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Obtaining large field enhancement in low-refractive-
index dielectric materials is highly relevant to many
photonic and quantum optics applications. However,
confining light in these materials is challenging due
to light leakage through coupling to continuum modes
in the surrounding environment. We investigate the
possibility of achieving high quality factors in low-
index dielectric resonators through the bound states in
the continuum (BIC). Our simulations demonstrate that
destructive interference between leaky modes can be
achieved by tuning the geometrical parameters of the
resonator arrays, which leads to the emergence of quasi-
BIC in resonators that have a small index contrast to
the underlying substrates. The resultant large field en-
hancement gives rise to giant quality factors and Pur-
cell effects. By introducing vertical mirror symmetry,
the quasi-BIC can be tuned into an ideal BIC. Addition-
ally, the quasi-BIC can modify the emission patterns of
the coupled emitters, rendering highly directional and
focused far-field emission. These findings may provide
a path for the practical implementation of photonic and
quantum devices based on low-index dielectric materi-
als. © 2021 Optical Society of America
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Dielectric resonators that possess a rich family of reso-
nance modes[1, 2] can support many intriguing effects such
as the Kerker effect that suppresses backward scattering[3] and
highly efficient harmonic generation enabled by anapole mode
excitation.[4] The low dissipative losses of the dielectric res-
onators offer unique opportunities for subwavelength light trap-
ping. The achievement of high quality factors (Q) and large
resonant enhancement of the electric and magnetic near-fields
in the dielectric resonators [5, 6] are of particular interest for
nanophotonics and quantum optics applications.[7, 8]

Despite these appealing properties offered by the dielectric
resonators, only those with sufficiently high refractive indices
are known to support well-defined resonance modes.[1, 9] This

poses severe limitations on the effective usage of the dielectric
resonators. Particularly, the resonance modes in the dielectric
resonators are typically confined inside the resonators. In or-
der to maximize the spatial overlap between the dielectric reso-
nance modes and external gain media, direct integration of the
gain media into the resonators is required. However, this often
diminishes the resonance modes in the high-index resonators
and lowers their quality factors.[7] In this regard, a strategy for
achieving large field enhancement and quality factors in low-
refractive-index dielectric materials such as polymers, oxides
and semiconductors that would allow the direct integration of
gain media to the dielectric resonance modes[10-12] is particu-
larly desirable. Current efforts in this direction have relied on
approaches such as using index contrast between the dielectric
resonators and their surrounding environment,[13, 14] and only
moderate field enhancement has been achieved.

Originally proposed in quantum mechanics, bound states in
the continuum (BIC) formed through destructive interference be-
tween two or more leaky modes or resonators have been widely
used for light trapping and guiding.[15, 16] The realization of
optical BIC in subwavelength dielectric resonators with high
refractive indices could lead to quality factors comparable to
those of the extensively studied photonic cavities such as pho-
tonic crystals.[5, 17] However, due to the difficulty in confining
resonance modes in low-refractive-index dielectric resonators,
studies on BIC in these resonators remain sparse despite their
high relevance to enhanced light-matter interactions.

Here, we discuss the realization of BIC in low-refractive-index
dielectric resonators through numerical simulations. Due to de-
structive interference between propagating modes supported
by the resonator arrays and localized modes in the resonators,
quasi-BIC supporting large quality factors can be observed in
dielectric resonators with refractive indices close to the underly-
ing substrates. The well confined field enabled by the quasi-BIC
results in giant Purcell factors. Moreover, it also leads to highly
focused and directional far-field emission. Additionally, we find
that when vertical mirror symmetry is introduced to the struc-
ture by covering the resonator arrays with dielectric layers of the
same refractive indices as the underlying substrates, the quasi-
BIC can transition into ideal BIC. These findings could open new
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Fig. 1. (a) Reflectance spectra of a dielectric cylinder with a di-
ameter of 250 nm and height of 330 nm placed on a silica sub-
strate. The color-coded circles correspond to the highlighted
resonance modes in (b) and (c). (b) and (c) The reflectance
spectra of a dielectric cylinder with n = 3.5 (b) and 2.0 (c). (d)
and (e) The electric and magnetic field intensity distributions
at the resonance wavelengths shown in (b) and (c).

perspectives for the application of BIC in nanophotonics and
quantum optics.

Light in low-refractive-index dielectric structures typically
undergoes radiation loss through coupling to continuum modes
in the substrates or embedding materials. To clearly demon-
strate this concept, we start by simulating a dielectric cylinder
with various refractive indices placed on a silica substrate (see
Supplement S1 for the detailed simulation method).

As shown in Figure 1, a change in the refractive index of the
dielectric resonator not only affects its resonance wavelengths,
but also the field distributions of the supported modes. Atn =3.5
(Figure 1b and 1d), two distinct resonance modes can be clearly
resolved with the one at 900 nm exhibiting electric dipole charac-
teristics and the one at 1100 nm magnetic dipole characteristics
(see Supplement S2 for field distributions in horizontal planes).
Both resonance modes are well confined inside the dielectric
resonator. When the refractive index of the resonator is reduced
to n = 2.0, the resonance modes are no longer well defined aside
from the apparent reduction in the scattering cross section, as
shown in Figure 1c. Moreover, instead of being well confined
in the dielectric resonator, a significant part of the electromag-
netic fields have leaked into the underlying substrate (Figure
le). Evidently, radiation loss through the continuum modes in
the substrates becomes more severe in dielectric resonators with
low refractive indices.

BIC offers an appealing approach for achieving high quality
optical resonance modes even in the existence of continuum
radiation channels that would normally carry away the ener-
gies. Of the different types of structures proposed for achieving
BIC, using destructive interference between two leaky modes
enabled by combining several subwavelength resonators gives
the degree of freedom to tune the achievable quality factors and
resonance frequencies.[15] We consider a 2D infinite periodic
array of dielectric cylinders with diameter D, height H, edge-to-
edge gap G, and pitch P placed on silica substrates, as shown in
the inset of Figure 2a. As an illustrative case, the refractive index
of the dielectric cylinders is set to be 1.8, a value representative
of many low-index dielectric materials such as alumina, indium
tin oxide and hexagonal boron nitride (hBN), that are of high
relevance to many photonic applications and allow the direct
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Fig. 2. (a) Height-dependent reflectance spectra of an infinite
periodic array of dielectric cylinders with diameter D = 390
nm, pitch P = 440 nm and refractive index n = 1.8 placed on a
silica substrate. Inset: layout of the considered array structure.
(b) The corresponding height-dependent quality factors Q. (c)
Reflectance spectra of the dielectric resonator arrays with the
indicated heights. The color codes correspond to the dots high-
lighted in (b). The vertical range of the spectra are normalized
to the same scale. (d) Local electric and magnetic field inten-
sity distributions at the corresponding heights. The fields are
normalized to those in the absence of the resonator arrays.

integration of emitters.[11, 18] To alter the resonance conditions
of the structures, the height H of the resonators is tuned while all
other parameters are kept constant. As shown in Figure 2a and
Figure 2c bottom, at the height H = 250 nm, a sharp, Fano-like
resonance peak can be observed at the wavelength of around
640 nm. This resonance mode can be attributed to the so-called
Rayleigh anomaly,[19] an effect induced by the interference be-
tween the guided resonance modes supported by the periodic
structures and the directly reflected light. The electromagnetic
field distributions exhibit clear magnetic dipole characteristics
(Figure 2d, bottom). Due to the larger impedance mismatch to-
wards the substrate, a high leaky condition can be observed and
the magnetic dipole mode is attracted towards the lower part
of the resonator. A careful inspection of the reflectance spectral
characteristics by fitting it with the classical Fano formula[20]
reveals a quality factor on the order of 10° (Figure 2b, right).

With an increase in the resonator height, the reflectance spec-
trum red shifts and gains more symmetry due to the vanishing
effect of the Rayleight anomaly (Figure 2c, red curve) and con-



Letter ‘

sequently, the quality factor reduces slightly (Figure 2b). As
the height of the dielectric resonators further increases and ap-
proaches 675 nm, the reflectance spectrum becomes sharper and
turns into highly asymmetric Fano lineshape, accompanied by
a drastic reduction in the reflectance amplitude. The resonance
peak eventually gets close to a minimum value, as indicated by
the dashed circle in Figure 2a, as well as the reflectance spectrum
in Figure 2c (green curve). The quality factor of the resonance
mode obtained by fitting the resonance peak with Fano formula
increases correspondingly. Additionally, the field enhancement
inside the dielectric resonators increases drastically (Figure 2d).
Our calculations of the wave-vector resolved quality factor for
H = 675 nm also yields a maximum value at the Brillouin zone
center (Supplement S3). These features are characteristic of
quasi-BIC. Ideal BIC is completely decoupled from the contin-
uum and supports infinite quality factors, but it can only exist
in lossless infinite structures or in finite structures composed
of materials with zero or infinite permittivity.[16] Once the con-
ditions are slightly detuned from the ideal BIC condition, the
BIC mode manifests itself as a Fano resonance lineshape due to
the interference of the modes.[15, 16] We refer to the quasi-BIC
mode at the resonance wavelength of around 685 nm as the
quasi-BIC I mode. A second quasi-BIC region (quasi-BIC II) can
be observed at the wavelength of around 700 nm, at which a
maximum quality factor can be observed again.

Notably, the quasi-BIC modes demonstrated here are trapped
in the resonators and have vanishing field distributions in the
substrates (Figure 2d and Supplement S4). It can be affected
by geometrical parameters rather than incident light direction.
Aside from the resonator height as shown in Figure 2a, tuning
the resonator diameter and the gap between the resonators (see
Supplement S5) can also result in reduced quality factors.[5]
Dissipative losses can smear out the quasi-BIC (Supplement S5),
although the application of low-loss materials such as optical
glasses and polymers or the utilization of gain can circumvent
this problem.[21] Interestingly, we discover that ideal BIC can
be achieved in the low-index resonator arrays if we introduce
mirror symmetry in the vertical direction by embedding the
resonators in uniform dielectric environments (see Supplement
S3 for details).

Quasi-BIC in such dielectric resonator arrays can be observed
even for materials with a refractive index as small as 1.6 (Supple-
ment S6), which is close to that of the underlying silica substrates.
We note though as the refractive indices of the dielectric res-
onators approach these of the substrates, the nonzero reflection
from the substrates and the weak reflection from the resonators
make it challenging to resolve the quasi-BIC modes.

The drastic enhancement in the electromagnetic fields inside
the dielectric resonators provides the possibility to utilize them
for enhanced emission. We evaluate the Purcell factor of the
quasi-BIC mode shown in Figure 2a (green dot). Due to the
magnetic dipole nature of the resonance modes supported by
the dielectric resonators, we focus on their coupling to an emitter
possessing a magnetic dipole moment, although similar analysis
also applies to emitters with electric dipole moments. For the
dielectric resonator arrays with conditions shown in Figure 2(a)
(green dot), a maximum Purcell factor (Pr) of around 7.9 x 103
can be achieved for a magnetic dipole moment that is resonant
with the array resonance wavelength and also positioned and
oriented with respect to the local magnetic fields.

So far, in order to identify the BIC conditions, we have consid-
ered the resonator arrays to be infinite in size, which is difficult
to achieve in practice. To gain a more thorough understanding
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Fig. 3. (a) Array size N-dependent quality factors Q of the di-
electric resonator array with H = 675 nm, P = 440 nm, D = 390
nm and refractive index n = 1.8. The curve is an allometric
growth fit to the data points. (b) Wavelength-dependent Pur-
cell factors of the resonator array with different array sizes. (c)
Array size N-dependent Purcell factors of the dielectric res-
onator array at the resonance wavelengths. The curve is an
allometric growth fit to the data points. (d) Local electric and
magnetic field intensity distributions of the dielectric resonator
array with various array sizes. The geometrical parameters of
the resonators in (b) - (d) are the same as those in (a).

of the quasi-BIC discussed here and the properties of experimen-
tally achievable quasi-BIC conditions, we study the influence
of the resonator array size N. Figure 3a shows the array size-
dependent quality factors of dielectric resonator arrays with their
geometrical parameters tuned to be the same as those shown
in Figure 2a (green dot). With an increase in the array size, the
quality factor also increases and it exhibits N-dependent growth
behavior: Q & N32. The calculation of the corresponding maxi-
mum Purcell factors for resonant magnetic dipole moments that
are coupled to the dielectric resonators also indicate a strong
N-dependency: Pr « N2Z6 (Figure 3b and 3c). The approximate
N3 growth rates of the quality factors and Purcell factors are
likely related to the Bloch wave dispersion of the array struc-
tures near the band edge,[22] which has been observed in other
systems possessing similar dispersion curves.[23] A careful in-
spection of the local field distributions help reveal the formation
of quasi-BIC in the dielectric resonators. As shown in Figure 3d,
when the array size N is small, a significant portion of the field
is lost through coupling to the surrounding environment, as is
expected for low-index dielectric resonators. However, when
N increases, the increasing destructive interference between the
evanescent fields leaking from the resonator local modes and the
propagating modes supported by the resonator arrays inhibits
the coupling of the resonators to continuum, resulting in highly
confined fields inside the low-index resonators.

The influence of the array size on the quasi-BIC mode is not
only reflected in the field enhancement inside the resonators, but
also the radiation patterns of the dipole moments coupled to the
field. Figure 4a and 4b show the emission patterns of a magnetic
dipole moment coupled to an array of the dielectric resonators.
Due to the periodic 2D square array layout of the resonators,
the emission of the dipole moment is highly symmetric and
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Fig. 4. (a) Radiation patterns of a magnetic dipole moment ly-
ing horizontally in a dielectric resonator array with the size of
N =5 (left) and 25 (right). The resonator array has H = 675 nm,
P =440 nm, D = 390 nm and refractive index n = 1.8. (b) Radi-
ation patterns of a magnetic dipole moment lying vertically
in a dielectric resonator array with the size of N =5 (left) and
25 (right). The parameters of the resonator array is the same
as those in (a). (c, e) Far-field projections of emission from the
structure in (a) viewed from top (c) and bottom (e) of the struc-
ture. (d, f) Far-field projections of emission from the structure
in (b) viewed from top (d) and bottom (f) of the structure.

mainly directed towards the substrates (termed as forward). For
a horizontally lying magnetic dipole moment, its emission is
predominantly composed of two lobes directed at an angle of
64 degree forward and a much weaker lobe pointing straight
backward. This is further illustrated by the far-field emission
patterns shown in Figure 4c and 4e. In the case of a vertically
lying dipole, its emission pattern exhibits a 4-fold symmetry
with 4 lobes pointing at an angle of 64 degree forward and
another 4 backward (Figure 4b, 4d and 4f). As the array size
N increases, the symmetry of the emission patterns remain the
same, although the far-field emission spots become notably more
focused. The highly focused, directional emission observed here
can significantly improve light collection efficiencies that would
be beneficial for lasing and quantum photon sources.[24]

In summary, we study the formation of quasi-BIC in low-
index dielectric resonator arrays and their coupling to emissive
dipoles. The giant quality factors enabled by the quasi-BIC
modes, combined with the flexibility of the low-index dielectric
resonators that would allow the direct integration of gain ma-
terials without compromising the quasi-BIC modes, could lead
to immense Purcell factors that are essential for many photonic
applications. We also investigate the influence of the resonator
array size on the formation of quasi-BIC and observe an approx-
imate N growth rate for both the quality factors and Purcell
factors. Our simulations of emission dipole moments coupled to
the resonator arrays show that their far-field emission patterns
are highly directional and focused. These findings may open a
new avenue for the practical application of low-index dielectric
resonators in quantum photonics.
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