ground state emission region of grown QDs under low
excitation pump powers. However, there are slight discrepancies
between the simulated and experimental results. Two resonant
peaks at around 1345.8 nm and 1349.8 nm are simultaneously
observed.

Fig. 4. (a) The far-field intensity distribution of the vortex beam exhibits
a doughnut-shaped profile, which verifies the emission from BIC modes.
(b)-(e) represent the measured polarization-resolved images of the
vortex beam by placing a linear polarizer in front of the infrared camera.

The collected intensity (L-L) and the linewidth of the
spectrum peak under various pumping powers are shown in Fig.

3(b). A decrease of linewidth can be observed from the L-L curve,
which indicates the existence of amplified spontaneous emission.
The inset in Fig. 3(b) shows the Lorentzian curve fitting of collected
data at low input power.

The Q-factor of the system can be estimated by using Q = A/AA,
where the A is the central wavelength of the resonant peak, and the
AM s the linewidth of the resonant peak. The experimental Q-factor
of this device was calculated as around 1.9 X 10% . This is much
lower than the theoretically simulated results, which can be
explained by the fact that BICs with infinite Q-factor and zero
leakage are obtained only for infinitely extended structures.
However, the experimentally fabricated-devices have finite periods
of PhCs, leading to a large radiation loss in the system and the BIC
become leaky with finite Q-factor 1%26, We also pay attention to the
two resonant peaks emerging in the emission spectrum, which can
be explained by the imperfection of the device fabrication, which
might break the symmetry of fabricated devices. The imperfection
can originate from the etching profiles, nonuniform thickness of
epitaxial layer and the position of the PhC air holes. Since the
symmetry-protected BIC modes are highly sensitive to symmetry
breaking, the imperfection may diffract BIC modes into radiation
channels, thus bringing another exceptional leaky resonant peak
and increasing radiation loss. The nonuniform polarization
distribution of far-field beam profile also indicates the imperfection.
To further enhance robustness to fabrication imperfection, reduce
out-of-plane losses-and achieve ultralow lasing threshold BIC lasers,
super-BIC mode can be utilized, which is created by merging
symmetry-protected and accidental BICs in the momentum space
27

To further demonstrate the vortex characteristics of BIC
emitters, the method of back focal plane imaging ° was
implemented to study the far-field angular distributions of BIC
modes. The spatially distributed intensity appears as the shape of a
doughnut with a dark zone at the center as shown in Fig. 4(a). The
central dark core is due to the topological singularity at the center
of the BIC structure. The polarization-resolved images were further
measured, which presents two lobes vertical to the direction of
polarization and confirms the azimuthal polarization of the
emission light of BIC mode as depicted in Figs. 4(b)-(e).

Table 1. Comparison of this work with other state-of-art BIC lasers in the literature. Short hyphens mean no data available or

produced.

Reference BIC Type Gain material pur;lrrl)lir:g};)(())lv%g: al:le Q-factor FWHM Mg(;g‘?ifgfgiy pur(ilvp\)/ing
This work Symmetry-protected BIC | InAs/GaAs DWELL - 1.9 x 103 0.71nm Yes Yes
Wang 2021 %8 Symmetry-protected BIC PVK - 1.2 x 103 0.59nm No No
Hwang 2021 %7 Super BIC InGaAsP MQWs 034 7.3 x 103 0.22nm No No
Wu 20211 Symmetry-protected BIC PVK QDs - - - No No
Huang 2020 1 Symmetry-protected BIC PVK 5.28 x 10° - - No No
Ge2019% Symmetry-protected BIC Monolayer WS, - 2.5x 103 0.25nm No Yes
Ha 201830 Symmetry-protected BIC GaAs 8.8 x 10° 2.75 x 103 0.3nm No No
Kodigala 2017 8 Symmetry-protected BIC InGaAsP MQWs 15.6 4.7 x 103 0.33nm No No
Yu 202131 Fano BIC InGaAsP SQW 3.5 7.8 x 10% 0.02nm No Yes
Wu 2020 15 Symmetry-protected BIC CdSe 5.09 x 108 2.59 x 103 0.25nm No No
Mohamed 20202 | Symmetry-protected BIC | IR-792 molecules 2.16 x 10° 2.88 x 103 0.30nm No No

3




Although the emitter does not exhibit clear lasing behavior, as
the first BIC emitter monolithically grown on Si, the device
maintains the FWHM under 0.8nm while the CW pumping power
is as low as 60 pW. The key performance of the BIC emitter
demonstrated in this work is also compared with other state-of-art
BIC lasers in the literature, as shown in Table 1. In general, our
emitter shows a comparable Q-factor under CW pumping
condition to other symmetry-protected BIC lasers. But owing to a
shortage of pulsed pumping equipment in our lab, we failed to
conduct further pulse-pumped experiments for potential lasing
phenomenon. This issue could be resolved in future by
collaboration and by improvement in fabrication.

In conclusion, we present the PhC surface emitter
monolithically integrated on silicon substrate by using BICs with
vortex beam. The emitter was CW optically pumped at RT and the
properties of BIC modes were analyzed with numerical
simulations and we verified the vorticity of the BIC vortex beam
experimentally. The promising emission characteristics of the
emitter based on BICs with an ultralow input power, vertical
emission direction, and vortex beam monolithically grown on Si
(001) substrate provide more possibilities of application for on-
chip ultra-compact BIC lasers and large-scale integration of
optoelectronic devices on a silicon platform.
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