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Bound states in the continuum (BICs) can make subwavelength dielectric resonators sustain low radiation leak-
age, paving a new way to minimize the device size, enhance photoluminescence, and even realize lasing. Here, we
present a quasi-BIC-supporting GaAs nanodisk with embedded InAs quantum dots as a compact bright on-chip
light source, which is realized by heterogeneous integration, avoiding complex multilayered construction and
subsequent mismatch and defects. The emitters are grown inside the nanodisk to match the mode field distri-
bution to form strong light—-matter interaction. One fabricated sample demonstrates a photoluminescence peak
sustaining a quality factor up to 68 enhanced by the quasi-BIC, and the emitting effect can be further promoted
by improving the epilayer quality and optimizing the layer-transferring process in the fabrication. This work

provides a promising solution to building an ultracompact optical source to be integrated on a silicon photonic

chip for high-density integration.
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1. INTRODUCTION

Silicon photonics has been widely used in optical interconnec-
tion for telecom and datacom, as well as biosensing, while on-
chip light sources are still a major challenge for high-density
and low-cost integration. In contrast with silicon, III-V mate-
rials provide ideal gain properties. Hybrid lasers using III-V
materials through the flip-chip technology [1] and the hetero-
geneous bonding technology [2] have been proven successful.
The heterogeneous bonding technology provides robust align-
ment and post-CMOS process flexibility, as another promising
scheme, and high-performance III-V quantum dots (QDs)
[3,4] directly grown on silicon substrates by molecular beam
epitaxy (MBE) technology [5] can enable cost-effective integra-
tion of low-threshold optical sources on silicon.

The development of nanophotonics makes it ready for
developing ultracompact on-chip sources on the other side.
By confining light to a small volume based on localized reso-
nance, subwavelength nanoresonators hold great promise
[6,7]. Compared to metal nanoresonators, dielectric ones are
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preferred, since the material loss is negligible. Some innovative
methods have been raised to design resonant dielectric
nanoresonators [8] based on multipolar resonance [9-13].
Multipolar resonance makes a dielectric nanoresonator possess
rich resonating ways, but it is weak in confining optical energy
so that the corresponding quality factor (Q) is low. Bound states
in the continuum (BICs) provide a solution way [14—19]. BICs
supported by periodic structures are perfect with Q unlimited,
in theory. Later, the conception of BICs was introduced into
dielectric nanoresonators to increase their Q values [20].
Due to limited size, BICs become quasi-BICs (also called super-
cavity modes) with limited Q values (up to several hundred).
They are usually from the destructive interference between two
supported modes, based on which the far-field leakage is effi-
ciently weakened [21]. Based on quasi-BICs, dielectric nano-
resonators have been used to enhance the light—matter
interaction, such as lasing [22-27] and nonlinear phenomena
[28-30].

In this work, we propose to introduce the advantages of
[I-V QDs into a quasi-BIC-supporting dielectric nanodisk
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to construct a small on-chip bright light source. However, there
are some parasitic problems if one directly grows III-V QDs on
a silicon substrate. The different properties of thermal expan-
sion and polarity existing between III-V and silicon materials
may result in a high density of crystalline defects [31,32]. A
relatively thick ITI-V buffer layer grown on a V-groove-pat-
terned (001) silicon substrate [33-36] is often used to over-
come this mismatch, but this may cause the formation of
thermal crack that may degrade the above III-V epilayer and
induce the reliability issue in practical application. In addition,
such a thick buffer layer may weaken the coupling from the
active region to a silicon waveguide [37]. Here, we will combine
the III-V-QD epitaxy and heterogenous bonding technologies.
Based on such a combination, an individual quasi-BIC-sup-
porting GaAs nanoresonator with embedded InAs QDs will
be constructed. This architecture can improve the coupling be-
tween the QDs and the supported quasi-BIC to enhance the
photoluminescence (PL).

2. RESULTS AND DISCUSSION

A single subwavelength dielectric nanodisk, supporting a quasi-
BIC via the strong coupling between a Mie-like resonant mode
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and a Fabry—Perot (FP)-like resonant mode, can be designed
following the Friedrich—Wintgen interference mechanism [21].
To briefly illustrate the physical mechanism of the quasi-
BIC formation, scattering simulation and Q calculation are
performed for the dielectric nanodisk positioned in the free
space, as illustrated in Fig. 1(a) and Fig. 1(b), respectively.
The nanodisk is made of GaAs, and its height and radius
are 4 and 7, respectively. The numerical investigation is carried
out by the time-domain finite-difference (FDTD) method.
When a transverse electric (TE) plane wave impinges on the
nanodisk (the incident magnetic field is polarized along the
cylinder axis), the scattering cross section as a function of
the aspect ratio of the nanodisk (defined as r// with 4 fixed
at 560 nm) and the wavelength is shown in Fig. 1(c). The scat-
tering cross section of Q,, for the nanodisk can be calculated
by Q.(1) = P, (1) /[1(A)S], where I(2) is the intensity of
the light source, and § = 27/ is the cross-sectional area of
the nanodisk. In the investigated wavelength range between
1100 and 1500 nm, the resonant behavior of the nanodisk
strongly influences the scattering property, and multiple bright
stripes appear in Fig. 1(c) from some special resonant modes.

The two bright stripes labeled as 3TE and 3'TE, respectively,
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Resonating and scattering behavior of a single GaAs nanodisk. (a), (b) Schematic of the dielectric nanodisk in free space for scattering

(a) and Q (b) simulation, respectively; (c) scattering cross section following the variation of the nanodisk radius and wavelength. The nanodisk’s
height is fixed at / = 560 nm. The size of each hollow circle is proportional to the Q factor of the corresponding resonant mode, and the black arrow
indicates the appearance of a quasi-BIC at /5 = 0.732. (d) Relation between the resonant wavelength corresponding to the two labeled bright
stripes in (c) and the nanodisk radius. The three pairs of points, labeled as /| and L, H, and L, and H3 and Lj, correspond to » = 345 nm,
410 nm, and 440 nm, respectively. The two black dashed lines illustrate the developing trend of the strong coupling between the low-Q and high-Q
modes. (e) Patterns of the six resonant modes are labeled by blue and red circles in (d). The Y'Z plane through the nanodisk axis is the observing
plane and the electric amplitude is normalized. White lines show the nanodisk boundary.
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are interesting. Hollow circles of different sizes are put on the
two stripes to represent the Q factor of the corresponding res-
onant mode, which is obtained by putting a point-like electric
dipole inside the nanodisk as a pulse exciting source in the sim-
ulation. The Q factor can be derived as Q = f/Af, where f is
the central frequency and A £ is the full width at half-maximum
at the resonant modes. Strong coupling exists between the two
labeled stripes and then an anticrossing is formed. The Q factor
of the top left labeled stripes becomes larger near the anticross-
ing region and the maximum value is up to about 688 when the
aspect ratio of the nanodisk is about 0.732, i.e., » = 410 nm
(the resonant wavelength is 1281 nm). The bottom right stripe
displays the opposite tendency.

For clearer illumination, the resonant modes corresponding
to the two labeled bright stripes are extracted and represented
by two solid anticrossing curves corresponding to high-Q
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modes and low-Q modes in Fig. 1(d). Three pairs of resonant
modes on the two solid curves are investigated to show the in-
fluence brought by the mode coupling, which are 4 and L,,
H, and L,, and H; and Ls, corresponding to » = 345 nm,
410 nm, and 440 nm, respectively. By observing their main
pattern parts, the two are nearly the standard TEj,, and
TE3;, modes (the former is the Mie-like one, and the latter
is the FP-like one), respectively. Here, we use a standard mode
notation of TE,;,, where indices 7, £, and m are the azimuthal,
radial, and axial indices of a cavity mode, respectively [30]. As
the nanodisk is enlarged gradually, the resonant modes on
curves 3TE and 3'TE form strong coupling and evolve as a
hybridization of modes TEsz,, and TEj3;,. As shown in
Fig. 1(e), the electric patterns of resonant modes A, and L,
embody this point well. Resonant mode /) is just the so-called
quasi-BIC, which has an enlarged Q factor and a reduced
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Fig. 2. Fabricating GaAs nanodisks with embedded InAs QDs. (a) Growing InAs QDs. An active multilayer is grown on a GaAs (100) substrate
by MBE, between which there is a 500 nm GaAs buffer layer and a 500 nm AlAs sacrificial layer. The active multilayer consists of a 275 nm GaAs
bottom cladding layer, 10 nm InAs dot-in-well gain material (2 nm Ing35Gag45As layer for buffering strain, 2.2 mL InAs QDs, and 6 nm
Ing 35Gag g5As layer for relaxing strain), and a 275 nm GaAs top cladding layer. (b) Lifting off the active multilayer by wet etching off the
AlAs sacrificial layer; (c) bonding the active multilayer onto a silicon substrate with a 3 pm top oxide layer; (d) spunning HSQ on the transferred
active multilayer and patterning it by EBL; (e) etching out nanodisks of different radii by ICP-DRIE; (f) removing the HSQ hard mask; (g) AFM
images of the top surface before and after the transferring of the active multilayer; (h) SEM images of the fabricated nanodisks. The insets show the

magnified top and side views of one nanodisk.
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Fig. 3. Resonating behavior of a single GaAs nanodisk on a silicon
substrate with a 3 pm oxide layer. Calculated Q and resonant wave-
length versus nanodisk radius. The Q factor reaches its maximum
value (229) for the optimal parameters (» = 400 nm, /# = 560 nm)
at wavelength 1270 nm.

scattering cross section from the destructive canceling between
modes TE3,, and TE;; in the far-field scattering. As the nano-
disk is further enlarged, the mode coupling becomes weaker
again. By observing the electric patterns of resonant modes H
and Z;, one can see that the former becomes mode TE;;, and
the latter mode TE3,,. The Q values for the above three pairs of
resonant modes, A and L, H, and L,, and H3 and L3, are
345 and 155, 688 and 102, 550 and 23, respectively. We have
confirmed the formation of a quasi-BIC [21].

A high-Q nanoresonator may be used to enhance PL. To
fabricate such a subwavelength light source with embedded
emitters, a new method combining InAs QDs growing and
heterogeneous bonding is adopted, which is schematically
shown in Figs. 2(a)-2(f). First, InAs QDs have grown on a
GaAs (100) substrate by DCA P600 solid source MBE.
This is started with a 500 nm GaAs buffer layer grown after
native oxide desorption, above which a 500 nm AlAs sacrificial
layer is grown. Then, a 10 nm gain material sandwiched by
bottom and upper GaAs cladding layers is grown, which is
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called an active multilayer here. The gain material consists of
2 nm Ing35Gag gsAs for strain buffering, 2.2 mL InAs QDs,
and 6 nm Inj 35Gag gsAs for strain relaxing. The active multi-
layer is epitaxial from the bottom to the top, and the total thick-
ness is about 560 nm, which is enough to construct one
required nanodisk. Second, the sandwiched active multilayer
is transferred and bonded. A thin protective photoresist is
spin-coated on the GaAs cap layer. After baking, the whole chip
is dipped into hydrofluoric acid solution (~10%, mass fraction)
to remove the sacrificial layer. Then, the active multilayer is
lifted off [38] and transferred onto a silicon substrate with a
3 pm top oxide layer by direct bonding. Last, nanodisks of dif-
ferent radii are etched out. Hydrogen silsesquioxane (HSQ) re-
sist is spun on the surface of the bonded active multilayer after
the developing of the negative photoresist following electron
beam lithography (EBL). The residual HSQ is used as a hard
mask to etch out nanodisks by inductively coupled plasma deep
reactive ion etching (ICP-DRIE). Finally, the HSQ mask is re-
moved with buffered oxide etch.

According to the atomic force microscope (AFM) measure-
ment shown in Fig. 2(g), one can see that the surface roughness
of the transferred active multilayer is no more than 10 nm, and
the change of the roughness before and after the transferring
process is negligible. And, as shown by the scanning electron
microscope (SEM) measurement given in Fig. 2(h), the space of
these fabricated nanodisks is about 50 pm to avoid the coupling
influence between them, and these resonators are not perfect
nanodisks in geometry due to imperfect fabrication.

By investigating the above fabrication process, a fabricated
nanodisk is directly supported by the 3 um oxide layer. The
existence of this dielectric spacer makes the environment of
the GaAs nanodisk asymmetric. It pulls the confined optical
energy inside the nanodisk downward and increases the leakage
rate [39]. The nanodisk dimension is required to be moderately
adjusted to make the Q factor corresponding to the sustained
quasi-BIC as large as possible. As shown in Fig. 3, when
r =400 nm and 4 = 560 nm, the quasi-BIC is blueshifted
to wavelength 1270 nm, and the corresponding Q factor is re-
duced to 229. Due to the large quality factor and small mode
volume, the Purcell factor can be up to 11 [40]. When the elec-
tric dipole is put at the positions where the mode field is strong

0.0 . A . h
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Fig. 4. Schematic diagram of the optical setup for characterizing the p-PL spectrum. (a) The nanodisk can be positioned by the home-built
microscopy and captured by the camera (CCD). A continuous laser (532 nm) focused onto the sample by an objective (20x, NA = 0.5) is used
to excite the quasi-BIC by a single nanoresonator. A long-pass filter was inserted to reject the incident laser and only the fluorescence signal arrives in
the spectrometer. (b) Normalized PL spectrum measured from a 560 nm active multilayer.
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(i.e., the localized state density is large), the emitting may be
enhanced most strongly. Thus, all the above-fabricated nano-
disks are of height # = 560 nm, and one of them has ra-
dius » = 400 nm.

In the characterization procedure, a home-built micro-pho-
toluminescence (p-PL) setup shown in Fig. 4(a) is used to im-
age and measure the PL spectrum of the QDs embedded inside
the nanodisk. An incident laser of wavelength 532 nm operat-
ing at 7.5 mW power is first expanded by a lens array to fill the
aperture of the objective (20x, NA, 0.5) and focused onto a
measured nanodisk. Both excited fluorescence and incident la-
ser will then be collected by the same objective. A beam splitter
is used to split the beam into two beams. Two lenses with dif-
ferent focuses are used to image (Retiga R6, Qimaging) and
measure the PL of the nanodisk. A 1100 nm long-pass filter
is used to filter the incident laser and allow the fluorescence to
reach the spectrometer (SR-500i, ANDOR). The white beam is
used to illuminate and position the nanodisk, which can be
switched to the laser for locating the position of the laser
and nanodisk. A PI platform (E-727, PI) is used to finely
adjust the relative position of the laser and nanodisk to obtain
the accurate spectrum. We first measure the PL from an

(a)

unpatterned active multilayer of thickness 560 nm as a refer-
ence [Fig. 4(b)]. One can see that the PL is broadband, ranging
from 1100 to 1400 nm.

Then, the fabricated nanodisks are measured. Each nano-
disk is pumped by a 532 nm continuous-wave (CW) laser,
and the emitted PL is collected by a 20x microscope objective
lens [Fig. 5(a)]. The corresponding SEM image of this nano-
disk is shown in the inset of Fig. 5(a). The PL spectra for nano-
disks with different radii are shown in Fig. 5(b). It is obviously
observed that the shapes of these PL spectral curves are strongly
affected by the variation of the nanodisk radius and narrow-
band PL peaks appear. When » = 420 nm, the maximum en-
hancement of the PL is obtained, and the peak appears at
wavelength 1281 nm. And, by comparing the intensity of
PL peaks at different radii of the nanodisks, one can approx-
imately estimate the enhancing effect on the PL up to 8 times.
Obviously, the nanodisk is not a perfect cylinder, but an
approximate frustum of a cone due to the fabrication imper-
fection, which may make the resonant behavior deviate from
the ideal case. By estimating the PL peak width, one can achieve
the Q factor of the corresponding resonant mode. Based on
Lorentzian fitting, the Q factors corresponding to the strongest
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Fig. 5. PL measurement for fabricated GaAs nanodisks. (a) Schematic of a GaAs nanodisk situated on a silicon substrate pumped by a 532 nm
continuous laser. The inset is the exemplary SEM image of one fabricated nanodisk. (b) Measured PL spectra for various GaAs nanodisks of different
radii; (c) Q factors are extracted from the measured PL spectra (black dots) and fitted by the Lorentzian curve for different GaAs nanodisks. The blue

dotted line corresponds to the parameters at which the quasi-BIC appears.
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Fig. 6. Influence of material loss and fabrication error on GaAs nanodisks. (a) The two angles representing imperfect fabrication may degrade the
Q factor of the supported quasi-BIC. The insets are illustrating the side angle (f) and the inclination angle (@) for the nanodisk, respectively.
(b) Measured refractive index of the active multilayer. The black solid line represents the real part of the refractive index, while the red solid line
is the imaginary part of the refractive index. The active multilayer has a refractive index of about 7» = 3.45 with an unignorable material loss
k = 0.055 in the wavelength range from 1100 to 1400 nm. (c) Q factors for different nanodisks are calculated according to the measured complex

refractive index in (b).

PL peaks for various GaAs nanodisks, are extracted and shown
in Fig. 5(c). The maximum Q factor from the nanodisk of
r = 420 nm is 68.

There are two reasons for the deviation between the theo-
retical prediction and the experimental result. One is that the
fabrication error, which includes the side angle a of the nano-
disk and the inclination angle 8 between the nanodisk and sub-
strate, can influence the resonant behavior of a GaAs nanodisk,
as indicated in Fig. 6(a). As a decreases from 90 deg to 79 deg
and 6 increases from 0 deg to 10 deg, the Q factor decreases to
about 180 and 195, respectively. In practical fabrication, non-
zero O may appear, which induces a larger leaky rate by making
the surrounding more asymmetric. Moreover, the GaAs
material is assumed to be lossless in the simulation. However,
in practice, the fabricated GaAs material is a bit lossy and there
is also scattering loss from the embedded QDs. As shown in
Fig. 6(b), the fabricated active multilayer has a measured effec-
tive complex refractive index of 7 = 3.45 and k& = 0.055
around wavelength 1281 nm. Figure 6(c) shows that the Q
factor of a GaAs nanodisk strongly depends on the material
losses and could be substantially decreased. Thus, the material
loss and fabrication error are not ignorable for a practical res-
onant nanodisk, but the imperfection of the fabrication has
limited influence on the Q factor.

3. CONCLUSIONS

In conclusion, we have designed and fabricated a GaAs nano-
disk sustaining a quasi-BIC on a silicon substrate. InAs QDs,
bringing their particular advantages, are adopted to act as emit-
ters. They are flexibly embedded inside the nanodisk to overlap
with the strong field part of the quasi-BIC to efficiently en-
hance the PL emission. Although the Q factor of the strongest
PL peak is just 68 in the experiment due to the large material
loss, it is assured to make it tend to the ideal value by optimiz-
ing the material preparation. Currently, many works
are carried out to integrate QDs into silicon active devices
as a prospective way. The proposed nanodevice provides a

subwavelength light source, even a nanolaser, compatible with
other silicon photonic devices. In the future, InAs QDs may be
introduced into periodic structures supporting delocalized
BICs as a gain material.
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