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The electromagnetic interaction between Ag nanoparticles on the top of the Si substrate and the incident light has

been studied by numerical simulations. It is found that the presence of dielectric layers with different thicknesses leads

to the varied resonance wavelength and scattering cross section and consequently the shifted photocurrent response for

all wavelengths. These different behaviours are determined by whether the dielectric layer is beyond the domain where

the elcetric field of metallic plasmons takes effect, combined with the effect of geometrical optics. It is revealed that for

particles of a certain size, an appropriate dielectric thickness is desirable to achieve the best absorption. For a certain

thickness of spacer, an appropriate granular size is also desirable. These observations have substantial applications for

the optimization of surface plasmon enhanced silicon solar cells.
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1. Introduction

Photovoltaics is emerging as an important tech-
nology for future energy production. To fully realize
this potential, it is necessary to realize a high con-
version efficiency for the solar cells. In recent years,
surface plasmon has been taken as one of the best solu-
tions to achieve this object.[1−7] The emerging field of
plasmonics has yielded methods for guiding and local-
izing light at the nanoscale, well below the wavelength
of light in free space.[8,9] Surface plasmon resonance
can be interpreted as the collection of electrons at the
metallic surface, induced by the electromagnetic wave
and these collected electrons vibrate together in a par-
ticular way. Due to their evanescent nature, surface
plasmons are able to give rise to peculiar interaction
with light, leading to effective light localization and
concentration.

The nanoparticle size, shape and material, as well
as the local dielectric environment, can affect the light

scattering and coupling efficiency.[10−12] Noble met-
als such as Ag, Au, Cu are suitable to support sur-
face plasmonic propagation and resonance,[13] because
they exhibit negative values of real part of the dielec-
tric permittivity. Ag is a better choice than Au, due
to its lower absorption and cost, although it must be
well encapsulated to avoid oxidation effect that is not
present for Au. Cu is cheaper but is quite absorbing.
There has been a great deal of work about the effect
of particle dimension on surface plasmon. Marrocco et
al.[14] indicated that the plasmon resonance is affected
by a redshift as the nanoparticle diameter is progres-
sively increased. Moreover, the scattering cross sec-
tion increases with the particle size and the increase
of the scattering cross section induces an enhanced for-
ward scattering.[14] Small particles are more absorbing
and dynamic depolarization and radiation damping
become important for large particle.[15] Furthermore,
the excitation higher-order plasmon modes must be
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taken into account for the large size.[16−18] Mertens et
al.[18] showed there is an optical nanosphere diameter
range for luminescence quantum efficiency enhance-
ment associated with resonant coupling to plasmon
modes. As for the particle shape, recent work by Ma
and co-workers noted an exponential blue shift of res-
onance wavelength and a decay of extinction efficiency
with a change in vertex angle of delta-stars. Because
of the electric field coupling effect between neighbour-
ing vertices, the electric fields near the vertices will in-
teract with one other when the vertices are fabricated
close to each other, resulting in a distinct blue shift
of resonant wavelength.[19] Catchpole et al. showed
that the fraction of incident light coupled into the sub-
strate reduces with the increase of the average spacing
between the nanoparticle and the substrate, but the
effective scattering cross section increases.[20,21] Cur-
rently, the effect of the underlying dielectric environ-
ment on the surface plasmon has attracted a great deal
of attention. Three different dielectrics are commonly
used in photovoltaic cell fabrication: silicon dioxide
(SiO2), silicon nitride (Si3N4) and titanium dioxide
(TiO2), with refractive indices of 1.5, 2.0, and 2.5,
respectively. Beck et al. indicated that the surface
plasmon resonance is redshifted by up to 200 nm as
the underlying refractive index is varied, from a wave-
length of 500 nm for the particle on SiO2 to 700 nm
for that on TiO2.[22]

Highly-accurate simulation is capable of facilitat-
ing the success in diverse application areas. It reduces
reliance upon costly experimental prototypes, leading
to a quicker assessment of design concepts. At present,
several numerical techniques have been developed to
investigate the interaction of light with particles. Dis-
crete dipole approximation (DDA) methods and finite
difference time domain (FDTD) can be regarded as
two of the most widely used approaches to the prob-
lem. FDTD is based on Yee lattices, in which the
vector components of the electric field and magnetic
field are spatially staggered. In the FDTD method,
a leapfrog scheme is proposed for marching in time
wherein the electric field and magnetic field updates
are staggered so that electric field updates are con-
ducted midway during each time-step between succes-
sive magnetic field updates and conversely. FDTD
can model material through parameter averaging or,
choosing grids to conform to the geometries of the
material boundaries. The main advantages of FDTD-
based techniques for solving electromagnetic problems
are simplicity and the ability to handle complex ge-

ometries.
Placing nanoparticles on a substrate can affect the

light coupling into substrate in three ways: 1) modi-
fying the plasmon resonance wavelength, 2) changing
the normalized scattering cross section, 3) changing
the angular spectrum of the scattered light. In numer-
ical simulations, the position of the normalized scat-
tering cross section (Qscat) peak indicates the plasmon
resonance wavelength, and the fraction of the forward
scattered light (Fsub) shows the angular spectrum of
the scattered light. As we know, the absorbed light
in the long wavelength range into the nanoparticles is
negligibly small. So the Fsub can be replaced by the
light coupling efficiency for the Si substrate (CPE).
The normalized scattering cross section can be calcu-
lated as

Qscat =
8
3
k4r4

∣∣∣∣ ε − εm

ε + 2εm

∣∣∣∣2 , (1)

where k is the incident light wave vector, r is the diam-
eter of nanoparticle, εm is the dielectric permittivity
of dielectric environment, the dielectric permittivity
of the nanoparticle is further described by ε.[23] The
particle scattering cross section is the largest when
ε = −2εm.

It is well known that the effective range of sur-
face plasmon is as short as only several or tens of
nanometers. Therefore, the spacer thickness between
the nanoparticles and the Si substrate is an important
parameter. To our knowledge, few papers focus on the
thickness of the dielectric layer between the nanoparti-
cles and the absorption substrate. Through numerical
calculation of the Qscat and CPE, we present a sys-
tematic study of the spacer-thickness-dependent sur-
face plasmon effect of Ag nanoparticles and varying
the radius of nanoparticle as a means of enhancing
light trapping in silicon solar cells. It is found that a
suitable dielectric thickness for particle with a specific
size and an appropriate radius for a spacer of certain
thickness are desirable to achieve the best absorption
performance.

2. Numerical analysis

2.1.Varying the thickness of the SiO2

layer

Figure 1 shows the layout of the simulation de-
sign. In this configuration, Ag is selected as the mate-
rial to support the surface plasmon resonance and the

025202-2



Chin. Phys. B Vol. 21, No. 2 (2012) 025202

metallic particles are separated from a semi-infinite Si
substrate by a thin SiO2 layer. Numerical simulations
are performed using the FDTD solutions package from
Lumerical software. Nanoscale Ag semisphere arrays
on an Si substrate are modeled using periodic bound-
ary conditions and the Z dimension is truncated by
the perfectly matched layers. To clarify the size effect,
two sets of semispherical radii 30 nm and 70 nm are
modeled with the corresponding periods of 120 nm and
240 nm. The mesh size around the particles is taken
to be 1.5 nm and 2.5 nm, respectively. A normally in-
cident total-field scattered-field source (TFSF) is used
to illuminate the substrate. The semisphere is com-
pletely localized in the total field. The dielectric func-
tions are modeled using a Drude model for Ag and
a Drude–Lorentz model for Si. To calculate the nor-
malized scattering cross section the Poynting vector of
the scattered field is integrated over a box surround-
ing the nanoparticle and then divided by the incident
intensity and by the geometrical cross section. The in-
tegrated Poynting vector of the scattered field is calcu-
lated separately in the air and in the substrate. To cal-
culate the power absorbed in the Si, a power monitor
is used, located at the top surface of the Si substrate,
where Si is supposed to be infinite so that the light in-
cident into the Si substrate is completely absorbed. A
normally incident plane wave with a wavelength range
from 400 nm to 1100 nm illuminates the sample.

light

Ag

SiO2

silicon

Fig. 1. The layout of the simulation design.

The CPE into the substrate is evaluated as the in-
tegral of the Poynting vector of the interface between
Si substrate and the dielectric layer divided by the
power of the source. Using CPE, integrated quantum
efficiency (IQE) is defined as

IQE =

∫ λ

hc
CPE(λ)IAM1.5 (λ) dλ∫ λ

hc
IAM1.5 (λ) dλ

, (2)

where h is Planck’s constant, c is the speed of light
in the free space, λ is the sunlight wavelength and
IAM1.5 is solar spectrum of AM1.5 in which sunlight
radiating through an air mass is 1.5 times greater than
the vertical case. In Eq. (2), numerator and denom-
inator mean the number of photons absorbed by the
Si substrate and that falling onto the Si substrate, re-
spectively. The sun spectrum IAM1.5 is taken from the
link.[24]

Figure 2 illustrates the sensitivity of the normal-
ized Qscat peak and the surface plasmon resonance
wavelength (SPRW) of the nanoparticles with 30-nm
and 70-nm radii to the geometry of the dielectric layer.
The resonance peak blueshifts rapidly with the in-
crease of the spacer thickness, in particular for the
small particle, demonstrating the tunability of the
plasmon resonance in oxide thickness. The resonance
frequency can be tuned by varying the dielectric con-
stant of the dielectric environment: a higher index
leads to a redshift of the resonance.[25,26] Clearly, in-
creased overlap of the metallic plasmon with the high-
index Si substrate causes a redshift in resonance. For
Ag nanoparticle with 70-nm radius on bare Si, the res-
onance peak strongly redshifts beyond a wavelength
of 1100 nm. The redshifting becomes very slow as the
SiO2 layer thickness is larger than a certain value, e.g.
15 nm for the two cases, which can be ascribed to the
localization of surface plasmon. For nanospheres in
a static electric field, the electrical field outside the
sphere (Eout) decreases rapidly, due to the rapid scal-
ing of Eout ∝ 1/r−3.[23] Therefore, the effect of Si
substrate on the metallic plasmons is almost elimi-
nated as the SiO2 is thick enough. As the thickness
of SiO2 is beyond 100 nm, normally the same order
as the visible light, where the SiO2 layer can be used
as an antireflection film, the Qscat and SPRW can be
characterized by oscillations under the influence of the
geometrical optics.

As can be seen in Fig. 2, the value of Qscat changes
significantly and some oscillations are observed as
the thickness of the dielectric layer is nearby a value
(about 10 nm–15 nm), indicating the metallic plasmon
is determined by both the SiO2 and the Si substrate.
As the oxide is thick enough, the Qscat remains ap-
proximately constant. In other words, the effect of the
Si substrate on plasmons is quite small. The metallic
plasmon depends on the oxide thickness, suggesting
that modification of the spacer thickness is an effec-
tive method of prompting the optical absorption.
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Fig. 2. The normalized scattering cross section (Qscat)

and surface plasmon resonance wavelength (SPRW) of

semi-spherical particles versus the thickness of SiO2, for

two different radii: (a) r = 30 nm and (b) r = 70 nm.

Insets show the whole profiles.

To further illustrate this phenomenon, figure 3
shows the fraction of light directed into the substrate
coated by oxide with different thicknesses. As can be
seen in Fig. 3, a large fraction of the light is coupled
into the substrate, in agreement with Fig. 1 where an
effective cross section is well in excess of the geometri-
cal area (Qscat > 1). A maximum and a minimum
in the absorption spectrum are observed in Fig. 3,
which are located at both sides of the resonance wave-
length. Compared with the bare substrate, enhance-
ment is seen only for wavelengths above certain val-
ues, such as 520 nm for 30-nm thick oxide in Fig. 3(a).
Large reduction in absorption, as much as 45%, is ob-
served for the 30-nm radius particle underlain by 5-nm
thick spacer at a wavelength of approximate 600 nm.
The reduction in absorption around resonance is at-
tributed to two mechanisms. First, the interference
between light that transmits at the Si interface and
the scattered light by the nanoparticles. For wave-
lengths below resonance, the scattered light is out of
phase with the incident light, leading to destructive
interference.[27] Second, high electric intensity is lo-
cated at the corner and the light is not efficiently con-
veyed into the substrate in the visible range, as can
be seen in Fig. 4. Figure 4 gives the electric intensity
distribution at vertical cross sections of Ag nanopar-
ticles with different sizes. The left pictures are for the

absorption minimum, while the right pictures are for
the absorption maximum. The absorption maximum
can be attributed to the effectively unfolding of light
in the substrate and the constructive interference be-
tween the scattered light and the incident light.
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Fig. 3. The light coupling efficiency (CPE) for the sub-

strate coated by SiO2 layer with different thicknesses

as a function of wavelength for two configurations: (a)

r = 30 nm and (b) r = 70 nm. The numbers inside the

pictures indicate the thicknesses of SiO2 layers.

Figure 5 shows the oxide thickness-dependent in-
tegrated quantum efficiency (IQE) calculated for Si
substrates. The two pictures show similar profiles.
Generally, when the dielectric layer is very thin, the
absorption increases obviously with the spacer thick-
ness. The enhancement of absorption achieves the
best performance as the thickness is less than 100 nm,
e.g. 90 nm for 30-nm radius and 45 nm for 70-nm ra-
dius. The IQE increases slowly and reaches the maxi-
mum finally, when the dielectric layer is thick enough.
Due to the influence of geometric optics, oscillations
are observed. Therefore, SiO2 layer of a suitable thick-
ness is needed to achieve the best absorption. In ad-
dition, as can be seen from the above results, the
nanoparticle size also plays an important role in de-
termining the absorption performance, as is obvious
by the strong effect of size on Qscat, CPE, and IQE.
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2.2.Varying the radius of the semisphere

Next, the scattering behaviour of semispheres with different sizes will be discussed, which are located on a
30-nm thick SiO2, underlain by the Si substrate. The XY plane of the simulation domain is a W by W square,
where W is the sum of radius of the semisphere and W = 40 nm. The boundary conditions are the same as
those in the above simulation.
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Figure 6 shows the normalized scattering cross
section of metallic semispheres with different radii.
According to the analytical calculation from Mie the-
ory, the plasmon resonance is affected by redshift as
the radius is progressively increased. Figure 6 also
shows that the peak value of Qscat increases with the
size as the radius is less than 70 nm. At resonance
the scattering cross section can well exceed the geo-
metrical cross section of the particle. For example, at
resonance the metallic semisphere with a 70-nm radius
has a scattering cross section that is around 5 times as
large as the geometrical cross section. In such a case,
to the first-order approximation, a substrate covered
with 20% the areal density of particles could fully
scatter the incident light. For the size well below the
incident light wavelength, a point dipole model can de-
scribe the scattering of light well. While an increased
size leads to a larger absolute scattering cross section
when the radius is of the same order of the light wave-
length and this modification leads to a reduced cross
section when normalized by size. A narrower peak at
short wavelength due to high-order excitation is also
observed. For these large sizes, dynamic depolariza-
tion and radiation damping become important. Fur-
thermore, the excitation higher-order plasmon modes
must be taken into account for the large size.[22,23,25]

Dynamic depolarization occurs as the particle size
increases, because conduction electrons across the
particle no longer move in phase. This leads to a re-
duction in the depolarization field at the centre of the
particle.[28] As a result, there is a reduced restoring
force and hence a redshift in the particle resonance.
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For these large particles, in which scattering is signif-
icant, the re-radiation leads to a radiative damping
correction to the quasi-static polarizability, thus in-
ducing a plasmon resonance broadening.[29] The red-
shift and broadening of the resonance would generally
be expected to enhance optical absorption, since light-
trapping should occur over a relatively broad wave-
length range and more light of the band-gap wave-
lengths will be scattered into the Si substrate.

Figure 7 shows the fraction of light directed into
the Si substrate and the integrated quantum efficiency
for the particles with different sizes. Because of the
higher-order modes, an evident peak is observed at the
short wavelengths. As can be seen in Fig. 7, the cou-
pling efficiency at high-order resonance is smaller than
that of dipole modes, although the high-order modes
show a great scattering cross section. In fact, high-
order plasmon modes reduce the light coupled into a
dielectric substrate because the field around the par-
ticle decays much faster than the dipolar resonance.
The dipolar resonance mode and high-order plasmon
modes determine the total optical coupling together,
inducing some oscillations on the IQE curves with
the increase of the radius. In summary, a appropriate
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granular size should also be selected to achieve the
best absorption performance for a certain thickness of
the dielectric layer.

3. Conclusions

In this paper, we have investigated the spacer
thickness-dependent metallic plasmon effect on silicon
solar cells. As the oxide is very thin, the development
of metallic plasmons depends on the Si substrate and
the SiO2. As the effect of the oxide on plasmons is in
the same order as that of the Si substrate, the reso-
nance wavelength and Qscat peak value are character-
ized by oscillations. As the spacer is thick enough, the
effect of the Si substrate on the metallic plasmons is
negligibly small. Moreover, the resonance wavelength
oscillates with the oxide thickness under the influence
of the geometrical optics as the thickness is compa-
rable to the light wavelength. The influence of the
particle diameter has also been analysed while keep-
ing the spacer thickness constant. With the increase
of particle size, the resonance peak redshifts and the
normalized cross section increases. As the nanoparti-
cle is large enough (usually on the same order as the
incident light wavelength), high-order excitation oc-
curs, inducing a normalized cross section peak in the
short wavelength range. Moreover, radiative damping
induces the broadening of the plasmon resonance for
the large particles. In conclusion, the optimization of
plasmonic light trapping in a solar cell is a tradeoff,
where the size of particle and the thickness of dielec-
tric layer must be taken into account.
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