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Scattering of light into silicon by spherical
and hemispherical silver nanoparticles

Anthony Centeno,"* Jonathan Breeze,! Badar Ahmed,? Hari Reehal,? and Neil Alford®

'Department of Materials, Imperial College London, London SW7 2AZ, UK
2Facu]ty of Engineering, Science and the Built Environment, London South Bank University, London SE1 0AA, UK
*Corresponding author: acenteno@imperial.ac.uk

Received September 14, 2009; revised November 11, 2009; accepted November 17, 2009;
posted December 7, 2009 (Doc. ID 116830); published December 31, 2009
The interaction of light with noble metal nanoparticles deposited onto the top surface of a semiconductor has
been investigated using the finite-difference time-domain method. The scattering is calculated for spherical
and hemispherical silver nanoparticles placed in a periodic two-dimensional array on the upper surface of a
semi-infinite silicon substrate. The results show that the contact area between hemispherical particles and
the silicon significantly reduces the forward scattering. The use of an oxide buffer layer to separate the par-
ticle from the semiconductor is investigated and is seen to be important if the forward scattering of light is

to be enhanced. © 2009 Optical Society of America
OCIS codes: 290.2558, 160.4236.

There has recently been considerable interest in en-
hancing the performance of silicon solar cells using
noble metal nanoparticles [1-8]. Catchpole and Pol-
man [3] used finite-difference time-domain (FDTD)
simulations to model the scattering of light by silver
nanoparticles separated from the substrate by a 10-
nm-thick SiOy layer. They reported that the forward
scattering of light into the substrate increased with
contact area between the nanoparticle and the oxide
layer. Calculations by Hégglund et al. [4], however,
suggest that if the upper and lower parts of a nano-
particle oscillate out of phase, forward scattering is
reduced. This scenario would occur if a hemispherical
particle is in direct contact with a dielectric since the
upper and lower internal fields are different. These
works appear to be contradictory and therefore we
have investigated the scattering of light, when silver
nanoparticles are placed on the top surface of a sili-
con substrate or SiO, layer, using the FDTD tech-
nique [9]. Indeed the effect of an oxide layer has been
highlighted by Temple et al. [7] as an area requiring
attention.

Increasing the forward scattering into the silicon is
considered the important mechanism for enhancing
the performance of inorganic solar cells [4,7], al-
though near-field enhancements may be important if
very thin films are being considered [8]. Here we con-
sider particles in tightly packed arrays, an area yet
to receive much attention in previous studies.

In our calculations the nanoparticles are in peri-
odic arrays on the upper surface of a silicon substrate
or on a thin SiO, layer. The dielectric function of sil-
ver is represented using a Drude model,
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where o, is the bulk plasmon frequency and 7y is the
characteristic collision frequency. In our calculations
£,=5.7, ,=1.3673X 10% rad/s, and y=2.7335
X 10'% Hz.
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At wavelengths in the proximity of the surface
plasmon resonance noble metal nanoparticles have a
negative dielectric constant. This enables the particle
to interact with light over a cross-sectional area
greater than its geometrical cross-sectional area [8].
The absorption and scattering cross-sectional areas,
C.s and Cg,, are given by [10]
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where \ is the wavelength and « is the polarizability
of the particle,
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with V being the volume of the sphere and & being
the dielectric function, given by Eq. (1).

Figure 1 shows the ratio Cg.,/C,, for a 60 nm di-
ameter silver sphere. The wavelengths where the ra-
tio is much greater than 1 are where the enhance-
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Fig. 1. Ratio of scattering to absorption cross-sectional
area (Cge,/Cap) for a 60 nm diameter silver sphere.
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ment of the forward scattering into the
semiconductor is likely to occur. At wavelengths
where C,,,>C,, there is a significant amount of ab-
sorbed light that will not contribute to the photovol-
taic conversion.

The scattering is found by considering power flow
across two computation surfaces extending the full
length and width of the FDTD workspace as depicted
in Fig. 2. Reflections from the semiconductor’s back
surface are minimized by extending the silicon into a
perfectly matched layer (PML), making it appear to
be semi-infinite. This is necessary because any reflec-
tions will travel through the lower computational
surface and cannot be separated from the forward
scattered waves. A number of models were run to find
appropriate distances of these surfaces from the sil-
ver particles. For the largest spherical particles it
was found that the solutions converged when the sur-
faces were more than 70 nm from the spheres. For
hemispherical particles placed on the silicon, this dis-
tance had to be increased to at least 100 nm. In all
our calculations the computational surfaces were 150
nm from the silver particles.

The top of the computational domain was also ter-
minated by a PML, with the other four FDTD work-
space boundaries being periodic. The periodic bound-
aries ensured that all scattered fields pass through
one of the computational surfaces. The incident field
was a Gaussian pulse of y-polarized electric field.

The discretization of the computational domain
into FDTD cells must be fine enough to ensure a con-
vergent solution. An extensive numerical experimen-
tation was carried out by increasing the number of
cells until the convergence was obtained. The dimen-
sions of the FDTD cells for the results reported here
are between 1 and 2 nm.

Absorption in our calculations was due to losses in
the silver. It should be noted that for predicting pho-
tovoltaic conversions in real devices absorption in the
silicon should be included, but in this work we were
primarily interested only in finding the increased for-
ward scattering at wavelengths beyond 450 nm. For
wavelengths longer than 450 nm the extinction coef-
ficient of the silicon is below 0.1 and the refractive in-
dex of the material is less than 4.7 [11]. A very simple
model was therefore used to represent the silicon as a
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Fig. 2. Cross section at x=0 of the FDTD computational
domain.
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material with a real refractive index of 3.5 (e,
=12.25). The advantage of this simple material model
is that the placement of the computational surface
for predicting forward scattering depends only on be-
ing far enough away from the nanoparticle to be un-
affected by the strongly localized near field.

Absorption, backscattering, and near-field coupling
between the nanoparticles are considered loss
mechanisms, as they would not contribute to im-
proved photocurrent response in a solar cell. All the
calculations were carried out for infinite two-
dimensional arrays of particles by making the dis-
tance between the periodic boundaries, in the x and y
directions, equal to the center-to-center separation
distance of the particles

The results of forward scattering for separation
distances of 100 and 75 nm are shown in Fig. 3. The
forward scattering is normalized to that obtained
when no nanoparticles are present on the silicon sur-
face. It is seen that larger-diameter spheres cause an
increased forward scattering at longer wavelengths.
This is consistent with results reported previously
(see, for example, [1-7]). There is reduced forward
scattering at the shorter wavelengths due to both in-
creased absorption and backscattering by the silver
nanoparticles. The shortest wavelength at which the
enhancement occurs depends on the separation dis-
tance as well as on the particle size.

To consider the effect of the contact area between
the nanoparticles and silicon the scattering due to 60
nm diameter hemispheres with a center-to-center
separation of 75 nm and the flat surface placed on the
semiconductor was calculated (Fig. 4). The forward
scattering for 60 nm spheres with the same separa-
tion is included in Fig. 4 to enable comparison. It can
be seen that the hemisphere causes significantly
more backscattering and reduced forward scattering.
In fact, forward scattering into the silicon with no
particles present would be 0.7 and so, except for a
very narrow band, the hemisphere actually reduces
the forward scattering. This result shows that a
spherical particle shape is the most desirable for en-
hancing forward scattering, as previously suggested
by Héagglund et al. [4], owing to the minimal contact
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Fig. 3. Normalized forward scattering for spherical par-
ticles in a two-dimensional periodic array. In the legend the
number before the slash is the diameter of the sphere, and
the other number represents the center-to-center spacing
between particles.
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Fig. 4. Forward scattering, backward scattering, and ex-
tinction coefficients for a 60 nm diameter hemispherical
particle on the top surface of semi-infinite silicon. Forward
scattering due to a 60 nm sphere on silicon is included for
comparison. Scattering is not normalized in this figure.

area between the nanoparticle and the silicon. Unfor-
tunately the preferred production method of anneal-
ing Ag layers to produce nanoparticles [1,7] typically
produces hemispherical particles.

Calculations by Hégglund et al. [4] involving a gold
disk indicated that the effects of the dielectric sub-
strate on the nanoparticle are reduced if it is lifted off
the surface. Figure 5 shows the results for 60 nm di-
ameter hemispheres separated from the silicon by
Si0O, layers of various thicknesses. The SiO, was in-
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Fig. 5. Normalized forward scattering when 60 nm spheri-
cal hemispheres are separated from the silicon using SiOy
films. The legend indicates the thickness of the SiOy film.

cluded in the FDTD model using a dielectric constant
for the material of 2.8, derived from the data pre-
sented by Dionne et al. [12]. It can be seen that for all
the thicknesses of SiO, considered enhancement of
the forward scattering occurred for wavelengths
above 680 nm. This compares with the enhancement
starting at 438 nm for the 60 nm spherical particles
on the silicon. The magnitude of forward scattering
above 700 nm is seen to be dependent on the thick-
ness of the oxide layer.

In this work we demonstrated that the contact
area between the particles and the semiconductor
causes a reduced forward scattering but an oxide
layer can be used to counteract this reduction. All the
calculations reported here consider the case of closely
packed arrays rather than isolated particles. It is
shown that the separation between particles modifies
the maximum forward scattering enhancement and
the wavelength at which it begins.
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