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ABSTRACT

Plasmonic effects induced by silver nanocylinders em-
bedded at rear side of a thin crystalline silicon (Si) sub-
strate are reported. Numerical simulations were per-
formed on a 3×3 nanowire array by means of 3D FDTD
method. Absorption, scattering and extinction cross
sections are calculated, and space distribution of ab-
sorbed power densities is computed. Up to 100 times
enhanced absorbed power on nearly 70 % of the Si sub-
strate is observed for a particular nanowire arangement.
First experimental attempts devoted to fabrication of
the simulated structures are also reported here.

Keywords: plasmonics, numerical simulations, nano-
wires, photovoltaics, absorption enhancement

1 INTRODUCTION

Thin-film silicon (Si) solar cells considered as a promis-
ing solution to reduce the costs of solar energy are only
few microns thick. The reduced thickness of the active
Si layers leads to a considerable weakness of general cell
performances. In particular, light absorption becomes
a critical factor strongly influencing the solar cell ef-
ficiency. Unfortunately, classical chemical treatments
used to enhance the optical path of light in the case of
thick solar cells are not suitable for the thin-film solar
cells since the necessary surface roughnesses are of the
same order of magnitude than the film thickness [1–3].

Plasmonics, which has seen a growing interest in the
past few years, can provide several innovative ways for
light absorption enhancement. Indeed, the collective
coherent oscillation of free electrons in metallic nanos-
tructures in resonance with an incident electromagnetic
wave leads to new optical, magnetic and electrical prop-
erties which are very different from those of bulk metallic
materials. These unique properties find numerous ap-
plications in various fields, such as: biology [4, 5], pho-
tonics, integrated optics [6], biosensors [7] and photo-
voltaics [8–10]. In particular, the plasmon-induced light
scattering by metallic nanoparticles and near-field con-
centration of light (“hot-spots”) are particularly attrac-
tive to be applied in photovoltaics [8, 9]. Indeed, they
allow an enhancement of the absorption in a solar cell,
and hence, an increase of its general efficiency [2,11–16].

Moreover, plasmonic peaks can be finely tailored by
modifying: (i) geometrical aspects of the metal nanos-
tructure assembly (shape, size, density) or (ii) materi-
als properties, thus allowing enhancements in a wave-
length range of special interest. In order to take all
these parameters into account numerical simulations are
required.

In this paper, numerical three-dimensional (3D) finite-
difference time-domain (FDTD) simulations are firstly
performed on a 3×3 nanowire array of silver (Ag) nano-
wires embedded at the rear side of a thin Si substrate.
Various geometries are compared by varying location,
size, and periodicity of the Ag array. Secondly, some
experimental attempts devoted to fabrication of the sim-
ulated structures are also described.

2 NUMERICAL SIMULATIONS

Since there are a lot of different parameters control-
ling the surface plasmon resonance of an array of metal-
lic nanostructures, a numeric simulation step is abso-
lutely required in order to define the outlines of a par-
ticular attractive design with plasmon-enhanced proper-
ties. In this part of our paper, we describe the numeri-
cal simulations performed with 3D FDTD method using
commercially available Lumerical solution package.

In order to especially enhance the light absorption
in the near-infrared spectral region which is known to
be extremely weak in the case of thin-film crystalline
silicon solar cells, the Ag nanowires incorporated into
the rear side of a Si thin film are considered. Indeed,
noble metal nanostructures can exhibit a localised plas-
mon resonance in the near-infrared region [10, 17]. A
general view of the simulated structure based on a 3×3
array of the Ag nanowires located at the rear side of
a thin (1µm) c-Si substrate is shown in the inset of
Fig. 1. The simulation is performed with the use of
Perfectly Matched Layer (PML) boundary conditions.
A normally incident plane wave propagating along the
z -axis and polarized along the x -axis is used to illumi-
nate the simulated structure from its front side. Several
configurations has been investigated by varying the di-
ameter D and the periodicity P (edge-to-edge distance)
of the Ag nanopillars.

For each considered structure, absorption, scatter-
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Figure 1: Calculated absorption, scattering and extinc-
tion cross-section enhancements for a simulated struc-
ture with D = 100 nm and P = 250 nm. Inset shows a
general view of the simulated structure.

ing and extinction cross-sections (respectively σabs, σsca
and σext, with σext = σabs + σsca) has been calculated
over the 400–1200 nm wavelength range. Silicon sub-
strates both with and without (for comparison) metallic
nanowires has been studied. Indeed, in order to bring to
light the enhancements induced by the introduction of
the nano-metal, the ratio of σext for structure with cylin-
ders over the bare Si one is calculated. For each consid-
ered structure a general enhancement is observed in the
region of interest: λ > 800 nm). Fig. 1 shows the cross-
sections enhancements for a structure with D = 100 nm
and P = 250 nm. The maximum σext enhancement, cor-
responding to the plasmonic peak for this configuration,
is observed at λ = 1072 nm.

Absorbed power density Pabs is then computed at the
plasmon resonance wavelength deduced from the cross-
sections calculations. Spatial mapping of the Pabs values
allows us to identify the regions where the exciting radi-

Figure 2: Mapping of the absorbed power density
Pabs enhancement for D = 100 nm and P = 250 nm.
The wavelength corresponds to the maximum extinction
cross-section enhancement (λ = 1072 nm).

ation absorption is either improved (Enh. factor > 1) or
reduced (Enh. factor < 1). For each considered struc-
ture a large part of the exciting light is absorbed within
the metallic nanostructures. By aiming photovoltaic ap-
plications, we will consider the power absorbed in the
Ag nanowires as lost, and we will focus our attention on
the absorbed power within the Si thin films. The impor-
tant scattering ability of the Ag nanowires can be easily
deduced from the visible constructive and destructive in-
terferences observed in Fig. 2. Hot-spots resulting from
strong near-field coupling of the plasmon oscillations of
neighbouring wires are not observed in the present struc-
ture since the distance between the pillars is quite im-
portant. Nevertheless, up to 100 times enhancement of
the absorbed power takes place in nearly 70 % of the
thin Si substrate volume.

3 EXPERIMENTAL

In order to experimentally verify the theoretical re-
sults described above, the Si substrates with the incor-
porated Ag nanowires have to be fabricated. An all-
chemical method compatible with large-surface process-
ing is investigated and some preliminary results are de-
scribed below. The process flow-chart are schematically
shown in Fig. 3.

3.1 Electrodeposition of Nanoparticles

First of all, in order to remove all impurities and na-
tive oxide, Si substrates are cleaned in a buffered oxide
etch (BOE) solution for 10 s. The Si wafers are quickly
rinsed and oxidized in an acidic piranha solution (4:1
mixture of concentrated H2SO4 and H2O2) for 10 mn,
rinsed in ultra-pure water (UPW) for 10 mn and finally
deoxidized in a 5 vol.% HF for 40 s. The cleaned Si sub-
strates are then cleaved into 15×15 mm2 samples.

Figure 3: Schematic flow-chart of the plasmonic sub-
strate fabrication: (a) Si substrate is cleaned to remove
oxide and all kinds of impurities; (b) Ag nanoparticles
are electrodeposited from a colloidal solution on top
of the Si surface; (c) the nanoparticles catalyze local
etching of Si leading to creation of pores with the Ag
nanoparticles at their bottom; (d) the created pores are
filled with Ag to create the nanowires.
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Figure 4: Plan-view scanning electron microscopy
(SEM) image of the Ag nanoparticles (D = 40 nm) elec-
trodeposited on (100)-oriented Si substrate at a constant
voltage V = 40 V for t = 10 mn.

Ag colloidal nanoparticles stabilized in an aqueous
buffer were purchased from Sigma-Aldrich. The nanopar-
ticles were electrodeposited in a electrochemical cell on
single crystalline (100)-oriented n-type Si wafers with a
1-20 Ωcm resistivity. Since the nanoparticles are stabi-
lized with sodium citrate ions, they possess a negative
charge at their surface when they are dispersed in po-
lar liquids. The Si samples are put in direct contact
with a copper (Cu) anode and a platinum-iridium (Pt-
Ir) alloy cathode is set at an approximatively distance
of 15 mm. The cell is filled with the colloidal solution of
the Ag nanoparticles, and a constant voltage V = 40 V
is applied for t = 10 mn. Fig. 4 shows a plan-view scan-
ning electron microscopy (SEM) image of the electrode-
posited Ag nanoparticles without any visible aggregates.
The SEM images are obtained with a MIRA FEG-SEM
from TESCAN. The particles are strongly attached at
the Si surface.

3.2 Metal-Assisted Chemical Etching

Metal-Assisted Chemical Etching (MACE) is a sim-
ple and low-cost method for the well controlled fabrica-
tion of Si nanostructures without size limitation. The
basic principle is the following. A Si substrate loaded
with noble metal is immersed in a acidic solution in pres-
ence of an oxidative agent. The catalytic activity of the
noble metal induces the reduction of the oxidant. The
generated holes resulting from this reaction then diffuse
through the Ag nanoparticles and are injected into the
substrate. Therefore, the Si in contact with the metal is
oxidized, and dissolved by the acid. Since the concentra-
tion of holes is more important at the Ag/Si interface,
the etching is faster beneath the particles, leading to
an highly anisotropic etching along (100) direction [18].
The overall reaction proposed by Chartier et al. is:

Si+
n

2
H2O2 +6HF→ nH2O+H2SiF6 +

4− n
2

H2 ↑ (1)

Figure 5: Cross-sectional SEM image of an n-type (100)-
oriented Si substrate loaded with 60 nm Ag nanoparti-
cles and etched at room temperature in HF/H2O2/H2O
mixture for t = 2 mn.

The morphology of the obtained porous nanostruc-
tures is mainly dependant on initial distribution of the
noble metal nanoparticles at the surface of a Si wafer,
on the surface conditions (noble metal in direct, and
strong, contact with the substrate) and on the etching
bath properties.

Our samples shown in Fig. 4 are immersed in a HF
(5.3M)/H2O2 (0.18M)/H2O etching mixture (25:10:4 vol-
ume ratio) for t = 2 mn at room temperature. In accor-
dance with the MACE mechanisms described above, the
perfectly spherical Ag nanoparticles sink into the Si sub-
strate. The high proportion of the used acid compared
to the oxidative agent (ρ = [HF]/([HF] + [H2O2]) '
97%) leads to the formation of straight cylindrical pores
with diameter matching the Ag nanoparticles size (see
Fig. 5) [19].

3.3 Pore Filling

Various methods for the pore filling with Ag, such as
Ag electroless or electrolytic deposition are still under
investigation. The major issue of such methods comes

Figure 6: Cross-sectional SEM image of a sample after
Ag electrolytic deposition. Partially filled and unfilled
pores can be observed, as well as silver nanowires stick-
ing up from the substrate.
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from the non-negligible conductivity of the Si substrate.
Thus, the Ag deposition inside the pores is not suffi-
ciently favoured. This is confirmed by the first elec-
trolytic deposition tests performed starting from the as-
sumption that the Ag nanoparticles embedded at the
bottom of the pores are much more conductive than
the Si substrate. Ag is randomly deposited inside and
outside the pores as shown by the observation of the
filled and partially filled pores. An important part of
the pores remain non-filled (Fig. 6).

4 CONCLUSIONS

In this communication, we have reported investiga-
tion of the plasmon-induced benefits ensured by adding
the Ag nanowires inside a Si substrate. In presence of
the Ag nanostructures, numerical simulations demon-
strated a global enhancement of the absorbed power in-
side the Si thin layer. A particular design with strongly
plasmon-enhanced absorption has been found. A chem-
ical method for fabrication of plasmonic substrates with
randomly arranged Ag nanoparticles is currently devel-
oped, and the first corresponding results have been re-
ported. Once the key pore filling step will be mastered,
further experiments dedicated to the organization of the
cylinders will be carried out.
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