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Abstract: The recently emerging all-dielectric optical

nanoantennas based on high-index semiconductors have

proven to be an effective and low-loss alternative to metal-

based plasmonic structures for light control and manipula-

tions of light–matter interactions. Nonlinear optical effects

have been widely investigated to employ the enhanced in-

teractions between incident light and the dielectrics at the

Mie-type resonances, and in particular magnetic dipole res-

onances, which are supported by the semiconductor. In this

paper, we explore the novel phenomenon of bound states in

the continuum supported by high-index semiconductor

nanostructures. By carefully designing an array of nanodisk

structures with an inner air slot as the defect, we show that a

novel high quality-factor resonance achieved based on the

concept of bound state in the continuumcanbe easily excited

by the simplest linearly polarized plane wave at normal

incidence. This resonance further enhances the interactions

between light and semiconductors and boosts the nonlinear

effects. Using AlGaAs as the nonlinear material, we demon-

strate a significant increase in the second-harmonic genera-

tion efficiency, up to six orders ofmagnitude higher than that

achieved by magnetic dipole resonances. In particular, a

second-harmonic generation efficiency around 10% can be

numerically achieved at a moderate incident pump intensity

of 5 MW/cm2.

Keywords: all-dielectric nanoantenna; bound state in

the continuum; nonlinear applications; local field

enhancement.

1 Introduction

The use of resonating artificial structures such as nano-

antennas to control light–matter interactions has been the

subject of intense and continuous research interest over

the past several decades [1]. These enhanced interactions

can support a variety of novel applications, including op-

tical detection of weak signals [2, 3], controlled sponta-

neous emission [4] and strong coupling [5], to name a few.

In the last decade, the use of optical nanostructures to

enhance nonlinear optical effects has attracted ever

growing attention, with the aim to mitigate or even free the

requirement of phase matching conditions [6]. Due to the

extremely low nonlinear susceptibility of most materials,

optically thick nonlinear materials are conventionally

required to achieve a considerable nonlinear generation,

and a careful structural design is important so that the

nonlinear signals generated along the propagation path of

the pump laser can add up constructively to achieve a

maximum output. This requirement restricts the occur-

rence of efficient nonlinear optical process at the nanoscale

and the subsequent on-chip applications. To overcome

this deficiency, nanostructures based on noble metals
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which support localized surface plasmons allowing

field confinement at the deep nanoscale alongside with

moderately high values of surface second-order nonlinear

susceptibility have been exploited [7, 8]. Different second-

order nonlinear optical effects including second-harmonic

generations (SHGs) [9–11], difference frequency generation

(DFG) to realize continuous wave or even broadband ter-

ahertz pulses [12, 13] have been reported. The main draw-

back in the use ofmetallic nanostructures is still associated

with the intrinsic loss with metals, which not only de-

teriorates the resonating properties and the local field

enhancement capability, but also leads to a low damage

threshold of pump laser density due to the absorption of

energy. Later, all-dielectric nanoantennas supporting

multipolar Mie resonances [14] and even more sophisti-

cated modes like anapoles [15] have emerged as an effec-

tive alternative to the metallic counterpart in terms of

nonlinear applications [16, 17]. In particular, the dielectric

nanoantennas are made from high-index semiconductor

materials with relatively high nonlinear susceptibilities

and near-zero optical absorption at the pump wavelength,

whichmake this approach evenmorepromising. Enhanced

SHG by the magnetic dipole (MD) resonances supported by

AlGaAs individual nanodisks or arrays have been experi-

mentally realized [18, 19]. The nonlinear conversion effi-

ciency, defined as the power at the second harmonic (SH)

frequency normalized by the pump power, have been re-

ported at the order of 10−5 when the pump laser power

intensity is at the GW/cm2 level, which is roughly four order

of magnitude higher compared to that from a bare AlGaAs

film of the same thickness. However, the generated

nonlinear power is still too low and far from being

acceptable in practical applications.

Quite recently, researchers have stepped forward by

predicting that the SHG efficiency can be further improved

by additional two orders of magnitude as compared to

pure MD resonance, by using the novel phenomenon of

bound state in the continuum (BIC) [20] supported by

isolated AlGaAs nanoantennas. BICmodes are formed due

to destructive interference of two similar leaky modes,

which cancel each other and the resonance manifests it-

self as a super-cavity mode with extremely large quality

factors. SHG enhanced by BIC mode supported by a

standard circular AlGaAs disk has recently been experi-

mentally investigated [21], providing a verification to the

theoretical prediction. For the AlGaAs disks investigated

therein, the supported BIC mode has an azimuthal electric

field distribution. As a result, one needs to use the

complicated azimuthally polarized vector beam as the

excitation.

2 Structure and results

In this work, we further explore the concept of BIC by using

an AlGaAs nanoantenna array, which exhibits much

higher quality factors and less requirement on the excita-

tion condition based on a careful design of the structure.

We show that by etching a narrow slot inside the disk, the

quasi-BIC (QBIC) mode in the AlGaAs disk array can be

easily excited by a simple plane wave with a linear polar-

ization. When the slot is sufficiently small, its existence

only works as a small perturbation to the AlGaAs disk

mode. So the quality factor associated with the resonance

supported by the slotted disk remains extremely high, and

can be easily adjusted by the degree of symmetry-breaking

depending on the position of the slot. Meanwhile, the slot

can operate as a void antenna which can be easily excited

with a linearly polarized wave. This way, the QBIC mode in

the whole disk array can be subsequently activated.

Thanks to the high quality factor of the QBIC mode and the

associated high electric field enhancement, an incident

wave at the resonance of the QBIC mode will have an

extremely strong interaction with the AlGaAs disk array.

Our investigations show that even with a relatively low

pump intensity of 5 MW/cm2, an efficient SHG with the

efficiency around 10% can be numerically achieved.

The schematic concept is illustrated in Figure 1, where

the red beam represents the incident wave at QBIC reso-

nance and the purple beam below the structure is the

generated SH signal. The whole structure consists of a

Figure 1: Schematic illustration of the second-harmonic genera-

tions (SHG) enhanced by the quasi-bound state in the continuum

(QBIC) mode supported by slotted AlGaAs disk array. The red beam

represents the incident wave at QBIC resonance while the outgoing

purple beam is the generated second harmonic (SH) signal.
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quartz substrate (index 1.444) with slotted AlGaAs disk

array on top, whose top and cross-sectional views are

shown as the inset in Figure 2(a). The radius and height of

the disk are chosen as 200 and 450 nm, respectively, to

support Mie resonances of both the electric and magnetic

types in the near infrared. An air slot with the length

L = 150 nm and widthW = 20 nm is etched into the AlGaAs

disk, while the center of the air slot is laterally shifted from

the disk axis by a distance ofD. Thewhole array is arranged

in a square latticewith periodicity of P= 900 nm in both the

x and ydirections.Wefirst setD to 20 nmand calculated the

band structure of the slotted AlGaAs array by solving for

the eigen resonance of the array using the finite-element

method (FEM). Floquet periodic boundary conditions are

used in the xy plane while perfectly matched layers are

applied along the z direction. To simplify the computa-

tional effort, the refractive index of the AlGaAs and SiO2

layers are set to 3.2 and 1.444 with no dispersion.

Neglecting the material dispersion is valid when we are

only interested in the narrow band BIC phenomenon. As is

shown by the solid blue line in Figure 2(a), the slotted

AlGaAs disk array supports a resonance which is well

above the light line (shown as the dashed line). The relative

position between the resonances and the light line show

that the resonances supported by the slotted disk array

indeed belongs to the category of BIC. The spectral position

of the resonance is only weakly affected by the lateral wave

vector, indicating that it can also be excited by an inclined

incidence. The dependence of the resonance and the

associated quality factor as a function of the deviation D

between the two centers are shown in Figure 2(b). As can be

seen, whenD is 0 and the whole structure is symmetric, the

quality-factor approaches infinite, representing the case of

a perfect BIC mode, which, however, can be hardly excited

due to its closed channel of coupling to the external sour-

ces. As D increases, the resonance wavelength is slightly

decreasing. Although the slot is small and only has a per-

turbative effect, the shift in resonance indicates that a

higher asymmetry of the slotted disk affects the phase

condition of resonance. In contrast to the small effect on

the resonance wavelength, the value ofD has an enormous

effect on the quality (Q) factor in the slotted disk. As is

shown in Figure 2(b), the quality factor decreases sub-

stantially for a larger asymmetry, which, however, is still

above a level of ∼103 andmuch higher than those achieved

for conventional Mie resonances in all-dielectric nano-

structures [22]. We need to note that although a higher

asymmetry leads to a slight deterioration of theQ factor, as

we will show in the following part, the QBIC resonance can

be easily excited in the slotted disk array using a linearly

polarized plane wave. Clearly, when considering fabrica-

tion of such structures, e.g., by electron beam lithography

(EBL), some misalignment error is expected, which is

usually in the order of a few nanometers. In that case one

can simply set D to 0 in the pattern design, the final

structure will have a D values spread around few nano-

meters, all corresponding to a high quality-factor above

104, as indicated in Figure 2(b).

We further calculate the transmission spectrum

through the slotted disk array using the FEM approach.

Here the value of D is set to 20 nm, which, as we can see

from Figure 2(b), leads to a resonance around 1.486 μm

Figure 2: (a) band structure of the bound state in the continuum (BIC) mode supported by the slotted AlGaAs disk array. The blue line

corresponds to the BIC mode and dashed line represents the light line. Inset: top (left) and cross-sectional (right) views of the single unit,

where the air slot with length L andwidthW is etched through the AlGaAs disk. (b) Calculated eigen resonance of the associated quality factors

supported by the slotted AlGaAs disk array, as a function of the relative position between the centers of the slot and the disk.
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with a quality factor of about 8000. A linearly polarized

plane wavewith E field along y direction is incident normal

to the array and transmittance as a function of incident

wavelength is shown in Figure 3(a). Since the periodicity

of array is 900 nm, the whole array works in the

subwavelength regime when the wavelength is above

1300 nm and only zero-order transmission is present. From

Figure 3(a), it can be seen that two resonances are present,

one quite broad around 1.43 μm, while the other, around

1.4855 μm, is sharp with a strong Fano profile. Detailed

calculations show that the broad resonance is due to the

excitation of the magnetic dipole (MD) mode supported by

the AlGaAs disk [23]. The electric dipole (ED) resonance is

not observed in Figure 3(a) because it is outside of the

spectral range. An enlarged figure of the sharp resonance is

shown as the black dashed line in Figure 3(b), which shows

more clearly the resonance bandwidth and its spectral

position. The Fano profile is due to the interference be-

tween the broad MD mode and the sharp QBIC mode. We

have also plotted in Figure 3(b), the maximum of the local

electric field amplitude within the AlGaAs (excluding the

air slot). As can be seen, a local electric field enhancement

of ∼190 is achieved by the QBIC resonance. This huge E

field enhancement makes it possible to boost the light–

matter interactions and nonlinearities at the nanoscale.

Our calculations (results not shown here) also indicate

that a plane wave with x polarization cannot excite the

sharp resonance. This polarization dependence is due to

breaking of symmetry by the air slot. The magnetic field

amplitude distribution (color coded) as well as the vecto-

rial profile of the electric field (blue arrows) at the wave-

length of the QBIC resonance is plotted in Figure 4(a). It is

revealed about a right-handed rule between the E field

circulation and the magnetic field (the magnetic field is

along z direction while the electric fields are circulating

within the xy plane). Furthermore, the E field inside the air

slot is stronger than in the AlGaAs region, due to the

permittivity contrast betweenAlGaAs and air, and the need

for continuity of the electric displacement field. When the

air slot is absent, thismode cannot be excited because both

the electric and magnetic fields in the incident plane wave

are normal to the corresponding component inside the

AlGaAs disk, leading to a zero overlap. However, when the

air slot is introduced, it operates as a void antenna and can

be easily excited by the incident plane wave with proper

polarization. As a result, the whole QBIC mode can be

activated.

The relatively large second-order nonlinear suscepti-

bility, χ(2), of AlGaAs, alongside with the large local electric

field enhancement shown in Figure 3(b), make the slotted

AlGaAs disk array an ideal platform for efficient SHG at the

nanoscale. Note that a quite high nonlinear generation

may be expected, and in that case the incident wave at the

fundamental frequency (FF) will be significantly affected

by the SHG. So we abandoned the undepleted-pump

approximation which is widely used in conventional

nonlinear optics and switched to amore strict fully coupled

approach. Thanks to the zinc-blend crystal structure of

AlGaAs, its χ(2)ijk tensor is non-zero only when i ≠ j ≠ k. As a

result, the propagation of electromagnetic waves at both

the fundamental and the second harmonic frequencies can

be simplified into a set of coupled equations in (1)–(4),

where the numbers 1 and 2 represent the fundamental and

the second harmonic frequency, respectively, and i, j, k

Figure 3: (a) Transmission spectrum through the slottedAlGaAsdisk arraywith a linearly polarized planewave excitation; (b) Zoom in showing

the sharp resonance in (a), black dashed line. Also plotted in blue is themaximumof the local electric field amplitude in the AlGaAs domain as

a function of wavelength.
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denotes the different components of the fields. The polar-

ization at the SH frequency is due to the strong electric field

at the FF, whichworks as an effective source to generate all

the fields at SH based on equation (3). When the SHG is

sufficiently strong, the electric field at the SH frequency

will in return affect the polarization at the fundamental

frequency by equation (2). As a consequence, the propa-

gation at the fundamental frequency will be influenced. So

in general, the calculation of the SHG in the slotted AlGaAs

array needs to be solved by the following coupled

equations:

∇ × (∇ × E1i( r→)) − k
2
1ϵ1( r

→)E1i( r→) � ω
2
1ϵ0μ0P1i (1)

P1i � ∑ χ
(2)E2j( r→) ⋅ E∗

1k( r
→) (2)

∇ × (∇ × E2i( r→)) − k
2
2ϵ2( r

→)E2i( r→) � ω
2
2ϵ0μ0P2i (3)

P2i � 0.5∑ χ
(2)E1j( r→) ⋅ E1k( r→) (4)

From the experimental results reported in the literature

studies [18], it is known that the damage threshold of the

incident pump laser intensity for the AlGaAsMD resonance

is around the order of a few GW/cm2. Actually the damage

threshold should be determined by the intensity within the

AlGaAs material, so one needs to take into account the

local E field enhancement provided by the MD resonance

and the much higher field enhancement that can be ach-

ieved by the QBIC resonance investigated here. Assuming

Id is the damage threshold of InGaAs material, f1 and f2 are

the maximum local electric enhancement provided by the

MD and QBIC resonances, respectively, I1 and I2 are the

incident pump light intensity for the two resonances, then

one can have:

Id � f 21 I1 � f 22 I2 (6)

Assuming typical values of f1 = 5 and I1 = 8.1 GW/cm2 by

the MD resonance [18, 19], and using the value of f2 = 190

from Figure 3(b), one can calculate a value of I2 to be

5.61 MW/cm2. Therefore, we have chosen the pump laser

intensity of the incident plane wave to be as low as 5 MW/

cm2, which, together with the results given in Figure 3(b),

gives rise to a local intensity maximum close to, but still

below the reported damage threshold of InGaAs.We define

the SHG efficiency η as the power at the SH frequency

emitted from the output port of the slotted disk array unit

cell normalized to that at the fundamental frequency

incident into the input port, i.e., η = PSHG/(I0 * P
2). The χ(2)

value of the AlGaAs material is set as 200 pm/V [19], which

is a high value compared to most materials and is an

advantage of AlGaAs for applications in nonlinear optics.

With all the above assumptions, the FEM method imple-

mented by the commercial software of Comsol Multi-

physics is used to solve eqs. (1)–(4). The calculated SHG

efficiency as a function the excitation wavelength is shown

in Figure 4(b), which reveals that an unprecedented high

efficiency above 10% can be achieved at the frequency of

the QBIC mode. The MD resonance at 1.43 μm wavelength

shown in Figure 3(a), which is also supported by the slotted

disk structure, exhibits a significantly lower SHG effi-

ciency, at the order of 10−7 at the same pump intensity. One

can see that the QBIC resonance can enhance the SHG ef-

ficiency by a factor of 106 compared to that achieved MD

resonance.

Figure 4: (a) Distribution of the magnetic field amplitude. Superimposed (blue arrows) is the vectorial orientation of the electric field inside

the slotted disk at the wavelength of 1.4855 μm; (b) Calculated second-harmonic generations (SHGs) efficiency in the slotted AlGaAs disk

array.
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To verify the huge enhancement of the SHG obtained at

the QBICmode as compared to the SHG efficiency achieved

by theMD resonance, we further calculate the transmission

spectrum and the SHG efficiency for the AlGaAs disk array

with the same geometrical parameters as those given in

Figure 2(a) except that the air slot is absent. The results

(Figure 5) exhibit a similar signature to that observedby the

MD resonance of the slotted disk, albeit the transmission

dip is slightly red shifted and is now centered around

1.475 μm. The slight shit of the MD resonance is due to the

absence of the air slot and the subsequent increase of the

optical path. The calculated SHG efficiency confirms that at

the incident pump intensity of 5 MW/cm2, the SHG effi-

ciency is at the order of 10−7, consistent with the results of

Figure 4(b). This SHG efficiency is about two orders of

magnitude lower than that reported in the literature simply

because a much lower pump power intensity is used here

for the purpose of comparison to the QBIC case. The slight

spectral mismatch between the transmission dip at

1.475 μm and the SHG peak around 1.50 μm is attributed to

the mode mismatch inside the AlGaAs disk array at the

fundamental and SH frequencies [24]. The weaker peak in

the SHG efficiency around 1.39 μm is also due to a reso-

nance inside the AlGaAs disk at the SH frequency of this

wavelength. The results of Figure 5, together with those

shown in Figure 4(b), further confirms that the QBIC mode

supported by the slotted AlGaAs disk array can indeed

provide a SHG efficiency enhancement at the order of 106

compared to that from the MD resonance. This high

enhancement is attributed to a larger local electric field

enhancement associated with the QBIC compared to the

MD resonance. Since the QBIC resonance can only be

excited when the incident plane wave has a polarization

perpendicular to the long side of the rectangular slot, it

implies that the SHG efficiency is quite dependent on the

direction of the incident wave polarization.

3 Discussion

Our simulation results, assumes lossless AlGaAs material.

In the real case, there might be some material absorption

and scattering due to material and fabrication imperfec-

tions like roughness. At the same token, we also note that

the lateral distance between the center of the air slot and

the axis of the disk is chosen as 20 nm. From the results in

Figure 2(b), one can see that the quality factor is quite

sensitive to the degree of structural asymmetry, i.e., the

value of D between the two centers. Since the local electric

field enhancement is related with the resonance quality

factor, the SHG efficiency will be affected by the degree of

asymmetry significantly. For example, when the value of D

increases from 20 to 40 nm, the quality factor of the QBIC

resonance decreases from 7785 to 2043 and the calculated

SHG efficiency at the pump wavelength of the corre-

sponding QBIC resonance and the same incident pump

intensity of 5MW/cm2decreases fromaround 10 to 0.7%. In

a realistic scenario, even with all the possible losses taken

into account, we still believe that the BIC mode supported

by the slotted AlGaAs disk array structure will exhibit a

sharp resonance with a quality factor above 104, and that a

high SHG efficiency, even not close to 10%, can still be

expected considering the high enhancement of the SHG

efficiency over the MD mode (cf. the results in Figures 4(c)

and 5), which has already been experimentally demon-

strated. The validation of these assumptions is left for

experimental groups working in the field of nonlinear op-

tics and metasurfaces, with access to AlGaAs technology.

Although similar approaches have been reported in

the literature by introducing a defect, e.g., a hole [25], into

the disk structure to break the symmetry, we note that our

design, by using the rectangular slot, facilitates the exci-

tation of the quasi-BIC mode for linearly polarized plane

waves and then is preferable. Moreover, the local field in-

side the AlGaAs disk at the QBIC mode is much larger than

that of the incident beam, and will easily lead to the

breakdown of the material. However, to achieve the same

SH power, a much lower pump laser power at the FF is

required. As a result, the absolute efficiency of the SHG

process is much higher.

Apart from the ease of excitation using a simple line-

arly polarized plane wave, another difference of our

structure with isolated AlGaAs disks supporting similar

QBIC modes [21] is that an array is used in our work while

Figure 5: Transmission spectrum (dashed black line) and the

second-harmonic generations (SHG) efficiency (blue line) from the

magnetic dipole (MD) resonance supported by the AlGaAs disk array

with no slot. Dimensions are similar to the slotted disk array.
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isolated structures are adopted therein. The QBIC mode

supported by the slotted disk array may have a much

higher quality factor, which poses stringent requirement

on the linewidth of the pump laser. However, we should

note that the quality factor of QBIC in the slotted disk array

can be adjusted by a large extent via controlling the

dimension of air slot and the degree of asymmetry to cover

the range between a few hundreds and up to be more than

104, suggesting more flexibility to use in practical

applications.

4 Conclusion

In conclusion, we have investigated the QBIC mode which

is provided by a slotted AlGaAs disk array structure. The

resonating property of the BIC mode is shown to exhibit a

sharp peak with a quality factor above 103, which can be

further increased by reducing the structure asymmetry.

With a moderate pump laser intensity of 5 MW/cm2, a high

SHG efficiency around 10% can be achieved, which is six

orders of magnitude higher than that obtained by the MD

resonance of a conventional disk. The use of moderate

pump intensity is crucially important in practical applica-

tions, where considerations such as power consumption,

size and price come into play. Furthermore, unlike the

conventional MD mode, the QBIC mode can be simply

excited by linearly polarized plane wave, without the need

for complicated beam profiles and inclined illumination.

As such, our findings, including both the high SHG effi-

ciency and the ease of mode excitation, make this structure

of slotted disk array an ideal platform for nonlinear optics

at the nanoscale.
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