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ABSTRACT 

In this paper, we propose a new structure for the 

plasmonic waveguide to optimize the nonlinear optical 

effect of the second harmonic generation (SHG). For 

this purpose, we use a layer of graphene grating and 

spherical and elliptical plasmon polariton nanoparticles 

made of gold and silver. The number, location and 

material of nanoparticles as well as the number of 

graphene layer gratings are optimized to achieve the 

highest possible nonlinear effect. The simulation results 

showed that the optical power of SHF wave and peak 

optical power of SHF is increased noticeably using 

grating layer of graphene along with optimized 

plasmon polariton nanoparticles.  

 

Keywords: SHG, MGIM, plasmonics, Graphene, grating, 

asymmetric structure 

 

 

1.    INTRODUCTION 

With the approach of technology to the integration of optical 

electronic circuits, construction problems and phenomena that 

helped prevent further compression of the structure, has led to 

the use of plasmonic structures and plasmonic waves to be 

studied and used by researchers. These nanostructures are 

composed of metal and dielectric and their dimensions are 

below the excitation wavelength, i.e. the wavelength of the 

beam that excites the plasmonic waves [1]. Plasmonics is 

based on the process of interaction of electromagnetic waves 

and conducting electrons in nanoscale metals. Using nanoscale 

(or plasmonic) optics, one can step beyond the limits of light. 

In nano-plasmonics, researchers focus rays at the nanoscale by 

converting free photons into stabilized charge fluctuations, 

known as surface plasmons. These plasmons act as a radio 

antenna. Although many advances have been made in the 

design of terahertz transmitters, plasmonics have physical 

limitations due to their high absorption by various materials 

and the consequent reduction in their intensity. The biggest 

obstacle to the use of plasmonics is attenuation in the range of 

visible light wavelengths [8-2]. 

Around 1956, Pence analytically explained the rapid decline in 

the energy of electrons in the passage of metals. The reason for 

this naming was the similarity of these electron oscillations 

with the oscillations of the particles in the plasma 

environment. In the same year, Fano used the term polariton to 

oscillate metal-bound electrons when coupled to radiant 

photons [13]. The name polariton is used for quasi-particles 

that were half-particle and half-photon, which is the state 

coupled between a photon, the primary excitation beam, and 

the metal-conducting electrons. .  

Polaritons are surface plasmons (SPPs) electromagnetic 

excitations that are coupled to electrons that collect and 

oscillate freely in metals so that they can propagate 

longitudinally at the metal-dielectric junction.  

The important reason for the polarity of surface plasmons is 

their ability to focus the electromagnetic field, which reduces 

the diffraction limit at nanometer optical waves and improves 

the expansion of localized fields by several large magnitudes. 

This causes the polarity emission modes of surface plasmons, 

ie the transverse electric field (TE) or the transverse magnetic 

field (TM), to be confined to the planes perpendicular to the 

direction of propagation.  

Exactly at the plasmon frequency, ωp, the electron gas 
intensifies and fluctuates sharply. This resonant frequency 

increases with the electron density, n. Similarly, the force 

constant of an electric return spring is directly proportional to 

the charge displacement. In fact, it can be shown that the 

plasmon frequency is directly related to the square root of the 

electron density. An electric field cannot exist inside a metal 

because the electrons of the metal interact with the electric 

field and create an opposite field called the plate field. An 

example of this is the image load, which neutralizes the field 
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each external load. This is also true for an electromagnetic 

wave. That is, electrons respond to changes in the external 

field and resist it at any moment. As a result, the 

electromagnetic wave cannot enter the metal and is therefore 

reflected back. But at high frequencies we get to the point 

where the external field oscillates very quickly and the 

electrons cannot follow those oscillations. At frequencies 

beyond this frequency, a metal loses its reflectivity. The 

energy corresponding to this energy is called plasmon energy, 

it is equivalent to 
pE   and its value is about 10.30 

electron volts. This property can be used to build energy 

storage windows so that it passes visible light but reflects heat 

radiation and heat is not wasted. We know that single electron 

waves are quantized when enclosed in a nanostructure. 

Similarly, batch waves of electrons, or plasmons, are affected 

by the boundary conditions of a thin film, a nanorod, or a 

nanoparticle.  

Various plasmonic waveguides, like insulator-metal-insulator 

(IMI), Metal-Graphene-insulator-Metal (MGIM), channel 

plasmon polaritons (CPP), dielectric-loaded SPP wave guides 

(DLSPPW) and hybrid plasmonic waveguide, are projected in 

theory and by experimentation [9–12]. Among these, the 

MGIM structure is especially engaging thanks to its glorious 

glorious, acceptable SPP propagation length, simple 

fabrication, and efficient couplings with optical fiber and Si 
waveguides [7, 8]. On the opposite hand, MGIM waveguides 

have higher confinement factors and nearer spacing to adjacent 

waveguides [13, 14] and are projected for tons of applications 

like Optical resonators [15-17], wave guide bends and splitters 

supported MGIM sub-wavelength plasmonic waveguides [18-

20] and resonator [21, 22]. Surface plasmon polariton waves in 

metal–insulator–metal hierarchic grating wave guide for 

caparison of SPP waves also are investigated [23, 24]. 

The most MGIM waveguides studied antecedental have 

bilaterally symmetric structure, that means that the metals at 

the highest and bottom of the stuff layer are an equivalent. 

Also, uneven MGIMs haven't been investigated, and to the 

simplest of our data, many researchers have investigated the 

non-linear optical phenomena in these uneven waveguides. 

Moreover, very little attention has thus far been paid to the 

SHG in plasmonic waveguides, and this issue on MGIM 

plasmonic waveguides is nevertheless to be studied 

extensively. Among the nonlinear processes, SHG is often 

studied due to its fascinating applications and easy theoretical 

principle [25]. SHG is an efficient thanks to extend optical 

device wavelengths to visible or ultraviolet [26]. However, 

introducing sturdy nonlinear responses from materials to 

understand to understand within the sub-wavelength scale 

continues to be difficult. 

A number of reports on SHG sweetening in plasmonic 

nanostructures are printed. Simon et al. first rumoured 
Associate in Nursing experimental and theoretical 

investigation on the coupling of SHG light-weight to surface 

plasmons in skinny silver films and ascertained harmonic 
sweetening to 1 and a [*fr1] orders of magnitude thanks to 

excitation of surface plasmons [25]. SHG sweetening with 

metal tips, homogenised centro-symmetric nanowires, hybrid 

plasmonic waveguides, bowtie aperture arrays, plasmonic slot 

waveguides has additionally been investigated [28 – 32]. 

In Silicon, however, SHG can't be directly excited. the 

explanation is that the second-order susceptible vanishes 

during this material, as a result of the crystal centro-symmetry. 

Exploitation of Si compound (Si3N4) has been projected to 

unravel this disadvantage and induces second-order nonlinear 

processes in Si compatible structures [33–36]. a lot of recently, 

Oliveira et al. rumoured SHG in a very twenty µm radius 

Si3N4 ring resonator by exploitation the electric-field evoked 

SHG method and calculated a conversion potency of 

concerning three.68 × 10−3 with a pumping power of 75 mw 
[35]. so as to more increase the potency of SHG and cut back 

the sizes of devices, the LiNbO3 crystal in plasmonic based 

mostly nonlinear devices ar among the foremost promising 

candidates to match this expectation, as a result of their ability 

to permit sturdy native increased confinement of sunshine on 

the far side the bounds obligatory by the laws of optical 

phenomenon in stuff media [37]. many types of plasmonic 

structures are projected. for example, economical SHG has 

been conferred in plasmonic slot waveguides (PSW) [26], 

long-range plasmonic waveguides [38], hybrid plasmonic 

waveguides (HPW) [39], metal surfaces with nano-scale 

roughness [40], individual aluminiferous nano-aperture [39], 

plasmonic particle chains [40], and plasmonic core-shell 

nanowires [41]. 

Lithium niobate may be a prolific optoelectronic material. It 

continues to be used in devices starting from surface acoustics 

wave (SAW) filters and modulators in physics to electro-optic 

modulators, q-switches and frequency conversion in optics. 

What makes metallic element niobate such a pretty material 

platform is its massive electricity, electro-optic and nonlinear 

optical properties. The nonlinear optical properties of metallic 

element niobate have additionally created it Associate in 

Nursing more and more in style material for optical frequency 

conversion. metallic element niobate has comparatively 

massive quadratic susceptibilities. That is, the polarisation 

evoked within the crystal that's proportional to the 

merchandise of 2 incident field elements is substantial, 

particularly at optical high powers [42, 43]. From our data, the 

foremost used nonlinear material in these structures to 

understand SHG is metallic element mineral [25]. However, in 

spite of the commonly used continuous wave (CW) pump 

power of the elemental frequency (FF) to concerning one W, 

the height powers of the generated second harmonic frequency 

(SHF) ar typically restricted to 10−5 W [26]. albeit it is 
exaggerated to 10−2 W in HPW, the corresponding wave 
guide length to understand this potency is one millimetre [27], 

that is maybe too long and not appropriate for application in 

future integrated nano-photonic circuits. The rather tiny 

rumoured efficiencies are thanks to the comparatively tiny 

nonlinear susceptible in crystal, the moderately massive 

nonlinear coupling coefficients between completely different 

frequencies, and also the absorption loss of the plasmonic 

modes. 

In this paper, we investigate the nonlinear optical effect of the 

second harmonic production on plasmonic waveguides of 

metal, insulation and metal, and propose a new structure for 
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plasmonic waveguides that, in addition to having a high 

nonlinear effect, also have a high propagation length. The 

proposed structure has a graphene grate as well as a 

combination of polariton plasmon nanoparticles in spherical 

and elliptical shapes. The number, location and material of 

nanoparticles as well as the number of graphene layer gratings 

are optimized to achieve the highest possible nonlinear light 

effect.  

This paper is organized as follows. In Section two we have a 

tendency to describe the structure of the proposed waveguide. 

The theory of proposed nanoparticles and optimization method 

is presented in this section as well. In Section three, the 

simulation results of SHG within the proposed structure are 

conferred. In Section four, the paper is summarised. 

 

 

 

2. THE STRUCTURE OF MGIM WAVEGUIDE 

 

Figure 1 shows the grating graphene MIM plasmonic 

waveguide structure into consideration. As shown in the 

figure, this structure consists of two layers of metal at the top 

and bottom of the structure and a crystal layer of lithium 

niobytes (LiNbO3). A grating graphene layer is also added 

between the top metal and the crystal layer. The grate 

graphene layer leads to more absorption of photons and 

increases the absorption coefficient in the middle layer, thus 

increasing the production of the second harmonic. In addition, 

a number of spherical and elliptical nanoparticles of gold or 

silver have been added in the center of the layer. As will be 

shown, these nanoparticles increase the intensity of the optical 

field and thus increase the second harmonic effect. The 

number, shape (spherical or elliptical), and the material (gold 

or silver) of nanoparticle would be optimized to reach the 

maximum possible of SHG.  

 

 

 

  

 

 
 

 

Figure 1. Structure of the proposed GRATING GRAPHENE  

MGIM waveguide under consideration 

 

 

For optimizing the SHG of the structure, nano-particles are 

used and the number and the shape is optimized using 

coupled-dipole approximation (CDA) method. The CDA 

method is a powerful tool for simulating nanoparticles with 

intermittent structures. The schematic of an alternating and 

non-alternating structure is shown in Figure 2. In this figure, 

all the nanoparticles are at the same distance from the side 

nanoparticles. This figure shows one quarter of the center of 

graphene layer for simplicity of optimization. Since the 

adsorption of nanoparticles is highly dependent on the 

arrangement of nanoparticles, it is expected that intermittent 

adsorbents will have better adsorption. A major advantage of 

this method is its use when using evolutionary optimization 

algorithms. 

 

 
 Figure 2. an alternating and non-alternating structure of 

nano-particles. 

 

In the first step, the position of each nanoparticle in the 

direction of x, y, z should be calculated. The nanoparticle 

positioning algorithm is shown in Figure 3. 

 

 
Figure 3. Nanoparticle positioning algorithm 

 

 

In this quasi-code r, the position of the nanoparticles and N1, 

N2, N3 is also the number of nanoparticles in the direction of 

I, j, k. D is the distance between the nanoparticles and the 

vector B (i, j, k) is a three-dimensional representation of binary 

numbers. If a particle of this matrix becomes one, it means the 

presence of a particle in position i, j, k, and if a particle 

becomes zero, it means that the particle is not present in 

position i, j, k. 

In the second step, we need to model the effect of the input 

field on the nanoparticles. To do this, we assume that a plane 

field is entered on the desired plane as: 
)-(

0
=),(

tωj

inc
set

kr
ErE

               (1) 

If the incoming light is entered at an angle of ,  the field in 

each nanoparticle can be considered as follows: 
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In these relations, the parameters λ r, t, ω, k = ω / c = 2π / λ, c, 
respectively, are the wavelength of the incoming light, the 

speed of light, the wave vector, the angular frequency, the time 

and the position vector. In this regard, the parameter k is also 

calculated from the following equation: 
^2 2

[sin( )cos( ),sin( )sin( ), cos( )]k k
 

    
 

 
     (3) 

 

For the input field with polarization P, the intensity of E0 field 

is equal to: 
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2
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2

-[sin(=0
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π
θφ

π
θE

               (4) 

We also have S for polarization field: 
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2
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2
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 E

                                 (5)         

When a field is applied to a particle, the polarization 

coefficient α is equal to: 

)1-(+1

1-
=

1

0

r

r

s εL

ε
εVα

                                                    (6) 

In this regard, εr = εparticle / εmedium, ε0 is the coefficient of 
passage of free space. Also, V is the nanoparticle volume and 

L1 is the shape factor. For spherical nanoparticles, the shape 

coefficient is calculated as follows according to the values of 

a, b, c: 
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              (7)       

 

Figure 4 shows the schematic of nanoparticles with different 

values of a, b, c. 

 

 
 

Figure 4 nanoparticles with different values of a, b, c 

 

Now we can define the electric bipolar vector for each 

nanoparticle as follows: 

 

0 ( )P E rs s Loc s 
                                              (8) 

 

In this connection, P is the induced dipole moment and E is the 

electric field of each nanoparticle. Therefore, the field within 

each nanoparticle depends on two factors. An input field. The 

second field is caused by the radiation of other nanoparticles. 

The sum of these two field fields makes up each nanoparticle, 

which is calculated from the following equation:[9]  

 

∑
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In this respect, Ps is the same as the dipole moment induced in 

s. Also, As, h is a 3 × 3 matrix that is calculated as follows. 
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  (10) 

 

In the third step, the equation must be solved and the vector P 

calculated from it. In this case, A is a 3N × 3N tensor.  

 

 

 

3. Results and discussion 

 

Figure 5 shows four SHG diagram with different numbers of 

nanoparticles.  

 

 

 
 

Figure 5 Comparison of SHG for periodic and nonperiodic 

structures 

 

Figure 5 shows the second harmonic optical power as a 

function of the propagation length for different structures for 

nanoparticles (different location, number and shape). As it is 

known, with the change of location and number of 

nanoparticles, the maximum optical power of the second 

harmonic and the propagation length of the second harmonic 

change drastically. The maximum second harmonic power is 

0.23 watts, which is almost 6 times the output power of 

ordinary plasmonic waveguides. This structure also has the 

shortest emission length of 2.4 micrometers. Due to the 

production of the second harmonic along the waveguide as 

well as its attenuation along the same waveguide, there is 

always a point in the propagation length at which the second 

harmonic reaches its maximum value, which is called the 

optimal propagation length. Due to the fact that the dimensions 

of optical integrated circuits are very small, the optimal 

propagation length may be larger than the dimensions of the 
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circuit and we cannot reach the second maximum harmonic in 

the desired circuit. The smaller the optimal propagation length, 

the better.  

The nanoparticle structure can be optimized to achieve a 

higher second harmonic optical power and shorter propagation 

length. Since for a 5 × 5 array the number of possible states is 

225=33554432, not all possible states can be considered. That's 

why we're looking at binary optimization algorithms. One of 

the most popular binary optimization algorithms is the bird 

algorithm. Below is a summary of binary bird algorithms. 

Particle Optimization Algorithm is a search algorithm based 

on social exchanges and behaviors that is modeled on the 

group behavior of weight class birds. This algorithm is an 

evolutionary algorithm that was first developed in 1995 by 

Kennedy and Heart. The bird algorithm, like other 

evolutionary algorithms without the need for derivation, is 

population-based and random. This algorithm is a mass-based 

algorithm that simulates the behavior of a group of birds (a 

group of particles) that, in search of a location, sampling 

different points and pushing the group toward a more hopeful 

point (points where the answer is likely to be reached). There 

are more nearby). The algorithm collects the information 

collected by the particles inside the batch. A particle, 

according to the path of motion defined by its velocity, moves 

towards the response space (search). The velocity of each 

particle is determined by the personal experiences of the 

particle and the experiences of its neighboring particles. 

Therefore, during the search process, the particles tend to 

move toward better points in the response space. 

In this algorithm, one particle consists of five components: 

 

1- X: A vector that shows the current location of this particle 

in the search space (answer). The size of x is determined by 

the number of variables used by the problem 

2 - Fit: A numeric value that indicates the proximity of the 

vector x in the search space to the optimal point. In fact, the 

amount of gameplay determines the quality of this vector. This 

number is calculated according to the specific evaluation 

function (fit) for each problem. 

3-: A vector, which gives the velocity of each particle. This 

velocity indicates the rate of change related to the vector x in 

the next iteration. Manipulating the vector value causes a slight 

change in the motion of this particle in the search space 

4- Personal fitness ( pfittness
): The best amount of fitness that a 

particle has started from the beginning until now. 

5. Pbest (personal best): A copy of the x-bearer is the best 

answer a bit has ever received. This vector fits p
fittness

. 

6- In addition, every seed is aware of the (global best) gbest, 

which is the best pbest in the neighborhood of all the particles 

and all repetitions. A neighborhood may consist of a small 

group of seeds or may contain all the particles present. Group 

fit ( g
fittness

) the fit value is proportional to gbest. 

The core of the particle optimization algorithm is actually the 

process by which the velocity vector (v) changes. By applying 

this change, the components of the more promising parts 

search the answer space many times. At each stage, the 

velocity of each vowel changes in such a way that the 

movement towards the pbest and gbest takes place. Moving to 

these two locations are weighted by different random 

quantities. This weighting accelerates this movement. These 

random values cause the size of each step to change with time. 

This causes the algorithm to be caught in non-optimal and 

local responses. Each new speed is calculated according to the 

current speed and the current distance from. The i and d 

indices represent the particle number index and the index 

number (axis) of that particle, respectively. Also, the new 

location of each field is obtained according to the current 

location and the new speed. 

 

 

 

                                                                                (10) 

_

k

i d
x

  
Shows the current location of the i-particle in the repetition of 

k and the center of d. _

k

i d
V

 also indicates the velocity of the 

iM particle in the km repetition. w is the criterion for the 

inertial weight of motion, c1 and c2 are the coefficients of 

constant acceleration and r1 and r2 are equal to the values 

between zero and one. As can be seen in the above equations, 

there are three parts for calculating velocity changes. The first 

part, which is referred to as the size of the movement, indicates 

the effect of the previous direction and speed on the new speed 

( _
. k

i d
w V

). In other words, this section shows the tendency of 

the particle to move in the previous direction. Each repetition 

of the previous value v determines the magnitude of the 

motion of that particle in the next repetition. This 

characteristic causes the particles to escape from the local 

optimal values. The second part is characterized as individual 

learning, moving the movement towards the best response ever 

found. This section shows the experiences of the particle itself. 

The third part, called social learning, leads the particle to the 

best answer ever found by all particles. This part is actually the 

experience of the group that each particle uses.  

The position of the particles in the binary model is determined 

by two values of zero or one in each dimension. Using the 

same relation as before to change the velocity of each particle 

is used without change, and of course with the difference that 

the velocity as a defined probability must be converted to the 

interval (0 and 1). A logistics conversion function is used for 

this purpose. 

 

 k
idv

k

id

e
vsigmoid




1

1
)(

                                        (11) 

We also use the following relationship to update the position 

of the birds: 



 


otherwise

vsigmidrandif
x

k

idk

id
0
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                         (12) 

 

Here, in order to optimize the optical power and propagation 

length, the binary bird algorithm must select a sequence from 

the existing sequences that has the better optical plwer. In 

other words, the binary algorithm of birds controls the 

1

_ _ 1 1 _ _ 2 2 _( ) ( )k k k k

i d i d i d i d d i dV wV c r pbest x c r gbest x
     

1 1

_ _

k k k

i d i d i dx x V
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presence (or absence) of nanoparticles in a particular situation 

by producing the optimal binary matrix. As mentioned above, 

the bird algorithm is an algorithm that minimizes the function 

of the target. To use the binary bird algorithm, the objective 

function must be defined as follows: 

Cost Function= +   

         

Cost Function=-  

 

In these relations, i is the same wavelength and PSHG and LSHG 

are the optical power and propagation length of SHG, 

respectively. Here, a negative sign causes the bird algorithm to 

minimize the target function. The bird algorithm was applied 

to the target function of optical power and propagation length 

of SHG and the result of Figure 6 is obtained. The optimized 

nanoparticle structure is shown in this figure as well.   

 

 
 

Figure 6. the optical power of SHG for proposed structure with 

optimized nanoparticles  

 

 

In the next step, we will optimize the thickness and spacing of 

the graphene grating layer. Figure 7 shows the optical power 

of the SHF peak and the position of the SHG process peak 

relative to the grating spacing for a 1 W pump power. It can be 

seen that there is an optimal point for the spacing that is the 

maximum optical power of the SHF peak and the minimum 

peak position. For a spacing of 1.3 um, the optical power of 

the SHF peak is 0.44 W and the corresponding position is 1.2 

um. So with two different nanoparticles and the use of a 

grating layer of graphene, SHG is greatly improved.  
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Figure 6. The optical power of the SHF peak and the 

position of the SHG process peak relative to the grating 

distance 

 

 

In the next step, the grating depth and its duty cycle are also 

optimized. Figures 7 and 8 show the results of this 

optimization. 
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Figure 7. SHF peak optical power and position of the SHG 

peak relative to the duty cycle 
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FIGURE 8. THE OPTICAL POWER OF THE SHF PEAK AND 

THE POSITION OF THE SHG PEAK RELATIVE TO THE 

GRATING DEPTH 

 

 

So, the optimized proposed structure has the optical power 

SHG of 0.6 W and propagation length of 0.8 um. The results 

show that the proposed optimal structure has greatly improved 

the production of the second harmonic generation.  

 

4. CONCLUSIONS 

In this paper, we propose a new and optimal structure for the 

plasmonic waveguide so that the nonlinear optical effect of the 

second harmonic production is greatly improved. The 

proposed structure consists of two layers of metal at the top 

and bottom of the structure and a crystal layer of lithium 

niobytes (LiNbO3). A grating graphene layer is also added 

between the top metal and the crystal layer. The grate 

graphene layer leads to more absorption of photons and 

increases the absorption coefficient in the middle layer, thus 

increasing the production of the second harmonic. In addition, 

a number of spherical and elliptical nanoparticles of gold or 

silver have been added in the center of the layer. As will be 

shown, these nanoparticles increase the intensity of the optical 

field and thus increase the second harmonic effect. The 

number, shape (spherical or elliptical), and the material (gold 

or silver) of nanoparticle would be optimized to reach the 

maximum possible of SHG.  
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Figures

Figure 1

Structure of the proposed GRATING GRAPHENE MGIM waveguide under consideration

Figure 2

an alternating and non-alternating structure of nano-particles.



Figure 3

Nanoparticle positioning algorithm

Figure 4

nanoparticles with different values of a, b, c



Figure 5

Comparison of SHG for periodic and nonperiodic structures

Figure 6

the optical power of SHG for proposed structure with optimized nanoparticles



Figure 7

The optical power of the SHF peak and the position of the SHG process peak relative to the grating
distance



Figure 8

SHF peak optical power and position of the SHG peak relative to the duty cycle



Figure 9

The optical power of the SHF peak and the position of the SHG peak relative to the grating depth
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