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                                  ABSTRACT     

 

 

In this work, we study the electromagnetic response of the 

Metamaterial Perfect Absorbers. In the first part, we present the 

underlining theoretical background of Metamaterial Perfect 

Absorbers. Three different approaches are introduced: the ‘Pedrian’ 

approach, interference theory and Single resonant Metamaterial 

Surfaces approach. In the second part, we examine the 

electromagnetic response of a specific structure that has taken lot of 

attention due to the remarkable applications for many different 

devices such as photovoltaics. In particular, we study different 

geometries of 2-D and 3-D  composite media with specific optical 

constants in order to design a near-unity metamaterial absorber (i.e. 

a structure which captures all incident radiation). 
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PART I - THEORETICAL BACKGROUND 
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 1      Metamaterial Perfect Absorbers 

 

1.1   Introduction  

The first part of this work would include the necessary theoretical background 

for Metamaterial Perfect Absorbers. The demonstration of Metamaterial perfect 

absorbers [1,2] represents one of the most important applications employing 

the astonishing properties found in Metamaterial [3-5]. We will present three 

different perspectives to have a complete overview of the phenomena that 

occur in Metamaterial perfect absorbers: (a) the standard theoretical approach 

[2,6]  (b) interference theory [7]  and  (c) single-resonance model based on 

Metamaterial surfaces [8]. 

 

1.2    Standard Theoretical approach  

The original idea [2] is that, in Metamaterial with simultaneous electrical and 

magnetic resonances, both of the effective permittivity εeff(ω) and permeability 

μeff(ω) are highly dispersive and can be tailored independently. At certain 

frequencies the effective impedance, which is defined as  ( )   
    ( )

    ( )
, 

matches to the free space impedance Z0, and therefore the reflection is 

minimized. If at the same frequency the Metamaterial is also of high loss, 

which causes very low transmission, then near-unity absorption can occur 

within an ultra-thin layer of material. Under such considerations, in a typical 

Metamaterial absorber, the magnetic resonance from the bi-layered metal 

structure [9, 10] is essential, and each layer of metal structure also provides the 

electrical response. As a direct evidence of the magnetic resonance in 

Metamaterial absorbers, the surface currents excited in the two metal layers are 

found to be anti-parallel [11].  
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1.3    Analytical relations for  Transmission and Reflection 

The absorptivity A(ω) of a material is given by the transmission T(ω) and 

reflectance R(ω) as  Α(ω)=1-Τ(ω)-R(ω). In terms of the complex 

transmissivity (   )  and reflectivity (  ), this can be written as A 1−|  (ω) |2 

-|  (ω)| 2 . Therefore, A=1 when T=R=0. In Ref. 12, the frequency-

dependent transmissivity   ( ) was determined to be dependent on the 

complex index of refraction   ( )         and impedance   ( )     

     for a slab of length d as 

             ( )       (    ) −
 

 
    

 

  
     (    )      ,           (1) 

where k=ω/c and c is the speed of light in the vacuum. We use the 

convention where a subscripted 1 and 2 denote the real and imaginary 

parts of a complex function, respectively. As    approaches unity (the free 

space value), the reflectivity will drop to zero and the transmissivity will 

be determined entirely by     as follows: 

                               (    ) −     (    )      ,                                    (2) 

Upon substitution of the exponential forms this becomes 

                                      (    )                                                                       (3) 

So the transmission is (  |  | ) is 

                                T=                                                                                             (4) 

Therefore, as n2 approaches infinity for a given d, 

                                                                                                                      (5) 

 

The combined dielectric and magnetic losses in the systemare 

characterized by n2. Therefore the physical interpretation of the above 
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derivation is that in the absence of reflectionsthe transmission of an 

electromagnetic wave with a wavevector k through a slab of thickness d is 

determined entirely by losses in the slab. To create a very high absorber it 

is then necessary for    1 at a point where n2 is large. The higher the 

value of n2 that can be obtained, the thinner the slab can be in the 

propagation direction. In this manner, one can overcome the quarter-

wavelength thickness requirement of traditional Salisbury screens and 

Jaumann absorbers[13,14]. 

Precise control of    and    is necessary to realize a high absorber. 

Electromagnetic Metamaterials are prime candidates for this task since 

they can be designed to couple to electric and magnetic components of 

light. This enables precise tuning of the complex frequency-dependent 

permittivity     ( ) and permeability    ( ) οf a metamaterial slab. The 

index of refraction     and impedance    are in turn given by 

                                        ( )   ( )    and      
   ( )

   ( )
    

Metamaterials are typically highly resonant in     ( ) and/or     ( ), where 

the relevant optical constants approximate the form of a complex 

oscillator in frequency, 

                                 

                                 ( )  ( )        
      

     
        

                              (6)                           

                           

                      

where F is the oscillator strength, γ is the damping, ω0 is the center frequency 

of the oscillator, and        are high frequency contributions to ε and μ .  
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This form for an oscillator describes the frequency response of metamaterials 

and we term this a“Pendrian”after Ref. 15. 

We consider a single-frequency operation point, defined by ω0, for two 

oscillators with identical frequency dependence such that    ( )     ( ) ; then 

  (  )  1 and n2(ωο) is maximized with a value of  

                          (  )  
   

 
               (7) 

which, according to Eq. (4), yields 

 

              (  )  1 −  
 (

   
  

  
)
.                        (8) 

         

For the more realistic case, when        then   (  )  1 and A is no longer 

determined solely by n2. However, for large n2,  T(ωο) remains low and R(ωο) 

can be written approximately in terms of Z(ω) (Ref. 12) such that 

                                                 (  )    
 (  )  

 (  )  
 
 
                                      (9) 

Regardless of           an optimal narrow-band absorber must maximize F 

with respect to γ in both ε and μ. F is determined by the geometry, filling 

factor, and conductivity of the two metallizations. γ is determined by losses in 

the metallization and substrate. The optimal absorber will then use the MM 

geometries with the maximum possible filling factor. Furthermore, 

metallization and substrate should be chosen to minimize losses at the 

operation frequency as determined by Eq. (7) above. 
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1.4    Interference Theory 

The perfect absorption
 

[2] on metamaterial absorbers was qualitatively 

attributed to matching the impedance     
    

    
  of the bulk metamaterial to 

that of vacuum where      and      are the bulk effective magnetic 

permeability and bulk effective electric permittivity of the metamaterial, 

respectively. While all of the above arguments seem to be plausible and 

accepted by a majority of researchers [16-18], fundamental questions remain. 

In fact, such a metamaterial absorber can be equivalent to a single layer of 

atoms (or molecules), and it is strongly inhomogeneous in the wave 

propagating direction [12]. So it can hardly be considered as an effective bulk 

medium where the constitutive parameters ε(ω) and μ(ω) apply. Instead, the 

metamaterial perfect absorbers have been described more meaningfully by 

several different models such as interference models [7]. Without loss of 

generality we present a typical cross-resonator system (Metal-Dielectric 

Spacer-Metal). We choose to present only the results. As shown in the inset to 

Fig. 1, at the air-spacer interface with cross-resonator array, the incident light is 

partially reflected back to air with a reflection coefficient   12=r12 
      . 

And partially transmitted into the spacer with a transmission coefficient 

  12=t12 
    

 . 

The latter continues to propagate until it reaches the ground plane, with a 

complex propagation phase                        where ko is the 

free space wavenumber, β  is the propagation phase, and βi represents the 

absorption in the spacer. After the reflection at the ground plane and addition of 

another propagation phase  , partial reflection and transmission occur again at 

the air-spacer interface with cross-resonators with coefficients          
      

and          
    . 
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Similar to the light propagation in a stratified media [19], the overall reflection 

is then the superposition of the multiple reflections: 

                                          12-
         

    

       
    

                          (10)  

where the first term is the reflection directly from the cross-resonator array, and 

the second term, including the “−” sign, is the reflection resulting from 

superposition of the multiple reflections between the cross-resonator array and 

ground plane. The absorptance is then retrieved through A 1− |  (ω)|2  since 

the transmission is zero. 

 

 

 

 

 

  Figure 1.  The interference within the spacer 

 

The physical explanation of a metamaterial absorber is then as follows. The 

multiple reflections in the metamaterial absorber, i.e. the second term in Eq. 

(10), constructively interfere as evidenced by the fact that near 1 THz the phase 

change of a round trip is 2β   φ21 +180◦ ≈ 360◦. The superposition of the 

multiple reflections then destructively interferes with the direct reflection from 

the air-spacer interface with cross-resonators, i.e. the first term in Eq. (10). 

With an optimized spacer thickness and in a narrow frequency range, these two 

terms completely cancel each other out resulting in zero reflection.  
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For other spacer thicknesses or frequencies the amplitude and phase do not 

match and these two terms only partially cancel out or may even constructively 

add each other, resulting in: i) a reduced absorption peak and ii) corresponding 

frequency shift of the absorption peak when the spacer thickness deviates from 

the optimized value, and iii) dramatically reduced absorption when the 

frequency goes away from the center frequency. Obviously, this explanation 

does not involve any near-field interaction or magnetic resonance between the 

two metal layers in the metamaterial absorber. That is, the resonator array and 

ground plane in the ‘coupled’ metamaterial absorber system can be indeed 

decoupled (fig2).  

 

 

 

 

 

 

  

Figure 2. Calculated absorptance in the decoupled Metamaterial absorber using the 

interference model for various spacer thicknesses. 

We have shown that it is not required in a metamaterial absorber to have 

simultaneous electric and magnetic responses, which has previously been 

considered as the foundation of metamaterial absorbers. It is the destructive 

interference between the direct reflection and the following multiple reflections 

that effectively traps light in the metamaterial absorbers and eventually causes 

the high absorption. 
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1.5    Metamaterial Surfaces – Single Resonance Model  

In this approach we show that the surface impedance z of a broad-band 

Metamaterial absorber (BBMA) can be obtained from impedances zi of the 

constitutive narrow-band Metamaterial absorbers (NBMA) using a simple 

addictive formula which is valid as long as the SPP’s propagation lengths are 

much smaller than the separation of the NBMAs. We start by introducing a 

simple single-resonance model of an NNBA based on a periodic structure 

shown in (fig3). The structure coupled to the incident radiation is described 

within the framework of a single resonator model [20]. An open resonator 

model is described by its natural frequency, ωo, and finite lifetimes, το=1/ωio   

and  τe=1/ωie , respectively determined by the Ohmic and radiative losses. The 

interaction between the resonator and the incident field of amplitude EΙ   is 

described by the following equations:  

 
 

  
  −     − (       ) + 2     

   −    2                                                              (11)  

where α and ER are the amplitudes if the resonator and the reflected field , 

respectively. The specific geometry of the resonator that includes the ground 

plane is manifested in the expression for ER, which is a superposition of the 

resonator and ground plane reflection. Within this simple single-resonance 

model, the surface impedance defined as z=(1+r)/(1-r) where r= ER/ EΙ , is 

given by : 

                                        
   

  (    )    
                      (12)  

and all optical parameters of NBMA are determined by three parameters ωo , 

    ,     .  
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By tuning the geometric parameters of the NBMA one can engineer this three 

parameters and achieve z=1 (and, therefore perfect absorption) whenever the 

critical coupling condition         is satisfied. 

 

 

 

 

 

 

 

 Figure 3. Schematic of the Narrow-Band Metamaterial Absorber (left). Illustration of 

the circuit model (right). 

Two important features of NBMAs described in Fig.3 make them promising 

building blocks for designing a BBMA. First, their period is strongly sub-

wavelength:      ( )  2     
( )

 .  

That implies that a sub-wavelength unit cell          of a BBMA can 

accommodate a large number of NBMA-based sub-units satisfying       . 

Second, the propagation length     
( )

<    .This property has been shown [21] to 

be related to the wide angle absorbance of NBMA.    

We have demonstrated that a broad-band metamaterial absorber (BBMA) can 

be designed by constructing a super-lattice absorbing at different frequencies. 

Based on a single oscillator model and a series circuit model, broadband 

absorbers with multiple perfectly absorbing peaks are shown to be attainable 
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 2 Finite Element Methods in Electromagnetics                      

  

 2.1    Introduction 

The goal of Finite Element Method is to discretize the domain of a differential 

equation problem which has infinite degrees of freedom, to produce a discrete 

problem, which has finite degrees of freedom and therefore can be solved via 

computer. The underlining variational principle is briefly presented.  

 

2.2     The Finite Element Analysis 

The main idea behind the method is the representation of the computational 

domain Ω with smaller subdomains Ω
e
 (e=1, 2, 3…, M) called ‘finite 

elements’. The process is called meshing. For 1-D domain (a straight or curved 

line) the elements are short line segments such as to form approximately the 

original line (fig.1).  In a 3-D solution, the domain may be subdivided into 

tetrahedral, triangular prisms, or rectangular bricks. The type and accuracy are 

selected carefully in order to spend less computational time but succeed 

convergence. In a modal problem, the unknown quantity (e.g. electric 

potential) inside an element is interpolated based on the values at the nodes. 

The accuracy of the solution depends on the order of these polynomials, which 

may be linear, quadratic, or higher order. The solution is obtained after solving 

a system of linear equations. To form such a linear system of equations, the 

differential equation and the associated boundary conditions must first be 

converted to an integro-differential formulation by minimizing a functional.  
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Figure1.Linemeshing of sinusoidal string     

into short line parts. 

2.3      Variational Principle  

In this chapter we follow the basic steps of the method to treat a general one-

dimensional boundary-value problem. We note that numerical methods are 

sheldomly used in one-dimensional electromagnetic problems since few of 

these problems result in a model complicated enough to require numerical 

solution. Nevertheless, because of its simplicity, the one-dimensional problem 

is ideal for demonstrating formulation of the finite element method.   

The boundary-value problem to be considered is defined by the differential 

equation: 

−
 

  
  

  

  
              (   )                                                  (2 2 1) 

Where Φ is the potential, α and β are known parameters associated with the 

physical properties of the solution domain, and f is a known excitation function 

or source. The standard one- dimensional Laplace, Poisson, and Helmholtz 

equations are special forms of   (2.2.1) 

 

                           ( )                                           (2.2.2) 

and                     
  

  
    

   
                                           (2 2  ) 

Where p, γ and q are known parameters or functions. In the above (2.2.2) is 

usually referred to as a boundary condition of the first kind or Dirichlet 

condition, whereas (2.2.3) is referred to as a boundary condition of third kind. 

   Figure 2. Triangular Meshing 

of a 3-D bulk box . 
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A boundary condition of the second kind, or Neumann condition is a special 

form of (2.2.3) with γ=0. The reason we choose to apply two different 

boundary conditions at the two endpoints of the domain is simply to 

demonstrate their different treatment and to maintain the generality of our 

analysis. 

If inside the domain at some points there are discontinuities or abrupt changes, 

say at   (      )  the function Φ is to satisfy the continuity conditions  

                                              

and      

                                 
  

  
 
      

 =  
  

  
 
      

 

Where        indicates that   approaches     from the right-hand side and 

    −   indicates that   approaches     from the left-hand side. 

To use the variational method to formulate finite element equations , we need 

first to establish the require variational principle. For the problem defined 

above , it can be shown that its solution can be obtained by solving the 

equivalent variational problem defined by      

   
  ( )   
 |     

                  (2.2.6) 

 

Where 

 ( )  
1

2
    

  

  
 
 

       −         
 

2
  −       

 

 

 

 

    (2 2  ) 

 The  implication of (2.2.6) is that we seek the stationery point of the functional 

F(Φ) under the given Dirichlet boundary condition. We note that for 

convenienience we have used Φ instead    in the functional above. It is 

understood, hovewever, that whenever Φ appears in a functional or in weighted 
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residual equation, we consider it a trial function or an approximate solution 

rather than the exact solution. 

To prove that the variational formulation stated above is equavalent to the 

boundary-value problem defined in (2.2.1)-(2.2.3), let us take first variation of 

F(Φ) with respect to Φ  

  ( )      
  

  
  

   

  
            ( −  )      −        

 

 

  (2 2  )

 

 

 

Assuming at present that α is continuous in the entire domain, (2 2  )  can be 

written as   

  ( )    −
 

  
  

  

  
                  

 

 

  
  

  
   

   

   

     (  −  )      

−        

 

 

          (2 2  ) 

by intergrating the first term on the right-hand side by parts.Since Φ has a fixed 

value at x=0, δΦ(x=0)=0. As a result , 

 

  ( )    −
 

  
  

  

  
                  

 

 

 ( 
  

  
   −  )   

   
 

−       

 

 

       (2 2 1 )       

Imposing the stationary requirement δF=0 and because δΦ is an arbitary 

variation , this implies that both integral and boundary terms must vanish 

.Thus, 

−
 

  
  

  

  
    −        (2 2 12) 
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    −          (2 2 1 ) 

                                            

Comparing (2 2 12) and (2 2 1 )  with (2.2.1) and (2.2.2), we conclude that 

inded the solution to the variational problem (2.2.6) is also the solution to the 

boundary-value problem defined by (2.2.1) (2.2.3).  Equation (2.2.12) is called 

the Euler equation of the functional F(Φ) given in (2.2.7)[2]. 

Therefore, the finite element method has its origins to a simple minimization of 

a functional. Such as a physical system has to minimize energy in order to be 

stable, the Finite Element Analysis finds the best fitted functional and 

minimizes it to return a stable solution.  
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3  Metamaterial Perfect Absorber in THz 

and optical  regime  

 3.1    Introduction 

In this part we suggest a 2-dimensional Metamaterial periodic unit cell that is a 

perfect candidate to achieve a near-unity absorbance. The result is attributed to the 

geometry and the optical constants.  We use the Finite-Element-based program 

COMSOL Multiphysics
 [1]

. 

 

3.2   Geometry  of  the Metamaterial structure  

The structure that we are interested in is infinitely long in the x-direction
 [2]

. It consists 

of a three-layer Metal-Semiconductor-Metal (MSM) system. The back plate metal is 

tungsten (yellow) and has a height 0.2μm. On top of tungsten back plate is a spacer 

semiconductor layer made out of Silicon Nitride (SiN) depicted in blue. It’s height is 

h and would be our free parameter to accomplish unity absorbance. On top of the 

spacer layer are metallic wires (or stripes) with a rectangular cross-section. Their 

arrangement is described by a lattice constant α=2μm. To save computational time we 

have the following unit cell (fig.1):              

   Figure 1.  An incoming s-polarized (e.g. parallel to the x-direction) plane wave is incident 

to a metal dielectric-metal two dimensional periodic structure. 
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3.3    Definition of material Parameters 

All parts of our structure are described by frequency dependent dielectric constants. 

They were calculated using standard methods and adjusted to the high temperatures. 

Unfortunately there is no data available for material parameters at higher temperatures 

so that these adjustments are estimates. 

3.3.1   Metal ( Tungsten) 

For the description of the tungsten parts (back plate and wires/stripes) the frequency 

dependent Drude model has been used, with plasma frequency ωp =1448THz and 

collision frequency ωc=50THz 
[3]

. The following relation is proved in the theoretical 

part (fig.2):  

        

 

 

 

 

 

 

 

Figure 2.  Drude dispersion relation for the metal back plate and wires. 

The use of ω may be misleading however as used in standard bibliography we refer 

not to circular frequency but what physicists denote as f or   measured in Hz. 
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3.3.2     Semiconductor  Spacer ( SiN ) 

The frequency dependent optical constants of Silicon Nitride were estimated using 

data in the range of 80-180nm 
[2]

. This data has been extrapolated using Cauchy 

description for dielectrics (fig.3): 

                A  
 

   
 

   ,              
 

 
 

 

   

leading to the following parameters:  

                   A=2.16526 ,        Β=20492,       C=1 

          D= 0.00186 ,        E= - 16.53,       F=6.759·10
6
 

The frequency region we are interested in is (40-100) THz corresponds to (3000-

7500) nm. We observe that in this THz regime the real part of the refractive index is 

2.16526 and the imaginary part of the refractive index is 0.00186.   

 

 

 

 

 

 

 

 

Figure 3. Index of refraction for Silicon Nitride. The strong dependence appears in the 

optical regime (250-600) nm. THz regime corresponds to a wavelength range 

approximately (3000-7500) nm. 
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3.3.3     Thermal adjustments  

We suggest a modification to the imaginary part of dielectric permittivity due to thermal 

adjustments. We plot corresponding frequency dependent dielectric permittivity. The caption 

(upper right ) depicts the variations due  to higher temperatures (fig.4) :  

             Figure 4.  Frequency dependent dielectric permittivity 

 

 

In our simulations we use    2 1  2  for the real part of the refractive index and     21 

for the imaginary part of the refractive index. In terms of complex dielectric permittivity that is 

   = 4.69+0.42 i.      
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3.3.4     Optimum Absorbance  

The careful reader would have noticed that the free parameter to be altered is the 

height of the semiconductor h.  We show that absorption tends to unity for a height 

of 0.5 μm at a resonance frequency           with a half-width at half-maximum 

~40THz  corresponding to 45.9% of the centre frequency. The broadband absorption 

is shown below (fig.5): 

 

Figure 5. The decrease of semiconductor spacer from 0.65μm to 0.5μm results an 

increase to absorption that reaches 99.9 %. 
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We focus on the optimum absorption curve and present the full spectrum 

including not only absorption but transmission and reflection as well (fig.6): 

 

 

Figure 6. The metal back plate with a height of 0.2 μm that is much larger than the 

skin depth in THz regime avoids transmission through the structure.  

  

We succeed zero reflection at resonance frequency by decreasing the dielectric 

height since we have ensured zero transmission from the back plate height. 
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3.3.5     Physical Mechanism  

To get a physical intuition of the phenomenon, we plot the electromagnetic 

power loss density and the Poynting vector at resonance using the formulas 

(fig.7): 

      
 

 
    ( ) |   |    

 
 ,                

  

Figure 7.  The surface plot depicts the electromagnetic power loss density (W/m
3
) 

and the red arrows depict the power flow (W/m
2
) described by the Poynting vector.  

The plots are at the resonance frequency of 87THz. The red color corresponds to a 

maximum of 3000MW/m
3
. 

 

A strong enhancement of the losses is found at the region between metallic 

stripes within the semiconductor spacer. Therefore, the absorption is due to a 

sort of cavity formed that captures all incident radiation in the Silicon Nitride.  

The crucial part is the imaginary part of refractive index of SiN and the 

piles/stripes that capture the reflected radiation from the back plate. The height 

W/m3 
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of the back plate is 0.2μm. This is much larger than the typical skin depth in 

THz regime and avoids transmission through the structure. A rough estimation 

for tungsten skin depth assuming constant conductivity   1   1      at 

2    ,         results δ=0.017μm which is much smaller than the 

proposed height. In this case the reflection is the only factor limiting the 

absorption. For completeness we would include plots of the absolute value of 

the z-component of the electric field Ez, the current density Jz, the magnetic 

field Hx and Hy at the resonance frequency of 87THz.  

  

 

 

 

                                                                 

                     

                                                                

 

 

    

The change in colors at the plot of Jz between dielectric and air (blue), and at 

the surface between back plate and dielectric (red) is a strong indication that 

antiparallel surface currents are driven 
[4],[5]

. 

 

The z-component of electric field Ez. The z-component of current density Jz. 

     The y-component of magnetic field Hy. 

 

The x-component of magnetic field Hx. 
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3.4   Scale down to reach the optical regime 

 

We propose a diminish of the primary geometry with a scale factor 0.3 times 

the  original dimensions and represent it schematically below   (fig. 8 ): 

      

                   PRIMARY                           Ι                                               ΙΙ                                                                                                                              

               

      

                                                                                                                                    

 

 

Figure 8. Demonstration of the 2 steps of geometry adjustments. First we multiply 

every dimension with 0.3 (I). Then, we shorten the pile height and increase the back 

plate (II).    

 

In the first step, the results were not satisfying we succeed a 90% absorption 

and a 4% transmission. Therefore, we increased the back plate’s height in order 

to get a zero transmission and decreased the pile’s height to allow more 

incident radiation reach the semiconductor spacer. The result of the 

absorption/transmission/ reflection follows (fig. 9). The FWHM is 300THz and 

approaches 60.7% of the resonance frequency. This is a very broad frequency 

range at optical regime. 
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Figure 9.  99.9% absorption is achieved at a resonance frequency of             

which corresponds to a wavelength λo=606nm. 

 

We present the 3-D plot for the electromagnetic losses to underline the 

importance of the semiconductor spacer (fig.10): 

 

 

 

 

 

 

 

Figure 10. The 3-D plot of Electromagnetic losses. Structure is horizontally placed to show 

the strong enhancement within the dielectric. The values at the legend are measured in W/m
3
. 
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For each part of our structure we seek the independent contribution to 

absorption to understand better their effect altogether. We observe almost zero 

contribution for the back plate  , the pile, pile and the back plate (pink ,grey 

,blue curve) each of them alone and all the other parts consist of air. 

Furthermore, the semiconductor spacer and the pile plus the spacer, each of 

them alone, share the same contribution to absorption namely 50%. A 

remarkable conclusion is that if the pile is taken away (red curve) the 

absorption is still near-unity 
[6]

.  

On the other hand if the piles height is significantly increased absorption falls. 

What would be physically expected and it’s not confirmed is that the 

contributions of back plate alone, and the semiconductor alone, and the pile 

alone, should result a near-unity absorption if the corresponding curves (pink 

plus green plus grey result the black) (Fig.11). 

Figure 11. Absorption versus frequency for every possible combination of parts of 

the structure. 
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3.5   Oblique incidence at optical regime 

 

If the structure is used as a perfect absorber, e.g., in sensor applications, it is 

important to absorb as much of the incident radiation as possible, independent 

of the direction of incidence. In Fig.12 we show the angular dispersion of the 

peak together with the spectra for several angles.  

 

Figure 12. Angular dispersion of the absorption. For 0
0
-45

0
 the absorption is above 

92%. Even at 65
0
 still 73% of the incoming energy is absorbed. 

For angles larger than 45
0
 the resonant is blue-shifted to higher frequencies and 

an additional peak at lower frequencies are visible. Both peaks are caused by 

resonant modes in the dielectric as well, but their angular dependence shows a 

very strong dispersion. 

 

 

 

 

θ 
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