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Abstract. Light trapping structures are a promising method of improving the efficiency of solar cells. We focused
on the plasmonic thin-film solar cell. A structure is proposed consisting of an indium tin oxide layer with
embedded metal nanoparticles, a hydrogenated amorphous silicon (a-Si:H) layer, and an aluminum (Al)
layer. The finite-difference-time-domain (FDTD) method was used to calculate the absorption characteristics of
the a-Si:H thin-film solar cells containing nanoparticles. By arranging the material, size, and locations of metal
nanoparticles to maximize the scattering and minimize absorption of nanoparticles themselves, the optical
absorption in the solar cell is significantly enhanced. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:
10.1117/1.OE.56.5.057105]
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1 Introduction
Thin-film solar cells are a promising alternative to bulk
crystalline silicon solar cells;1 however, the absorption
coefficient of incident light around the band gap of silicon
is low. Therefore, trapping light is crucial to increasing the
performance of thin-film solar cells and can make them com-
petitive with crystalline silicon solar cells.2 Previous work
has proposed a variety of light-trapping techniques, such
as gratings,3–5 nanostructures,6–8 refractive index matching,9

and reduction of surface plasmonic absorption.10,11 Recent
experiments found that metal nanoparticles can induce the
plasmonic effect and are a promising approach to achieving
light trapping in thin-film solar cells. The nanoparticles can
increase the optical path length in a thin-film solar cell by
scattering the incident light into the active layer effectively.11

The optical properties of metal nanoparticles are sensitive
to their size and shape, the surface coverage on the substrate,
and the surrounding medium.12–14 The light can be either
scattered or absorbed by metal nanoparticles; therefore,
the nanoparticles must be well designed to maximize the
scattering and minimize absorption across the wavelength
range of interest. Silver nanoparticles (Ag NPs),15 aluminum
nanoparticles (Al NPs),16,17 gold nanoparticles (Au NPs),18,19

and copper nanoparticles (Cu NPs)20 are commonly studied
because of their unique optical properties.

The structure of hydrogenated amorphous silicon (a-Si:H)
thin-film solar cell, with metal nanoparticles embedded in an
indium tin oxide (ITO) layer and an Al layer on the backside
(considered as both the back reflector and the electrode), is
investigated in this paper. This design can optimize light
absorption across the wavelength range of interest in solar
cells. It is of great importance for evaluating the factors that
have an influence on the optical absorption of solar cells.
Based on the analysis of the material and size of the
embedded nanoparticles, we also studied the arrangement
of nanoparticles to realize absorption enhancement in the
active layer in comparison with the previous studies.16,21–23

2 Structure and Method
The proposed structure, shown in Fig. 1, consists of a 250-
nm-thick a-Si:H layer, a 70-nm-thick ITO layer, and a 70-
nm-thick Al layer. We assumed that the metal nanoparticles
with period p ¼ 150 nm, which are in contact with the
a-Si:H layer, are embedded in the ITO coating.

For the numerical experiments, we used the finite-
difference-time-domain (FDTD) method to solve a full set
of three-dimensional Maxwell equations with perfectly
matched layer boundary conditions for normally incident
planar waves. The FDTD method yields discrete equations
that are obtained in the Yee cell from Maxwell’s curl equa-
tions. The electric and magnetic field samples are obtained
in the time domain, and the sampling interval between the
electric and magnetic fields is a half-step in the time domain.
The electric and magnetic fields are obtained by an iterative
solver combined with the initial conditions and boundary
conditions. Maxwell’s curl equations are24

EQ-TARGET;temp:intralink-;e001;326;310∇ ×H ¼ ∂D
∂t

þ J; (1)

EQ-TARGET;temp:intralink-;e002;326;270∇ × E ¼ −
∂D
∂t

− Jm; (2)

EQ-TARGET;temp:intralink-;e003;326;236D ¼ εE; (3)

EQ-TARGET;temp:intralink-;e004;326;211B ¼ μH; (4)

where H is the magnetic field, E is the electric field, B is the
magnetic flux intensity, D is the electric flux intensity, J is
the current density, Jm is the magnetic density, t is the time, μ
is the complex permeability, and ε is the complex permittiv-
ity. In a rectangular coordinate system, the central difference
method can be used to approximately replace the first-order
partial derivative of the electric and magnetic fields on the
space domain and time domain to discretize the electric
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and magnetic fields, respectively, in the space and time
domains.25 Therefore, numerical calculation of the structure
can be performed according to the electromagnetic parame-
ters of the nodes next to the boundary after meshing the
simulation region. The structure used in this work assumed
that all the energy through the surface could be absorbed.
Simulations were performed for a square array of nano-
particles by applying periodic boundary conditions. The per-
formed simulations took into account all the major effects of
the metal nanoparticles deposited on the top cell. Refractive
index data for the a-Si:H and Al used in the simulation were
obtained from Ref. 26, and the ITO data were obtained
from the SOPRA database. The reflectivity, transmission,
and absorption rate of a solar cell can be obtained by the
electric field of the incident electromagnetic wave.

There is a great difference in absorption characteristics for
different microstructures. Here, we discuss the absorption
characteristics of solar cells with embedded nanoparticles.
It is of great importance to find the optimal nanoparticle
parameters, including the material, shape, and size, to
enhance the optical absorption and efficiency of solar cells.
These parameters also determine the scattering efficiency
and spectral response of micro- and nanostructures.

3 Results and Discussion

3.1 Material Optimization

For convenience, we normalized the incident light power to
unity. Figure 2(a) shows the absorption characteristics of
solar cells embedded with the different metal nanoparticles
in the visible wavelength range, demonstrating that the
absorption of solar cells with metal nanoparticles increases
significantly and that both the peak position and value of
absorption also change compared to that without metal nano-
particles. The absorption enhancement of different metal
nanoparticles is presented in Fig. 2(b). The absorption
enhancement is the ratio of the difference between the
absorption with and without nanoparticles to the absorption
without nanoparticles. As can be seen from Fig. 2(b), Al
nanoparticles, which mainly enhance the absorption over
300 to 500 nm, provide the strongest absorption enhance-
ment among the four kinds of metal nanoparticles.

The spectral absorption rate is defined as

EQ-TARGET;temp:intralink-;e005;326;339AðλÞ ¼
R
absðλÞIðλÞdλR

IðλÞdλ ; (5)

where λ is the wavelength, absðλÞ is the absorption rate from
simulation, and IðλÞ is the spectral irradiance. As shown in
Table 1, the deposition of metal nanoparticles on the surface
of the solar cells can effectively improve the spectral
absorption rate. Furthermore, the enhanced ratio of average

Fig. 1 Sketch of the thin-film solar cell structure, consisting of a
250-nm-thick a-Si:H layer, a 70-nm-thick Al layer, and a 70-nm-
thick ITO layer with the metal nanoparticles thereon.

Fig. 2 (a) Absorption and (b) absorption enhancement of solar cells
embedded with Al, Ag, Au, Cu nanoparticles, for radius 30 nm, period
150 nm. “no NP” indicates the absorption without nanoparticles.

Table 1 Average absorption and the enhanced ratio of average
absorption of different metal nanoparticles.

Metal
nanoparticles

Average
absorption

Enhanced ratio of
average absorption (%)

no NP 0.7904 —

Al 0.8802 11.3613

Ag 0.8591 8.6918

Au 0.8621 9.0714

Cu 0.868 9.8178
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absorption of Al particles, up to 11%, is the highest. The
incident light path length in the active layer can be enhanced
by scattering the electromagnetic wave with short wave-
length by metal nanoparticles, thereby improving the optical
absorption rate inside the photoactive layer. In addition,
the localized surface plasmons of Al NPs appear when short
wavelengths of light are present and, thus, reduce the exci-
tation loss in the Al NPs.

Based on the former calculation, we have a preliminary
understanding of optical absorption of thin-film solar cells.
In fact, the resonance coupling between incident light
and surface plasmons can also lead to parasitic absorption
of nanoparticles.27 Optical absorption of the photoactive
layer is similar to the difference between the total absorption
and the parasitic absorption of metal nanoparticles them-
selves; thus, the true value of the optical absorption will
be slightly reduced. Figure 3 shows that the parasitic absorp-
tion of Al and Ag nanoparticles is weaker than the others in
the visible range.

To maximize the coupling efficiency of the active layer, it
is necessary to increase the energy that transfer into the active
layer and reduce the parasitic absorption of the nanoparticles
themselves in the largest intensity region of the irradiation
spectrum. Ag nanoparticles are a great choice for optimizing
metallic nanostructures of thin-film solar cells.12 As the
surface plasmon resonance frequency of Al nanoparticles
is greater than the visible spectrum, Al nanoparticles are
superior to Ag nanoparticles owing to the smaller parasitic
absorption. Moreover, the high electron density and the large
negative permittivity of Al give it favorable scattering on the
surface. Based on this, we believe Al nanoparticles can be
used to increase photon absorption and improve the photo-
current more than noble metal nanoparticles.

3.2 Size Optimization

In Sec. 3.1, the type of metal particles was discussed. In this
section, we analyze the absorption characteristics of different
sizes of nanoparticles. Al nanoparticles were chosen and
embedded in the ITO layer, as per the locations shown
in Fig. 1. Figure 4 shows the absorption of solar cells
with different sizes of nanoparticles. Clearly, the larger the

nanoparticle is, the stronger the absorption becomes in the
wavelengths between 300 and 800 nm. Furthermore, the
enhanced absorption is even greater within the wavelengths
between 300 and 650 nm.

It can be concluded from Table 2 that the size of the
deposited metal nanoparticles has a large influence on
the surface spectrum absorption rate of the solar cell.
Specifically, the absorption enhancement effect becomes
more and more apparent as the radius increases. The absorp-
tion enhancement shows little change with a radius of 10 nm,
while the enhanced spectral absorption rate reaches 11%
with a radius of 30 nm. Because the ITO layer is 70-nm-
thick, the radius of the particles was limited to 30 nm.

Optimizing scattering and absorption of the sunlight by
the surface plasmon modes explains why the maximum
enhancement is higher for larger nanoparticles. The higher-
order plasma modes of large nanoparticles have stronger
forward scattering, which can more efficiently trap the light
inside the amorphous silicon layer.27

3.3 Arrangement Optimization

Four locations of Al nanoparticles were designed, as shown
in Fig. 5(a). Figure 5(b) shows the absorption of the solar cell
with the nanoparticles in the four different positions.

Comparing the curves of “C” and “no NP” in Fig. 5(b),
it is found that nanoparticles embedded in the active layer
have little impact on the absorption of the wavelengths

Fig. 3 Absorption of the whole structure with Al, Ag, Au, Cu nanopar-
ticles and absorption of the nanoparticles themselves, for radius
30 nm, period 150 nm.

Fig. 4 Absorption of solar cells embedded with Al nanoparticles as
the radius is 10, 20, or 30 nm, where p ¼ 150 nm.

Table 2 Average absorption and the enhanced ratio of average
absorption of solar cells with different sizes.

Nanoparticle
radius (nm)

Average
absorption

Enhanced ratio of
average absorption (%)

no NP 0.7904 —

10 0.7934 0.3796

20 0.8260 4.504

30 0.8802 11.3613
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from 300 to 550 nm. In fact, it can only affect absorption
at wavelengths greater than 550 nm. Because there are no
particles on the surface, the high-frequency photons have the
same absorption mechanism in the upper layer of a-Si:H;
therefore, the absorption rate remains almost unchanged.
Low-frequency photons that reach the bottom of the solar
cells are not completely absorbed. However, if metal nano-
particles are present in the bottom, they will scatter more
light and have a greater chance of improving absorption.

Comparing the curves of “A,” “C,” and “no NP,” it is
found that nanoparticles in the ITO layer “A” can increase
the absorption from 300 to 600 nm, while nanoparticles
embedded on the bottom of a-Si:H layer “C” can optimize
the absorption from 550 to 800 nm. Therefore, we propose
combining these two types of structures, forming a composite
increased structure, namely, nanoparticles embedded in two
positions: on the bottom of the ITO layer and the bottom of
the a-Si:H layer.

Table 3 shows that the average absorption enhancement of
metal nanoparticles deposited on the bottom of a-Si:H layer,
which is shown in Fig. 5(a) as structure C, is one order of
magnitude smaller than that of metal nanoparticles deposited
in other locations.

The radius of nanoparticles on the bottom of the a-Si:H
layer was optimized. It is found that when the radius of Al
nanoparticles on the bottom of the ITO layer is 30 nm and the
radius of Al particles on the bottom of a-Si:H layer is 50 nm,
which is shown in Fig. 5(a)(D), silicon thin-film solar cells

can obtain the optimal absorption properties over 300 to
800 nm, and the enhanced ratio of average absorption can
reach up to 12.4%.

The scattering of the incident light by nanoparticles in
structure D is further explained in Fig. 6. Figure 6(a) shows
that the strongest scattering of the nanoparticles in the ITO
layer appears at the wavelength of 500 nm, which is consis-
tent with the peak of curve “A” in Fig. 5(b). Since the nano-
particles in the ITO layer are the only factor of scattering
light within the wavelengths from 300 to 500 nm, the curves
“A” and “D” are coincident in Fig. 5(b). While the wave-
length is greater than 550 nm, the nanoparticles embedded

Fig. 5 (a) Four structures of periodic unit cell for simulation: an Al particle with a radius of 30 nm (A) at the
bottom of the ITO layer, (B) at the top of the a-Si:H layer, (C) at the bottom of the a-Si:H layer, and (D) at
the bottom of the ITO layer and another Al particle with a radius of 50 nm at the bottom of the a-Si:H layer;
(b) absorption of the solar cell in the four different structures above.

Table 3 Absorption of the solar cell with nanoparticles at different
positions.

Nanoparticle
position

Average
absorption

Enhanced ratio of
average absorption (%)

no NP 0.7904 —

A 0.8802 11.36134

B 0.8542 8.071862

C 0.7942 0.480769

D 0.8881 12.36083
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in the bottom of the active layer are involved in scattering
of light, which is shown in Fig. 6(b). It can be seen from
Fig. 6(c) that the two particles work together at 650 nm,
thus improving the absorption in comparison with the situa-
tion of only one particle working alone [curves “A” and “C”
in Fig. 5(b)].

3.3.1 Mie theory

The conclusion that structure A is better than B in Fig. 5(a)
can be explained by Mie theory.28 The efficiency of absorp-
tion and scattering Qabs and Qsca can be calculated via

EQ-TARGET;temp:intralink-;e006;63;256Qabs ¼ Cabs∕πr2; (6)

EQ-TARGET;temp:intralink-;e007;63;226Qsca ¼ Csca∕πr2; (7)

EQ-TARGET;temp:intralink-;e008;63;201α ¼ 4πr3
ε − εm
εþ ε2m

; (8)

where Cabs and Csca are the absorption and scattering cross
sections, respectively, which are associated with the polariz-
ability α,29 ε is the dielectric constant of metal NPs, εm is the
dielectric constant of the surrounding medium, which is iso-
tropic and nonabsorbing, and r is the radius of the particle.

Cabs and Csca can be calculated via30

EQ-TARGET;temp:intralink-;e009;63;99Cabs ¼ k Im½α� ¼ 4πk4r3 Im

�
ε − εm
εþ 2εm

�
; (9)

EQ-TARGET;temp:intralink-;e010;326;371Csca ¼
k4

6π
jαj2 ¼ 8π

3
k4r6

���� ε − εm
εþ 2εm

����
2

; (10)

where k is the wave vector. Here, the normal incident wave-
length is set to 380 nm. As we can see from Fig. 7, with the
increase of Al nanoparticle radius, the scattering efficiency of
the cross section changes greatly. When the radius of Al
particles in the ITO layer is less than 30 nm, the absorption
efficiency of the cross section is less than the scattering
efficiency. When the radius reaches 30 nm, the scattering
and absorption efficiencies are nearly the same. When the
radius is larger than 30 nm, the scattering efficiency, which
is increasing exponentially, is greater than the absorption
efficiency. The critical radius of nanoparticles in the a-Si:
H layer is 70 nm. Considering the radius used in this
paper, the scattering efficiency in a-Si:H is always less
than that in the ITO layer. It is confirmed that the absorption
characteristics of structure A are superior to structure B and
C in Fig. 5(a).

3.3.2 Short-circuit current

The short-circuit current is an important parameter in
characterizing solar cells. The short-circuit current of solar
cells with different locations of metal NPs can be calculated
by31

EQ-TARGET;temp:intralink-;e011;326;96Jsc ¼
Z

∞

0

djsc
dλ

dλ ¼
Z

∞

0

jscðλÞdλ; (11)

Fig. 6 Electric field distribution in x − z cross section of a periodic unit cell at wavelength (a) 500 nm,
(b) 550 nm, and (c) 650 nm. The radiuses of Al NPs in ITO and a-Si:H layers are 30 and 50 nm,
respectively.
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EQ-TARGET;temp:intralink-;e012;63;516jscðλÞ ¼
qλ
hc

absðλÞIðλÞ; (12)

where h is the Planck constant, q is the electron charge, and
c is the speed of light. Equations (11) and (12) assume that
the internal quantum efficiency is 1, ignoring the recombi-
nation effect of carriers.

It is found that there is basic coincidence between the
curves of “A” and “D” from 300 to 550 nm in Fig. 8. In
the structure D, there is one more array of nanoparticles
embedded in the bottom of the a-Si: H layer, which can
enhance the absorption by scattering light and then increase
the short-circuit current. The curves “no NP,” “B,” and “C”
are substantially coincident from 300 to 500 nm, and a larger
difference occurs in the wavelength greater than 500 nm.

Table 4 shows that the short-circuit current enhancement
of Al NPs deposited on the bottom of the a-Si:H layer, which
is shown in Fig. 5(a) as structure C, is one order of magnitude
smaller than that of Al nanoparticles deposited in other loca-
tions. Because the Al NPs deposited at the bottom of the
active layer mainly act on photons of longer wavelengths,

the spectral energy of this part of the photon is small and
contributes less to the short-circuit current. The short-circuit
current enhancement of structure A and D is relatively large
due to the forming of a graded refractive index structure in
the ITO layer, which can enhance the antireflection effect
and make the short-circuit current enhancement more obvi-
ously. Based on the data in Table 4, it is confirmed that the
absorption characteristics of structure D are superior to the
others.

4 Conclusions
In this paper, we have studied ways to increase the energy
that transfers into the active layer and reduce the parasitic
absorption of the nanoparticles themselves in the largest
intensity region of the irradiation spectrum. The material
property, size, and locations of nanoparticles have been
arranged according to the spectral absorption characteristics
calculated using the FDTD method.

By analyzing different metals, it is found that Al nanopar-
ticles have the greatest effect on the absorption. Meanwhile,
the absorption of Al nanoparticles themselves is relatively
weak, which scatters more incident light on the surface.
Average absorption is enhanced owing to the increased
photon absorption. The absorption enhancement of 300 to
800 nm wavelength light is strongest when the Al particle
radius is 30 nm. A structure with deposited metal nanopar-
ticles on the bottom of the a-Si:H layer and the bottom of the
ITO layer was found to have superior optical absorption to
the other structures investigated. Therefore, we can optimize
the structure of thin-film solar cells through tuning the
parameters of metal nanoparticles to improve their efficiency.
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