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Abstract
There are many advantages of using thin film solar cells such as low cost and various applications. However, the
drawback interrupting the use of thin film solar cells in practical field is low energy transform efficiency.
Therefore, various researches are performed to overcome the problem. One of those researches is using the surface
plasmon effect. It is a kind of amplification effect caused by metal-dielectric interactions and generates a strong
electric field around metal nano particles [1]. In this study, the surface plasmon effect was used for the efficiency
improvement by inserting silver (Ag) nano-particles in the absorbing layer of a thin film solar cell [2-9]. The
surface plasmon effect is sensitive to optical properties determined by shape of metal nano-particles [10]. To
enhance the effect for improving efficiency, the appropriate shape of metal nano-particles should be determined.
This study adopts the topology optimization method in deciding the shape of metal nano-particles. The update
algorithm used in the optimization process is based on the reaction-diffusion equation combined with the
double-well potential function [11, 12]. Topology optimization based on the reaction-diffusion equation may be
classified as a kind of phase field method which makes phase change occurs only around boundaries. Therefore,
the optimal shape of metal nano-particle derived from the phase field method can avoid grey-scale problem and
high computational load [12].
In this study, we designed optimal shape of Ag nano-particle by using the level-set method based on the
reaction-diffusion equation for improving the efficiency of thin film solar cells. The simulation was performed
using the commercial package COMSOL and Matlab. Optical properties used in the simulation and the
optimization processes were determined at the specified wavelength of the incident light as 800nm since the thin
film solar cell dose not absorb the incident light well, especially at longer wavelengths of sunlight. Finally, the
efficiency improvement the thin film solar cell is checked via numerical simulations.
Keywords: Thin film solar cell, Phase-field method, Surface plasmon effect
1. Introduction
The low efficiency problem of thin film solar cells restricts a variety of its applications for practical use. The
surface plasmon effect stems from the metal-dielectric interaction could be a solution of low efficiency problem
[2-9]. The principle of surface plasmon for improving low efficiency is that insertion of metal nano particles and
structures can amplify electric field around the absorbing layer composed of dielectric material [1]. Enhanced
electric fields make thin film solar cells absorb more light in the absorbing layer. There are many applications
improving electric fields in the dielectric absorbing layer using the surface plasmon effect. Design of nucleated
nano-particles for inducing the surface plasmon effect was proposed by Chen et al [13]. Zhu et al. [14] proposed a
nano-shell composed of multi-phased material and Liu et al. [15] checked surface plasmon effect using metal
nano-particles through experiments. Furthermore, Mertens et al. [16] proposed Ag nano-particles array in the
silicon layer for using the surface plasmon effect. In this study, we designed shape and size of Ag nano-particles in
the unit-structure of a thin film solar cell to improve the surface plasmon effect for the purpose of increasing the
efficiency of the thin film solar cell.
The surface plamson effect can be generated by inserting metal nano-particles in the absorbing layer. However,
the shape and size of metal nano-particle must be carefully determined to improve and maximize the surface
plasmon effect. The reason of the importance of the metal nano-particle shape and size is that the surface plasmon
effect is sensitive to optical properties of metal nano-particles determined by shapes of nano-particles [10]. In this
study, we used the level set optimization scheme based on the reaction-diffusion equation to get the optimal shape
and size of metal nano-particles.
Topology optimization is regarded as a useful optimization method for deciding the optimal material
distribution. However, two representative methods of topology optimization, the solid isotropic material with
penalization (SIMP) method and the homogenization design method (HDM), have drawbacks such as intermediate
density of elements, heavy computational work and checkerboard pattern [17-19]. The level-set method was
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proposed to resolve those drawbacks [20-21]. The difference between the level-set method and traditional
topology methods is that the design variable of level-set method is defined along the material boundary. The
design variable setting makes the material phase change generate only around the boundary. Therefore, optimal
design of a structure can avoid intermediate density distribution and heavy computational work. There are many
methods of level-set method. Among them, this study adopts the level-set method based on reaction-diffusion
equation, which is a modified method of a phase field method [22] to find optimal design of nano-particles in the
absorbing layer of thin film solar cells.
The reaction-diffusion equation is the equation combined with the reaction term and the diffusion term.
Reaction means interaction between two substances composing system and the diffusion term represents
distribution of two substances. Since the reaction-diffusion equation is suitable for representing phase change, the
reaction-diffusion equation is used as an update algorithm in the topology optimization process. However,
contrary to traditional level-set methods, topology optimization using the reaction-diffusion equation is different
from the classical level-set method since the design variable of the method is set to the density of each element.
Therefore, some technical skills are needed to give features of the level-set method to the reaction-diffusion
equation based method. The double-well potential function can be a solution of the problem. By the adding double
well potential function term, it can push the sensitivity of boundary area to 0 or 1, so that the modified topology
optimization gets the features of level-set method [11, 12].
The surface plasmon effect has been used for improving efficiency of thin film solar cell by inserting Ag
nano-particles and the shape and size of Ag nano particles were determined for amplifying the surface plasmon
effect. This study uses the reaction-diffusion equation based level set method combined with double-well potential
functions for deciding the shape and size of nano-particles.
2. Parameter optimization
The level-set method based on the reaction-diffusion equation can give reliable design of structure. However,
optimal design of the level-set method is dependent on initial design of the structure. Therefore, it is required to
perform the parameter optimization process to decide the prototype model for the application of the level set
method.

Figure 1: Structure of initial model for parameter optimization
Figure 1 shows that very initial model of the unit structure of thin film solar cells composed of three materials.
Top layer of the model is composed of air to describe the incident light environment. Second layer is composed of
amorphous silicon to play role as the absorbing layer of a thin film solar cell. Ag nano-particles were arranged in a
single array at the second layer to get homogeneity of the absorbing layer. Bottom layer is composed of glass and
its role is the substrate of the thin film solar cell. The thickness of each layer is 1μm and the width of all layers is set
to 2 μm. Optical properties of material were determined according to the incident light wavelength.
Equation (1) expresses the Helmholtz’s equation used as the governing equation for the analysis. The
Helmholtz’s equation is a kind of modified wave equation which has time-harmonic terms to make the equation be
time independent. In the numerical simulation of the thin film solar cell, the equation is used as governing equation
for minimizing time variation influence and checking the influence of material properties.
2 H   2 H  0

(1)

where H is the magnetic field strength and ω represents the fixed excitation frequency. ε and μ represent the
electric permittivity and the magnetic permeability, respectively.

2

The objective function expressed in Eq. (2) represents the Poynting vector of the absorbing layer divided by the
absorbing layer area. The Poynitng vector means the directional energy flux density. If the vector value is
increased, the density of electric field may be increased. It gives the opportunity which makes the thin film solar
cell absorb more light. As a result, the efficiency of thin film solar cell will be improved.
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where Hz* represents the complex conjugate of Hz. Since the transverse magnetic (TM) mode in two-dimensional
case is considered, only Hz is taken into account.

Figure 2: Design variable set-up for parameter optimization
Figure 2 shows that design variables for the parameter optimization procedure. There are two variables which
define the interval and the radius of Ag nano-particles. Neumann boundary conditions are applied and periodic
boundary conditions are applied to boundaries at both ends. Because only two design variables are considered, a
full-factorial orthogonal array which performs optimizing process in all cases is chosen. The interval of Ag
nano-particles is divided into 11 levels and the radius of the particles is divided into 10 levels. Therefore, there are
110 cases performed in the parameter optimization process using the full-factorial orthogonal array.
As a result, we can get optimal parameter design of Ag nano-particles in the thin film solar cell. The interval of
silver nano particles is determined as 1 μm and the radius of silver nano particles is 70nm. The Poynting vector
value of the absorbing layer increased about 10 times larger compared to the initial model.
3. Topology optimization
Based on the model determined by the parameter optimization process, we have designed the optimal shape of Ag
nano-particles in the absorbing area by using the level-set method. The objective function, boundary conditions
and the governing equation defined during the parameter optimization process are commonly used in topology
optimization. The updating scheme and the sensitivity analysis are added for topology optimization.
The reaction-diffusion equation is appropriate to represent a change of phase change and used the equation as an
updating scheme. In the proposed method, the reaction-diffusion equation in Eq. (3) is used in this study.
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Where Ω is a design domain and ϕ is a density of each element. Eq. (4) represents the sensitivity value using the
augment Lagrangian F .
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Where F is the design objective function and Ĝ is the modified constraint function [11]. However, topology
optimization based on the reaction-diffusion equation proposed by Choi et al. [11] may not be regarded as a
level-set method since it does not have an interface tracking property. In this study, a technical skill is used in
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sensitivity analysis by adding double well potential term and this technical skill make topology optimization based
on reaction-diffusion equation have the features of the level set method.
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Eq. (5) expresses double-well potential functions used and Eq. (6) is the sensitivity of the augment Lagrangian
combined with double-well potential functions. Double-well potential functions added in the sensitivity of the
objective function makes the sensitivity of boundary area to be 0 or 1. The modification separates the boundary
between solid and void element clearly. Therefore, phase change can be occurred only at the area of boundary and
the optimization process has the interface tracking property. In other words, the sensitivity analysis modified by
double-well potential functions makes topology optimization based on the reaction-diffusion equation be regarded
as a level set method. In this study, the optimal design of Ag nano-particles was obtained by using topology
optimization based on the reaction-diffusion equation combined with double-well potential functions.
4. Numerical results
There are two factors influencing optimal design results in the reaction-diffusion equation based topology
optimization. Those are the diffusivity coefficient and the volume fraction constraint. The diffusivity coefficient
determines how complex optimal design is and the volume fraction is a constraint condition which limits the total
volume of optimal design. We have changed those two factors and checked the influence on optimal design results.
4.1. Variation of the diffusivity coefficient
Beginning from the initial design suggested by the parameter optimization process, optimizations were performed
according to three different values of the diffusivity coefficient as 1e-4, 1e-5 and 1e-6. Figure 3 shows optimal
shape variations according to different values and Fig. 4 shows the electric field distribution of the absorbing layer.
Results indicate that the case of diffusivity as 1e-4 gives the best performance on the basis of the objective value.
When the objective value of initial design normalized as 1, the objective value of 1e-4 diffusivity case is 2.31.
However, the optimal shape of the best performance is not feasible since the shape is more like two separated
particles rather than one particle. Also, the case of diffusivity 1e-6 shows a complex structure of nano-particle such
as twigs. Therefore, in terms of the objective value and the feasibility, the case of diffusivity 1e-5 was chosen for
an appropriate diffusivity coefficient in the optimization process which has the objective value 1.96. The cases of
diffusivity 1e-2 and 1e-3 are excluded since shapes of nano-particle are not clearly distinct.

Figure 3: Resultant shapes about diffusivity coefficient variation
4.2. Variation of volume fraction
In this section, the variations of optimal shape and objective value according to volume fraction are obtained.
Design domain of initial design is composed of void (amorphous silicon) part and solid (Ag) part. The radius of
solid part is 50nm and thickness of outer ring is 50nm. And optimizations were conducted using the every volume
fraction whose step size is 0.1 Figure 5 shows that the variation of optimal design and objective value according to
each volume fractions. Considering the complexity of shape and objective value, cases of volume fraction 0.6 and
0.7 can be a feasible design. It is noteworthy that higher value of the volume fraction does not guarantee the higher
objective value and the optimal shape of Ag nano-particle is sensitive to the initial material distribution.
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Figure 4: Electric field contour of the absorbing layer after optimization

Figure 5: Shape variation according to different volume fraction constraints

Optimal values of the diffusivity coefficient and the volume fraction are determined through results displayed in
the Figs. 3~5. Optimal design of Ag nano-particles is suggested when the diffusivity coefficient is 1e-5 with the
volume fraction of 0.7. Figure 6 shows that optimal shape and local electric field distribution. The Poynting vector
of absorbing layer in optimal design is 1.362e-25 W/m2. The objective value is increased about 2.5 times compared
with that of the initial design.
5. Conclusion
In this study, we have designed an optimal shape of Ag nano-particles in the absorbing layer of a thin film solar
cell using topology optimization based on the reaction-diffusion equation combined with double well potential
functions. Through deciding the optimal shape of Ag nano-particles, the Poynting vector of the absorbing layer is
increased by generating the surface plasmon effect and the efficiency of thin film solar cell is improved as a result.
Of course, the improvement of poynting vector is not directly related to the efficiency increase of the thin film
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solar cell. However, optimization conducted in this study shows a possibility that the efficiency of thin film solar
cell can be improved by adopting the optimization design process. From the topology optimization point of view,
the optimizing process used is a level set method which has an interface tracking property. Therefore, we can get
an optimal design which has clear boundaries. In conclusion, we have confirmed that topology optimization based
on reaction-diffusion equation combined with double well potential functions helps to decide the optimal shape of
metal nano-particles.

Figure 6: Suggested optimal design of Ag nano-particles in the absorbing layer
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