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The coherent perfect absorption (CPA) for a planar resonator of silver has been elaborated here in 
numerical and analytical approaches. It is investigated numerically in different geometrical shapes and 
spectral regimes. The CPA mode is observed to be spectrally sensitive to the geometry of the 
resonator. The scattering matrix method is employed in theoretical analysis. The CPA conditions and 
output irradiance expressions are extracted. The mode is studied by the relative phase between two 
counter inputs of the resonator. The appearance of this mode is attributable to the dipole resonance 
effect. The way light is controlled in the required regime in perfect subwavelength structural geometry 
is obtained in this study. The nanostructure is functional in optical switching, modulation and terahertz 
sensor of photonics devices.     
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INTRODUCTION 
 
Research on metamaterial is leading people to manipulate 
light employing 3D or 2D periodical geometry. It paves 
way for feasible applications of optical devices in visible, 
near-IR, IR and microwave frequencies.  The monolayer 
of planar, nanoparticle, ring resonator, holes or other 
shapes of a 2D periodic array of metamaterial is the 
important development forming artificial interfaces     
(Edward et al., 2003, Christopher et al., 2005). Bypassing 
the bulk metamaterial and miniaturization of cavity 
resonators are the potential contribution of metasurface. 
In suitable engineering, the reduced dimensional of 
periodic plasmonic thin film can lead to an unusual 
propagation direction. Usually these findings are not 
always available in conventional diffractive optics. 
Hyperuniform point pattern, resonant metasurface can 
produce blackbody like absorption (Florian  et  al.,  2019), 

bandwidth of CPA (Ming et al., 2019) and manipulation of 
Fresnel coefficients (Jianing et al., 2019) independently. 
The phase changing effect, transformation of the 
coordinate of electromagnetic wave is another way of 
controlling light (Nanfang et al., 2011, Palash et al., 2009) 
in a 2D array of plasmonic scatterers.  Beyond these, the 
dielectric antenna also shows the resonance effect (Jon 
et al., 2009). The infinitely periodic structure can be 
perfectly integrated in optoelectrical devices for phase-
shifting surface (Nicolas et al., 2013; Yang, 2008). 
Suppressing the resonances, metallic nanodisk can 
induce the directional scattering in longer wavelength 
(Staude et al., 2013). In periodic crystal, the slow light 
mechanism produces nonlinear effects (Zhang et al., 
2008, Mork and Nielsen, 2010). Regarding it, the planar 
plasmonic   metamaterial    is   a   suitable   candidate  for 
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coupling antenna (Na Liu et al., 2010b; Pors et al., 2011). 
Using the novel plasmonic nanodisk, the localized 
surface plasmon sensor concepts are to develop 
experimentally (Na Liu et al., 2010a). Controllable 
wavelength in silver nanodisk can show transparency and 
reflectivity as well (Tani et al., 2014). Modulating the 
amplitude and phase (Nanfang and Federico, 2014; Pors 
et al., 2014), field enhancement, bio-detection and 3D 
holographic imaging are the potential applications of 
metasurface (Smolyaninov et al., 2014; Ni et al., 2013).  
The lensing characteristics, controlling the polarization 
densities, terahertz switches, subwavelength resolution 
are found in these types of optical antenna (Aieta et al., 
2013; Holloway et al., 2012; Yu et al., 2013).   

Avoiding the complex 3D metamaterials (MMs), the 
silver resonator was used to study the absorption effect. 
Numerically, CPA mode is studied by (Lumerical 
software) finite-difference time-domain (FDTD) method. 
The absorption is investigated in different spectral and 
geometrical conditions of the rectangular resonator. It is 
illuminated normally by two counter input beams from the 
symmetric structure ( 𝑖𝑖0 = 𝑖𝑖𝑠 = 1) of unity refractive 
index of incident (𝑖𝑖0) and substrate (𝑖𝑖𝑠) medium 
respectively. The development of CPA (Chong et al., 
2010; Alamgir et al., 2020; Tae et al., 2016; Ming et al., 
2013) mode conditions and output irradiance relations 
are calculated and satisfied by scattering matrix method. 
The manipulation of the electromagnetic wave is possible 
at relative phase variation between the incoming input 
beams. The analytical expressions are generalized for 
any planar and nanostructured thin films of symmetric 
( 𝑖𝑖0 = 𝑖𝑖𝑠)  and asymmetric structures ( 𝑖𝑖0 ≠ 𝑖𝑖𝑠). The 
appearance of the CPA mode in this nanostructure is 
attributable to critical coupling and dipole resonance 
effects. It emphasizes the findings here to be useful in 
field enhancement, imaging (Smolyaninov et al., 2014; Ni 
et al., 2013), sensor, modulator, and optical switch 
(Chong et al., 2010; Alamgir et al., 2020) in photonic 
devices. 
 
 
MATERIALS AND METHODS 
 
The plasmonic material of silver (Edward 1998) is used to extract 
the optical mechanisms by the numerical method of FDTD and the 
analytical method of scattering matrix. The CPA conditions are 
extracted elaborately using the scattering matrix method. The 
propagation direction sets along x direction in the normal 
illumination and is shown in the schematic diagram of Figure 1. The 
two counter inputs field amplitudes are denoted as 𝐸𝐸𝑖𝑛1 and 𝐸𝐸𝑖𝑛2 
respectively. The two counter outputs field amplitudes are also 
denoted as 𝐸𝐸𝑜𝑢𝑡1 and 𝐸𝐸𝑜𝑢𝑡2 respectively. The reflections and 
transmissions coefficients are represented (Tae et al., 2016) in 
terms of scattering matrix as, 
 

                                          (1) 
 
In   respective   incident   and   substrate   medium,    the   reflection 

 
 
 
 
coefficients can be defined with phase and amplitude as 𝑟𝑟1 =
|𝑟𝑟1|𝑒𝑒𝑖𝜙𝑟1, 𝑟𝑟2 = |𝑟𝑟2|𝑒𝑒𝑖𝜙𝑟2; similarly, the transmission coefficients can 
be denoted with phase and amplitude as 𝜏𝜏1 = |𝜏𝜏1|𝑒𝑒𝑖𝜙𝜏1 and 
𝜏𝜏2 = |𝜏𝜏2|𝑒𝑒𝑖𝜙𝜏2. The input irradiances in incident and substrate 
medium are defined as 𝐼𝐼𝑖𝑛1 = 1

2
𝑦𝑦0𝑖𝑖0|𝐸𝐸𝑖𝑛1|2 and  𝐼𝐼𝑖𝑛2 = 1

2
𝑦𝑦0𝑖𝑖𝑠|𝐸𝐸𝑖𝑛2|2 

respectively; whereas 𝑦𝑦0 is admittance of the vacuum, 𝑖𝑖0 and 𝑖𝑖𝑠 are 
refractive index of incident and substrate medium respectively.   

The transmission coefficients of incident and substrate medium 
can be expressed in principle of reversibility (Pochi, 2005) as: 

 

                                       (2) 
 
Normalizing the Equation 1, using Equation 2 yields, 
 

                   (3) 
 
The normalized input and output amplitude fields are defined as 

𝑂𝑂1 = 𝐸𝑜𝑢𝑡1
𝐸𝑖𝑛1

,𝑂𝑂2 = 𝐸𝑜𝑢𝑡2
𝐸𝑖𝑛1

, 𝐸𝐸𝑖𝑛1 = 1, 𝐸𝑖𝑛2
𝐸𝑖𝑛1

= |𝐸𝑖𝑛2|𝑒𝑖𝜙2

|𝐸𝑖𝑛1|𝑒𝑖𝜙1
= �𝑛0

𝑛𝑠
 𝐼𝑖𝑛2
𝐼𝑖𝑛1

𝑒𝑒−𝑖𝜙12. 

Here 𝜙𝜙12 is phase difference between two input waves of  𝐸𝐸𝑖𝑛1 and 
𝐸𝐸𝑖𝑛2.  
In the output, when it yields the zero amplitudes such as, 𝑂𝑂1 = 𝑂𝑂2 =
0, then the corresponding reflection and transmission coefficients 
are produced from Equation 3 as:  
 

     (4) 
 
The product of these coefficients of Equation 4 yields the CPA 
condition in amplitude relation with   Equations 1 and 2 as,   
 

                                      (5) 
 
Similarly, the corresponding CPA condition in reflection and 
transmission phase relationship can be obtained with Equations 1, 
2 and 5) as,  
 

                                                       (6) 
 
The output in the incident medium is derived from Equation 3 as,  
 

         (7) 
 
The forward phase relationship is obtained as ∆1= 𝜙𝜙𝑟1 − 𝜙𝜙𝑡 − 𝜙𝜙12   
 
Similarly, the output in the substrate medium is derived from 
Equation 3 as,  
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Figure 1. The schematic diagram of plasmonic metasurface. 

 
 
 

     (8) 
The backward phase relationship can be written as ∆2= 𝜙𝜙𝑡 − 𝜙𝜙𝑟2 −
𝜙𝜙12. 

The above derived Equations 7 and 8 can be generalized and 
applicable for any planar and nanostructured thin films to analyze 
the absorption effect irrespectively in symmetric ( 𝑖𝑖0 = 𝑖𝑖𝑠)   and 
asymmetric ( 𝑖𝑖0 ≠ 𝑖𝑖𝑠)  structures. 
 
 
RESULTS AND DISCUSSION  
 
Analysis of numerical results  
 
The 2D periodic subwavelength spaced in rectangular 
shape of silver (Edward, 1998) is dealt with here 
numerically. Simulation results are obtained for symmetric 
counter input waves in FDTD method. The schematic 
subwavelength monolayer of metasurface is shown in 
Figure 2(a).   

The plasmonic slab length is studied here for 
appearance of CPA. In this regard, a relationship between 
unit cell of the metamaterial and the free space 
wavelength should be maintained (Smith et al., 2005) for 
extraction of optical properties. To obtain the optimum 
dimension of square unit cell for analysis of CPA, the unit 
cells are studied randomly as discussed in Figure 3(c). 
Thus a periodic unit cell of 400 𝑖𝑖𝑚 square lattice of a 
simulation region is obtained for analysis of optical effect. 
Periodic boundary condition is used in y and z axes. The 
perfect matched layer (PML) boundary condition is used 
in propagation direction of x axis in calculation of CPA 
spectra as shown in Figure 2(b).  

The     optimum     dimension    of    the    resonator    is 

preconditioned to study the optical properties in this 2D 
periodic nanostructure. Its thickness is optimally selected 
as 25 nm. Figure 3(b) shows the perfect width for 
obtaining the optimum absorption effect. Using these 
dimensions, optimum length is studied in Figure 2(b) for 
analysis of optical absorption. The discrete dimensional 
lengths of the resonator are used. CPA is obtained at 120 
nm length and 646 nm wavelength of visible light. No 
more perfect absorption appeared beyond this resonant 
length whether it is shorter or longer. The isolated, non-
touching unique size slabs and their periodicity develop 
the cavity resonators at the optimal miniaturization. Thus 
resonant wavelength is tuned with respect to spatial 
dimension of the resonators. Beyond the resonant length, 
modulation takes place at smaller or larger lengths. It 
implies that the superposition of plane wave front 
appears as coherent distribution at the same scattering 
amplitudes of these periodic arrays. The resonant 
excitation effect of periodic scatterers produces the 
changing phase and amplitude between backscattered 
reflection and frontscattered transmission and vice versa 
leads to the coherent condition of destructive interference 
(Alamgir et al., 2020). Then the coherent modulation of 
narrow spectral of Lorentzian line shape of spatial 
distributions appears. This retardation effect shows the 
sensitivity of size and shape of the metasurface. Thus the 
resonators can provide the gradient of spatial 
distributions. In this way engineering the desired 
metasurface, optical properties which are not observed in 
bulk planar thick surface of noble metal, those can be 
investigated. The dimensional dependency of 2D 
resonator and the unit cell are investigated in Figure 3 (a, 
b and c). Keeping the fixed illumination direction, the 
geometrical  shape  of   the   metasurface   is   studied  in  

=> 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 2 =
1
2
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1
2
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Figure 2. (a) A schematic unit cell of metasurface of silver is drawn for analysis of CPA and (b) Optical 
Absorption is dependent on the resonator length and spectral range. 

 
 
 

 
 
Figure 3. (a, b and c): Investigation of geometrical effect on the resonant absorbing spectral wavelength range 
with respect to length, width and period of the rectangular scatterers of silver at the same thickness of 25 nm.  

 
 
 
different aspects. It represents also the calculated 
absorbing resonant wavelength with variation of 
geometrical structures. This study is carried out leaving 
the dimensions unchanged except the variable one in 
each case.  

It   is   done  due  to  observation  of  the  spatial  phase 

distribution shifting at the structural effect. Figure 3(a) 
shows lower length of scatterers, absorption effect 
appears at visible spectral range. It appears at longer 
range of near-infrared when the length of the scatterers is 
extended. Completely opposite phenomena occur for 
variation  of   width.   Figure   3(b)   shows   the   resonant  

 (a)  
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Figure 4. (a) Comparison of numerical (FDTD) and analytical calculations of CPA, (b) The two inputs CPA condition is 
satisfied at the magnitude of transmittance and reflectance relationship, (c) Similarly the two inputs CPA condition is also 
satisfied by phase relationship of reflection and transmission coefficients. (d) The normalized irradiance of  𝐼𝐼𝑜𝑢𝑡 is shown as 
function of relative phase shift (𝜙𝜙12) between two counter inputs. 

 
 
 
absorbing regime which is shifting at higher wavelength 
of near-infrared for lower width of the planar scatterers. 
The position of resonant wavelength slightly falls as the 
width size enlarges gradually. Noticeably, at the lower 
range of width the spectral range falls rapidly. It almost 
becomes flat at the range of higher width. Figure 3(c) 
clarifies the enhancement of resonant spectral range is 
very slower at the enhanced scale of period. The 
resonance position also stabilizes at higher periodic 
scale. These effects show the role of subwavelength 
separation or insulation between the resonators. 99.83% 
absorption occurs at the extracted CPA dimension of the 
resonator at the length of 120 nm and width of 50 nm with 
square unit cell of 400 nm. Beyond these structural and 
unit cell of dimensions, perfect absorption does not 
appear. Thus, these geometrical variations extract the 
sensitivity of the length and width in analysis of 2D 
periodic nanostructure. Through these analyses, it is 
clear that resonant mode may appear at time-reversal 
symmetry excitation (Chong et al., 2010; Alamgir et al., 
2020) in visible to near-infrared regions in the silver 
metasurface depending on the dimensional parameters. 
Considering these resonant spectral position sensitivity, it 
is convenient to select the perfect design and structure in 
symmetric periodic metasurface. It convinces  the  role  of 

controllable smart surface (Edward et al., 2003, 
Christopher et al., 2005) at visible to near-infrared 
spectral range.   
 
 
Analysis of analytical results  
 
Using the CPA dimension of the resonator, the 
logarithmic values of normalized output irradiances are 
presented in Figure 4(a) as function of wavelength. The 
numerical calculation which is obtained by FDTD (black 
line) and the analytically calculated (red line) spectra are 
similar in pattern. The analytical spectrum is calculated 
using the Equation 7. The output irradiances at CPA 
wavelength are shown nearly zero. Beyond the phase 
and irradiance matching, the scattered irradiance 
enhances and reduces the absorption gradually as 
incoherent incoming input waves increasing. This occurs 
as the enhancement of constructive interference. Two 
alternative methods are applied here to verify the CPA 
conditions. One is matching relation of reflection and 
transmission coefficients and another is corresponding 
phase matching relation. The two CPA conditions are 
drawn in Figure 4(b, c). Figure 4(b) represents graphically 
at  variable   wavelength,  the   product  of  magnitudes of  
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reflectance in each medium (black curve) and 
transmittance (blue curve) �𝑇𝑇 = �𝑅𝑅1𝑅𝑅2�. Each of these 
spectra is distinguishable by means of their spectral 
characteristics. These spectra show the single 
intersection coordinate which is corresponding to the 
CPA wavelength.  

They carry the same magnitude and hence the 
coupling condition satisfies at the minimum value of 
transmittance and the maximum or peak value of 
reflectance. This resonance coupling produces the 
destructive interference effect as CPA at coherent 
wavelength of phase matching condition. Beyond the 
resonance wavelength constructive interference 
enhances as the transmittance spectrum shows which is 
a single dip. The opposite phenomena occur in case of 
spectrum of reflectance especially around the resonance 
wavelength. Figure 4 (c) shows the phase relationship of 
reflection coefficients and transmission coefficient 
(𝜙𝜙𝑡 = (𝜙𝜙𝑟1 + 𝜙𝜙𝑟2) 2⁄ ). The total reflection phase of 
incident and substrate medium slightly falls as 
wavelength increases which is noticeable in the whole 
range of the spectrum. Expectedly, at the CPA spectral 
position, opposite phenomenon occurs in case of 
transmission phase. The intersection point of both 
phases is located corresponding to the CPA resonance 
spectrum. In these ways the phase matching conditions 
are satisfied separately.  

The output irradiances are also plotted in Figure 4(d) as 
function of relative input phase 𝜙𝜙12 in CPA wavelength. It 
shows that beyond the relative phase 2.79 (in degree) of 
CPA mode, irradiances increase uniformly as the effect of 
constructive interference between scattered amplitudes in 
the output medium. The sensitivity of relative phase 
between two inputs is obvious. The maximum and 
minimum output irradiances are calculated as 0.995 and 
0.00321 respectively in corresponding peaks and dips. 
These characteristics may help to select the required 
design accordingly as the controllable miniaturized 
surface (Edward et al., 2003; Christopher et al., 2005). 
On the other hand, these are the indications of probable 
applications of optical switching (Chong et al., 2010, 
Alamgir et al., 2020) or modulator in the integrated 
connectors (Michal, 2005) of this plasmonic metasurface.   
 
 
Analysis of CPA mode characteristic 
 
Now the mechanism of mode can be extracted. It can be 
analyzed by temporal coupled mode theory (TCMT) (Fan 
et al., 2003) as multiport illumination system. The 
calculated absorption in TCMT and FDTD are presented 
comparatively in Figure 5(a). The plasma resonance 
absorption (PRA) as 50% is calculated by the single input 
illumination. It is attributable to the inherent absorbing 
effect of intrinsic damping (𝑔𝑖) of the plasmonic material. 
The CPA modes are calculated by both methods in 
multiport illumination system. TCMT is corresponding to 
the critical  coupling  condition  (CC)  (Ming  et  al.,  2013;  

 
 
 
 
Alamgir et al., 2014). The condition of CC is related to 
radiative damping (𝑔𝑟) which must be equal to the 
intrinsic damping (𝑔𝑖). It is obtained as 𝑔𝑟 = 𝑔𝑖 =
5.832 Hz. Thus developed CPA mode is here related to 
the CC. The PRA and CPA both modes produce well 
matching with the numerical calculations. There is little 
mismatching scattering effect between these calculations 
of two methods at shorter spectrum. These are 
observable far away in the regime of less than resonant 
spectrum of 646 nm.  

Another way can be applicable here to extract the 
development mechanism of this mode. It is done by 
observing the electric field profile in the resonator. The 
incident light is propagated in normal direction along x 
axis to the resonator which is shown in Figure 5(b). The 
electric field profile is shown in different color as variation 
of dissipated energy. The redistribution effect of 
scattering is consistent in this field profile. It is 
understandable the way of dissipation and scattering 
occurs by the CPA mode at resonance condition. The 
localized surface plasmon (LSP) can be attributable to 
this. It is related to the metallic non-radiative optical 
phenomenon of condensing the incoming plane waves in 
the metasurface. Herein each corner polarized dipoles 
are developed which are the satisfaction of resonance 
condition. The electric field irradiance is intensively high; 
it is indicated as red color near the each dipole. It is 
inverse square proportional to the distance from the 
center of the dipole. That is why this magnitude gradually 
decreases and is indicated by green color as it is away 
from the corner of the dipole resonance locations. As the 
profile irradiance color bar shows, some amount of 
energy is also confined inside the rectangular resonator 
due to the inherent plasmonic absorption effect. These 
optical phenomena are ascribable for the development of 
CPA in this article. 

  These characteristics of subwavelength separated 
optical scatterers are encouraging in implementation as 
optical antennas, resonators and sensing devices. The 
wavefront shaping technique is applicable also in 
integrated optical device of modulation functionality in 
different frequency regimes according to size and shape 
of the scatterers as the controllable surface (Edward et 
al., 2003; Christopher et al., 2005). 
 
 
Conclusion   
 
Instead of complex structured 3D MMs, the numerical 
and analytical approaches are employed in this 2D 
plasmonic resonator to extract the CPA. The absorption 
effect is analyzed in different spectral aspects and 
geometrical shapes of the metasurface. The extracted 
CPA conditions and output irradiance are satisfied 
analytically. The output irradiances are obtained as peaks 
(0.995) and dips (0.00321) by controlling the relative 
phase between two counter inputs, which are the 
important finding for  modulation  and  switching  devices. 
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Figure 5. (a) The CPA mode is extracted by temporal coupled mode theory (TCMT) and (b) The development 
mechanism of CPA mode is visualized by electric field  |𝐸𝐸𝑥|2 irradiance (𝐽𝑠𝑠−1𝑚−2) profile in symmetric structure 
(𝑖𝑖0 = 𝑖𝑖𝑠 = 1) of counter beams propagated along x-direction at resonance wavelength of 646 nm for the 
dimension of 120 × 50 × 25 𝑖𝑖𝑚3 of the scatterers. 

 
 
 
The theoretical derivations are generalized for any planer 
and nanostructured thin films. The critical coupling and 
dipole resonance effects may be ascribed to the 
appearance of this absorption mode. Thus this resonator 
can provide the spatial amplitude and phase shifting 
distributions. The way light is controlled in the required 
regime in perfect subwavelength structural geometry is 
obtained in this work. It can be applied as terahertz 
sensor, modulator and optical switching in photonic 
devices.     
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