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Light-Trapping Structures
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This paper discusses a systematic design method for light-trapping structures that can enhance the absorption capability of thin film
solar cells. Light-trapping techniques extend the length of the light path in the active layer and thereby enhance solar cell efficiency.
The level set-based topology optimization method is constructed for the structural design of a light-scattering layer that is in contact
with a cladding layer above the active layer. The optimization problem is formulated to maximize the light absorption coefficient of the
solar cells. The numerical results demonstrate that the optimization successfully found an appropriate configuration of dielectric
material and air for a light-scattering layer that enhances the light absorption coefficient at the desired wavelength.
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. INTRODUCTION

HIN film solar cells are advantageous for their size and

material cost, but they provide relatively low efficiency

because their active layer is much thinner than the
wavelength of light. The efficiency of such solar cells can be
improved by using a light-trapping technique in which the
length of the light path is extended. Several light-trapping
structures have been reported, based on triangular or cubic
structures [1], and a dielectric-metal grating [2], but the design
of these structures was mainly based on intuition. To develop
light-trapping structures that maximize the efficiency of solar
cells, a systematic design approach, such as a topology
optimization method [3], may be most effective.

Wang et al. [4] presented a systematic design approach
using genetic algorithms (GAs) for the cross-section design of
a scattering layer and successfully found several optimal
configurations that maximize the light absorption coefficient
in the active layer at desired frequencies. Their method uses a
rigorous coupled-wave analysis (RCWA) method to compute
the light absorption coefficient, and GAs for updating design
variables. The RCWA method divides the analysis domain
into layers that are uniform in the propagation direction. Thus,
a staircase approximation is needed for curved structures,
which restricts structural design freedom. Soh et al. applied a
density-based topology optimization for the design of
reflection films for a light trapping layer, and achieved total
reflection by using the finite element method (FEM) to
compute electromagnetic wave propagation [5]. Subsequently,
Soh and Yoo presented a density-based topology optimization
method for the design of light absorbing layers that maximize
energy flux [6], but in both these investigations, designs were
limited to two-dimensional problems. Recently, Yu et al. [7]
extended their previous work and applied a density-based
topology optimization method for the cross-section design of a
scattering layer that maximizes the light absorption coefficient
in the active layer. However, the obtained configuration
included grayscale areas, where the density is an intermediate
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value between 0 and 1, which makes the configuration
impractical to manufacture or meaningless in an engineering
sense.

In this study, we consider a three-dimensional design
problem using the FEM, and aim to take full advantage of
structural design freedom in order to maximize performance.
Meta-heuristic approaches such as GAs are generally
problematic in topology optimizations, especially for three-
dimensional problems, since the number of design variables is
usually so large that the optimization becomes too
computationally costly [8], so we apply a gradient-based
topology optimization method. Here, to clearly express
optimal configurations, we apply a level set-based topology
optimization [9] for the structural design of a light-scattering
layer that maximizes the light absorption coefficient. The
FEM is applied to solve the electromagnetic wave problem
and the light absorption coefficient is computed based on the
solution of the electric field. The optimization algorithm uses
the adjoint variable method for the sensitivity analysis and the
FEM when solving the electromagnetic propagation and
adjoint problems. The results of a three-dimensional design
problem demonstrate that the proposed method successfully
found an appropriate configuration for a light scattering layer
that enhances the light absorption coefficient at the desired
wavelength.

Il. FORMULATION OF OPTIMIZATION PROBLEM

A. Light Scattering Layer Design Problem

The design domain and boundary conditions of the solar cell
model are shown in Fig. 1. A light-scattering layer is placed in
contact with the upper surface of the topmost cladding layer of
a pair of cladding layers that sandwich the active layer.
Normal incident waves, where the electric field is polarized in
x direction, enter the domain from the upper boundary, T, .

The left and right boundaries (yz-plane with x=0 and 600nm)
are set as a perfect electric conductor (PEC), and the front and
rear boundaries (xz-plane with y=0 and 600nm) are set as a
perfect magnetic conductor (PMC), under a periodic condition.
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The bottom boundary r, is set as scattering boundary
condition. The boundary conditions are described as follows:

nx(VxE)- jk,nx(Exn)=-2jk,E' on T, ()]
nx(VxE)- jk,nx(Exn)=0 on T, (2)
nxE=0 on T (3)
nxH=0 on Toye, (4)

where n is the normal vector, E is the electric field, k, is the
wave number in a vacuum, E' is the incident electric field, and
H is the magnetic field. The weak formulation of the
governing equation is given by the following wave
propagation equation.

a(EE)+a,[EE)=I[E) for EcU, vEeU, 1)
where
a,[EE)= (VxE) (VxElQ-k:[ n(z,)*E -Edn
E xE)-(nxE)d
LR, eEoncar .
I[E)-2ik¢[ E-E'ar

U=EeH! (D)}
where n is the refractive index and . is a characteristic

function that determines the material distribution. D is analysis
domain. Further details concerning the governing equation and
the derivation of the weak form are given in [10].

Fig.1. HERE

B. Optimization Problem

The objective of the optimization problem is to find the
configuration of a scattering layer that maximizes the light
absorption at the active layer. Therefore, the objective
function is set to maximize the light absorption coefficient,
which can be computed using the Poynting vector S, based on
the results of the FEM analysis, as follows:

J. n-Re(S)dF+J n-Re(S)dr
inf  F=-= (6)
.frlnRe(S )dF
subject to: Wave propagation equation
Boundary conditions

where S' is the Poynting vector of the incident field. The
Poynting vector S is defined as follows:

S=ExH" (7
where H is the magnetic field. H" represents the complex
conjugate of H.

The surface integrals of the Poynting vector S over I'; and
I', represent the summation of incident and reflected energy,
and transmitted energy, respectively.

In the presented method, the refractive index n in the
scattering layer is represented using the characteristic function
Xy 88 follows:

n = (ndie - nair)l¢ + nair ’ (8)
where ngie and ng;, respectively represent the refractive index
of the dielectric material and air that form the scattering layer.

The characteristic function y, is defined using the level set
function, as explained in the next subsection.

C. Level Set-based Topology Optimization
Here we briefly introduce the applied optimization method
[9]. In a topology optimization method, optimization problems
are represented as a material distribution problem within a
fixed design domain D, where a solid domain Qand a void
domain D\ (2 are expressed using a characteristic function .
In level set-based based topology optimization, the solid and
void domains, and the structural boundaries, 6Q , are
expressed using the iso-surface of the level set function ¢, as
follows:
0<g(x)<1 if VxeQ\oQ
#(x)= if VxeoQ 9)
-1<¢(x)<0if VxeD\Q.
The characteristic function is then defined as follows using the
level set function:
if ¢>0

x,(#)= {; if $<O0. (10)

The optimization problem is then formulated as follows
using the above level set-based boundary expression:

inf F(z,) (11)

st.  G(z,)<0, 12)
where F is the objective functional, and G is the constraint
functional.

The above defined optimization problem is an ill-posed
problem, so we regularize it by adding a regularization term, R,
to the primary objective functional, defined as follows, using a
regularization parameter = [9].

R=[,Zfvfdo (13)

We note that the geometrical complexity of optimal
configurations can be adjusted by the magnitude of
regularization parameter z In addition, a geometrical
constraint, such as a uniform cross-section surface constraint,
can easily be imposed by using an anisotropic variation of the
regularization parameter r [9]. By setting a regularization
parameter in the constraint direction to a large value, the value
of the level set function in the constraint direction will be
constant and optimal configurations will reflect the uniform
cross-section surface constraints.

The above optimization problem is then replaced with the
following optimization problem:

";:c Fe (ﬂ(¢’¢): F+R, (14)

st. G(g,)=<o0. (15)

Next, the above optimization problem is reformulated using

Lagrange’s method of undetermined multipliers as follows,
using the Lagrange multiplier A

inf  F, (7,.¢)=Fy + G, (16)
[4

The necessary optimality conditions (Karush-Kuhn-Tucker
conditions) of the optimization problem are derived as
follows:

F.=0, AG=0, 1>0, G<O0, a7
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where F_ represents the variation of F_ .

Level set functions that satisfy the above necessary
optimality conditions EQ.(24) can be candidate optimal
solutions, but obtaining such solutions directly is usually
difficult. Here, to obtain such solutions, we introduce a
fictitious time t, and assume that the variation of the level set
function with respect to time t is proportional to the gradient
of Lagrangian F,, as follows:

%__ =
o~ K@R,

where K (g) is a coefficient of proportionality.

Substituting Eq.(22) into Eq.(25), and setting a Dirichlet
boundary condition on the non-design boundary, and a
Neumann boundary condition on the other boundaries, so that
the level set function is represented independently of the

exterior of the fixed design domain D, the following time
evolutional equation is obtained.

L KPNF-V- (V)

%:0 on oD\oD,

on

$=0 on oD
Here, the variation F’ is considered as the topological
derivatives [9][11]. Details of this method are provided in the
reference [9].

(18)

(19)

I1l. NUMERICAL EXAMPLE

We apply our topology optimization method to three-
dimensional light-scattering layer design problems targeting
three different optimization wavelengths. We first address
light-scattering layer design problems using a circular disc
shape as the initial configuration. The optimization problems
are then solved using an initial configuration consisting of four
circular disc shapes to examine the effect of initial
configuration. Finally, we consider the imposition of a
uniform cross-section surface constraint, which is highly
important from a manufacturing standpoint. The dielectric
material used has a refractive index of n = 3.57, assuming that
this material is similar to GaP. The refractive indices used for
the active layer and cladding material are set as n = 1.9+0.156i,
and n = 3.57, respectively. The analysis domain is discretized
using 60 by 60 by 53 hexagonal elements. The magnitude of
the regularization parameter is set to 1.0 X 10 unless
otherwise specified in the following examples. In addition,
since the analysis conditions have symmetries with respect to
xz and yz planes, the symmetric constraints are imposed on
level set function so that the optimal configurations have
symmetries with respect to xz and yz planes, to ensure that
obtained optimal configurations have symmetries.

A. Example 1

Here, we address light-scattering layer design problems
targeting A = 500, 600, and 700nm using a circular disc shape
with a volume fraction of 50% of the design domain as the
initial configuration. Figure 2(a) and (b) show the optimal
configuration and a plot of wavelength versus the light

absorption coefficient from 400 nm to 800 nm, when the target
wavelength is set as 500nm. The solid and dashed lines in the
figure indicate the light absorbing coefficient for the optimal
and initial configurations, respectively. The optimization
reached the optimal configuration at iteration 406. The
absorption coefficient at the optimization wavelength was
increased to approximately 0.91 from 0.10. Figure 2(c) and
(d) show the optimal configuration and a plot of wavelength
versus the light absorption coefficient, when the target
wavelength is set as 600nm. The optimization reached the
optimal configuration at iteration 397. The absorption
coefficient at the optimization wavelength was increased to
approximately 0.89 from 0.15. Figure 2(e) and (f) show the
optimal configuration and a plot of wavelength versus the light
absorption coefficient, when the target wavelength is set as
700nm. The optimization reached the optimal configuration at
iteration 116. The absorption coefficient at the optimization
wavelength was increased to approximately 0.66 from 0.10.

The optimal light absorption coefficients obtained by the
optimization targeting three different wavelengths show that
the efficiency of the light trapping structure becomes lower
when the target wavelength becomes longer.  This is
physically reasonable since the active layer becomes relatively
thinner for longer wavelength.

Fig.2. HERE

Figure 3 shows a comparison of the norm of the
electromagnetic field |E| at y=300nm for initial and

optimization configurations obtained when the target
wavelength is set as 600nm. The electric field is markedly
enhanced in the active layer in the optimized configuration,
which causes an increase in light absorption coefficient.

The results of these three design examples demonstrate that
the presented method successfully finds appropriate optimal
configurations that maximize the light absorption coefficient
at a desired frequency.

Fig.3. HERE

B. Example 2: Effect of initial configuration

Here, we demonstrate light-scattering layer design problems
using initial configuration consisting of four circular disc
shapes with a volume fraction of 12.5% of the design domain
each (namely, 50% in total).

Figure 4(a) and (b) show the optimal configuration and a
plot of wavelength versus the light absorption coefficient,
when the target wavelength is set as 500nm. The optimization
reached the optimal configuration at iteration 497. The
absorption coefficient at the optimization wavelength was
increased to approximately 0.95 from 0.29. Figure 4(c) and
(d) show the optimal configuration and a plot of wavelength
versus the light absorption coefficient, when the target
wavelength is set as 600nm. The optimization reached the
optimal configuration at iteration 136. The absorption
coefficient at the optimization wavelength was increased to
approximately 0.83 from 0.13. Figure 4(e) and (f) show the
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optimal configuration and a plot of wavelength versus the light
absorption coefficient, when the target wavelength is set as
700nm. The optimization reached the optimal configuration at
iteration 286. The absorption coefficient at the optimization
wavelength was increased to approximately 0.67 from 0.14.

The different optimal configurations are obtained from the
different initial configurations that indicate that this problem
has several local optima. However, the results show our
optimization method yields appropriate optimal configuration
that maximize the light absorption coefficient for different
initial configurations. We note that although meta-heuristic
approaches such as GAs have more possibility to find global
optima, these method are generally problematic in topology
optimizations, especially for three-dimensional problems,
since the number of design variables is usually so large that
the optimization becomes too computationally costly [8]. We
also note that the fact that this problem has several local
optima implies that manufacturing errors on the light trapping
structure significantly affect the performance of the light
trapping structure. Although we did not consider such
manufacturing tolerance here, the presented method can be
extended to consider it by being combined with the robust
topology optimization method [12].

Fig.4. HERE

C. Example 3: Uniform cross-section constraint

Finally, we consider the imposition of a uniform cross-section
surface constraint. Anisotropic component coefficients of the
regularization parameter are applied, where 7= 1.0X10" in x
and y direction, and 7= 1.0 10" in z direction, so that a
uniform cross-section constraint is imposed in z direction.

Figure 5(a) and (b) show the optimal configuration and a
plot of wavelength versus the light absorption coefficient,
when the target wavelength is set as 500nm. The optimization
reached the optimal configuration at iteration 310. The
absorption coefficient at the optimization wavelength was
increased to approximately 0.81 from 0.10. Figure 5(c) and
(d) show the optimal configuration and a plot of wavelength
versus the light absorption coefficient, when the target
wavelength is set as 600nm. The optimization reached the
optimal configuration at iteration 490. The absorption
coefficient at the optimization wavelength was increased to
approximately 0.86 from 0.15. Figure 5(¢) and (f) show the
optimal configuration and a plot of wavelength versus the light
absorption coefficient, when the target wavelength is set as
700nm. The optimization reached the optimal configuration at
iteration 498. The absorption coefficient at the optimization
wavelength was increased to approximately 0.60 from 0.10.
The optimization results show that our optimization method
can successfully impose a uniform cross-section surface
constraint.

Fig.5. HERE

IV. CONCLUSION

In this study, a level set-based topology optimization
method was applied to the design of a light-scattering layer for
a solar cell application. The optimization method was
formulated to maximize the light absorbing coefficient that is
defined using Poynting vector here. The numerical examples
for three-dimensional design problems demonstrated that the
presented method successfully found a dielectric configuration
for the light-scattering layer that maximizes the light
absorbing coefficient at the desired wavelength. The results
also show that the presented method can successfully impose a
uniform cross-section surface constraint which is important
from a manufacturing standpoint. It should be possible to
extend the presented method to problems that include multiple
wavelengths, and to broadband design problems.
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Fig. 1. Design domain and boundary conditions
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Fig. 2. Optimization results using a circular disc-shaped initial
configuration; (a)(b) optimal configuration and light absorbing
coefficient curve, when targeting X =500nm. The absorption

coefficient at the optimization wavelength was increased to
approximately 0.91 from 0.10. (c)(d) Optimal configuration and light
absorbing coefficient curve, when targeting A =600nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.89 from 0.15. (e)(f) Optimal configuration and
light absorbing coefficient curve, when targeting A =700nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.66 from 0.10.
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Fig. 3. Norm of electric field at y =300nm; (a) Initial configuration
(circular disc shape) and (b) optimal configuration when targeting
A =600nm
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Fig. 4. Optimization results using initial configuration consisting
of four circular disc-shapes; (a)(b) optimal configuration and light
absorbing coefficient curve, when targeting A =500nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.95 from 0.29. (c)(d) Optimal configuration and
light absorbing coefficient curve, when targeting A =600nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.83 from 0.13. (e)(f) Optimal configuration and
light absorbing coefficient curve, when targeting A =700nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.67 from 0.14.
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Fig. 5. Optimization results imposing uniform cross-section
surface constraint; (a)(b) optimal configuration and light absorbing
coefficient curve, when targeting A =500nm. The absorption
coefficient at the optimization wavelength was increased to
approximately 0.81 from 0.10. (c)(d) Optimal configuration and light
absorbing coefficient curve, when targeting A =600nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.86 from 0.15. (e)(f) Optimal configuration and
light absorbing coefficient curve, when targeting A =700nm. The
absorption coefficient at the optimization wavelength was increased
to approximately 0.60 from 0.10.



