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Abstract—In this study, optical modeling of 

surface phonon-polariton excitation at the 

interface of a metal thin film and a dielectric 

columnar thin film in the Kretschmann 

configuration was investigated using the transfer 

matrix method. The model solves the curl 

Maxwell’s equations with appropriate boundary 

conditions. Surface phonon-polaritons are a type 

of surface electromagnetic waves arising from 

the coupling between polarized photons and 

optical phonons in polar dielectrics. In polar 

dielectrics, there exists a narrow energy range, 

known as the Reststrahlen band, where these 

waves cannot propagate due to variations in the 

refractive index. Within this region, the coupling 

between optical phonons and polarized photons 

is enhanced. The excitation of surface phonon-

polariton modes can extend across a wide 

frequency range, from the infrared to the 

terahertz region, depending on the structural 

configuration. The Structural and optical 

parameters, as well as the longitudinal and 

transverse optical frequencies, on the reflection 

dips in the metal-dielectric reflection spectra and 

the Reststrahlen bandwidth, was calculated and 

analyzed. Surface phonon-polariton excitation 

offers a wide range of applications in data 

storage, thermal emission, and metamaterials. 

Keywords: Columnar Thin Film, Reststrahlen Band, 

Surface Phonon-Polaritons, Transfer Matrix. 

I. INTRODUCTION 

The study of surface electromagnetic waves at 

the interface of a metal thin film and a dielectric 

columnar thin film has garnered significant 

attention from researchers [1]-[5]. Given that 

only a few materials support the propagation of 

surface phonon-polariton (SPhP) waves, 

exploring this topic from various dimensions 

can lead to fascinating scientific insights. The 

excitation of surface phonon-polariton modes 

holds potential applications in data storage [6], 

optical waveguides [7],[8], advanced sensors 

[9], thermal emission [10], and metamaterials 

[11]. 

The internal energy of a solid resides in the 

vibrations of its constituent particles. These 

vibrations can be decomposed into components 

along orthogonal axes, where each particle can 

be classically modeled as three harmonic 

oscillators. Collective harmonic oscillations of 

all atoms in a crystalline structure are called 

“phonons”, which are quantized energy packets 

of these vibrations. Phonons are characterized 

by their vibrational frequency 𝜔, and the 

vibrations on the surface can be modeled as a 

linear chain of atoms, with dynamical equations 

derived based on the nearest-neighbor 

approximation. Solving these equations yields 

two solutions for 𝜔; the optical branch 

frequency (𝜔+) and the acoustic branch 

frequency (𝜔−). Thus, the phonon dispersion 

diagram consists of two branches. Acoustic 

modes are represented as longitudinal acoustic 

(LA) or transverse acoustic (TA), while optical 

modes are referred to as longitudinal optical 

(LO) or transverse optical (TO). In the optical 

branch, adjacent atoms oscillate in opposite 

phases, whereas in the acoustic branch, 

neighboring atoms oscillate in phase. For 

instance, Rayleigh waves, a type of surface 

acoustic wave, propagate on the surface of 

solids both longitudinally and transversely, 
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decaying exponentially with distance from the 

surface [12]. 

Polariton is a general term describing the 

coupled state of a polarized photon excitation. 

It represents a quasi-particle arising from the 

coupling of electromagnetic waves with 

vibrational excitations in the crystal lattice [13]. 

Surface phonon-polaritons (SPhPs) result from 

the interaction of electromagnetic waves with 

optical lattice vibrations (phonons). This 

coupling typically occurs in polar crystals in the 

mid-infrared to terahertz range, leading to the 

excitation of SPhPs. Optical phonons are 

vibrational modes in crystals that result from 

atoms in the primitive cell moving in opposite 

directions, coupling with electromagnetic 

radiation [14]. Compared to acoustic phonons, 

they typically carry greater energy and can be 

examined with infrared and Raman 

spectroscopy [15]. These modes significantly 

influence a material’s dielectric and optical 

behavior, particularly in insulators and 

semiconductors. In polar materials, coupling 

between optical phonons and the electric field 

gives rise to effects such as LO-TO splitting and 

distinctive lattice dynamics [16]. 

SPhPs are generated at the interface of metals 

with high carrier density, like gold and silver, 

and polar dielectrics with minimal optical 

losses, in the mid-infrared to terahertz range. 

The propagation of SPhPs at the interface 

between the dielectric and the metal decays 

exponentially with distance from the interface. 

This exponential decay prevents the momentum 

of the incident light from matching the phonon 

momentum [17],[18]. The Reststrahlen band is 

an infrared range where polar crystals exhibit 

strong phonon–photon coupling, producing 

very high reflectivity and effectively acting as a 

mirror between the transverse optical (TO) and 

longitudinal optical (LO) phonon frequencies 

[19]. This effect stems from the ionic crystal’s 

dielectric response, in which optical lattice 

vibrations interact with electromagnetic waves. 

In polar materials, the dielectric function shows 

a pole-like behavior near the TO and LO 

frequencies, resulting in a pronounced 

Reststrahlen effect where waves within this 

band are largely reflected with little 

transmission [20]. The exact location and width 

of the band are set by the material’s lattice 

dynamics, including ionic masses, bond 

strengths, and crystal symmetry, and the 

Reststrahlen region is widely used in infrared 

optics for coatings, filters, and spectroscopy 

[21]. Beyond this band, the material becomes 

more transparent as the dielectric response 

weakens and transmission increases. 

To excite SPhPs, this momentum mismatch 

must be compensated. In phononic 

environments, momentum enhancement of 

incident light is achieved using configurations 

such as the Kretschmann setup. In this setup, 

light is incident from a dielectric medium (e.g., 

a prism) at an angle larger than the critical angle 

onto a metal thin film. Total internal reflection 

occurs, and the incident photon's wave vector 

matches that of the surface phonons at the 

metal-phononic interface via tunneling, 

facilitating coupling and excitation of SPhPs. 

This results in a sharp dip in the reflection 

spectrum, indicating SPHP excitation [2],[22]. 

At lower frequencies, below the mid-infrared 

range, plasmonic response weakens or 

disappears entirely. Given that SPhPs are 

excited in the mid-infrared and that 

electromagnetic coupling in polar dielectrics 

occurs within this frequency range, they are 

utilized in applications such as 

nanolithography, near-field optical microscopy, 

spectroscopy, and biosensors. Infrared 

detectors are another potential application, 

divided into two types: thermal and photonic 

detectors [6]. Thermal infrared detectors 

operate based on conductivity changes induced 

by infrared heating but suffer from slow 

response and low detection accuracy. Photonic 

infrared detectors, on the other hand, offer fast 

response, high sensitivity, and accurate 

detection, working with light sources 

associated with free charges [23]. 

The columnar thin films are a two-dimensional 

class of sculptured thin films. Sculptured thin 

films (STFs) act as anisotropic and uniaxial 

heterogeneous media in the visible and infrared 

ranges, as their voids are smaller than the 

wavelength of visible light. Structural 
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parameters of STFs vary based on the method 

of their fabrication. One such method is oblique 

angle deposition, where physical vapor 

deposition with anisotropic growth modulation 

produces columnar thin films [24]-[26]. 

In this study, the propagation of SPhPs at the 

planar interface between a Gold thin film and a 

columnar silicon carbide thin film was 

examined in the Kretschmann configuration by 

transfer matrix method. The effects of structural 

parameters, including the growth angle of 

nanocolumns (𝑥), the thickness of the gold thin 

film (𝑑met), the thickness of the silicon carbide 

thin film (𝑑disc), and the azimuthal angle of the 

incident light (𝜃), on SPhP propagation were 

analyzed. The prism used was borosilicate glass 

(BK7) with a refractive index of n=1.52, while 

the porosity (air volume fraction) of silicon 

carbide varied from 0.2 to 0.8. For each 

porosity value, reflectance intensity spectra for 

p-polarized incident light under varying 

structural and optical parameters were plotted 

as a function of wavelength, 

 and SPhP excitation mechanisms were 

analyzed (Fig. 1).  

 
Fig. 1. A schematic of the proposed structure for the 

excitation of surface phonon-polariton waves in the 

Kretschmann configuration. 

II. THEORETICAL FRAMEWORK 

Reststrahlen Band is a significant concept in the 

field of solid-state physics and optics, 

commonly addressed in studies involving light 

scattering, particularly Raman scattering. The 

Reststrahlen band refers to the range of energy 

or shifted frequencies resulting from the 

interaction of light with phonons (lattice 

vibrations) in materials. In other words, this 

band represents the energy transfer between 

photons (light) and phonons during the 

scattering process [27]. In a crystalline medium, 

photons alter their energy and momentum due 

to interactions with lattice vibrations 

(phonons). These changes can be categorized 

into two types [28]. Stokes Scattering: The 

photon transfers a portion of its energy to the 

lattice, generating a phonon. Anti-Stokes 

Scattering: The photon absorbs energy from an 

existing phonon in the lattice, resulting in an 

increase in its energy. 

The Reststrahlen band corresponds to the 

energy difference between the scattered photon 

and the incident photon, which equals the 

phonon energy. Accordingly, when light strikes 

the interface of a metal and a dielectric, it 

expands its energy to excite surface waves. For 

this to occur, the light must pass through a 

prism with a real and positive permittivity 

before reaching the metal-dielectric interface, 

providing the energy required for excitation 

[29]. 

The interaction of phonons and electromagnetic 

waves can be described using Maxwell's 

equations. For a plane wave with a wave vector 

 in a charge-free medium, the governing 

equations are: 

0 D  (1) 

   0   κ E  (2) 

where, D is the electric displacement vector and 

E is the electric field vector. 

To establish the above relations, there are two 

possible approaches: 

  0  
 (3) 

Or: 

  0 κ E  (4) 
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The first solution corresponds to the 

longitudinal mode, with the longitudinal 

resonance frequency .L   The second 

solution corresponds to the transverse mode, 

representing the transverse resonance 

frequency .T   Using Maxwell's equations, 

the dispersion relation for the phonon-polariton 

is derived as follows [30]: 

2
2

2
( )

c


    (5) 

where c is the speed of photons in a vacuum and 

𝜀(𝜔) is the dielectric function of the material, 

expressed as [31]: 

   
2 2

2 2

L

T

 
  

 


 


 (6) 

where ( )  is the high-frequency dielectric 

constant and represents the contribution of 

bound-electron polarizability to the 

permittivity, providing the background 

screening of ionic motion and thus setting the 

photonic asymptote of ( )  . From solving the 

above equation for the phonon-polariton 

dispersion relation, we obtained [32]: 

 
2

2 2 2 2 2 2 21

2
L Lc c s      


 



 
     

 

 (7) 

Here 2 2 24 Ts c k    denotes the discriminant 

appearing under the square root. The phonon-

polariton dispersion curve will consist of two 

branches: the lower and upper branches. 

In Fig. 2, the behavior of the dielectric function 

of a phononic and polar dielectric environment, 

𝜀(𝜔), is plotted as a function of frequency. It is 

clearly observed that the dielectric function is 

positive when the frequency is lower than 𝜔T 

and below 𝜔L. Therefore, the electromagnetic 

wave can propagate in the material. For 

frequencies between 𝜔T and 𝜔L, the dielectric 

function is negative, and the electromagnetic 

wave cannot propagate and exponentially 

decays. This region is called the Reststrahlen 

band. When a plane wave with the 

corresponding frequency passes through the 

Reststrahlen band at the surface of a polar 

dielectric crystal, positive ions move in the 

direction of the field, and negative ions move in 

the opposite direction. As a result, the real part 

of the dielectric function is negative, and a 

decaying field is generated in the polar 

dielectric crystal. This decaying field is known 

as surface polariton-phonons. 

 
Fig. 2. The behavior of the dielectric function of a 

phononic environment and a polar dielectric [32]. 

Using Maxwell's equations, the dispersion 

relation for surface polariton-phonons can be 

obtained as follows: 

   
2 2

2 2

2 2c c

 
          (8) 

 

 

1
c

 
 

 


  (9) 

The above equation lies within the frequency 

range between the transverse and longitudinal 

frequencies because the dielectric function is 

negative in this range.  

III. OPTICAL MODELING 

Based on the structure studied in this research 

(Fig. 1), the sculptured region, consisting of 

silicon carbide columns, represents a porous 

nanostructured medium where the pore sizes 

and column diameters are smaller than the 

wavelengths of visible and infrared light. To 

address this, a process is needed to treat the 

nanostructured medium as a microstructure 

medium. This homogenization process 

transforms the heterogeneous and anisotropic 

medium into a homogeneous one, effectively 
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converting the porous material-air mixture into 

a continuous medium [25]. 

The metallic thin film is bounded on one side 

by a phononic medium with a lower refractive 

index and on the other side by a dielectric (a 

prism) with a higher refractive index, forming a 

Kretschmann configuration (see Fig. 1). The 

amplitudes of transmitted and reflected waves 

are connected to the incident amplitudes via a 

transfer matrix. Energy conservation is then 

applied to compute optical absorption, which 

reveals the excitation of surface phonon-

polariton waves. The Bruggeman 

homogenization formalism and the transfer 

matrix method are described in the following 

sections. 

A. Bruggeman Homogenization Formalism 

In the Bruggeman homogenization Formalism, 

each column is considered as a chain of 

identical ellipsoids with negligible interactions. 

This approach is used to obtain the permittivity 

tensor of the composite medium (deposited 

material and vacuum) [25,33]. 

 
Fig. 3. A representation of ellipsoids. 

These ellipsoids have three semi-axes a, b, and 

c, and the equation of an ellipsoid is as follows: 

2 2 2

2 2 2
1

x y z

a b c
    (10) 

The cross-section of each ellipsoid is assumed 

to be circular, so one of the axes is considered 

as a unit, and the other two are calculated 

relative to it. The ratios of the semi-axes, which 

are now dimensionless, are represented by 3  

and 2 . Here, 3  indicates the length of the 

ellipsoid, while 2  represents its width. 

Additionally, it is always assumed that 3 2 .   

The surface of each ellipsoid relative to its 

center in the Cartesian coordinate system is 

described by the equation [34]: 

22

2 2

2 3

y z
x 

 

  
    
   

 (11) 

The permittivity is assigned to each of the 

coordinate axes. Thus, for the x, y, and z 

directions, the permittivity is represented by 
a

, b , and c , respectively. The reference 

permittivity tensor can be expressed as follows 

[35]: 

0 0

0 0

0 0

a

ref b

c



 



 
 


 
  

 (12) 

On the other hand: 

1f f
s v
   (13) 

it represents the sum of the volume fractions of 

the material (fs) and the vacuum (fv). 

According to Bruggeman's theory, we have 

[36]: 

0
s v

f a f a
s v

   (14) 

wherer 
va  is the polarizability tensor of the 

vacuum, and 
sa  is the polarizability tensor of 

the material [37]. 

 

 

0 ,,

1

0 ,,

.

.

s vs v ref

s vs v ref

a I

I i D I

  

  


 

  
  

 (15) 

where ,s vD  is the depolarization tensor of the 

ellipsoids representing the deposited material 

and the vacuum, which is defined as follows 

[38]: 
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2

,
0 0

0

2 2

2 2

3 2

2 2

2 2

3 2

sin
4

cos sin
sin cos

.

cos sin
sin cos

s v

z z x x y y

a b c

i
D d d

 

  


 
 

 

 
    

 




    
    

     

    
     

     

 

U U U U U U

 (16) 

where   and   are the azimuthal and polar 

angles, ,s v  is the relative permittivity of the 

deposited material and the vacuum, and I  is the 

identity tensor. ref  represents the relative 

permittivity of the homogenized medium in the 

reference state, assuming the axes of the 

ellipsoids are aligned parallel to the Cartesian 

coordinate axes. It is expressed as follows: 

ˆ ˆ ˆ ˆ ˆ ˆ
a x x b y y c c cref

     u u u u u u  (17) 

where ux, uy, and uz represent the orientation 

vectors along the x, y, and z-axes, respectively. 

By applying boundary conditions and using 

iterative methods, such as the Jacobi iteration, 

the relative permittivity of the homogenized 

composite material can be obtained as follows 

[39]: 

   1n n

ref refu 
 

 
 (18) 

   0
1ref s vI f f        (19) 

The Jacobi operator matrix is defined as 

follows:  

 
 

 

 
 

 

0 0

0 0

1

1

ref

vs

s s ref v v ref

s s ref v v ref

u

ff

I i D I I i D I

ff

I i D I I i D I





     

     

   




   




   

 (20) 

If the norm of the Jacobi operator matrix is less 

than one, the iterative process converges, 

yielding the values of a , b , and c . Finally, 

the relative permittivity ref  is determined [40]. 

B. Transfer Matrix Method 

After obtaining the relative permittivity, the 

principal permittivity of the porous medium 

(the columnar silicon carbide dielectric thin 

film) is calculated using rotation as follows 

[41]: 

†
( ) ( )

CTF y ref y
S S       (21) 

where  is the growth angle of the 

nanocolumns, and the tilted tensor  
y

S   is 

defined as follows [42]: 

 

 

ˆ ˆ ˆ ˆ ˆ ˆ( ) cos

ˆ ˆ ˆ ˆ sin

y y x x z zy

z x x z

S  



  

 

u u u u u u

u u u u
 (22) 

To study light propagation in the structure, 

Maxwell's curl equations must be solved. 

Subsequently, the transfer matrix method is 

applied to solve these equations for the 

phononic medium, the metallic medium, and 

the vacuum. This approach allows for the 

determination of the electric and magnetic field 

components. 

1. Transfer matrix of the phononic medium 

Considering the structural relations for a 

dielectric columnar thin film (phononic 

medium), we have the following [2]: 

   0 †

0( , ) ( ) ( , )
y ref y

S S         D r E r

 (23) 

0( , ) ( , )  B r H r  (24) 

where the electric and magnetic fields are 

expressed as follows: 

 ( , ) ( , , , ) exp cos sinz i x y         E r e

 (25) 

 ( , ) ( , , , ) exp cos sinz i x y         H r h

 (26) 
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where 0 sink  , 0k  is the vacuum wave 

number, and θ and ψ are the polar and azimuthal 

angles, respectively. Maxwell's curl equations, 

in the absence of charge and current sources, 

are given as follows [1]: 

( , ) ( , )i   E r B r  (27) 

( , ) ( , )i    H r D r  (28) 

The electric and magnetic fields from equations 

(25) and (26) can be rewritten as follows: 

 

 

ˆ ˆ ˆ( , )

exp cos sin

x y ze e e

i x y



  

  

  

x y zE r u u u
 (29) 

 

 

ˆ ˆ ˆ( , )

exp cos sin

x y zh h h

i x y



  

  

  

x y zH r u u u
 (30) 

By equating the coefficients of the unit vector 

components in the structural relations, the 

components of the electric and magnetic fields 

can be determined. 

Using equation (27) for the ˆ
xu  component, we 

have [25]: 

0sin z

z x

de
i e i h

dz
     (31) 

And for the ˆ
yu  component, we have: 

0cosx

z y

de
i e i h

dz
     (32) 

And similarly, for the ˆ
zu  component, we have: 

  0cos siny x ze e h      (33) 

Using equation (28) for the ˆ
xu component, we 

have [43]: 

  2 2

0

sin

cos sin

y

z

x b a

dh
i h

dz

i e

 

    

 

  

 

 cos sin sin cosz b ae         (34) 

And for the ˆ
yu  component, we have: 

0cosx

z y

dh
i h i e

dz
      (35) 

And also, for the ˆ
zu  component, we have: 

 

   

0

2 2

( cos sin )

cos sin

6

sin cos

cos sin 3

y x

x b a

z b a

i h h

i e

e

  

      

   

 

 

 

 

Using equations (31) to (36), the z-components 

of the electric and magnetic fields are obtained 

as follows [25]: 

 
 

   

     

   

 

0

, , ,

, , , sin cos

, , , , , , sin

, , , cos

d

z

a b

x a b

x x

y

e z

e z

e z h z

h z

 
  

   

        


      



   

 

    

 

 

 

 (37) 

 

   

0

, , ,

, , , sin , , , cos

z

x y

h z

e z e z


  



       

  

   

 (38) 

In the above equations, d  is the scalar relative 

permittivity of the composite medium [37]. 

 
   

   2 2cos sin

a b

d

a b

   
 

     



 (39) 

By eliminating ze  and zh  from the above 

equations, a matrix equation is obtained as 

follows [25]: 

   ( , , , ) , , , , ,
d

f z i P f z
dz

                 
 (40) 
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where: 

 
 
 
 

, , ,

, , ,
( , , )

, , ,

, , ,

x

z

x

y

e z

e z
f z

h z

h z

  

  
 

  

  

 
 
      
 
  

 (41) 

where ( , , )f z k  
   is a column matrix, and 

 , ,P      is a 4×4 kernel matrix, expressed as 

follows [43]: 

 

 

0

0

0

0

2

22

0

2

0

0 0 0

0 0 0
,

0 0 0

0 0 0

cos 0 0 0

sin 0 0 0
sin cos

0 0 0 0

0 0 sin cos

0 0 cos sin cos

0 0 sin cos sin

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

cos s

c

d

d a b

a b

d

a b

P




 

 

 



   
 

 

 

  

   

  





 
 


       
 
 

 
 
  
 
 

 

 
 

  
 
 
 


 2

2

in cos 0 0

sin cos sin 0 0

(42)
 

  

 
 
 
 
 

 

 

Given that the matrix  ,P k     in the phononic 

medium is independent of Z, we have [25]: 

 
 

 
( , , , )

,
( , , , )

d f L
i p dz

f L

  
 

  
     (43) 

After integration, we have: 

      ( , , , ) (0, , , ) expf L f i p L     

 (44) 

Therefore, the transfer matrix of a thin 

columnar layer with thickness L will be as 

follows: 

   , , , exp , ,M L i P L               (45) 

2. Transfer matrix of the metal medium 

Using the relations given in the previous 

section, the transfer matrix for a metal layer, 

which is a homogeneous layer, is as follows 

[25]: 

   , , , exp , ,met met metM L i P L             

 (46) 

where the kernel matrix will be as follows: 

 

0

0

0

0

2

22

0

2

2

0

2

0 0 0

0 0 0

0 0 0

0 0 0

0 0 sin cos cos

ˆ 0 0 sin sin cos

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0ˆ
(47)

sin cos cos 0 0

sin sin cos 0 0

met

met

met

met

P





 

 

  

  

 



  

  

 
 


  
 
 
 

 
 

  
 
 
 

 
 
 
 
 

 

 

C. Optical Absorption 

The Kretschmann configuration, as shown in 

Fig. 1, was utilized to facilitate the excitation 

and propagation of surface phonon-polariton 

(SPhP) waves at the metal–dielectric interface. 

Incident light with linear S- and P-polarizations 

illuminates the structure, from the 

homogeneous dielectric half-space (prism) at 

an angle θ relative to the z-axis and an 

azimuthal angle ψ relative to the x-axis in the xy 

plane. 

The electromagnetic field of the incident plane 

wave in the region metz L   is expressed as 

follows [1]: 

 

   0

( )

exp cos sin exp cos

inc s p inc

s inc

a a

i x y ik n z   

  

   

E r s P

 (48) 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ai
l.i

jo
p.

ir
 o

n 
20

26
-0

7-
13

 ]
 

                             8 / 24

https://mail.ijop.ir/article-1-578-en.html


International Journal of Optics and Photonics (IJOP) Vol. 18, No. 1, Winter-Spring, 2024 

227 

   
0

0

( ) ( )

exp cos sin exp cos

s

inc p s inc

s inc

n
a a

i x y ik n z



   

  

   

H r s P

 (49) 

where 0  represents the intrinsic impedance, 

expressed in terms of the permeability of free 

space ( 0 ) and the permittivity ( 0 ) as follows: 

0

0

0





  (50) 

If sn  is the refractive index of the prism, 

0 sin inck k   represents the in-plane wave 

vector, where 0k  is the wave number in free 

space, and sa  and Pa  are the amplitudes of the 

incident wave with S- and P-polarizations, 

respectively, the polarization unit vectors are 

defined in terms of Cartesian unit vectors as 

follows: 

ˆ ˆsin cosx y   S u u  (51) 

ˆ ˆ ˆ( cos sin )cos sininc x y inc z inc      P u u u

 (52) 

The reflected components of the 

electromagnetic field, located in the half-space 

metz L  , are expressed as follows: 

  0

( ) ( )

exp cos sin exp cos

ref s p ref

s ref

r r

i x y ik n z   

 

      

E r s P

 

 (53) 

   
0

0

( ) ( )

exp cos sin exp cos

s

ref p s ref

s inc

n
r r

i x y ik n z



   

 

   

H r s P

 

 (54) 

where: 

ˆ ˆ ˆ( cos sin )cos sinref x y inc z inc     P u u u

 (55) 

where 
sr and 

pr  are the amplitudes of the 

reflected light. For the transmitted components 

of the electromagnetic field located in the 

region 
ctfLz  , we have: 

 

 0 2

( ) ( )exp cos sin

exp ( )cos (56)

tr s p tr

tr

t t i x y

ik n z L

  



     

  

E r s P

S

 

 

 

2

0

0 2

( ) ( )exp cos sin

exp cos (57)

tr p s tr

tr

n
t t i x y

ik n z L

  




     

    

H r s P
 

where: 

ˆ ˆ ˆ( cos sin )cos sintr x y tr z tr      P u u u

 (58) 

where 
st  and 

pt  are the amplitudes of the 

transmitted light. In the given structure, 2n

represents the refractive index of vacuum, and 

equal to 1, and 
L  denotes the total thickness of 

the layers. The angle of the transmitted light, 

tr , can be determined using Snell's law in 

terms of the known incident angle: 

1 2sin sininc trn n   (59) 

1

2

sin sintr inc

n

n
   (60) 

The amplitudes of the reflected and transmitted 

light can be determined using the continuity of 

the tangential components of the electric and 

magnetic fields, along with the transfer matrix 

method. 

The relationship between the reflection and 

transmission coefficients and the amplitudes of 

the incident wave is given as follows: 

ss sps s

p pps pp

r rr a

r ar r

    
     
     

 (61) 

ss sps s

p pps pp

t tt a

t at t

    
     
     

 (62) 
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In the above relations, identical indices indicate 

co-polarization, while different indices 

represent cross-polarization of the coefficients. 

The first index corresponds to the polarization 

type of the incident light, and the second index 

denotes the polarization type of the reflected or 

transmitted light. The reflectance and 

transmittance can then be calculated from the 

reflection and transmission coefficients as 

follows [43]: 

 

2

2

,

, ,Re cos

cos

ij ij

trair

ij i j

prism in

R r

i j s pn
T t

n





 


 




 (63) 

Finally, the optical absorption of the structure 

can be determined using the law of energy 

conservation for each polarization, based on the 

following relations [25,43]: 

 

 

1

1

s ss ps ss ps

P pp sp pp sp

A R R T T

A R R T T

     


    

 (64) 

IV. RESULTS AND DISCUSSION 

In this study, the propagation of surface 

phonon-polariton (SPhP) waves at the planar 

interface between a thin gold metal thin film 

and a columnar silicon carbide thin film was 

investigated using the Kretschmann 

configuration and the transfer matrix method. 

To analyze the effect of each structural 

parameter on the excitation of surface phonon-

polariton waves, reflectance intensity spectra 

for p-polarized incident light were plotted as a 

function of wavelength for varying structural 

and optical parameters. These spectra were 

obtained for porosity values (air volume 

fraction) ranging from 0.2 to 0.8, and the 

excitation of surface phonon-polaritons was 

thoroughly analyzed. 

In this work, all resonance frequencies (𝜔) and 

linewidths are reported in energy units (eV) 

through the relation 𝐸=ℏ𝜔. Therefore, 

whenever ω is expressed in eV, it denotes the 

corresponding energy ℏ𝜔 rather than the 

angular frequency in rad/s. 

A. Air Volume Fraction=0.2 

In Fig. 4, the reflectance intensity spectra (Rp) 

as a function of the incident wavelength are 

presented for different growth angles of the 

silicon carbide nanocolumns at varying incident 

light angles. The structural parameters in these 

figures are 𝑑sic=400 nm and 𝑑met=30 nm. As 

shown in the Fig. 4, at 𝑥=15∘, the dips shift 

slightly toward higher wavelengths as the 

incident light angle increases. The longitudinal 

and transverse optical frequencies are 

approximately in the ranges 𝜔𝐿0=0.098eV and 

𝜔𝑇0=0.097eV, respectively. This region is 

referred to as the “Reststrahlen band” where 

optical phonons couple with polarized photons, 

resulting in a minimum in the reflection 

spectrum and a corresponding peak in the 

absorption spectrum. Additionally, it is evident 

that the reflection dip deepens with increasing 

incident light angle, leading to a stronger 

coupling between surface phonons and 

polarized photons. At 𝑥=30, similar behavior is 

observed, with the dips becoming slightly 

deeper and the longitudinal and transverse 

optical frequencies shifting to approximately 

𝜔𝐿0 =0.097eV and 𝜔𝑇0=0.096 eV, respectively. 

The Reststrahlen bandwidth slightly increases. 

At 𝑥=45∘, for incident light angles of 𝜃=15∘ and 

𝜃=30∘, no deep dips are observed. At 𝜃=45∘, the 

transverse optical frequency is 𝜔𝑇0=0.0953eV 

and the longitudinal optical frequency is 

𝜔𝐿0=0.0958 eV, with a Reststrahlen bandwidth 

of 0.0015 eV. At 𝜃=50∘, the transverse optical 

frequency is 𝜔𝑇0=0.0951eV, the longitudinal 

optical frequency is 𝜔𝐿0=0.0968eV, and the 

Reststrahlen bandwidth is 0.0017 eV. At 𝜃=75∘, 

the transverse optical frequency is 

𝜔𝑇0=0.0950eV, the longitudinal optical 

frequency is 𝜔𝐿0=0.0968eV, and the 

Reststrahlen bandwidth is 0.0018 eV. At 𝑥=60∘, 

no deep dips were observed at incident light 

angles 𝜃=15∘ and 𝜃=30∘, which would allow for 

the extraction of the Reststrahlen band. At 

𝜃=45∘, the transverse optical frequency is 

𝜔𝑇0=0.0943eV and the longitudinal optical 

frequency is 𝜔𝐿0=0.0958eV, with a 

Reststrahlen bandwidth of 0.0015 eV. At 

𝜃=50∘, the transverse optical frequency is 

𝜔𝑇0=0.0951 eV, the longitudinal optical 

frequency is 𝜔𝐿0=0.0968eV, and the 
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Reststrahlen bandwidth is 0.0017 eV. At 𝜃=75∘, 

the transverse optical frequency is 

𝜔𝑇0=0.0950 eV, the longitudinal optical 

frequency is 𝜔𝐿0=0.0968 eV, and the 

Reststrahlen bandwidth is 0.0018 eV. At higher 

incident light angles, the reflection dips, 

indicating greater absorption, become deeper. 

However, no significant changes in the 

reflection dips were observed at incident light 

angles of 𝜃=15∘ and 𝜃=30∘. Therefore, the 

Reststrahlen band is not clearly visible in these 

regions, and the measurement of the 

Reststrahlen bandwidth was carried out for 

incident light angles from 𝜃=45∘ to 𝜃=75∘. In 

this range, as the growth angle of the 

nanocolumns (𝑥) increases, the Reststrahlen 

bandwidth also increases. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. Reflectance spectra of the metal-columnar 

thin-film structure with a porosity of 0.2 for values 

of (a) x=15, (b) x=30, (c) x=45, and (d) x=60. 

In Fig. 5, the reflectance spectra Rp as a function 

of the incident wavelength are plotted for 

various thicknesses of the metallic thin layer at 

different growth angles of silicon carbide 

nanocolumns. The fixed structural parameters 

in this figure are dSiC=200 nm and 𝑥=15∘. When 

the metallic layer thickness 𝑑𝑚𝑒𝑡 is zero, 

meaning that only the silicon carbide columnar 

thin film is present, two reflection peaks appear 

at a wavelength of 𝜆=12.5 𝜇m for low incident 

angles (𝜃=15∘ and 𝜃=30∘). At higher incident 

angles (𝜃=45∘, 60∘, and 75∘), deep valleys are 

evident in the reflectance spectra. These peaks 

and valleys are compensated in the transmission 

spectra (not shown here), indicating that 

coupling between polarized photons and optical 

phonons does not occur. For 𝑑𝑚𝑒𝑡=10 nm, at an 

incident angle of 𝜃=15∘, the transverse optical 

frequency is 𝜔𝑇0=0.0977eV, the longitudinal 

optical frequency is 𝜔𝐿0=0.0984eV, and the 

Reststrahlen bandwidth is 0.0007eV. 

For 𝜃=30∘, 𝜔𝑇0=0.0986 eV 𝜔𝐿0=0.0985eV, and 

the bandwidth is 0.0009eV. At 𝜃=45∘, 

𝜔𝑇0=0.0974 eV, 𝜔𝐿0=0.0976eV, and the 

bandwidth is 0.0012eV. At 𝜃=50∘, 

𝜔𝑇0=0.0970eV, 𝜔𝐿0=0.0985eV, and the 

bandwidth is 0.0015eV. Finally, at 𝜃=75∘, 

𝜔𝑇0=0.0971eV, 𝜔𝐿0=0.0986eV, and the 

bandwidth is 0.0018eV. The strongest 

excitation of surface polariton-phonon waves 

occurs at 𝑑𝑚𝑒𝑡=10 nm, with the Reststrahlen 

bandwidth increasing with the incident angle, 

reaching a maximum value of 0.0018eV. As the 

metallic layer thickness increases beyond 

10 nm, the reflectance intensity decreases 

because the incident light penetrates the 
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metallic layer, reducing the opportunity for 

surface polariton-phonon wave excitation at the 

metal-dielectric interface. For 𝑑𝑚𝑒𝑡=20 nm, the 

Reststrahlen band is not significant at incident 

angles of 15∘ and 30∘. At 𝜃=45∘, 𝜔𝑇0=0.0976eV, 

𝜔𝐿0=0.0985eV, and the bandwidth is 0.0096eV. 

For 𝜃=50∘, 𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0986eV, and 

the bandwidth is 0.0012eV. At 𝜃=75∘, 

𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0986eV, and the 

bandwidth remains 0.0012eV. For 𝑑𝑚𝑒𝑡=30 nm, 

at the highest incident angle (𝜃=75∘), a 

noticeable Reststrahlen band is observed with 

𝜔𝑇0=0.0976eV, 𝜔𝐿0=0.0985eV, and a 

bandwidth of 0.0096eV. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 5. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.2 and 

thickness of the metal thin film of (a) dmet=0 nm, (b) 

dmet=10 nm, (c) dmet=20 nm, (d) dmet=30 nm, and 

(e) dmet=40 nm. 

In Fig. 6, the effect of the thickness of silicon 

carbide nanocolumns is analyzed for fixed 

parameters 𝑑met=30 nm and 𝑥=15∘. Within this 

range, increasing the thickness of the 

nanocolumns results in a noticeable increase in 

the depth of the reflectance minima. It is 

evident that in the absence of silicon carbide, 

the spectra are completely flat and featureless. 

At a thickness of 100 nm, no Reststrahlen band 

is observed at low incident angles (𝜃=15∘ and 

𝜃=30∘), and the reflectance spectra remain 

smooth and without any minima. As the angle 

of incidence increases, the minima become 

apparent. At 𝑑SiC=200 nm and 𝜃=75∘, the 

transverse optical frequency is 𝜔𝑇0=0.0977eV, 

the longitudinal optical frequency is 

𝜔𝐿0=0.0980eV, and the bandwidth is 0.003eV. 

At 𝜃=50∘, 𝜔𝑇0 =0.0979eV, 𝜔𝐿0=0.0985eV. At 

𝜃=45∘, 𝜔𝑇0=0.0980eV, 𝜔𝐿0=0.0985eV. At 

𝑑SiC=300 nm and 𝜃=75∘, 𝜔𝑇0=0.0974eV, 

𝜔𝐿0=0.0985eV, with a bandwidth of 0.011eV. 

At 𝜃=50∘, 𝜔𝑇0=0.0977eV, 𝜔𝐿0=0.0984eV. At 

𝜃=45∘, 𝜔𝑇0 =0.0977eV, 𝜔𝐿0=0.0984eV. At 

𝑑SiC=400 nm and 𝜃=75∘, 𝜔𝑇0=0.0971eV, 

𝜔𝐿0=0.0984eV, with a bandwidth of 0.013eV. 
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At 𝜃=50∘, 𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0984eV. At 

𝜃=45∘, 𝜔𝑇0=0.0975eV, 𝜔𝐿0=0.0983eV. At 

𝑑SiC=500 nm and 𝜃=75∘, 𝜔𝑇0=0.0967eV, 

𝜔𝐿0=0.0984eV, with a bandwidth of 0.0017eV. 

At 𝜃=50∘, 𝜔𝑇0=0.0973eV, 𝜔𝐿0=0.0982eV, with 

a bandwidth of 0.0009eV. At 𝜃=45∘, 

𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0983eV. As the 

thickness of silicon carbide nanocolumns 

increases, the depth of the reflectance minima 

relatively increases, and the Reststrahlen band 

bandwidth becomes wider. The maximum 

Reststrahlen bandwidth of 0.0018eV is 

observed at 𝑑SiC=600 nm and an incident angle 

of 𝜃=75∘. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 6. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.2 and 

thickness of columnar silicon carbide thin film of (a) 

dsic=0 nm, (b) dsic=100 nm, (c) dsic=200 nm, 

(d) dsic=300 nm, (e) dsic=400 nm, and (f) dsic=500 nm. 

B. Air Volume Fraction=0.4 

The effect of porosity up to 0.4 in silicon 

carbide and its impact on surface phonon-

polariton excitation under different structural 

and optical parameters were investigated.in 

Fig. 7. Initially, the variation of the growth 

angle of nanocolumns for fixed values of 

𝑑𝑚𝑒𝑡=30 nm and 𝑑𝑆𝑖𝐶=400 is shown in Fig. 6. At 

incident light angles of 𝜃=15∘ and 𝜃=30∘, no 

significant surface phonon-polariton excitation 

was observed for any nanocolumn growth 

angle. At 𝑥=15∘, with an incident light angle of 

𝜃=45∘, the transverse optical frequency 

𝜔𝑇0=0.0978eV, longitudinal optical frequency 

𝜔𝐿0=0.0985eV, and the Reststrahlen bandwidth 

(f)  [
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0.0008eV were observed. At 𝜃=50∘, 

𝜔𝑇0=0.0977eV, 𝜔𝐿0=0.0985eV, and the 

Reststrahlen bandwidth remained 0.0008eV. At 

𝜃=75∘, 𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0984eV, and the 

bandwidth increased to 0.0010eV. For 𝑥=30∘, at 

𝜃=45∘, the transverse optical frequency 

𝜔𝑇0=0.0974eV, longitudinal optical frequency 

𝜔𝐿0=0.0981eV, and the bandwidth 0.0007eV. 

At 𝜃=50∘, 𝜔𝑇0=0.0974eV, 𝜔𝐿0=0.0983eV, and 

the bandwidth 0.0009eV. At 𝜃=75∘, 

𝜔𝑇0=0.0967eV, 𝜔𝐿0=0.0982eV, and the 

bandwidth 0.0015eV. For 𝑥=45∘, at 𝜃=45∘, the 

transverse optical frequency 𝜔𝑇0=0.0967eV, 

longitudinal optical frequency 𝜔𝐿0=0.0977eV, 

and the bandwidth 0.0010eV. At 𝜃=50∘, 

𝜔𝑇0=0.0966eV, 𝜔𝐿0=0.0980eV, and the 

bandwidth 0.0011eV. At 𝜃=75∘, 

𝜔𝑇0=0.0965eV, 𝜔𝐿0=0.0981eV, and the 

bandwidth 0.0016eV. For 𝑥=60∘, at 𝜃=45∘, the 

transverse optical frequency 𝜔𝑇0=0.0963eV, 

longitudinal optical frequency 𝜔𝐿0=0.0974eV, 

and the bandwidth 0.0011eV. At 𝜃=50∘, 

𝜔𝑇0=0.0968eV, 𝜔𝐿0=0.0979eV, and the 

bandwidth 0.0011eV. At 𝜃=75∘, 

𝜔𝑇0=0.0966eV, 𝜔𝐿0=0.0979eV, and the 

bandwidth 0.0013eV. From 𝜃=45∘ to 𝜃=75∘, 

with increasing growth angles of nanocolumns, 

the reflectivity intensity increased. The 

Reststrahlen bandwidth at 𝜃=75∘ and 𝑥=60∘ 

reached its maximum value of 0.0013eV. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7. Reflectance spectra of the metal-columnar 

thin-film structure with a porosity of 0.4 for values 

of (a) x=15, (b) x=30, (c) x=45, and (d) x=60. 

Figure. 8 shows the effect of metal layer 

thickness on SiC porosity of 0.4 for fixed 

parameters (𝑑𝑆𝑖𝐶=200 nm, vapor angle 𝑥=15∘). 

When the metal layer thickness was zero, the 

reflection spectra at incident light angles of 

𝜃=15∘ and 𝜃=30∘ only showed intensity peaks, 

whereas at 𝜃=45∘, 𝜃=50∘, and 𝜃=75∘, valleys 

were observed, compensating for these peaks in 

transmission spectra. At 𝑑𝑚𝑒𝑡=10 nm and 

𝜃=15∘, 𝜔𝑇0=0.0978eV, 𝜔𝐿0=0.0986eV, and 

bandwidth 0.0008eV. For 𝜃=30∘, 𝜔𝑇0.0977eV, 

𝜔L0=0.0986eV, and bandwidth 0.0009eV. For 

𝜃=45∘, 𝜔𝑇0=0.0976eV, 𝜔L0=0.0986eV, and 

bandwidth 0 0.0010eV. Similarly, at 𝜃=50∘, 

𝜔𝑇0=0.0976eV, 𝜔L0=0.0986eV, and bandwidth 

0.0010eV. At 𝜃=75∘, 𝜔𝑇0=0.0974eV, 

𝜔L0=0.0986eV, and bandwidth 0.0012eV. 

Increasing the metal layer thickness flattened 

the reflection spectra, and no Reststrahlen band 

was observed. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 8. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.4 and 

thickness of the metal thin film of (a) dmet=0 nm, (b) 

dmet=10 nm, (c) dmet=20 nm, (d) dmet=30 nm, 

(e) dmet=40 nm, and (f) dmet=50 nm. 

In Fig. 9, the effect of SiC nanocolumn 

thickness at a porosity of 0.4, fixed parameters 

(𝑑𝑚𝑒𝑡=30nm, 𝑥=15∘), is analyzed. As the SiC 

nanocolumn thickness increases, the depth of 

valleys in the reflection spectra rises under 

higher incident angles. In Figs. 9(a–c), no 

Reststrahlen band was observed. At 

𝑑𝑆𝑖𝐶=300nm, the deepest valley at 𝜃=75∘ 

corresponds to 𝜔𝑇0=0.0977eV, 𝜔L0=0.0987eV, 

and bandwidth 0.0010eV. At 𝑑𝑆𝑖𝐶=400 nm, the 

deepest valley at 𝜃=75∘ corresponds to 

𝜔𝑇=0.0974eV, 𝜔L=0.0986eV, and bandwidth 

0.0012eV. At 𝑑𝑆𝑖𝐶=500 nm, the deepest valley 

at 𝜃=75∘ corresponds to 𝜔𝑇0=0.0972eV, 

𝜔L0=0.0985eV, and bandwidth 0.0013eV. 

Generally, in Fig. 9, at incident light angles of 

𝜃=15∘ and 𝜃=30∘, no reflective valleys are 

observed. However, as the thickness of 

nanocolumns increases, the Reststrahlen 

bandwidth rises for incident light angles of 

𝜃=45∘, 𝜃=50∘, and 𝜃=75∘. 

 
(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 9. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.4 and 

thickness of columnar silicon carbide thin film of (a) 

dsic=0 nm, (b) dsic=100 nm, (c) dsic=200 nm, (d) 

dsic=300 nm, (e) dsic=400 nm, (f) dsic=500 nm, and 

(g) dsic=600 nm. 

C. Air Volume Fraction=0.6 

In Fig. 10, the effect of the growth angle of 

nanocolumns, 𝑥, at a porosity of 0.6 is shown 

for fixed parameters 𝑑𝑆𝑖𝐶=400 nm and 

𝑑𝑚𝑒𝑡=30 nm. At growth angles 𝑥=15∘ and 

𝑥=30∘, no reflection dips are observed. 

However, at angles 𝑥=45 to 𝑥=60∘, peaks and 

dips appear in the reflection spectrum, which 

cannot be attributed to surface phonon-

polariton excitation. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 10. Reflectance spectra of the metal-columnar 

thin-film structure with a porosity of 0.6 for values 

of (a) x=15, (b) x=30, (c) x=45, and (d) x=60. 

In Fig. 11, the influence of the metal thin film 

thickness on surface phonon-polariton 

excitation is depicted for fixed parameters 

𝑑𝑆𝑖𝐶=200nm and 𝑥=15∘. Except for a metal layer 

thickness of 𝑑𝑚𝑒𝑡=10 nm, no reflection dips 

indicative of surface phonon-polariton 

excitation are observed in the spectra. When the 

metal layer thickness is 𝑑𝑚𝑒𝑡=10 nm, the 

Reststrahlen bandwidth is 0.0023eV, and 

increasing the incident light angle does not 

affect this value. At incident light angles of 

𝜃=15∘ and 𝜃=30∘, no Reststrahlen bands are 

formed in any of the spectra. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 11. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.6 and 
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thickness of the metal thin film of (a) dmet=0 nm, (b) 

dmet=10 nm, (c) dmet=20 nm, (d) dmet=30 nm, (e) 

dmet=40 nm, and (f) dmet=50 nm. 

In Fig. 12, the effect of the thickness of silicon 

carbide nanocolumns on surface phonon-

polariton excitation is presented for fixed 

parameters 𝑑𝑚𝑒𝑡=30 nm and 𝑥=15∘. At a 

porosity of 0.6, prominent reflection dips occur 

at thicknesses 𝑑𝑆𝑖𝐶=400 nm, 𝑑𝑆𝑖𝐶=500 nm, and 

𝑑𝑆𝑖𝐶=600 nm at a wavelength of 12.4 𝜇m and 

incident light angles 𝜃=45∘, 𝜃=50∘, and 𝜃=75∘. 

At incident light angles 𝜃=15∘ and 𝜃=30∘, the 

spectra exhibit no dips. The depth of the dips is 

insufficient to calculate the Reststrahlen 

bandwidth. Thus, it can be concluded that at this 

level of porosity, changes in the thickness of the 

nanocolumns have no significant effect on the 

Reststrahlen bandwidth. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 12. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.6 and 

thickness of columnar silicon carbide thin film of 

(a) dsic=0 nm, (b) dsic=100 nm, (c) dsic=200 nm, (d) 

dsic=300 nm, (e) dsic=400 nm, (f) dsic=500 nm, 

(g) dsic=600 nm. 

D. Air Volume Fraction=0.8 

In Fig. 13, the effect of the growth angles of 

silicon carbide nanocolumns at a porosity of 0.8 

is illustrated. At a growth angle of 𝑥=45∘, the 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ai
l.i

jo
p.

ir
 o

n 
20

26
-0

7-
13

 ]
 

                            18 / 24

https://mail.ijop.ir/article-1-578-en.html


International Journal of Optics and Photonics (IJOP) Vol. 18, No. 1, Winter-Spring, 2024 

237 

reflection intensity at an incident light angle of 

𝜃=45∘ reaches its maximum value. The 

transverse optical frequency (𝜔𝑇0) is 0.1038 eV, 

the longitudinal optical frequency (𝜔L0) is 

0.1050 eV, and the Reststrahlen bandwidth in 

this range is 0.0012 eV. At vapor deposition 

angles of 𝑥=15∘ and 𝑥=30∘, no reflection dips 

are observed, and no Reststrahlen band is 

formed. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 13. Reflectance spectra of the metal-columnar 

thin-film structure with a porosity of 0.8 for values 

of (a) x=15, (b) x=30, (c) x=45, and (d) x=60. 

In Fig. 14, the effect of the metal thin film 

thickness on reflection spectra at a porosity of 

0.8 is presented. Due to the low density of the 

columnar silicon carbide thin film in this 

porosity, surface phonon-polariton excitation in 

the reflection spectra is very weak. For a metal 

layer thickness of 𝑑met=10nm, reflection dips 

are observed at higher incident light angles in 

the wavelength range of 12.42 𝜇m. However, 

this range is not regarded as a Reststrahlen 

band. 

 
(a) 

 
(b) 

Fig. 14. Reflectance spectra of the metal-columnar 

thin film structure with a porosity of 0.8 and 

thickness of the metal thin film of (a) dmet=10 nm, 

(b) dmet=20 nm. 

the effect of the thickness of silicon carbide 

nanocolumns on surface phonon-polariton 

excitation at a porosity of 0.8 is depicted. At 

this high porosity and extremely low silicon 

carbide density, no excitation occurs, and the 

reflection spectrum remains entirely smooth. 

Thus, variations in the thickness of silicon 

carbide nanocolumns do not affect the 

reflection spectra. 
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V. THE COMPARISON OF THE RESULTS 

OF DIFFERENT POROSITY FRACTIONS 

Based on the reflectance spectra of the 

proposed structure, plotted as a function of 

wavelength for various values of 𝑥 and fixed 

parameters of 𝑑𝑚𝑒𝑡=30 nm and 𝑑𝑠𝑖𝑐=400 nm, the 

strongest excitation occurs at the vapor angle 

𝑥𝑣=45∘ and 𝑥𝑣=60∘ for a porosity of 𝑓𝑣=0.2, 

with the maximum reflectance dip observed at 

an incidence angle 𝜃=75∘. The deepest 

reflectance dip is observed at 𝑥𝑣=60∘, 𝑓𝑣=0.2, 

and a wavelength of 12.83𝜇m. This dip 

becomes shallower for the same 𝑥𝑣=60∘ and 

𝜃=75∘ when the porosity increases to 𝑓𝑣=0.4. 

The highest frequency of the Reststrahlen band 

occurs at 𝑓𝑣=0.2, 𝑥𝑣=45∘, and 𝜃=75∘, with a 

value of 0.0023eV. As the porosity increases to 

𝑓𝑣=0.4, this frequency decreases to 0.0016eV. 

The trend of decreasing intensity of surface 

phonon-polariton (SPhP) excitation becomes 

more pronounced for 𝑓𝑣=0.6 and 𝑓𝑣=0.8. At 

𝑓𝑣=0.6, SPhP excitations are no longer 

observed for changes in 𝑥, and the Reststrahlen 

band disappears entirely. From the reflectance 

spectra at 𝑓𝑣=0.8, it is evident that SPhP 

excitations are generally absent, except at 

𝑥𝑣=60∘. Even then, at 𝜃=45∘ and 𝑥𝑣=60∘, the 

Reststrahlen bandwidth is 0.0012eV, which 

previously appeared at 𝜃=75∘ for 𝑓𝑣=0.2 and 

𝑓𝑣=0.4. Upon increasing the porosity to 𝑓𝑣=0.8, 

the position shifts to 𝜃=45∘. For comparing the 

effect of porosity on SPhP excitation within the 

reflectance spectra of the structure, variations in 

the thickness of the gold layer reveal that at 

𝑑𝑚𝑒𝑡=10 nm, the strongest excitation occurs at 

𝑓𝑣=0.2. The deepest reflectance dip is found at 

𝜃=75∘ and a wavelength 𝜆=12.52 𝜇m. The 

frequency of the Reststrahlen band reaches its 

maximum value of 0.0019eV in this region. 

Increasing the porosity to 𝑓𝑣=0.4 reduces both 

the excitation intensity and bandwidth, which 

decreases to 0.0012eV. This reduction in the 

intensity and width of the Reststrahlen band 

becomes significant as the porosity increases, 

such that at 𝑓𝑣=0.8, SPhP excitation nearly 

vanishes. Examining the reflectance spectra as 

a function of wavelength and variations in the 

silicon carbide nanocolumn thickness reveals 

that the maximum excitation intensity occurs at 

𝜃=75∘ and 𝑑𝑠𝑖𝑐=600 nm. The deepest 

reflectance dip, observed at 𝑓𝑣=0.2, 

𝜆=12.652𝜇m, and 𝑅𝑃=0.84, decreases with 

increasing porosity. The Reststrahlen band 

reaches its maximum bandwidth of 0.0018eV at 

𝑓𝑣=0.2 and 𝑑𝑠𝑖𝑐=600 nm. With increasing 

porosity, this value decreases, dropping to 

0.0014eV at 𝑓𝑣=0.4. For 𝑓𝑣=0.6 and 𝑓𝑣=0.8, no 

Reststrahlen band formation is observed. 

VI. SURFACE PHONON-POLARITON 

EXCITATION AT THE PRESENCE OF A 

HOMOGENEOUS AND ISOTROPIC 

SILICON CARBIDE DIELECTRIC LAYER 

In Fig. 15, the excitation of surface phonon-

polariton waves at the interface of a thin gold 

layer and a homogeneous, isotropic silicon 

carbide (SiC) layer was analyzed for 

𝑑𝑚𝑒𝑡=30nm. As observed in the figure, 

increasing the thickness of the homogeneous 

dielectric layer leads to deeper dips in the 

reflectance spectrum, with the deepest dip 

occurring at 𝑑𝑆𝑖𝐶=300 nm, an incident angle of 

𝜃=75∘, and 𝜆=12.88 𝜇m. The maximum 

Reststrahlen bandwidth is 0.0026eV, which is 

found in the same region. At the same 

thickness, 𝑑𝑆𝑖𝐶=300nm, reducing the incident 

light angle diminishes the Reststrahlen 

bandwidth and the depth of the reflectance dips, 

to the extent that at 𝜃=15∘ and 𝜃=30∘, no 

noticeable reflection dip or Reststrahlen band 

exists. Compared to the columnar thin-film 

structure of silicon carbide, the Reststrahlen 

band in the homogeneous layer is stronger. At 

𝜃=45∘, a shallower dip is observed in the 

reflectance spectrum of the metal-

homogeneous dielectric structure, which was 

not present in the spectrum of the metal-

inhomogeneous dielectric structure. Reducing 

the thickness of the homogeneous dielectric 

layer diminishes the depth of this second dip in 

the spectrum, initially observed at 𝜃=45∘ and 

𝑑𝑆𝑖𝐶=300nm. At 𝑑𝑆𝑖𝐶=0 nm, no dips are present 

in the reflectance spectrum, indicating that the 

presence of both the metal and dielectric layers 

is essential for surface phonon-polariton 

excitation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Reflectance spectra of the metal and silicon 

carbide thin-layer structure and thickness of 

columnar silicon carbide thin film of (a) dsic=0 nm, 

(b) dsic=100 nm, (c) dsic=200 nm, and 

(d) dsic=300 nm. 

VII. CONCLUSION 

The excitation of surface phonon-polariton 

waves at the interface of a gold thin film and 

columnar silicon carbide thin film in the 

Kretschmann configuration was investigated, 

yielding the following findings: 

The intensity of surface phonon-polariton wave 

excitation increases with increasing v . 

Excitation of surface phonon-polariton waves is 

impossible without either the metallic or 

dielectric layer. The presence of both layers is 

essential for the formation of the Reststrahlen 

band. 

The optimal thickness for the gold layer in 

metal-dielectric structure is dmet=10 nm. 

At a porosity of 0.8 in the silicon carbide thin 

film, the reflectivity spectra are entirely smooth 

and independent of variations in the thickness 

of the metallic or dielectric layers. 

Increasing the thickness of columnar silicon 

carbide thin film enhances surface phonon-

polariton wave excitation when the porosity is 

less than 0.6. 

The optimal angle of incidence for the 

excitation of surface phonon-polariton waves is 

greater than 30°. No Reststrahlen band was 

observed at incidence angles of 15° and 30°. 

The intensity of surface phonon-polariton wave 

in homogeneous and isotropic metal-dielectric 

structures is higher compared to heterogeneous 

metal-dielectric structures.  
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