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Highlights 

• The all-dielectric germanium metasurface absorber support simultaneous excita-

tion of quasi bound state in the continuum (BIC) and super radiant mode.  

• Trade-off metasurface between high Q-factor and high absorption in the photonic 

system could be selected via different hole depths in a germanium slab. 

• The results are simulated and analyzed using the finite difference time domain 

(FDTD) and temporal coupled-mode theory (TCMT) method.  

• After oblique incidence to break the symmetry, the excitation of the quasi-BIC al-

lows to increase the absorptance by more than 4 times. 

• The presented device demonstrated absorption of super radiant mode ~98.5% and 

quasi-BIC ~93% without back-metal reflector at the telecommunication wave-

length. 
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ABSTRACT: The all-dielectric germanium nanohole (GNH) metasurface with a sub-wavelength thick-

ness supports simultaneous excitation of quasi bound state in the continuum (BIC) and super radiant 

mode. By selecting the different hole depths in a germanium slab, we present a trade-off metasurface 

between high Q-factor and high absorption in the photonic system. The presented device demonstrated 

absorption of super-radiant mode ~98.5% and quasi-BIC ~93% without back-metal reflector at the tele-

communication wavelength. The numerical results, obtained by the finite difference time domain (FDTD) 

method are explained in the framework of temporal coupled mode theory (TCMT). 

KEYWORDS: germanium (Ge), high-refractive index (HRI), dielectric, photodetector, metasurface, ab-

sorber 

Introduction 

Typically, a photodetector employs an absorber which increases the photoelectron transformation 

efficiency in the specific spectral region. Higher efficiencies can be achieved by synthesizing new absorb-

ing materials or using nanophotonic devices. Such artificially engineered nanophotonic devices, called 

metamaterials1-7 or metasurfaces have been proposed in many applications, including broadband6-8 and 

narrowband absorbers9-11. Due to their high-resolution detection properties, narrowband absorbers have 

been used in sensing and quantum optics12-16.  The nanodevices can be composited with an ultrathin layer 

with high refractive index (HRI), providing strong field confinement matched with the intrinsic loss in 

the desired spectral range. The most promising HRI materials for metasurface design at the telecommu-

nication wavelength are silicon (Si) and germanium (Ge). The germanium metasurface is more suitable 

for an absorber operating at wavelengths of around 1550 nm due to the large extinction coefficient. 

The two major strategies for engineering the HRI metasurface absorbers are suppression of light scat-

tering, namely the Kerker effect17, 18, and application of optical bound states in the continuum (BICs) for 

critical field enhancement. The Kerker effect was proposed for electromagnetic scattering by magnetic 

spheres in 198319. Compared to metal nanoparticles that only have an electric dipole (ED) distributed on 

the surface of the nanoparticle, both ED and a magnetic dipole (MD) resonances would be produced in 

the dielectric nanoparticle according to the Mie theory18. Under the proper conditions, the forward or 

backward scattering can be canceled by the destructive interference between the ED and MD resonances, 
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called the first- or second-type Kerker effect, respectively. Recently, the germanium metasurface ab-

sorber-based photodetector with 60% absorption was fabricated by using the lattice Kerker effect20. 

The BICs, leading to the other major strategy of HRI metasurface engineering, were initially proposed 

in quantum mechanics by von Neumann and Wigner21. The ideal BIC does not couple with the radiation 

channels, and cannot scatter incident light. In the last decade, quasi-BICs in photonic crystals, metasur-

faces and waveguides have attracted extensive attention due to their interesting features, namely strong 

field confinement, and high Q-factor resonances22-30,31. The high Q-factor property has been applied for 

lasers27, 28, 32, 33and biosensors34, 35 where the authors discussed that material loss, structure imperfection, 

or spectrometer resolution would limit the Q factor and figure of merit. However, there has been not much 

of discussion on harnessing the material loss near the semiconductor band edge with a BIC metasurface 

design in optoelectronics. In active optoelectronic dielectric metasurface, recent research used the con-

ductive layer in manipulating liquid crystals36, 37 and double electrodes23 to achieve the tunable reflectance 

or transmittance resonances in visible range. 

In recent years, some studies have discussed quasi-BICs (q-BICs) for absorption. They proposed the 

plasmonic q-BICs22, 38-40 or hybrid metasurface q-BICs22, 41-43 with a back-metal reflector. However, the 

plasmonic device and the back-metal reflector would produce unnecessary heat through intrinsic ohmic 

loss or thermal effect. Therefore, an all-dielectric metasurface absorber44 provides essential development 

that opens tremendous opportunities in the sensing and detecting area. In previous research, Jianbo Yu et 

al. demonstrated an all-dielectric absorber with an absorptive dielectric germanium layer at ~1.2 um with 

the silicon metamirror45. In this study, we propose an all-dielectric germanium nanoholes (GNH) metasur-

face absorber based on excitation of high-Q quasi-BIC resonant mode near the symmetry-protected BIC 

(SP-BIC) simultaneously with the super radiant mode. This all dielectric GNH metasurface absorber can 

absorb up to 93% with Q-factor ~500 near the telecommunication wavelength 1550 nm. 

 

RESULTS AND DISCUSSION 

Design and optical characterization of the absorber. 

 

The sketch view of the GNH metasurface absorber and its unit cell is shown in Figure 1(a). The lattice 

period P along the x and y axes is equal to 500 nm. The thickness H of the germanium film is 300 nm and 

the holes depth is h. The germanium film is located on a silicon dioxide (SiO2) substrate. The refractive 

index and extinction coefficient of the Ge46 are shown in Figure 1(b). The refractive index of the environ-

ment is equal to 1.5. The spectral properties of the proposed structure for different value of the remaining 

hole thickness (H-h) were calculated by the FDTD method. The GNH structure is illuminated from the 

top by a plane wave with E vector along the y-axis. The reflectance R and transmittance T are recorded at 

the top and bottom of the simulation box, respectively. Periodic boundary conditions are applied at the 

lateral boundaries of the simulation box, while the perfectly matched layer (PML) boundary conditions 

are used on the remaining interfaces at top and bottom. Absorptance A of the structure is determined by 

energy conservation law. 
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Figure 1. (a) Sketch view of the GNH absorber. (b) Refractive index and extinction coefficient of germa-

nium. (c) Reflectance, transmittance and absorptance spectra of the GNH absorber for the remaining hole 

thickness H – h = 75 nm. (d) Reflectance, (e) transmittance and (f) absorptance spectra of the GNH ab-

sorber vs remaining hole thickness. White horizontal line corresponds to the value H – h = 75 nm. 

 

It can be seen from Figure 1(d-f) that increasing the remaining hole thickness leads to avoided 

crossing of resonant lines in telecommunication wavelength region. As a result, reflectance and transmit-

tance become close to zero, while absorption tends to unity. The absorptance reaches the maximal value 

equal to 98.5% with a remaining hole thickness H-h = 75 nm (white line at the Figure 1f). Corresponding 

spectra are shown in Figure 1(c). The Q-factor of the resonance near the maximum absorption point is 

calculated by solving the eigenvalue problem. The results are presented in Table 1. The small resonant Q-

factors in Table 1 are due to material losses in Ge slab and significant radiation losses in the substrate and 

superstrate. If we want to enhance the Q-factor, get thicker remaining thickness from 75 to 80 nm, but the 

absorptance would decrease.  

 

Table 1. Eigenfrequency, Q-factor, resonance wavelength and absorptance of the resonant mode for dif-

ferent values of the remaining hole thickness 

remaining hole 

thickness (nm) 
eigenfrequency (THz) Q-factor wavelength (nm) absorptance (%) 

70 200.04+1.9529i 51.215 1498.7 98 

75 199.77+1.7778i 56.182 1500.7 98.5 

80 199.54+1.6440i 60.689 1502.4 96.5 

 

Since we cannot neglect the material losses in the GNH absorber, the excitation of high-Q reso-

nances is possible only by controlling the radiation losses. In the case of BIC the radiation losses are equal 

to zero, as result the resonance cannot be excited either. The most common ways to excite a quasi-BIC 

include breaking the symmetry of the structure or the symmetry of the incident field. Tuning the parame-

ters of the structure leads to a vanishing of the absorptance peak near 1500 nm. For this reason, the exci-

tation of the quasi-BIC was achieved by breaking the symmetry of the incident field. The reflectance, 

transmittance and absorptance spectra of the structure for different values of the incident angle are shown 

in Figure 2(a-c). It can be seen from Figure 2(a-c) that the increase in the angle of incidence leads to the 

excitation of a quasi-BIC near 1550 nm. The reflectance and transmittance at the resonant wavelength 

decrease with the increase of the angle of incidence and become minimal at 1.7 degrees. At the same time, 
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the absorptance reaches the highest value of 93.5%. A further increase in the angle leads to drop in the 

absorptance. 

 

 
Figure 2. (a,d) Reflectance, (b,e) transmittance and (c,f) absorptance spectra of the GNH absorber simu-

lated by (a-c) FDTD method and (e-f) TCMT vs angle of incidence. The TCMT model parameters are 

𝜓 =  𝜂 = 0, 𝜌 = 0.8471, 𝜏 = 0.5315 , 𝛼1 = 𝛼2 = 0.1 , 𝛾01 =  0.0041, 𝛾02 =  0.0137 , 𝜔𝐵𝐼𝐶 =  4.0631 , 

𝜅𝜔1 =  −0.0119, 𝜅𝛾1 =  0.006, 𝜔𝑆𝑅 =  4.1898, 𝜅𝜔2 =  0.0016, 𝜅𝛾2
0 =  0.0142, 𝜅𝛾2 =  −0.0021. 

 

Such behavior of the resonant mode can be explained in the framework of temporal coupled-mode 

theory (TCMT). Let us consider the GNH absorber as resonator system with two resonances and two 

physical ports. Each resonant mode is described by the amplitude 𝑎𝑛 and complex eigenfrequency 𝜔𝑟𝑛  =
 𝜔0𝑛  −  𝑖(𝛾𝑛 + 𝛾0𝑛), n = 1,2. The imaginary part of the complex eigenfrequency consists of radiation 

decay rate 𝛾𝑛 and material loss decay rate 𝛾0𝑛. For such a system, the dynamic equations in the framework 

of TCMT can be written as47,48 

 

∂

∂𝑡
(

𝑎1

𝑎2
) = −(𝑖Ω̂ + Γ̂ + Γ̂0) (

𝑎1

𝑎2
) + �̂�𝑇 (

𝑠1
(+)

𝑠2
(+)

), (1) 

 

Ω̂ = (
𝜔01 0

0 𝜔02
), Γ̂0 = (

𝛾01 0
0 𝛾02

), 

 

(
𝑠1

(−)

𝑠2
(−)

) = �̂� (
𝑠1

(+)

𝑠2
(+)

) + �̂� (
𝑎1

𝑎2
). (2) 

 

Here 𝑠m
(±)

 are the amplitudes of the plane waves in the ports with subscript m = 1, 2 corresponding to the 

upper and lower half-spaces, while superscripts (+),(−) stands for incident and outgoing waves, respectively. 

The direct (non-resonant) scattering process is described by the matrix �̂� 

 

�̂� = 𝑒𝑖𝜓 (
𝜌𝑒−𝑖𝜂 𝑖𝜏

𝑖𝜏 𝜌𝑒𝑖𝜂
), (3) 
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where 𝜓, 𝜂, 𝜌, 𝜏 are real valued parameters such as 𝜌2 + 𝜏2 = 1. The matrix �̂� contains the coupling con-

stants 𝑑mn 

 

�̂� = (
𝑑11 𝑑12

𝑑21 𝑑22
). 

 

There are two possibilities for the coupling constants column vectors49 

 

(
𝑑1n

𝑑2n
) = 𝑒𝑖

𝜓

2 √
𝛾n

1+𝜌
(

(𝜏√𝛼n − 𝑖(1 + 𝜌)√1 − 𝛼n)𝑒−𝑖
𝜂

2

(𝜏√1 − 𝛼n − 𝑖(1 + 𝜌)√𝛼n)𝑒𝑖
𝜂

2

), (4) 

 

and 

 

(
𝑑1n

𝑑2n
) = 𝑒𝑖

𝜓

2 √
𝛾n

1+𝜌
(

(𝜏√𝛼n + 𝑖(1 + 𝜌)√1 − 𝛼n)𝑒−𝑖
𝜂

2

(−𝜏√1 − 𝛼n − 𝑖(1 + 𝜌)√𝛼n)𝑒𝑖
𝜂

2

), (5) 

 

where 𝛼 ∈ [0,1]. The case 𝛼 = 0, 𝜏 = 0 corresponds to an optical system decoupled from the lower half-

space. The case 𝛼 = 0.5 applies to symmetric systems. In our case, the system is asymmetric. Thus, α is 

viewed as a fitting parameter. Assuming only the resonant absorption, when we can neglect an absorption 

in the direct process, matrix Γ̂ can be found as 

 

Γ̂ = 0.5�̂�†�̂�. (6) 

 

From Eq. (1), under a steady-state excitation 𝑠1,2
(+)(𝑡) = 𝑒−𝑖𝜔𝑡, the vector of the resonant modes ampli-

tudes is 

 

(
𝑎1

𝑎2
) = �̂�−1�̂� (

𝑠1
(+)

𝑠2
(+)

), (7) 

 

�̂� = 𝑖(Ω̂ − 𝜔�̂�) + Γ̂ + Γ̂0. 

 

Using Eq. (7), the reflectance 𝑅 and transmittance 𝑇 can be found then directly from Eq. (2) as 

 

𝑅(𝜔) ≡ |
𝑠1

(−)

𝑠1
(+)|

2

= |𝐶11 + 𝑑11𝑎1 + 𝑑12𝑎2|2, (8) 

 

𝑇(𝜔) ≡ |
𝑠2

(−)

𝑠1
(+)|

2

= |𝐶21 + 𝑑21𝑎1 + 𝑑22𝑎2|2. (9) 

 

The absorption can be found by its definition as 

 

𝐴(𝜔) ≡ 2𝛾01|𝑎1|2 + 2𝛾02|𝑎2|2. (10) 

 

We assumed that the system supports a symmetry protected BIC in the Γ-point. With variation of the 

angle of incidence 𝜃 the BIC is transformed to a high-Q resonance with the resonant frequency 𝜔01 and 

the decay rate 𝛾1 given by the following equations, 
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𝜔01(𝜃) =  𝜔𝐵𝐼𝐶 +  𝜅𝜔1𝜃2 +  𝒪(𝜃4), 

𝛾1(𝜃) =   𝜅𝛾1𝜃2 +  𝒪(𝜃4), (11) 

 

where 𝜅𝜔,𝛾 are the leading coefficients of the Taylor expansion. The similar expansions hold for the sec-

ond superradiant resonant mode 

 

𝜔02(𝜃) =  𝜔𝑆𝑅 +  𝜅𝜔2𝜃2 +  𝒪(𝜃4), 

𝛾2(𝜃) =  𝜅𝛾2
0 + 𝜅𝛾2𝜃2 +  𝒪(𝜃4). (12) 

 

Reflectance, transmittance and absorptance spectra calculated by Eqs. (8-10) are shown in Figure 

2(d-f). It should be noted that results obtained by two different methods have a qualitative agreement. 

 

 
 

Figure 3. Absorptance spectra of the GNA for (a) θ = 0 deg and (b) θ = 1.7 deg. 

 

The absorptance spectra of the structure for normal and oblique incidence and field distribution at 

BIC eigenmode and low Q-factor resonant eigenmode are shown in Figure 3. At θ = 0 the eigenmode 

field is localized about the nanohole array, which is a typical field distribution at Γ-point for SP-BIC, see 

Figure 3(a). The high absorption near 1500 nm is stimulated by the superradiant mode resonance inde-

pendent of the incidence angle, as shown in Figure 3(b). The Ey-field of the superradiant resonant mode 

is not only present in the metasurface but in the substrate and the superstrate. The quantitative difference 

between two methods is seen. It stems due to the assumption of resonant absorption in TCMT method, 

i.e. the absorption in non-resonant (direct) process is taken as zero. 

 

Table 2. Eigenfrequency, Q-factor, resonance wavelength and absorptance of the resonant mode for dif-

ferent angle of incidence 

angle (deg) eigenfrequency (THz) Q-factor wavelength (nm) absorptance (%) 

0 193.30+0.20754i 465.68 1550.9 19.5 

1.7 193.10+0.19228i 502.12 1552.6 93.5 

 

The eigenfrequencies, Q-factors and absorptance at the resonant wavelength for the θ = 0 and θ = 

1.7 deg are presented in Table 2. The excitation of the quasi-BIC allows for an increase in absorptance by 

more than 4 times. Under oblique incidence, the Q-factor of the q-BIC mode achieves ~500, and it is ~9 

times larger than the Q-factor of the superradiant mode. Thus, the energy is strongly confined inside the 
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GNH absorber at 1550 nm. This can find practical application in the design of devices for converting light 

energy into electrical energy such as photodetectors. 

 

CONCLUSIONS 

In summary, a symmetry-protected BIC metadevice with selective absorption and high Q-factors in 

the telecommunication wavelength is demonstrated via FDTD and TCMT methods. In the GNH absorber 

design, it is possible to reach the absorption up to 98.5% and trade off the high Q factor by modulating 

the remaining nanohole thickness without additional back reflector. After oblique incidence to break the 

symmetry, the excitation of the quasi-BIC allows to increase the absorptance by more than 4 times. Mean-

while, Q-factor of the q-BIC mode achieves ~500 and it is ~9 times larger than Q-factor of the superradiant 

mode. 
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