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A B S T R A C T   

We consider light absorption in a germanium grating placed on top of photonic-crystalline substrate. Such a 
system supports an optical Tamm state decoupled from the continuous spectrum with its frequency within the 
photonic band gap. We have demonstrated that application of the Tamm state makes in possible to engineer 
extremely narrow absorber which provides a 100 % absorption in a semiconductor grating in the critical 
coupling regime. The proposed design may be used at both normal and oblique incidence at the telecom 
wavelength.   

1. Introduction 

Localized modes in periodic structures are of great interest due to 
record high Q-factors [1–3] as well as the opportunity to design tunable 
devices by using liquid crystals [4], nonlinear media [5] or resonant 
materials [6]. Along with studies on volume electromagnetic waves 
localized in structural defects, attention is paid to surface waves local-
ized at the boundary with negative dielectric permittivity media. In this 
case, the light is trapped at the boundary between plasmonic and 
dielectric structures. These localized states are called Tamm plasmon 
polaritons [7] (TPPs). The TPPs are applied for engineering optical de-
vices, such as photoelectrochemical cells [8], sensors [9], lasers [10], 
beam steerers [11] and solar cells [12]. Coupling of TPPs with other 
types of localized modes, for example, with a surface plasmon-polariton 
[13], leads to hybrid modes which are widely applied in optical sensors 
[14,15]. Tailoring the parameters of TPP supporting structures makes it 
possible to set-up the critical coupling at which all radiation incident on 
the structure is absorbed at the TPP wavelength. This resonant absorp-
tion mechanism is used in absorbers [16,17] and photodetectors [18, 
19]. Such surface-localized status can be excited at the boundary be-
tween a photonic crystal and plasmonic [20,21] or dielectric meta-
surfaces [22]. In the latter case, such localized states are called optical 
Tamm states. 

Lately, we have seen a surge of interest to photonic non-radiation 
states, i.e. optical bound states in the continuum (BICs) [27–29] which 
have become an important instrument for engineering optical devices 
with enhanced light-matter interaction. In the presence of material ab-
sorption the BIC is shown to acquire finite-life, albeit remain localized 
and decoupled from the outgoing channels [30]. Thus, BIC does not 
manifest itself in experimental spectra. Nonetheless, small deviation of 
structure parameters or incidence angle lead to excitation of quasi-BIC 
that has small radiative loss and collapsing spectral evidence. In the 
limit of zero deviation quasi-BIC quality factor reaches the BIC quality 
factor. For this reason, quasi-BIC in lossy periodic structures is found to 
be instrumental for enhancement of light absorption [31,32] in the 
critical coupling regime even in low loss dielectrics. Therefore, BIC 
concept opens novel opportunities for highly efficient light absorbers 
[33–36,37]. 

It has been demonstrated in [31] that application of perfect mirror in 
the substrate of a BIC supporting structures makes it possible to set-up a 
perfect light absorber in the so-called critical coupling (CC) regime 
[38–40] when the radiative and non-radiative Q-factors are equal to one 
another. In practice the mirror substrate for a dielectric structure can be 
implemented as an opaque metal film. All metals, however, exhibit 
significant material losses so the radiation is absorbed not only in the 
dielectric or semiconductor but in the mirror itself. Thus, the 
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electromagnetic energy is wasted on heating the substrate rather than 
produce the desirable photoelectric effect. In this paper we propose a 
set-up with a non-absorbing mirror which leads to 100 % of incident 
radiation absorbed in the germanium (Ge) metasurface [41]. In Table 1 
of paper [42], the calculated total Q-factor (1∕Qtotal = 1∕Qrad + 1∕Qmat) 
of Ge is quite high at 1.5μm. For designing high-Q metasurfaces at 
1.5μm, it is more suitable than silicon in group IV. 

2. Description of the model 

The system is depicted in Fig. 1. The structure consists of a periodic 
Ge grating placed on top of 1D photonic crystal. Later on the set-up will 
be referred to as the PhC-based structure. For comparison we will 
consider a similar Ge grating but placed on an Au substrate. The latter 
set-up will be referred to as the Au-based structure and is also shown in 
Fig. 1. 

The hybrid structures composed of a dielectric metasurface and 1D 
photonic crystal are known to support optical BICs [43,44]. The specific 
Tamm metasurface structure applied in this paper has been proposed in 
our previous work [45] where we demonstrated that an off-Γ BIC leads 
to emergence of critical coupling points in the parameter space of inci-
dent frequency ω and incident angle θ. In [45] the critical coupling effect 
occurred as zero reflection due to tunnelling across the band-gap in the 
PhC substrate with a finite number of bilayers. In this paper we suppose 
that the substrate is thick enough to suppress the tunneling and expect 
that the reflectance zeros are associated with the perfect light 
absorption. 

3. Results 

First, let us compare light absorption by the PhC- and Au-based 
structures. To carry out the comparison we defined the parameters of 
the structures such that both support an in-Γ BIC at frequency λBIC 
= 1.545 μm. Corresponding parameters of the structure are presented in 
caption of Fig. 1. The BICs do not couple with the incident light at the 
normal incidence. Therefore, to obtain the critical coupling one has to 
vary the angle of incidence. The increase of the angle of incidence results 
in a drop of the radiative Q-factor of the leaky band hosting the BIC until 
the radiation and material loss rates are equal to one another. This effect 
is visible in the reflectance spectra of the structures calculated by the 
finite difference time domain method shown in Fig. 2(a). In the PhC- 
based structure the critical coupling is achieved at θ = 10.5 deg., 
thereas in the Au-based structure the critical coupling angle is 
θ = 27 deg. The Au-based structure is more lossy, hence the critical 
coupling is observed at a larger angle of incidence with a larger width of 
the resonance. One can see in Fig. 2(b) that in both structures ≈ 100 % of 
incident radiation is absorbed at the critical coupling. However, as seen 
in Fig. 2(c) less than 30 % of energy is absorbed in Ge in the Au-based 
structure while in the PhC-based structure the absorptance in Ge is A 

≈ 1. Such a large difference in the absorption of the Ge is due to the fact 
that most of the radiation incident on the Au-based structure is absorbed 
in the plasmonic substrate, while in the PhC-based structure the sub-
strate is all-dielectric. For the reader’s convenience, the frequency de-
pendencies of the absorption and reflection coefficients at the critical 
coupling are shown in Fig. 2(d-f). 

Notice that with an in-Γ BIC the critical coupling is never obtained at 
the normal incidence. To engineer the perfect absorption in Ge at the 
normal incidence we return to an off-Γ BIC reported in [45]. Following 
[45] we describe the scattering spectrum of the Ge-based structure in the 
framework of the temporal coupled mode theory [46] which yields the 
following solution for the reflection amplitude 

r =

(

− 1 +
2γ1(θ)

i[ω − ω(θ)] + γ1(θ) + γ2

)

, (1)  

where ω is the frequency of the incident wave, ω - the resonant fre-
quency, θ - the angle of incidence, γ1 is the loss rate due to coupling to 
radiation to the upper half-space, and γ2 is the loss rate due to absorp-
tion. According to [47] the dispersion of γ1 and ω are given by 

ω = ω0 − αθ2 + O (θ4),

γ1 = β
(
θ2 − θ2

BIC

)2
+ O (θ6),

(2)  

where θBIC is the angle corresponding to the off-Γ BIC in the spectrum 
while α and β are fitting parameters which can be obtained from nu-
merical simulations. The absorption coefficient can be written as 

A =
4γ1(θ)γ2

[ω − ω(θ)]2 + [γ1(θ) + γ2]
2 (3) 

The critical coupling points are topologically protected objects 
associated with phase singularities of the reflection amplitude [45]. For 
this reason, the effects of critical coupling and perfect light absorption 
survive under variation of the system’s parameters preserving all sym-
metries of the structure. Thus, by changing the parameters one can 
achieve the critical coupling in the Γ-point if 

γ2 = βθ4
BIC. (4)  

By varying the grating period we achieve the in-Γ critical coupling in the 
Ge-based structure with period p = 620 nm which led to the following 
values of the TCMT parameters α ≈ 4.3 ⋅ 10− 6 μm− 1deg− 2, β ≈ 1.27 ⋅ 
10− 8 μm− 1deg− 4, λBIC = 1.55 μm. In Fig. 3(a-b) we compare the nu-
merical data against Eq. (3). The absorption spectrum at the normal 
incidence is shown in Fig. 3(c). One can see a good coincidence between 
the full-wave simulations and the TCMT approximation of the spectrum. 

4. Conclusion 

In summary, we have demonstrated that application of a high-Q 
Tamm state makes in possible to engineer a perfect light absorber 
which provides a 100 % absorption in a semiconductor grating. The 
proposed design may be used at both normal and oblique incidence at 
the telecom wavelength. We believe that the reported wavelength and 
angle selectivity can be of use in small LiDAR detectors. 
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Fig. 1. Schematic representation of the Au and PhC-based structures. H and L 
are height and width of nanostripes. p is period of nanostripes along x-axis and 
d is Ge [23] substrate thickness. The PhC consists of alternating layers of silicon 
dioxide [24] and titanium dioxide [25] with refractive indices 1.44 and 2.45 at 
1.55 μm, respectively. The thicknesses of layers are 268.3 nm and 156.8 nm. 
The thickness of the Au [26] substrate is 200 nm. 
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