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Resumen 

Los plasmones superficiales propagantes son oscilaciones 

colectivas de los electrones presentes en superficies de film 

metálica, con los cuales es posible acoplar luz de un haz incidente. 

En el siguiente trabajo, presentamos una revisión teórica soportada 

con simulaciones, de los fundamentos físicos de la resonancia de 

plasmón de superficie usando sistemas Dieléctrico/película 

Au/Dieléctrico o Dieléctrico/película Ag/Dieléctrico. Estudiamos 

las posibilidades de la implementación de un sensor de gases 

usando estos dos tipos de estructuras.  

 

Palabras clave: Plasmónica, resonancia de plasmón superficial, 

detección óptica, campo evanescente. 

 

Abstract 

The propagating surface plasmons are collective oscillations of the 

electrons present on metallic film surfaces, with which it is 

possible to couple light from an incident beam. In the following 

work, we present a simulation-supported theoretical review of the 

physical foundations of surface plasmon resonance using 

Dielectric/Au film/Dielectric or Dielectric/Ag film/Dielectric 

systems. We study the possibilities of implementing a gas sensor 

using these two types of structures. 

 

 

Keywords: Plasmonic, Surface plasmon resonance, optical 

sensing, evanescent field. 

 

 

1. Introduction 

 

 Electromagnetic waves can be confined in a space or move 

freely in the metal, if they are in isolated or continuous structures, 

these are called Localized Surface Plasmons (LSP) and 

Propagating Surface Plasmons (PSP) [1]. A plasmon corresponds 

to the collective oscillation of free electrons in a noble metal. 

Surface plasmons are collective oscillations of electrons that take 

place at the interface between two media that have dielectric 

constants of opposite signs, typically a metal (e.g. Au or Ag) and 

a dielectric (e.g. glass, air or H2O). 

The most important work to understand the nature of surface 

plasmons is possibly what was presented in the mid-20th century 

by Ritchie, who used Maxwell's equations to show that an 

electromagnetic wave (with transverse magnetic or p-type 

polarization) can exist and confined to an interface between a 

metal and a dielectric [2], the amplitude of this decays 

exponentially towards the interior of the dielectric, the length of 

the decay wave depends on the wavelength of the incident field 

and the optical properties of the metal. As a consequence, the 

excitation will largely depend on the dielectric constant of the 

medium [3]. Surface plasmon oscillations can be excited by an 

electrical (electrons) or optical (light) stimulus. However, the 

excitation cannot be done by directly influencing light on the 

metal surface because the photon wave vector is always smaller 

than that the plasmons ones, the plasmon scattering curve will 

always be below the curve of dispersion of the photons 

propagating in the dielectric and for the plasmonic excitation to 

take place it is necessary that both wave vectors are equal. To 

meet the resonance condition, different techniques have been 

used, e.g. Otto’s configuration or Kretschmann’s configuration 

[4]. 

The plasmonic resonance sensors, they essentially measure 

changes in the refractive index in the medium close to the metal 

surface that translates into a change in the resonance angle [3]. 

Therefore, knowing the excitation conditions of surface 

plasmons, the (effective) thickness can be obtained given the 

refractive index, or vice versa. These conditions are fulfilled for 

any metal that allows the free behavior of electrons, for example, 

gold, silver, copper or aluminum. However, gold or silver film is 

most often used. 
 

1.1 Propagating surface plasmons in metallic systems[30] 

Plasmonics is a branch of optics that has been growing in 

recent years and its study is based on the optical properties of 

noble metals in nanometric dimensions. This growth can be 

understood from the advances in nanoscience and 

nanotechnology, especially in the implementation of new 
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methods of fabrication and characterization of samples at the 

nanometric scale. 
 

1.2 Optical properties of noble metals[30] 

 
Noble metals such as gold and silver are known for their 

particular dielectric properties that allow them, among other 

things, to reflect light very efficiently in the visible region of 

the electromagnetic spectrum. This and other properties have 

their origin in the presence of free conduction electrons that 

move in a crystal of positive ions that give charge neutrality. 

This system of conduction free electrons can, under certain 

conditions, behave like a plasma of free electrons and its 

optical response is what governs the optical behavior of the 

metal. The description of this system in first approximation 

is done assuming free electrons not interacting with each 

other, according to the Drude’s model. [5,6] In this sense, 

when an electromagnetic wave strikes a metallic film, the 

following phenomena occur: reflection, propagation and 

transmission. [7, 8]  

 
The optical properties of a material depend on the behavior 

of the electrons within it in the presence of an electric field. 

In the Drude’s model, the metal is modeled as a cloud of free 

electrons, with a certain density N and mass of the electron 

subjected to an external force produced by the electric field 

and damping due to the collisions between the electrons. 

Drude's model allows us to visualize that the dielectric 

function of a metal is composed of a real and an imaginary 

part. A great advantage of using the Drude’s model is that the 

resolution of Maxwell's equations can be incorporated 

through solutions by numerical methods. The equation 

describing the motion of the electron in the material can be 

written as: 

𝑚
𝑑2𝑥

𝑑𝑡2 + 𝛽
𝑑𝑥

𝑑𝑡
+ 𝜅𝑠𝑥 = −ⅇ𝐸𝑥, 

(1) 

where m and e are the mass and charge of the electron, β is 

the damping coefficient that describes the energy loss due to 

scattering, 𝜅𝑠 is a constant that describes the restoring force 

as a consequence of the electrostatic attraction between the 

atom and the electron. In the case of dielectric materials, 

electrons fill the valence band and only low-energy 

transitions between bands are allowed. If the incident field is 

assumed to be less than that required to induce an electronic 

transition, the material is directly described by Eq.(1). 

Solving this equation it is possible to find the real part (𝜀1) 

and the imaginary part (𝜀2) of the dielectric function, for both 

cases (dielectrics and metals) according to the following 

procedure: [6,9] given that the electric field 𝐸𝑥 it is harmonic, 

𝐸𝑥 = 𝐸𝑜ⅇ(−𝑖𝜔𝑡), Eq. (1) can be written as: 

 
𝑑2𝑥

𝑑𝑡2 + 𝛾
𝑑𝑥

𝑑𝑡
+ 𝜔𝑜

2𝑥 =
−ⅇ𝐸𝑜ⅇ−𝑖𝜔𝑡

𝑚
, 

(2) 

Where 𝛽 = 𝛾𝑚, 𝜅𝑠 = 𝜔𝑜
2𝑚, 𝜔𝑜 corresponds to the resonance 

frequency of the electrons bound to the dielectric medium, ω 

is the angular frequency and γ is the damping factor. To find 

the solution, we assume a solution of the form: 

𝑥(𝑡) = 𝐴ⅇ−𝑖𝜔𝑡                                              (3) 
Substituting Eq. (3) in Eq. (2) and solving, we have: 

𝐴 = −
ⅇ𝐸𝑜

𝑚

1

𝜔𝑜
2 − 𝜔2 − 𝑖𝛾𝜔

 
(4) 

And 

𝑥(𝑡) = −
ⅇ𝐸𝑜

𝑚

ⅇ−𝑖𝜔𝑡

𝜔𝑜
2 − 𝜔2 − 𝑖𝛾𝜔

  (5) 

The displaced electrons contribute to the macroscopic 

polarization 𝑃 . Therefore, the total polarization per unit 

volume is: 

𝑃 =
𝜔𝑝

2

𝜔𝑜
2 − 𝜔2 − 𝑖𝛾𝜔

𝜖𝑜𝐸𝑜ⅇ−𝑖𝜔𝑡 
 (6) 

Where 𝜔𝑝 is the plasma frequency, n is the electron density, 

and 𝜖0 is the dielectric constant of vacuum. 

𝜔𝑝
2 =

𝑁ⅇ2

𝑚𝜖𝑜
 (7) 

Polarization is related to the electric field through electrical 

susceptibility χ, 
𝑃 = 𝜒𝜖𝑜𝐸                                             (8) 

Then you have: 

𝜒 =
𝜔𝑝

2

𝜔𝑜
2 − 𝜔2 − 𝑖𝛾𝜔

 
         (9) 

Then the dielectric function can be written as: 

𝜀(𝜔) = 1 + 𝜒 = 1 +
𝜔𝑝

2

𝜔𝑜
2 − 𝜔2 − 𝑖𝛾𝜔

= 𝜀1(𝜔) + 𝑖𝜀2(𝜔)    (10) 

where the real and imaginary parts for dielectrics are given 

by: 

       𝜀1(𝜔) = 1 +
𝜔𝑝

2(𝜔𝑜
2−𝜔2)

(𝜔𝑜
2−𝜔2)2+𝛾2𝜔2                              (11) 

𝜀2(𝜔) =
𝜔𝑝

2𝛾𝜔

(𝜔𝑜
2−𝜔2)2+𝛾2𝜔2                             (12) 

For metals, 𝜔0 = 0 and substituting this value in Eqs. (11) 

and (12), the real and imaginary parts are modeled as follows:   

𝜀1(𝜔) = 1 −
𝜔𝑝

2

𝛾2 + 𝜔2 
  (13) 

𝜀2(𝜔) =
𝜔𝑝

2𝛾

𝜔(𝜔2+𝛾2)
                                   (14) 

In Fig.1 the real and imaginary parts of the dielectric function 

are represented graphically, for the parameterization the 

expression was used: 

𝜀 = 1 +
𝐶1

1 − 𝑋2 − 𝑖𝐶2𝑋
 (15) 

Where 𝐶1 =
𝑛2ⅇ2

𝑚𝜖𝑜𝜔𝑜
= 0.5, 𝐶2 =

𝛾

𝜔𝑜
= 0.1; Eq.(15) is the 

same Drude’s expression but expressed in terms of C1, C2 y 

X. From this figure it can be seen that the resonant absorption 

is reflected in the imaginary part of the dielectric function as 

an absorption peak centered at the resonance frequency and 

with a width proportional to the damping. 
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Figure 1.  Real and imaginary part of the dielectric function, with values: 

𝑁2ⅇ2

𝑚𝜖𝑜𝜔𝑜
= 0.5  and  

𝛾

𝜔𝑜
= 0.1. 

For low frequencies (below resonance), the real part tends to 

a constant that reflects the fact that the mechanism in 

question is able to respond to the field and contribute to the 

polarization of the medium. When there is an approximation 

to the resonance frequency, the real part has a maximum that 

reflects the resonant increase in displacement. Above the 

resonance frequency, a negative zone appears (for which the 

refractive index increases with frequency). These zones are 

called normal scattering zones, where waves cannot 

propagate through the medium. That is, the negative real part 

of the dielectric function implies that the material will 

prevent the penetration of the wave, resulting in a strong 

reflectivity. Only around the resonance frequency is there an 

anomalous dispersion zone in which the derivative of the 

normal part of the dielectric constant with respect to 

frequency is negative. 
 

 

1.3 Types of surface plasmons 
 

Plasmonics is a branch of nanophotonics that is based on the 

study of interaction processes between electromagnetic 

radiation and free conduction electrons in metal-dielectric 

interfaces. The behaviors observed as a consequence of this 

interaction can be interpreted based on the existence of 

plasmons present in a Drude-type metal that have 

characteristics related to the metal, its geometry, its 

dimensions, the wavelength of illumination and the 

surrounding medium. The foundations of plasmonics are laid 

at the beginning of the 20th century with theoretical works 

by A. Sommerfield [10] and experimental observations by 

R.W. Wood [11], advances in fabrication techniques at 100-

nm scales, high-sensitivity characterization methods, the 

substantial increase in computing power of today's 

computers, and their wide potential for applications have led 

to a widespread expansion in interest in this topic. [12] There 

are two types of surface plasmons: propagating and localized. 

The propagating types, denoted as SPP, are produced at the 

flat boundary between a metal and a dielectric, as a 

consequence of the collective oscillation of the free electrons 

of the metal close to its surface. [6,13] This collective 

oscillation generates an electromagnetic wave that 

propagates along the interface between both media, 

generating a very intense electromagnetic field, whose 

maximum intensity is located at the metal-dielectric interface 

and decays exponentially on both sides. this. Another type of 

surface plasmons are localized surface plasmons (LSPs). 

This type of plasmons are generated in metallic 

nanostructures (nanoparticles or ordered metallic structures, 

among others). [7, 9, 14] 
 

 

1.3.1 Localized surface plasmons 
 

As its name indicates, in this case the LSPs does not spread 

but it is localized in the region of the nanostructure. [14] The 

formation of polarizing charges on the nanoparticle surface 

and the Coulomb attraction between electrons and metal 

cations act as a restoring force for electrons when they are 

unbalanced. An amplified resonant field is located within the 

nanoparticle, resulting in strong light scattering and near-

field enhancement at the metal surface. LSPs have the 

characteristic of being sensitive to the size and shape of the 

nanoparticle or nanostructured metal surface, which makes it 

possible to adapt their resonance energy. [9]  
 

1.3.2 Propagating surface plasmons 
 

In an infinite and isotropic conductor, the concept of plasmon 

can be understood from a classical point of view as collective 

oscillations of the electrons in the metal. [5,6] In the case of 

a metallic interface, the electrons oscillate creating a 

variation in the charge density. From Maxwell's equations 

[16] it can be found that the possible range of oscillation 

frequencies varies from ω = 0 to 𝜔 = 𝜔𝑝/√2, that is, surface 

plasmons are excited at frequencies below ωp.  In Fig.2 the 

main characteristics of the propagating surface plasmon are 

shown: a) diagram of the distribution of charge and electric 

field associated with the propagating surface plasmon; b) 

distribution of the electric field perpendicular to the surface 

(Ez). 𝛿𝑚 and 𝛿𝑑  are the penetration length of the electric field 

in the metal and dielectric, respectively. These longitudinal 

surface charge oscillations give rise to an electric field, which 

decays exponentially with distance perpendicular to the 

surface. This corresponds to an evanescent field with a decay 

length similar to the wavelength of light. In metals, the 

surface plasmon exists as charge fluctuations with dimension 

𝛿𝑚, which for a wavelength in the near infrared is of the order 

of 20 nm (this value changes as the frequency increases or is 

blue shifted). [17, 18] 

 

Considering the dielectric constant 𝛿𝑚 for the metal and 𝛿𝑑 

for the dielectric, the moment along the surface of the 

propagating surface plasmon is found [19]: 
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𝜅 = (
𝜔

𝑐
) √

𝜖𝑚𝜖𝑑

𝜖𝑚 + 𝜖𝑑
 (16) 

This solution is given for an electromagnetic wave 

interacting with the metal surface.  

 

 
 

(a) 
 

(b) 

Figure 2. Setup for generation of surface plasmons. 

Fig.3 are two illustrations that represent two positions of 

angle of incidence of the light beam, one where there is no 

plasmon excitation (Fig.3(a)) and the second position when 

the precise angle of plasmon excitation is adjusted (Fig.3(b)), 

which will be observed just when the reflectivity drops 

sharply, due to the strong absorption of the light beam, a 

consequence of the resonance between the plasmon and the 

evanescent wave. 

 

Fig.4 shows the scattering relations for the propagating 

surface plasmon (solid red curve), for light in vacuum 

(dashed black line), for light in glass (dashed magenta line). 

The dotted green line represents the maximum value that the 

SPP dispersion can reach. It can be seen from the graph that 

SPPs do not couple directly to an electromagnetic field 

incident from a vacuum, because the wave vector of light 

propagating in air is very small compared to the wave vector 

of the plasmon. 

 
(a) 

 
(b) 

Figure 3. Setup for generation of surface plasmons. 

To solve this, the prism coupling method is necessary, which 

has been widely used to study the properties of SPPs. [17] 

With this method the light is reflected internally from the 

base of the glass. In this case, the electromagnetic field inside 

the glass has a higher momentum than in a vacuum, which 

can excite an SPP mode (see the point on the graph that 

indicates the coupling between light and SPP 

modes).[9,18,20] To simulate the SPP scattering relationship, 

Eq.(16) vs corresponding ω was used and the scattering 

relationship for light in vacuum and glass was used with the 

expression ω = ck, c is the speed of light in a vacuum and k 

is the wave vector of light. For larger values of k, the SPP 

spread tends to a constant maximum value of 𝜔𝑝/√2  

becoming independent of k. 

 
Figure 4. Scattering relation for propagating surface plasmons (red line), for 

light in vacuum (black dotted line), and for light in glass (magenta dotted 
line). 

1.4 Resonance of propagating surface plasmons 
 

As mentioned above, surface plasmon resonance is a physical 

phenomenon that occurs when free electrons in a metallic 

film, usually Au or Ag, are excited by the incidence of 

polarized light. [21, 22] There are two configurations for this 

purpose, one by Otto and the other by Kretschmann. 

 

1.4.1 Otto’s configuration 

 

In this configuration a prism with high refractive index 𝑛𝑝 is 

interconnected with a dielectric-metallic waveguide 

consisting of a dielectric thin film with refractive index 𝑛𝑑 

(𝑛𝑝< 𝑛𝑑) and thickness d and a semi-infinite metal with 

constant dielectric 𝜖𝑚. In this geometry, as shown in Fig.5, a 

light wave incident on the prism-dielectric film interface at 

an angle of incidence larger than the critical angle of 

incidence for these two media produces an evanescent wave 

propagating along along the interface between the prism and 

the dielectric film. It is known that the nature of the 

evanescent wave has constant propagation along the interface 

and that it decays exponentially in the dielectric medium 

adjacent to the metallic film. Both characteristics of the 

evanescent wave are similar to those of a surface plasmon 

wave, therefore, there is a great possibility of interaction 

between these waves. [23, 24] However, this configuration is 

difficult to realize in practice, since the metal must be within 

∼200 nm of the prism surface. This approach has been found 

to be very useful for studying single crystal metal surfaces 

and adsorption on them. [24] 
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Figure 5. Modified Otto’s optical configuration 

for the excitation of surface plasmons at the 
Dielectric2-Metal interface. Dielectric 1 is a 

cylindrical lens. 

1.4.2 Kretschmann’s configuration 
 

In this configuration, a prism with a high refractive index 𝑛𝑝 

is interconnected with a metal-dielectric waveguide that is 

formed by a metallic film with dielectric constant 𝜖𝑚 and 

thickness d and a dielectric semifinite with a refractive index 

nd. A resonance condition is that the refractive index of the 

dielectric to be measured is less than the refractive index of 

the prism  𝑛𝑑 < 𝑛𝑝. This modified configuration is shown in 

Fig.6. 
 

When a light wave propagating in the prism strikes the 

metallic film, part of the light is reflected back into the prism, 

the metallic film acting as a mirror, and part propagates in the 

metal in the form of a wave inhomogeneous electromagnetic. 

[23, 25] When the wave incident through the prism, then 

under conditions of total internal reflection, as the angle of 

incidence 𝜃𝑖 changes, a certain angle is found at which the 

reflectivity decays. This decay is due to the fact that the 

photons of the light with electromagnetic polarization TM 

can interact with the free electrons of the metallic film, 

inducing an oscillation in the form of a wave of the free 

electrons, thus reducing the intensity of the reflected light. 

This angle of low reflectivity is known as the surface 

plasmon resonance angle and depends on the optical 

characteristics of the system, such as the refractive indices of 

the materials on both sides of the metal. [6, 23] 
 

In order for this reflectivity decay to take place, the 

inhomogeneous wave decays exponentially in a direction 

perpendicular to the prism-metal interface and it is called an 

evanescent wave. If the metal is thin enough (∼50 nm for 

visible light and part of the near infrared of the 

electromagnetic spectrum), the evanescent wave penetrates 

through the metal film and couples with a surface plasmon at 

the outer boundary of the methyl film. [23] 
 

 
Figure 6. Modified Kretschmann’s optical 

configuration for the excitation of surface 
plasmons at the Metal-Dielectric2 interface. 
Dielectric 1 is a cylindrical lens. 

 

1.5 Fresnel’s equations in multilayer systems 
 

To perform calculations of the reflected intensity at different 

angles of incidence, it is necessary to use the Fresnel 

equations in multilayer systems. These equations allow to 

simulate the resonance of the propagating surface plasmons. 

Fig.7 shows a schematic of the electromagnetic problem 

associated with the reflection and transmission of a wave 

from medium i to medium j. The parallel component of the 

wave vector 𝜅𝑥 is conserved when passing from one medium 

to another and can be calculated as: 

𝜅𝑥𝑖 = 𝜅𝑥𝑗 = 𝜅𝑜𝑛𝑖sin(𝜃𝑖) (17) 

Where 𝜅𝑜 = 2𝜋/𝜆 is the module of the wave vector in 

vacuum and 𝑛𝑖 = √𝜖 the refractive index of medium i. The 

𝜅𝑧 component in each medium can be obtained from the 

Pythagorean theorem. 

 

𝜅𝑧𝑖 = √𝜅𝑜
2𝑛𝑖

2 − 𝜅𝑖
2 (18) 

Taking into account Snell's law 𝑛𝑖sin(𝜃𝑖) = 𝑛𝑗sin(𝜃𝑗) in 

combination with the calculated components of the wave 

vector in each medium, the Fresnel’s equations for the two 

types of polarization can be derived: TM polarization, if the 

B field is perpendicular to the plane of incidence; TE 

polarization, if the E field is perpendicular to the plane of 

incidence. 
 

For polarization TE: 

𝑟𝑖𝑗
𝑠 =

𝜅𝑧𝑖−𝜅𝑧𝑗

𝜅𝑧𝑖+𝜅𝑧𝑗
,                        (19) 

𝑡𝑖𝑗
𝑠 =

2𝜅𝑧𝑖

𝜅𝑧𝑖+𝜅𝑧𝑗
,                         (20) 

For polarization TM: 

𝑟𝑖𝑗
𝑝 =

𝑛𝑗
2𝜅𝑧𝑖−𝑛𝑖

2𝜅𝑧𝑖

𝑛𝑗
2𝜅𝑧𝑖+𝑛𝑖

2𝜅𝑧𝑗
,                            (21) 

𝑡𝑖𝑗
𝑝 =

2𝑛𝑖
2𝑛𝑗

2𝜅𝑧𝑖

𝑛𝑗
2𝜅𝑧𝑖−𝑛𝑖

2𝜅𝑧𝑗
,                           (22) 
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From these coefficients, assuming that there is no 

absorption, it is possible to calculate the intensity of the 

transmitted (T) and reflected (R) wave as: 

𝑅𝑥 = 𝑟𝑖𝑗
𝑥2 

(23) 

                                                 𝑇𝑥 = 1 − 𝑅𝑥 
(24) 

Where 𝑥 corresponds to either TM or TE polarization. 

Using the Fresnel’s equations, it is possible to do the 

calculation for a problem where there are more than two 

media. For this, the three-media problem is first solved as 

shown in Fig.8, where the only relevant spatial magnitude is 

the thickness d of media 1. 

 
(a). TM polarization. 

 
(b). Wave vector diagram on the plane of incidence. 

Figure 7. Scheme of the electromagnetic problem of transmission and 

reflection of a wave through an interface between two materials. 

 
Figure 8. Diagram of the multiple reflections and interferences produced by 

the incidence of a plane wave in a system of three material media. 
 

In this problem it is necessary to take into account the infinite 

reflections between the two interfaces and their respective 

transmissions which, in order to calculate the total reflected 

and transmitted waves, are computed as a geometric series 

whose sum is reduced to a simple formula. Using the 

Fresnel’s coefficients, the amplitude of the first reflection is 

𝐵 = 𝑟01𝐴 and the transmission is 𝑡01𝐴. By considering the 

reflection of the transmitted wave at the second interface and 

its subsequent transmission at the first interface, the 

amplitude can be calculated of the partial wave C as: 

                           𝐶 = 𝑡01𝑟12𝑡10ⅇ(2𝑖𝜅𝑧1𝑑)𝐴 
 (25) 

where the factor ⅇ(2𝑖𝜅𝑧1𝑑) corresponds to the phase shift of 

the wave as a result of passing through medium 1. 

Similarly, the amplitude of the partial wave D can be 

calculated as: 

𝐷 = 𝑡01𝑟12
2 𝑟10𝑡10ⅇ(2𝑖𝜅𝑧1𝑑)2

𝐴 
(26) 

and finally, the j-th partial wave can be calculated as: 

                   𝑗𝑚𝑎 = 𝑡10𝑡01𝑟12
𝑗

𝑟10
𝑗−1

ⅇ(2𝑖𝜅𝑧1𝑑)𝑗𝐴 
(27) 

Adding all the partial waves and dividing by the amplitude A 

of the incident wave, the effective Fresnel’s coefficient 𝑟02 

for the three-half problem can be obtained as: 

 

𝑟02 = 𝑟01 + 𝑡01𝑡10𝑟12ⅇ(2𝑖𝜅𝑧1𝑑) ∑ 𝑟12
𝑗

𝑟10
𝑗∞

𝑗=0 ⅇ(2𝑖𝜅𝑧1𝑑)𝑗    (28) 

 

Replacing the series by its sum, a simple form for the 

Fresnel’s coefficient 𝑟02 is obtained: 

 

𝑟02 = 𝑟01 +
𝑡01𝑡10𝑟12ⅇ(2𝑖𝜅𝑧1𝑑)

1−𝑟12𝑟10ⅇ(2𝑖𝜅𝑧1𝑑)                           (29) 

 

Then, applying the known relations for the Fresnel’s 

coefficients  𝑟𝑖𝑗 = −𝑟𝑗𝑖 and 1+r=t [31], the effective 

reflection Fresnel coefficient can be expressed as: 

𝑟02 =
𝑟01+𝑟12ⅇ(2𝑖𝜅𝑧1𝑑)

1+𝑟01𝑟12ⅇ(2𝑖𝜅𝑧1𝑑)                      (30) 

 

and the transmission as: 

𝒕𝟎𝟐 =
𝒕𝟎𝟏𝒕𝟏𝟐𝒆(𝟐𝒊𝜿𝒛𝟏𝒅)

𝟏+𝒓𝟎𝟏𝒓𝟏𝟐𝒆(𝟐𝒊𝜿𝒛𝟏𝒅)
                    (31) 

 

2. Resonance of propagating surface plasmons 
 

Surface plasmon resonance is the resonant oscillation of 

conduction electrons at the interface between positive and 

negative permittivity material stimulated by incident light. 

The most efficient way to generate the propagating surface 

plasmons is the Kretschmann’s configuration. A high 

refractive index prism is covered at its base with a metal film 

and the propagating surface plasmons are excited in the metal 

film by the mechanism of attenuated total reflection. The 

field of propagating surface plasmons decays exponentially 

below and above the limit, and the coincidence of the 

resonance condition, which is extremely sensitive to changes 

in the refractive index of the surrounding medium, is 

accompanied by a drop in power carried by the reflected light 

wave. Consequently, the surface plasmon resonance 
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phenomenon is manifested by changes in the intensity, phase, 

resonant angle, or resonant wavelength of the reflected light 

wave. Surface plasmon resonance is the fundamental 

principle of many biosensor applications. The 

Kretschmann’s configuration is used, because in said 

configuration a coupling prism is used through which a light 

beam with TM polarization is incident that can be coupled 

with the surface plasmon present in the metal-dielectric 

interface due to to the excitation of the free electrons present 

on the surface of such metal, especially Au or Ag. The 

propagating surface plasmons depend on the polarization 

mode. Some simulations are carried out that correspond to 

reflectivity maps with TM and TE polarization to show the 

resonance of propagating surface plasmons (see Fig.9).  

 

2.1 Substrates used for propagating surface plasmon 

resonance 

 

In the Kretschmann’s configuration a coupling prism is used, 

for the present work a prism made of Bk7 glass is used. BK7 

glass is one of the basic materials for the manufacture of 

optical details for lasers in the visible and near-infrared 

range. The refractive index of BK7 glass is 1.515 for a 

wavelength of 633 nm, which are the most used parameters 

in the simulations of this work. The metallic film is deposited 

on the BK7 glass for the respective tests. The film is generally 

adhered to the glass using the Spputering technique in which 

it is deposited in a controlled manner in the order of nms. The 

substrates used in the Kretschmann’s configuration are of a 

commercial type, the company (Platypus Technologies) is in 

charge of manufacturing said substrates. A BK7 glass slide 

(Fisher Scientific total area 400 𝑚𝑚2) is used as a substrate. 

[27] Glass slides are originally 0.1 𝑚𝑚 thick, however they 

are too brittle to work with so it is convenient to use 0.5 𝑚𝑚 

thick slides for the substrate. [27]  

 

Most of the companies that manufacture the samples for the 

surface plasmon resonance by the Kretschmann’s 

configuration mainly use the Sputtering technique. There are 

various methods of film deposition which is a vacuum 

technology for applying coating of pure materials to the 

surfaces of various objects. Coatings typically range in 

thickness from Angstroms to microns and can be single 

material or multi-material in a layered structure. [27] 

 

2.1.1 Propagating surface plasmons and their dependence on 

polarization 

 

To study the propagation of electromagnetic waves with TE 

and TM polarizations when propagating in a metal-dielectric 

interface, the wave equations must be satisfied by the fields 

that propagate in the system. For this it is assumed that the 

electromagnetic wave propagates in a single direction and 

also the wave propagates at the interface of the two media, so 

it can be defined that the dielectric function only varies when 

the medium changes, that is, that ε= ε(z). [28] 

 

In Fig.9 the reflectivity maps for the TM and TE polarizations 

are shown. In the reflectivity maps it is easy to see how the 

plasmons propagate on the surface and the angle of incidence 

where the excitation occurs. When a beam of light with TM 

polarization is incident on the surface of a metal film, there 

is a component of the electric field parallel to the surface 

which allows the excitation of the propagating surface 

plasmon, the thin line indicated in the Fig.9(a),(c) indicates 

the presence of the surface plasmon. 

  

 
(a). Plasmon resonance 

 
(b). No plasmon resonance 

 
(c). Plasmon resonance 

 
(d). No plasmon resonance 

Figure 9. Reflectivity maps for the TM (a) and TE (b) polarizations. The 

scale of values corresponds to the following: red color at high reflectivity 
(low absorption) and blue color at low reflectivity (high absorption). The 

thin line within the reflectivity map indicates the existence of the 

propagating surface plasmon. Plasmon RA: Plasmon Resonance Angle. 

 

To study the behavior of propagating surface plasmons in a 

metallic film using the Kretschmann’s configuration with TM 

and TE polarizations, the following parameters were taken 

into account: a 50 𝑛𝑚 metal film (Au or Ag), the dielectric 

function for the metal film, a BK7 glass prism and 3 air as 

medium. The Fresnel’s coefficients Eq.(30)-(33) were used 

for these simulations. 

𝑡12 =
2√𝜇2𝜖1

√𝜇2𝜖1+√𝜇1𝜖2
                                (32) 

 

𝑟12 = √𝜇2𝜖1−√𝜇1𝜖2

√𝜇1𝜖2+√𝜇2𝜖1
                                (33) 

For the reflectivity curve with TM polarization, the color 

scale corresponds to: red color for maximum reflectivity 

values (minimum in absorption) and blue color for minimum 

reflectivity values (maximum in absorption). In the TE 

polarization, Fig.9.(b),(d) it is considered that the magnetic 

field is parallel to the plane of incidence, therefore when the 

metallic film is illuminated with TE polarization there is no 

component of the electric field that propagates along the 

surface of the film, therefore there is no existence of surface 

plasmons in that direction. In the reflectivity map, a range of 

incidence angles of 0-90° was considered. 
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The Fig.10 are profiles taken from Fig.9(c). It can be seen 

from the simulation the presence of a minimum in intensity 

that corresponds to the resonance of the propagating surface 

plasmon. 

 

A 50 nm Au film was used, with BK7 prism with dielectric 

constant 𝑛𝑑 = 1.523 and 𝑎= 1. The exact positions that have 

both 𝜃𝑐 (critical angle) and 𝜃𝑠𝑝 (surface plasmon angle) are 

also important at the time of plasmonic excitation. In the 

results obtained, it can be seen that for angles of incidence 

greater than the critical angle 𝜃𝑐, the reflectivity is less than 

in the case of total internal reflection due to a certain 

absorption in the metal and keeps decreasing until it 

approaches the coupling angle with the propagating surface 

plasmons, where the reflectivity takes the minimum value. 

As mentioned in previous sections, the propagating surface 

plasmons generate an optical field at the metal-dielectric 

interface which has its maximum intensity at said interface 

and decays exponentially towards the interior of the 

dielectric. 

 
Figure 10. Theoretical model of the reflectivity curves for a 50 nm Ag film, 
for a BK7 prism. There profiles are taken from Fig.9(c). 

 

This also happens in the case of total internal reflection. Due 

to the resonance process that exists between the incident 

electromagnetic field and the propagating surface plasmons, 

there is an increase in the intensity of the evanescent field on 

the surface of the metallic film. 

 

Fig.11 shows a calculation of reflectivity as a function of the 

angle of incidence in the Kretschmann’s configuration using 

a 50 nm film for both Au and Ag. As it can be seen, the 

reflectivity remains very close to unity except for the angle 

where the incident light beam couples with the propagating 

surface plasmon, then the reflectivity drops sharply creating 

a very narrow valley and reaching zero where the surface 

plasmon excitation angle for Au is ∼43.6° while for Ag it is 

∼42.7°. It can also be seen that the plasmon obtained for Ag 

is narrower in resonance than the Au plasmon, because Au is 

more chemically stable than Ag. 

 
Figure 11. Reflectivity curve: for Au and Ag as a function of the angle of 

incidence with TM polarization and illumination λ = 633 nm on a 50 nm Au 
and Ag film from a BK7 prism. 

2.1.2 Propagating surface plasmons and their dependence on 

the thickness of the metallic film 

 
(a). Au film 

 
(b). Ag film 

Figure 12. Reflectivity curve for different thicknesses of the metallic film: 

a) for Au and b) for Ag. Air was used as medium 3, metallic film thicknesses 
of 45, 50, 55 and 60 nm were used for both metals, a prism BK7, the 

dielectric function used for the Au film corresponds to ε = −11.42 + 1.186i 

for a wavelength of λ = 633nm. For the Ag film, the dielectric function used 
corresponds to ε = −16.13 + 0.7494i for λ = 633 nm. 

 

Fig.12 shows a calculation of reflectivity vs the angle of 

incidence, for various thicknesses of the metallic film. In a) 

the results for an Au film and in b) for an Ag film are shown. 

For the simulation, the parameters used in previous sections 

were used. 

 

It can be seen that there is stability in the angle at which the 

plasmon resonance is generated, but the existence of a more 
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efficient configuration than the others to generate surface 

plasmons can be seen, that is, a thickness where the 

reflectivity presents a minimum more pronounced than the 

others, in the case of Au and Ag the optimum thickness is 50 

nm. When the thickness of the metallic film is increased, the 

following situations occur: the plasmon resonance in the Au 

film becomes wider while for the plasmon of the Ag film the 

same width is maintained, in the same way that for in the Au 

film, the plasmon resonance undergoes a shift for larger 

angles and the displacement of the plasmon resonance in the 

Ag film is minimal. 

 

2.1.3 Dielectric refractive index dependent propagating 

surface plasmons 

 

Fig.13 shows a calculation of reflectivity vs the angle of 

incidence by varying the refractive index of the dielectric 

medium: Fig.13.(a) Reflectivity curve for a plasmon with a 

propagating surface for which the dielectric medium is air; 

Fig.13.(b) the reflectivity curve for a propagating surface 

plasmon in which the dielectric medium is water. As it can 

be seen in Fig.13.(a), the resonance angle of the surface 

plasmon for the Au film whose dielectric medium is air is 

43.8°, while the resonance angle for the propagating surface 

plasmon of the Au film whose dielectric medium is water is 

71.82°, producing an increasing change of 28.21° in the angle 

of maximum resonance. What can be deduced from the 

reflectivity curves of these plasmons is that the surface 

plasmon resonance is susceptible to changes in the refractive 

indices of the dielectric media, for which this principle can 

be used for the operation of a molecule sensing. 

 
Figure 13. Reflectivity curves for an Au film as a function of the angle of 
incidence whose dielectric medium 3 is air or water. 

 

Likewise, in Fig.14 when the refractive indices of medium 3 

(air) varied by 0.5%, there was an angular shift in each of the 

reflectivity curves of 0.3°. Verifying with this simulation that 

a good sensitivity of the technique is observed using the 

Kretschman’s configuration, which if the (air) is taken into 

account as medium 3, this technique can serve as an operating 

principle for gas sensors.  

 
Figure 14. Reflectivity as a function of the angle of incidence of an Au film 

with air dielectric medium 3, where this refractive index was varied at 

intervals of 0.5%. 

 

These gas sensors or olfactory biosensors are single-sensor 

devices capable of detecting gases that consist of a receiver 

coupled to a transducer and a data processing system. The 

propagation of SPR with coupling configurations using a 

prism between them the Kretschmann’s configuration are 

very efficient for such applications in the detection of volatile 

gases in either liquid or gaseous form. [29] 

 

 

3.  Conclusions 
 

In the graphic representation of the real and imaginary parts 

of the dielectric function, the expression of the Drude’s 

model was parameterized, where it is observed that the 

resonant absorption is reflected in the imaginary part of the 

dielectric function. When there is an approximation to the 

resonance frequency, the real part has a maximum that 

reflects the resonant increase in displacement. The negative 

real part of the dielectric function implies that the material 

will prevent wave penetration resulting in strong reflectivity. 

When simulating the dispersion relations for the propagating 

surface plasmon, for the light in a vacuum and for the light in 

the glass of the graph obtained, it was possible to verify that 

the propagating surface plasmons do not directly couple to an 

electromagnetic field incident from the vacuum, hence the 

need to use a coupling prism with a high refractive index 

using the Kretschmann’s configuration.  

 

In this investigation, it was verified that the resonance of 

surface plasmons depends on the TM and TE polarization; in 

the reflectivity maps of Au and Ag, for example, it is 

observed that only in the TM configuration it is possible to 

generate the excitation of the surface plasmon, while when 

the electric field is polarized perpendicularly to the plane of 

incidence (TE) the excitation does not occur of the surface 

plasmon. In the Kretschmann’s configuration, the 

dependence on the thickness of the metal film, it was found 

that the surface plasmon resonance is highly sensitive to this 

parameter; e.g. for Au the optimal thickness found was 50 nm 

and for Ag and Au. As the thickness of the metal film 

increases, e.g. using Au, the mean width of the valley of the 
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reflectivity curve increases, while using Ag film the mean 

width of the valley of the reflectivity curve remains constant. 

Another aspect studied and to highlight is the dependence on 

the wavelength of light, finding an important difference 

between using Au or Ag; in the first case the SPR is presented 

in a bandwidth of ~ 662 nm to 1000 nm; while using Ag, the 

SPR was observed in a bandwidth of ~ 400 nm to 1000 nm.  

 

Regarding the dependence of the refractive index of medium 

3, it was found that minimal variations of the refractive index 

(e.g. 0.5%) cause a detectable shift (0.3°) to occur in the 

resonance angle of the surface plasmon; it was confirmed that 

the Kretschmann configuration can be used in the 

construction of olfactory sensors or to monitor the purity or 

changes in liquid substances.  With this study we want to 

show the real potentialities of using the SPR phenomenon in 

the construction of highly sensitive optical sensors. 
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