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Abstract: By the analytical approach, the equation of natural frequency of nanocomposite 

multilayer organic solar cell (NMOSC) is analyzed in this work. The NMOSC is composed of 6 

layers: Al, LiF, P3HT: PCBM, PEDOT: PSS, ITO and Glass. By using the classical plate theory, 

the Hooke’s Law, the geometrical compatibility equation and the nonlinear equilibrium equations 

are proposed. These equations combined with the Galerkin method in order to investigate the effect 

of elastic foundations, geometrical parameters and initial imperfection on the natural frequency. 

Besides, in order to determine the maximum natural frequency of NMOSC, basic differential 

evolution optimization algorithm (DE) was used with five variables: elastic foundations include 

Winkeler foudation and Pasternak foudation, temperature, width and length. In the numerical results, 

the influence of length to width ratio, imperfection, elastic foundations and temperature increment 

were evaluated in detail. The optimal results from DE algorithm are shown and compared. 

Keywords: Nonlinear dynamic, Organic solar cell, geometric optimization, DE. * 

1. Introduction  

Solar energy is an electrical energy source that is manufactured by converting sunlight to electric 

power by using solar cell component based on the photoelectric effect. Nowadays, solar cell is 

considered a green energy source, a renewable energy source that contributes positively to sustaining 
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life on the earth. Besides, solar energy is widely applied in life because of advantages such as: high 

usage time, great flexibility, lightweight, cost savings. Jamali et al., [1] considered the impact of strain 

in the interface of different layers of solar cells has been investigated with density functional theory 

(DFT) and finite-difference time-domain (FDTD) techniques. The authors have simulated complex issue 

of strain and relaxation of atomic layers by using a new, effective and simple method and using a precise 

meshing technique. The lattice strain is included in both simple and gradient patterns in the theoretical 

simulations. Roca et al., [2] researched simulation of organic solar cells’s power conversion efficiency. 

Krisha et al., [3] used P3HT:PCBM polymer as an active layer in the simulated organic solar cells 

(OSCs). The authors shown the results of the simulation of the power conversion efficiency of organic 

solar cells (OSCs), as well as the optimization of the thickness of active layer for better efficiency. 

Hattab et al., [4] investigated numerical simulation of a new heterostructure CIGS/GaSe solar cell 

system using SCAPS-1D software. By using the novel graphene platelets (GPL) reinforced functionally 

graded porous (GPLR-FGP) stiffeners in the struture of perovskite solar cell (PSC), Bo et al., [5] 

presented the nonlinear dynamic characteristics of the PSC with GPLR- FGP stiffeners under blast load 

using the von-Karma geometric nonlinearity and the first-order shear deformation theory, the governing 

motion equations are derived by utilizing Airy’s stress function and the Galerkin method. The aim of 

the study of Kang et al., [6] is the evaluation of the working efficiency of fully vacuum-free and solution-

processed large-area organic solar cells (OSCs) were fabricated using a poly(3,4- 

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) polymer top electrode. Wang et al., [7] 

indicated that theoretical simulation and kinds of experimental results confirm that BETAB nanocrystals 

can effectively reduce the defect density of perovskite films. Duc et al., [8] used the classical plate 

theory, geometrical nonlinearity in Von Karman – Donnell sense, the Galerkin method and fourth – 

order Runge – Kutta method to investigate the effect of geometrical parameters, the thickness of layers, 

imperfections, and mechanical loads on the nonlinear dynamic response and nonlinear vibration of 

nanocompsite organic solar cell. Zhu et al., [9] deal with p-type tetrathiafulvalene derivative as the 

interface modification layer in non-fullerene organic solar cells with high performance. Caldiran et al., 

[10] presented the changing the device geometry and the photophysical properties of the active layer in 

organic solar cells (OSCs) is an effective way to change the power conversion efficiency (PCE) by using 

the PEDOT:PSS layer was coated on chemically cleaned ITO coated glass substrates and the 

P3HT:PCBM blend as an active layer was coated on top of PEDOT:PSS in the glove box. Kadam et al., 

[11] studied compositional dynamics of the electron transport layer (ZnO:PEIE) in P3HT:PC61BM 

organic solar cells. Kim et al., [12] elucidated the potential of MOF (metal- organic frameworks)-

integrated DSSCs (Solid-state fiber dye-sensitized solar cells) in the development of solar cell devices 

with efficiency comparable to or better than that of conventional solar cells. Li et al., [13] proposed 

Intrinsically inert hyperbranched interlayer for enhanced stability of organic solar cells. Liu et al., [14] 

provided an overview about the research progress of flexible OSCs (F-OSCs), from the aspect of 

materials (including flexible electrodes, interfacial layers and photoactive layers), large-area fabrication 

techniques and potential applications. These advancements enable F-OSCs to achieve PCEs over 15% 

with high stability, and we will also discuss the problems in F-OSCs. Quyen and Duc [15] used classical 

theory to investigate the effect of geometrical parameters, elastic foundation, viscous damping on the 

natural frequency, relationship deflection – time of nanocomposite multilayer solar panel.  

Due to the great properties such as high thermal conductivity, high electrical conductivity, high 

elasticity and flexibility, high hardness and thinnest material in the world, graphene material promises 

to become a material that is applied in many fields such as microchips, transistors in the field of 

electronics, batteries in the automotive sector or solar energy. Therefore, graphene materials are 

attracting the attention of scientists around the world. Shen et al., [16] foused on nonlinear vibration 

behavior of a simply supported, rectangular, single layer graphene sheet in thermal environments based 



V. M. Anh / VNU Journal of Science: Mathematics – Physics, Vol. 39, No. 1 (2023) 95-111 97 

on thin plate theory with a von Kármán-type of kinematic nonlinearity. Yang et al., [17] used an energy 

based approach in order to investigate dynamic buckling analysis for a rotationally restrained 

functionally graded (FG) graphene nanoplatelets (GPLs) reinforced composite (FG-GPLRC) porous 

arch under a uniform step load. Nam and Lee [18] presented an intensive numerical study on the static 

and dynamic responses of smart functionally graded microplates with graphene platelets (GPLs) 

reinforcement under concur- rently mechanical and electrical loads by using refined plate theory (RPT), 

modified couple stress theory (MCST) and NURBS-based isogeometric analysis (IGA). By using 

Halpin–Tsai’s model, Lu et al., [19] predicted the effective Young’s modulus of the axially moving 

graphene reinforced laminated composite plate in order to study the dynamic stability of an axially 

moving graphene reinforced laminated composite plate. Lu et al., [20] evaluated the role of the graphene 

platelets, weight fraction, microstructure effect, axial load as well as geometrical parameters on the free 

vibration and dynamic stability characteristics of functionally graded composite multilayer microtubes. 

based on the first-order shear deformation plate theory, von Karman nonlinear geometric relationship 

and Hamilton’s principle, Mao et al., [21] proposed using graphene to enhance thermomechanical static 

and dynamic behaviors for functionally graded reinforced aluminium-based (GRA) composite plate. 

Kumar et al., [22] proposed a graphene based metasurface exhibiting dynamic slow light behavior via 

electromagnetically induced transparency (EIT) effect in the terahertz regime. Gong et al., [23] surveyed 

the influnece of a monolayer graphene metasurface which is composed of a graphene cross and four 

graphene side- strips on top of a metal film sandwiched by a dielectric spacer on a dynamically tunable 

triple-band terahertz perfect absorber. Kim et al., [24] presented the role of oxygen defects engineering 

via passivation of the Al2O3 interfacial layer for the direct growth of a graphene-silicon Schottky 

junction solar cell. Jang et al., [25] employed graphene quantum dots (GQDs) as an interfacial layer for 

better band alignment at the graphene (GR) transparent conductive electrode (TCE)/PSi interface. Yusuf 

et al., [26] presented method to enhance the performance of the MoO3 was made by doping graphene 

oxides (GO) using the spray pyrolysis technique. The reseach of Lu et al., [27] indecated that the 

introduction of graphene quantum dots effectively improved the morphology of the SnO2 film, reduced 

the roughness of the surface, and increased the ohmic contact between the SnO2 and perovskite layer. 

Gong et al., [28] discussed the roles of graphene and its derivatives in perovskite solar cells: A review. 

Gao et al., [29] introduced a high performance perovskite solar cell based on graphene-CuInS2 QDs 

composite was fabricated. And an improved power conversion efficiency of 17.1% is achieved. 

Optimizing for structures, the objective function is usually maximum natural frequency or critical 

buckling load with input variables such as thickness, height, width and so on. The optimization problem 

is interesting to scientists around the world such as Li et al., [30] focused on lightweight optimum design 

of head pressure shell of an autonomous underwater vehicle (AUV) with reliability requirements with 

the effect of the randomness of geometry sizes, material properties and loads by using genetic al- 

gorithm (GA) based on back propagation (BP) neural network surrogate model, which is optimized by 

particle swarm optimization (PSO) for improving accuracy. In order to investigate the effi- ciency of 

Non fullerene acceptor (NFA) based bulk heterojunction organic solar cell (NFA BHJ- OSC) including 

numerous electron transport layers (ETLs) such as TiO2, SnO2, and C60 and hole transport layers (HTLs) 

such as CuI, CuSCN, and Cu2OA; Katariya et al., [31] simulated solar cell capacitance simulator 

(SCAPS). An optimization design strategy was developed by Nyangi and Ye [32] based on the 

performance requirements and expressed as a constrained multi-objective optimization design problem, 

where by the displacement response ratios of isolation layers were adopted as the constraints, and the 

acceleration response ratio of the super-structure was selected as the objective function. A new 

superstructure of supercritical CO2 cycle for waste heat recovery based on the concept of splitting, which 

could optimization system structure and design parameters simulta- neously are studied by Yang et al. 

[33]. Elephant clan optimization: A nature-inspired metaheuristic algorithm for the optimal design of 
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structures by using a more powerful algorithm which called elephant clan optimization (ECO) are 

presented by Jafari et al., [34] to solve structural optimization problems. Hati and Panda [35] carried out 

the optimization design problem with two objectives considered in the present investigation are: 

minimization of the mass of attached sections and maximization of the extra residual life of structure 

due to mass attachment. The design variables of the optimization design problem are taken as the cross-

sectional area of attached sections in the structure. Balaghi et al., [36] evaluated the dynamic history 

response by using a fuzzy version of BMD, which is developed as the premier method for prediction of 

peak response value of structures to be used within genetic algorithm (GA) optimization. Jafari et al., 

[37] used using a hybrid method based on particle swarm optimizer and cultural algorithm in order to 

proposed Optimal design of truss structures. Talatahari et al., [38] proposed using migration-based 

vibrating particles system to optimum design of steel building structures. An efficient eigensolution 

method for free vi- bration analysis of rotationally repetitive structures is developed for the optimal 

design of cyclic symmetric structures subject to frequency constraints in the study of  Kaveh et al., [39].  

In order to detemine the maximum value of natural frequency of plate with some variables as length, 

wigth, elastic foundations, Anh et al., [40] proposed using optimization algorithms (Bees Algorithm, 

Basic differential evolution algorithm, enhanced colliding bodies optimization algorithm, social group 

optimization algorithm). Liao et al., [41] indecated that optimization of solvent swelling for efficient 

organic solar cells via sequential deposition. 

As seen from the literature review, this work proposes to use the DE in order to determine the 

maximum natural frequency of nanocomposite multilayer organic solar in the thermal environment 

based on the classical theory. By using Galerkin method, the governing equations are solved to indicate 

the effect of four variables: geometrical parameter, elastic foundations, thermal environment and 

imperfection on the natural frequency.  

2. Problem Statement  

Consider a rectangular NMOSC plate on elastic foundations which is composed by six layers: Al, 

LiF, P3HT:PCBM, PEDOT:PSS, ITO and Glass with length a , width b  and total thickness h . The plate 

is referred to a Cartesian coordinate system , ,x y z , where xy  is the midplane of the plate and z is the 

thickness coordinator, / 2 / 2h z h−    (Fig. 1). 

 

Figure 1. Geometry of the NMOSC plate on elastic foundations. 
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3. Theoretical Development  

In this work, in order to investigate the nonlinear dynamic response of the NMOSC on elastic 

foundation in thermal environment, the classical plate theory is used [42, 43].   

The strain field of the plate can be written as 
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The strain - displacement relations for the NMOSC taking into account von Karman nonlinear terms 

is written as  
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where ,u v  are the displacement components along the ,x y  directions, respectively.  

The Hooke’s Law shows the relationships between strain and stress for the NMOSC with k-th layer 

are written as  
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in which ,k kE v  are the Young’s modulus and Poisson’s ratio of the k-th layer   

Based on the thickness and stress of each components, the equation force and moment for the 

NMOSC are shown as 
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Replacing Eqs. (1) and (2) into Eq. (3) then into Eq. (4) to obtain the detail relationship as 
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The nonlinear dynamic response of the NMOSC with the effect of elastic foundations are shown in 

the nonlinear motion equations based on the classical plate theory as [43] 
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(6) 

with 
dC  is the viscous damping coefficient, 

wk , 
pk  are elastic foudations Winkler and Plasternak, 

respectively. 

The stress function ( , )f x y
 
is introduced as  

, , ,, , .x yy y xx xy xyN f N f N f= = = −  (7) 

Replacing Eq. (7) into the three first equations of system Eq. (5), we have 
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The strains are related in the compatibility equation [42, 43]                               
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The third equation of system Eq. (6) is rewritten by using the Eq. (8) combined with Eq. (5)  
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By using Eqs. (9) and Eq. (8), the geometrical compatibility equation are written as 
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In order to investigate the nonlinear dynamic response of imperfect NMOSC under the effect of 

elastic foundations in thermal environment based on the classical plate theory, the Eqs. (10) and (11) 

are used with two variables: the stress function f and the deflection w . 

4. Nonlinear Dynanmic Response  

Four edges of the plate are simply supported and immovable (IM). In this case, boundary conditions are 

0xy xw N M= = = , 0

x xN N=  at  0, ,x a=  

00,xy y y yw N M N N= = = =  at 0,y b= . (12) 

where 
0 0,x yN N

 
are fictitious compressive edge loads at immovable edges. 

 

Figure 2. Description of the boundary conditions of the NMOSC. 
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In order to fulfill conditions (12), the deflection w
 
and initial imperfection *w

 
are defined to be in 

cyclic form as [8] 
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Replacement of Eqs. (14) and (15) into Eq (10) then applying the Bubnov – Galerkin method  

leads to
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Consider four edges of plate
 
are assumed to be immovable and simply supported in the plane xy  

(i.e. 0u =  at 0,x a=  and 0v =  at 0,y b= ) under the effect of temperature. The condition expressing  

the immovability on the edges as 
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Eq. (25) denotes the relationship of ,
u v

x y

 

 
 dependent on two variables: the stress function f and 

the deflection w  by using Eqs. (2) and (8) as 
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In order to obtain the compressive edge loads, the Eqs. (14) and (15) are replaced into Eq. (18) then 

combine with Eq. (17) as  
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Replacing Eq. (19) into Eqs. (16), we obtain 

( ) ( ) ( )

( ) ( )( )

1 2 3 4

2

5 6 2

sin + 2

+ 2 + .d

K W K Q t K W h K W W h

W W
K W W h K W W h W h h C h

t t

  

    

+ + + +

 
+ + + = +

 

 

         (20) 

where 

( )

( ) ( )

2 2

1 1 2 2 3 1

2 2 2 2

4 4 5 5 13 23 6 6 12 22

, , ,

, , .

m n

m n m n

K P K P K T

K P K P K P

  

       

 = = = −  +
 

= = − + = − +
 

The natural frequence of the NMOSC are shown in Eq. (21): 

1 3 .mn
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5. Optimal Design 

5.1. Objective Function 

From the formulas obtained above, we can see that parameters such as length a , width b , elastic 

foundation w, pk k  and the temperature increment T directly affect the natural frequency of the 

NMOSC. Therefore, those five parameters are selected as five variables to determine the maximum 

natural frequency value with the objective function is defined by the Eq (21). The domain of five 

varibales are listed in Table 1.  
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Table 1. The domain of five variables. 

Variable Domain 

( )a m
 

[0.1, 5] 

( )b m
 

[0.1, 5] 

( )/wk GPa m
  0,0.9

 

( ).pk GPa m

 

 0,0.09
 

( )T K
 

[0,1000]

 

5.2. Basic Differential Evolution Algorithm 

The Basic Differential Evolution Algorithm (DE) was first introduced in the form of a technical 

report by two scientists Storn and Price [44] in 1995, is a word search algorithm random optimal 

solution. The DE algorithm is very efficient in handling problem of finding the extremes of non-

differentiable, nonlinear functions and multi-objective function. DE algorithm flowchart includes 

initialization, mutation, crossover and selection steps. Details of the steps to implement the 

algorithm are shown in Fig. 3. 

 

Figure 3. The flow chart for basic differential evolution algorithm (DE). 



V. M. Anh / VNU Journal of Science: Mathematics – Physics, Vol. 39, No. 1 (2023) 95-111 105 

5.3. Particle Swarm Optimizaton Algorithm 

In 1995, Kennedy and Eberhart [45] introduced the Particle swarm optimization (PSO) algorithm 

which was developed based on biological knowledge. The bio researchers indicated that when fish or 

birds move in a group, individuals can share the experience and information with all other members”. 

For instance, when flying and reaching food, all birds of the group share information to have the best 

food source. PSO is simple one algorithm to search for optimal solution in the solution space with very 

few parameters. 

6. Numerical Results and Discussion 

The inital thickness and mechanical properties: Elastic modulus, possion ratio, density mas and 

thermal expression of six layers of NMOCS are shown in Table 2. 

Table 2. The initial thickness and mechanical properties of six layers of NMOSC [3] 

Material ( )h nm
 ( )E GPa

 v  𝜌 (𝑘𝑔/𝑚3) ( )6 1

11 22 10 K  − −= 
 

Al 100 70 0.35 2601 23 

LiF 40 64.97 0.326 2635 37 

P3HT:PCBM 170 6 0.23 1200 120 

ITO 120 116 0.35 7120 6 

PEDOT:PSS 50 2.3 0.4 1000 70 

Glass 550000 69 0.23 2400 9 

6.1. Validation 

In order to validate the accuracy of used theory and calculation results, the natural frequency 
mn

of NMOSC are determined and compared with the results of Li et al. [46]. The compared results are 

shown in Table 3 by replacing 0LiFh =  to modeling in this paper became the modling in the paper of Li 

with / 1, / 55, 550440 , 0a b a h h nm T K= = =  = . We can see that the obtained results of natural 

frequencies of two paper has negligible error. Is is demonstrate that used theory and calculation results 

in this paper have high reliability. 

Table 3. The compared results of natural frequency 

( ),m n  Li et al., [45] Present   Relative error (%) 

(1, 1) 18847.75 19715 4.606 

(1, 3) 94238.78 98576 4.603 

(2, 2) 75391.02 78861 4.603 

(2, 3) 122510.41 128150 4.604 

(3, 3) 169629.80 177440 4.605 
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6.2. Dynamic Response  

Table 4. The influence of /a b  and mode ( ),m n  on the natural frequecies of NMOSC 

/a b  
 ( ),m n  

(1,1) (1,3) (3,3) (3,5) (5,5) 

1 803550 1798800 2416200 3328700 4046200 

1.5 1024500 2626500 3085200 4632700 5181800 

2 1271000 3474000 3835700 6026200 6468400 

2.5 1531000 4334300 4632700 7480600 7852300 

 

In this part, the results which are shown the influence of geometrical parameters, temperature 

increment, elastic foundation and mode ( ),m n  on the natural frequency of the NMOSC are analyzed in 

detail with condition is to keep the thickness value of six layers.  

Table 4 shows the influence of /a b  and mode ( ),m n on the natural frequecies of NMOSC. It can 

be seen that when ratio /a b  and mode ( ),m n increases resutls in the natural frequencies also increase. 

The influence of /a h  and 
wk , 

pk on the natural frequencies of NMOSC are illustrated in Table 5. It 

can see that the decreasing of natural frequencies when /a h  ratio increase. Besides, the elastic 

foundations 
wk  and pk  have importance role on the improve the stiffness of the NMOSC. In details, 

the increasing of elastic foudation leads to the natural frequencies increase with same ratio /a h . 

Table 5. The influence of /a h  and  
wk , 

pk  on the natural frequecies of NMOSC 

/a h  
( / ), ( . )w pk GPa m k GPa m  

0.1; 0.02  0.1; 0.04  0.2; 0.06  0.3; 0.08 

20 1561000 2213984 2714000 3135400 

35 889260 1263200 1549300 1790300 

55 565430 803500 985700 1139100 

 

Table 6 indicates that the increasing of temperature makes the decreasing of frequencies and with 

the same temperature variation, the increasing mode ( ),m n leads to the increasing of natural frequencies 

of NMOSC.  

Table 6. The influence of mode ( ),m n  and T  on the natural frequecies of NMOSC 

( ),m n  
T  

300 400 500 700 900 

(1,1) 803550 802160 800780 798000 795210 

(1,3) 1798800 1795700 1792600 1786400 1780200 

(3,3) 2416200 2412100 2407900 2399600 2391200 
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6.3. Optimal Results 

Table 7. The optimum values of the objective function with the value of five variables. 

 DE PSO 

(1/ )L s
 367586.35 367586.35 

( )a m
 0.1 0.1 

( )b m
 0.1 0.1 

( )/wk GPa m
 0.9 0.9 

( ).pk GPa m
 

0.09 0.09
 

( )T K
 0 0 

Time ( )s  
5.58 1.2 

 

Table 7 gives the optimal values of the objective function and corresponding values of five variables 

when this paper uses DE algorithms. Besides, in order to validate the accuracy of DE algorithms, the 

obtained results of DE algorithms are compared with other results which are determined by using 

Particle swarm optimization (PSO). From Table 7, it can be seen that the results obtained from both 

algorithms are the similar but the time to complete 300 evaluations of the SPO algorithm is faster than 

that of the DE algorithm.  

The process of finding the optimal value of the objective function is shown in Figure 4 with 300 

times evaluation by using DE algorithm. After 30 times evaluation, the value of the natural frequency 

does not change. This also means that the maximum value of the objective function has been determined. 

 

Figure 4. The convergence of natural frequencies by using DE algorithms. 

By using the basic differential evolution algorithm – DE, Figure 5 presents the effect of the change 

of /a b  ratio on the convergence of natural frequency, which is evaluated through the change value of 

the numbers of objective function evaluation. The increase of the maximum values of the natural 

frequency is directly proportional to the increasing of /a b  ratio. 

Table 8 describes the optimum values of objective function with the change value of /a b  ratio and 

values of four variables in which basic differential evolution algorithm – DE is used. Clearly, the 

optimum values of objective function decrease when /a b  ratio decreases. 
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Figure 5. The convergence of natural frequency with the change value of /a b  ratio. 

Table 8. The optimum values of objective function with the change value of /a b  ratio. 

 b a=  /1.5b a=  𝑏 = 𝑎/2 

(1 / )L s
 367586.35 468131.61 580336.08 

( )a m
 0.1 0.1 0.1 

( )/wk GPa m
 0.9 0.9 0.9 

( ).pk GPa m
 

0.09 0.09 0.09 

( )T K
 0 0 0 

7. Conclusion 

By using the Galerkin method and classical plate theory, the narutral frequency equation is 

determined with the effect of /a b  ratio, /a h  ratio increment thermal, elastic foundations, imperfection 

and mode ( ),m n . The results using DE optimization algorithms which is used in order to research about 

the maximum value of natural frequency were evaluated in details. Outstanding obtained results of this 

study can be mentioned as follows.  

i) The results of our work are compared with the works that were published in order to evaluate the 

accurracy of the used theory and method; 

ii) The elastic foundations 
wk  and pk  have an important role in the improvement of the value of 

natural frequency of the NMOSC; 

iii) The natural frequency of NMOSC is negatively affected by the temperature increment. It can be 

seen that the natural frequency increases when the temperature increment decreases; 

iv) The mode ( ),m n  and /a b  ratio makes the incresing natural frequency of the NMOSC. In 

contrast, the increasing of /a h  ratio makes the decrease of natural frequency of the NMOSC; 

v) The maximum values of objective function and five variables are determined by using DE. 

Besides, the influence of /a b  ratio on the maximum values of objective function has also been 

considered. 
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