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Abstract

We investigate the influence of nanoparticle height on light trapping in thin-film solar cells
covered with metal nanoparticles. We show that in taller nanoparticles the scattering
cross-section is enhanced by resonant excitation of plasmonic standing waves. Tall
nanoparticles have higher coupling efficiency when placed on the illuminated surface of the
cell than on the rear of the cell due to their forward scattering nature. One of the major factors
affecting the coupling efficiency of these particles is the phase shift of surface plasmon
polaritons propagating along the nanoparticle due to reflection from the Ag/Si or Ag/air
interface. The high scattering cross-sections of tall nanoparticles on the illuminated surface of
the cell could be exploited for efficient light trapping by modifying the coupling efficiency of
nanoparticles by engineering this phase shift. We demonstrate that the path length
enhancement (with a nanoparticle of height 500 nm) at an incident wavelength of 700 nm can
be increased from ~6 to ~16 by modifying the phase shift at the Ag/air interface by coating

the surface of the nanoparticle with a layer of Si.

(Some figures in this article are in colour only in the electronic version)

1. Introduction and approach

There has been an increased interest, in recent years, in
wavelength-scale light trapping techniques for application to
thin solar cells. Light scattering by metal nanoparticles due to
excitation of plasmons is a promising technique for trapping
light inside the active volume of a solar cell [1-10]. Plasmonic
nanoparticles have been shown to give substantial photocurrent
enhancements on thick substrates and on thin waveguides. The
highest increase in photocurrent reported so faris 33% and 19%
using random silver nanoparticle arrays placed on the surface
of Si-on-insulator and Si-wafer-based solar cells, respectively
[3]. The properties of the nanoparticle array that need to be
optimized to maximize their light trapping efficiency include
the nanoparticle size and shape [5,11], the thickness and
refractive index of dielectric layers between the solar cell and
the nanoparticle array [12—14], the fractional surface coverage
and the arrangement of the nanoparticles (random arrays
and/or periodic arrays). Studies so far have demonstrated that

0022-3727/11/185101+09$33.00

flattened particles like hemispheres or discs have highest near-
field coupling of radiation into the substrate [11], and that the
scattering cross-section of the nanoparticles and the efficiency
of coupling scattered radiation into the substrate depend
critically on the spacer layer thickness and refractive index
[11,14]. Both random arrays [2] and quasi-periodic arrays
[4] have experimentally demonstrated significant increase in
the absorption in the solar cell, and theoretical studies have
been published on optimizing the random/periodic arrays of
nanoparticles [15, 16]. Experiments demonstrate that for thin
GaAs solar cells, tall, high aspect ratio Ag nanoparticles result
in an enhanced light absorption in the substrate compared to
short (smaller aspect ratio) particles [4]. However, there has
been no systematic study on the effect of nanoparticle height
on the light-trapping properties.

In this paper we present a numerical study on
the optimization of nanoparticle height for light-trapping
applications. We systematically study the effect of
nanoparticle height variation on the scattering cross-section,
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Figure 1. Schematic cross-section of the simulation set-up used for this study (not to scale). The nanoparticles studied are Ag cylinders
(diameter 200 nm) with rounded off top and bottom surfaces (radius of curvature 20 nm) placed on Si with a 20 nm thick SiO, spacer layer.
A TFSF source is incident on the particle from the air side or the substrate side and its origin is indicated for the rear illumination
configuration using the black dashed—dotted line. The direction of source propagation is indicated by red arrow for front illumination
configuration and by a green arrow for the rear illumination configuration. The volume bounded by solid black lines separates the total field
region from the scattered field region. The fields detected/measured inside this volume are total field (incident + scattered), while outside
this volume, the fields detected are only due to scattered light. The grey line indicates the simulation volume and the dashed lines (green and
red) indicate the monitors used for calculating the scattering cross-sections of the particles and fraction of scattered power coupled into the
substrate. The scattered fields are monitored at a depth of 175 nm from the substrate surface.

fraction of light scattered into the substrate and thus the ability
to enhance the absorption inside a Si substrate. Results
are presented for both front illumination (particles on the
illuminated surface of the substrate) and rear illumination
(particles on the rear of the substrate) configurations. We
show that tall nanoparticles exhibit increased scattering cross-
sections and support standing wave plasmonic modes, which
act to enhance the coupling of light scattered from the
nanoparticle into the substrate in a certain wavelength range.
Tall nanoparticles are predominantly more forward scattering
(in the same direction as the incident light) than backward
scattering (in the direction opposite to the incident light). The
efficiency with which the light scattered from the nanoparticles
is coupled into the substrate depends on the phase shifts
introduced at reflection of surface plasmon polaritons at the
nanoparticle/air or nanoparticle/Si interface. For particles on
the illuminated surface of the cell, the forward scattering nature
of these nanoparticles coupled with increased scattering cross-
section can lead to efficient light trapping if the coupling
efficiency is controlled by varying the phase shifts introduced at
nanoparticle/air and nanoparticle/Si interfaces. These results
have importantimplications for designing optimal nanoparticle
arrays for light-trapping applications.

We use finite difference time domain (FDTD) numerical
modelling using software from Lumerical [17] to study the
effect of particle height. Figure 1 shows a schematic of
the geometry used for this study. We study a semi-infinite
crystalline Si substrate covered with a 20 nm thick SiO, layer,
typical of surface passivation layers used in solar cells. A
silver nanoparticle is placed on top of the oxide. The particles
considered in this study are cylinders (diameter 200 nm)
with rounded off top and bottom edges (radius of curvature
20nm). A total field/scattered field (TFSF) source [17, 18],
polarized perpendicular to the surface normal (TE polarization)
is incident on the particle from the air (or substrate) side,
depending on whether we want to simulate nanoparticles

on the front (or rear) of the solar cell. A TFSF source is
essentially a plane wave source. The nanoparticles behave
exactly as they would, if illuminated by a plane wave source.
A TFSF source is especially useful for studying the scattering
properties of particles, as it allows us to numerically separate
the incident field from the scattered field. Similar to the
case of a plane wave, where the field in front of the source
comprises both incident field and scattered field, but behind
the source, all fields measured are due to scattered light; in
the case of a TFSF source, we can define a source volume
in three dimensions such that fields inside the source volume
comprise both incident field and scattered field, while outside
the source volume all the fields detected are because of the
scattered light (incident field in these regions is subtracted from
the total field to numerically give the value of scattered fields).
For rear illumination configuration, the source travels 150 nm
in the substrate before interacting with the nanoparticles.
The monitor positions are indicated with dashed lines. The
scattered field monitor is at a depth of 175nm from the
substrate surface. The monitors form five-sided boxes around
the nanoparticle in the total or scattered field regions. The sum
of power detected across all the monitors in the scattered field
region is the total power scattered by the nanoparticle. The
ratio of power detected across the monitors in the scattered
field region inside Si (monitors represented in green) to the
power across all monitors in the scattered field region (in air
and in Si) is the fraction of scattered power coupled into the
substrate ( fsub). The simulation volume (indicated in grey) is
defined by perfectly matched layer boundary conditions. We
are simulating the case of a single particle and do not account
for interactions between adjacent particles. We have shown
earlier that single particle simulations provide a good means
of predicting the experimental behaviour of random particle
arrays [14]. The single particle simulations are likely to give
the most accurate representation of experimental results when
the surface coverage is <1/Qsca. In an array of nanoparticles
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Figure 2. Scattering cross-sections normalized to the cross-sectional area of the nanoparticles as a function of wavelength for nanoparticles
on (a) the illuminated side (front) of the substrate and (b) the rear of the substrate. The nanoparticles are Ag cylinders with a base diameter
of 200 nm and varying heights that are indicated in the legend. Note the different vertical scales in (a) and (b). (c¢) shows Lorentzian fits to

the scattering cross-section data for 600 nm tall nanoparticles. The green lines are the Lorentzian components and the red line is the fit to the

original data using the Lorentzian components.

with higher surface coverage, the amount of light available
for scattering from each particle is reduced, resulting in lower
scattering cross-sections. But the major trends observed in the
behaviour of the nanoparticles will still be valid.

2. Results and discussion

Firstly, we present results on the scattering cross-section
(Qscat) and efficiency with which scattered light is coupled
into the substrate (fyp) as the nanoparticle height is varied
(section 2.1). We then explain the variations in Qe and fyup
data for tall nanoparticles in terms of standing wave plasmonic
modes in section 2.2. In section 2.3, the difference in the
behaviour of tall nanoparticles for front and rear illumination
configurations is discussed and attributed to asymmetric
scattering behaviour of the nanoparticles. Finally, we present
results illustrating the effect of Qgu, fsup and asymmetric
scattering behaviour of tall nanoparticles on the light-trapping
efficiency for both front and rear illumination configurations
in section 2.4.

2.1. Scattering cross-section ( Qscqr) and fraction of scattered
light coupled into the substrate ( fs,p)

The scattering cross-section of the metal nanoparticles,
QOscar and the fraction of scattered light coupled into the
substrate, fgp are important parameters that need to be
optimized to maximize the light-trapping efficiency. Figure 2
shows the scattering cross-section, for nanoparticles with
varying heights, for both front (a) and rear (b) illumination
configurations. The scattering cross-section is calculated by
dividing the power transmitted across all the monitors in

the scattered field region (in air and inside the substrate) by
the incident power, and normalizing to the cross-sectional
area of the nanoparticles. We consider the case of front
illumination first. For a particle height of 50 nm or 100 nm,
the scattering cross-section peaks at a wavelength of ~800 nm.
The peak magnitude of the scattering cross-section is higher
for the 100nm tall particle, compared to the 50nm tall
particle due to the larger particle volume. The resonance
wavelength of the nanoparticles does not shift considerably
with increasing particle height because the lateral dimensions
of the nanoparticle, which are in the direction of the electric
field of the incident source, are fixed. For the same
reason, we do not expect quadrupole or higher order charge
oscillations in the lateral direction (parallel to the substrate
surface) to be excited in the particles, as the particle height
is increased. However, we do observe additional peaks
in the short wavelength region for taller particles (particle
height >100nm). We attribute these peaks to standing
wave resonances of plasmon modes in the taller particles,
as described in detail later. It is important to note that
as the particle height increases, the magnitude of the peak
scattering cross-section of the nanoparticles also increases,
which we attribute to the increase in particle volume. On thin
waveguides, Qg would be expected to be further enhanced
at wavelengths where each waveguide mode reaches cut-off.
Figure 2(b) shows the scattering cross-section for metal
nanoparticles on the rear of the substrate. As in the case
for nanoparticles on the front of the substrate, the scattering
cross-section data for 50 nm and 100 nm tall particles peaks at
~800nm. Similar to the data in (a), the spectrum broadens
with increasing particle height, and additional peaks appear at
short wavelengths. When the scattering cross-section spectra
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Figure 3. Fraction of scattered light coupled into the substrate
(fsub)s as a function of wavelength, for varying particle heights for
particles (a) on the illuminated surface and (b) on the rear of the
substrate. The cross-sectional diameter of the particles is 200 nm.
The data are corrected for absorption of scattered light in Si before
reaching the monitor.

are deconvolved into Lorentzian peaks, the peak positions
for the rear illumination are at the same wavelengths as
for the front illumination case. For example, referring to
figure 2(c), if we deconvolve the scattering cross-section
spectra for a 600 nm tall particle for the front illumination
configuration into 3 separate Lorentzians, we find the peaks are
at wavelengths of 502 nm, 650 nm, 749 nm and 950 nm, which
correspond approximately to the peak positions observed at
the wavelengths of 500nm, 630nm, 770nm and 930 nm
in the scattering cross-section data for rear illumination
configuration.

Figure 2 shows that for particle heights larger than 100 nm
the peak scattering cross-section is higher for particles on
the illuminated side of the substrate than for particles on the
rear of the substrate, for the same particle dimensions. For
example, for particles with height 300 nm, the peak scattering
cross-section is ~8 for front illumination and ~4 for rear
illumination. This is due to a difference in the local driving
field for the two configurations as studied in detail in [19].

Figure 3 shows the fraction of scattered light coupled into
the substrate, fypb, as a function of wavelength, for varying
particle heights (indicated in the figure legend), for particles
on the illuminated (@) and on the rear (b) surface of the
substrate. The data have been corrected for absorption of
scattered light in Si before reaching the monitor. For particles
on the illuminated surface of the substrate, ~80% of the
scattered light is coupled into the substrate at 1000 nm for a
particle height of 50nm. As the particle height is increased
to 100 nm, fsp at 1000 nm is reduced to ~70%. For particles

with height 100 nm fj,, is smaller than for particles of height
50 nm for all wavelengths. Increasing the particle height from
50nm to 100 nm can be understood as moving the effective
dipole moment in the nanoparticle away from the substrate
surface, reducing the near-field coupling into the substrate
[20]. As the particle height is further increased, the spectrum
for fep changes significantly, and local maxima and minima
are observed at different wavelengths for different particle
heights. For example, for a particle height of 500 nm, we
observe a local maximum at ~780 nm and a local minimum at
~565nm. The f, at the wavelengths corresponding to these
local maxima can be higher than the f;,;, for shorter particles.
For example, a larger fraction of scattered light is coupled into
the substrate at ~780 nm for a particle height of 500 nm than
for a 100 nm tall particle. It is also interesting to note that at
an incident wavelength of ~600 nm, a pronounced minimum
in fg is observed for 500 nm tall particles, while a maximum
is observed for 600 nm tall nanoparticles, a trend opposite to
that observed in the cross-section spectra of figure 2.

Similar behaviour is observed for particles on the rear
surface of the substrate (figure 3(b)). ~84% of the scattered
light is coupled back into the substrate at 1000 nm for a particle
height of 50nm. As the particle height increases, fyup is
reduced. The f, data exhibit maxima and minima, as in
the case of particles on the illuminated surface of the substrate
(figure 3(a)). However, for particles on the rear, fy,, for tall
particles is substantially lower than for particles on the front.

2.2. Standing wave plasmonic modes

Figure 4 shows the calculated electric field intensity in the
x—z plane, at a wavelength of 500nm. The particles have a
base diameter of 200 nm and a height of 50 nm (a) or 500 nm
(b), (c). The positions of the substrate and the dielectric
layer are indicated in figure 4(b). The light is incident on
the nanoparticles from the substrate side (corresponding to
the particles on the rear of a solar cell) for (a) and (b) and
from the air side (corresponding to particles on the illuminated
surface of the solar cell) for (c). Intensity modulation inside
the substrate due to interference of incident and scattered
light is clearly visible for the rear-incident configurations in
figures 4(a) and (b). For a particle height of 50 nm (figure 4(a)),
there is enhanced electric field intensity in the dielectric layer
and around the top edges of the particle. These high intensity
regions could be a consequence of sharp edges and/or change in
the dielectric environment around the particle. For the 500 nm
tall particle (figures 4(b) and (c)), in addition to enhanced
field intensity at the nanoparticle edges, there is increased field
intensity at two positions along the nanoparticle axis, indicated
by white arrows. Also, the field intensity around the top edges
of the 500 nm tall particle for rear illumination is considerably
enhanced compared to the intensity for a 50 nm tall particle.
The high electric field intensity regions along the height
of the tall nanoparticles result from interference between up
and down propagating surface plasmon polaritons along the
nanoparticle surface [21-25]. The wavelength of the surface
plasmon polariton propagating inside the nanoparticle (Aspp)
at a given incident wavelength can be determined from the
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Figure 4. Electric field intensity for incident light at a wavelength of 500 nm, polarized in the x direction in the x—z plane passing through
the axis of the nanoparticle. The nanoparticle has a base diameter of 200 nm and a height of (a) 50 nm or (b), (¢) 500 nm. The positions of
the substrate and the dielectric layer are indicated in (b). The light is incident on the nanoparticles from the substrate side for (a) and (b) and

from the air side for (c).

electric field intensity profile at that wavelength. For example
from figures 4(b) and (c), Aspp corresponding to an incident
wavelength of 500 nm is ~420 nm (twice the distance between
the regions of high electric field intensity).

The electric field intensity profiles shown in figures 4(b)
and (c) can be used to determine the phase shift [21] introduced
when the surface plasmon polariton propagating along the tall
nanoparticle is reflected back from either the Ag/air interface
for the rear illumination configuration or from the Ag/SiO;
interface for front illumination configuration. Using Agpp =
420 nm and the distance of the electric field intensity maxima
from the Ag/air interface for rear illumination configuration,
the phase shift introduced due to reflection at Ag/air interface is
~(0.37. Similarly for nanoparticles on the illuminated surface
of the solar cell (figure 4(c)), the phase shift introduced due
to reflection of the surface plasmon polariton at the Ag/SiO,
interface is ~0.87.

The phase shift introduced due to reflection at the Ag/air or
Ag/Si0O; interface, together with the particle height determine
the resonance condition for the surface plasmon polaritons in
the nanoparticles:

2
2X — X h+Ap +Apy =2mm,
Aspp
where Agpp is the wavelength of the surface plasmon polariton,
h is the nanoparticle height, A¢; and Ag, are the phase
differences introduced due to reflection at the Ag/air and
Ag/Si interface, respectively, and m is an integer. For Agpp
satisfying above condition, the nanoparticles resonantly scatter

the incident light, resulting in the peaks at short wavelengths in
the scattering cross-section data, as seen in figures 2(a) and (b).

We now explain the coupling efficiency ( fsup) data shown
in figure 3. As already mentioned, the peaks in fq,, for tall
nanoparticles correspond to the minima (off resonance) in
scattering cross-section data shown in figure 2 and the minima
in fqp correspond to maxima (resonance) in the scattering
cross-section. The efficiency with which light scattered by
the nanoparticles is coupled to the substrate depends on the
field intensity distribution along the nanoparticle. Higher field
intensities close to Ag/Si interface enhance near-field coupling
of scattered radiation, resulting in a larger fraction of scattered
light being coupled into the substrate. Figure 5 shows the ratio
of the intensity at the far end to the intensity at the near end
of the nanoparticle as a function of the phase shift introduced
at reflection from the near end and the far end. The data in
figure 5 have been obtained using the analytical expressions
for electric field intensity along a one-dimensional resonator,
given in [21]. In the model, the wave vector is varied so that
the resonator is either exactly on resonance (figure 5(a)) or off
resonance (figure 5(b)). For front illumination configuration,
the near end is the Ag/air interface and the far end is the Ag/Si
interface (inset of figure 5). For this configuration, larger field
intensity at the far end of the nanoparticle results in better
coupling efficiency. As already described, the phase shift at
Aspp = 420 nm is 0.37 at the near end and 0.87 at the far end.
The region marked by white circles in figure 5 corresponds
to these phase shifts. When the nanoparticle is on resonance
(figure 5(a)), the field intensity at the far end of the nanoparticle
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Figure 5. Ratio of far-end intensity to near-end intensity, as a function of phase shift introduced at reflection at the far end and near end of a
nanoparticle when the nanoparticle is (@) on resonance (m = 1) and (b) exactly off resonance (m = 1/2). The region marked by white
circles corresponds to the phase shifts introduced at reflection for front illumination configuration. The inset illustrates the far end and near

end for front illumination configuration.

(Ag/Si interface) is only a fraction of the field intensity at the
near end of the nanoparticle (Ag/air interface), resulting in poor
coupling efficiency. When the nanoparticle is off resonance
(figure 5(b)), the field intensity at Ag/Si interface is much
larger than the field intensity at Ag/air interface, leading to
better coupling efficiency.

The coupling efficiency of the nanoparticles depends
critically on the phase shifts introduced at reflection from the
Ag/air and Ag/Si interfaces. From figure 5, we can infer that
a far end (Ag/Si interface) phase shift close to zero will result
in better coupling efficiency for any phase shift introduced
at the near end (Ag/air interface), both on resonance and off
resonance. However, a near-end phase shift of £ is ideal
for maximal coupling efficiency when the nanoparticle is on
resonance.

2.3. Difference in nanoparticle behaviour for front and rear
illumination configurations

The results presented so far indicate that tall nanoparticles have
a larger scattering cross-section and the fraction of scattered
light coupled into the substrate is locally enhanced or reduced
because of excitation of standing wave plasmonic modes.
Now we proceed to study the differences in nanoparticle
behaviour for front and rear illumination configurations. For
a nanoparticle height of 50 nm, the fraction of scattered light
coupled into the substrate is similar for both front (figure 3(a))
and rear (figure 3(b)) illumination configurations. For 100 nm
tall particles, a slightly larger fraction of light is coupled
into the substrate when the nanoparticles are located on the
rear surface of the substrate compared to the case where the
nanoparticles are placed on the illuminated surface of the cell.
But for taller particles (2 > 300nm), fy, is substantially
higher when nanoparticles are on the illuminated surface
of the substrate than when the particles are on the rear of
the substrate. This behaviour can be explained in terms of
asymmetry between forward (in the same direction of incident
light) and backward (in the direction opposite to the incident

light) scattering from the nanoparticles, as the nanoparticle
height is varied, as discussed below.

Figure 6 shows the far-field angular distribution of the
intensity of the scattered radiation with wavelength 1000 nm
from nanoparticles in air (i.e. without a substrate) in the xz
and yz planes, as the nanoparticle height is varied. The data
are obtained using the set-up shown in figure 1 by removing
the Si substrate. A far-field transformation is applied to the
data recorded by the monitors shown in figure 1. The far-
field transformation requires a uniform dielectric environment
around the nanoparticles, and thus cannot be used if the
nanoparticles are on a substrate. An angle of 0° corresponds
to forward scattering while 180° corresponds to backward
scattering. For a nanoparticle height of 50 nm, the angular
distribution of scattered radiation closely resembles that of
a point dipole and the forward and backward scattered light
intensity distributions are comparable (figure 6(a)). This
explains the almost equal values for fg, for front and
rear illumination configurations (figures 3(a) and (b)), for
a nanoparticle height of 50nm. As the nanoparticle height
is increased to 100 nm or 300 nm, the particles scatter more
radiation in the backward direction than in the forward
direction (figures 6(b) and (c)). For example, back scattered
light (integrated over all angles) is 1.3 times as intense as
forward scattered light for particle height of 100 nm. The more
back scattering nature of these nanoparticles corresponds to an
increased f,p at 1000 nm when particles with height <300 nm
are placed on the rear surface of the substrate compared to the
case where the particles are placed on the illuminated surface
of the substrate.

As the nanoparticle height is further increased, the far-field
angular distribution pattern changes from more back-scattering
to more forward scattering (as illustrated in figure 6(d)). For
example, forward scattered light is 4 times as intense as
back scattered light for particle height of 500 nm. The more
forward scattering nature of tall nanoparticles corresponds to
the increased fy,, observed in figure 3 when particles with
height >300 nm are placed on the illuminated surface of the
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Figure 6. Far-field angular distribution of scattered radiation (wavelength 1000 nm) in xz and yz planes for incident light polarization in x
direction. The Ag cylinders simulated are in air (no substrate), have a base diameter of 200 nm and a height of 50 nm (a), 100 nm (b),

300 nm (c¢) or 500 nm (d).

substrate compared to the case where the particles are placed
on the rear of the substrate.

The forward-backward asymmetry in the angular
distribution of scattered radiation from the nanoparticles is a
consequence of increasing particle size. Our results are similar
to the asymmetry observed in angular distribution of scattered
radiation from homogeneous spheres with increasing size [26].
As already mentioned above, the data shown in figure 6 are
for nanoparticles in air (not on a substrate). The presence
of a substrate will change the angular distribution of scattered
radiation; however, these data provide a qualitative explanation
for the difference in the trends in fg,, with particle height for
particles on the front and rear surface.

2.4. Effect of Qscar, fsup and asymmetric scattering
behaviour of nanoparticles on light-trapping efficiency

The power scattered into the substrate from the metal
nanoparticles depends on the magnitude of the scattering cross-
section and the fraction of scattered light coupled into the
substrate (fyp). For particles on the illuminated surface of
the substrate, a large increase in the magnitude of scattering
cross-section is observed (figure 2(a)) accompanied by a slight
decrease in fy, (figure 3(a)), as the nanoparticle height is
increased. For example, at a wavelength of 1000 nm, the
scattering cross-section is increased from 1.3 to 3.0 and fi, is
reduced from 0.80 to 0.66 as the nanoparticle height increases
from 50 to 600 nm. These numbers would mean that 2 times

more light at 1000 nm would be scattered by a 600 nm tall
nanoparticle compared to a 50 nm tall particle. However, only
66% of the scattered light is coupled into the substrate with
a 600 nm tall nanoparticle while 80% of the scattered light
is coupled into the substrate with a 50nm tall nanoparticle.
If the phase shift introduced at reflection from the Ag/Si
or Ag/air interface can be engineered to increase fy, the
increased scattering cross-section of tall nanoparticles on the
illuminated surface of the solar cell could be used for efficient
light trapping. For example, the phase shift introduced at the
Ag/air interface can be increased by coating the nanoparticle
surface with a higher refractive index material.

Figure 7 shows the fraction of scattered light coupled
into the substrate (fyp) for a 500 nm tall nanoparticle, with
or without a Si coating on the top. The bottom panel shows
the Q.. data for the nanoparticle along with the Lorentzian
fits. The vertical black lines match the peaks at resonance
in Qe data to dips in fy, data for a bare nanoparticle. As
can be seen from the figure, the fy, at the Qg resonance
peaks can be increased by coating the nanoparticle surface
with Si, which modifies the phase shift introduced at reflection
into the surface plasmons. The phase shift introduced at the
nanoparticle interface is increased to ~0.6w by coating the
interface with Si.

For the values of f;, estimated in this study, the expected
path length enhancement that can be achieved by using tall
nanoparticles can be estimated assuming that the nanoparticles
scatter all the light incident on them [11], which is a reasonable
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Figure 7. Fraction of scattered light coupled into the substrate ( f)
as a function of wavelength, for a 500 nm tall bare Ag nanoparticle
and a Ag nanoparticle with top surface coated with Si, placed on the
front of the solar cell. The bottom panel shows the Q. data and the
Lorentzian fits for the 500 nm tall nanoparticle.

assumption given the high scattering cross-sections estimated
for tall nanoparticles (figure 2). The average path length
enhancement is given by the expression 2duverage/ (1 — foun)»
where dayerage 18 the ratio of average path travelled by the
scattered light in a single pass through the solar cell to the cell
thickness. We calculate dayerage Numerically using Lumerical
(details of the calculation will be published elsewhere) and
use the fqp values shown in figure 3. Using nanoparticles
with height 500nm on the illuminated surface of the solar
cell can provide path length enhancements of ~6, ~11 and
~10 at incident wavelengths of 700 nm, 800 nm and 900 nm,
respectively. By increasing the f;,, by coating the nanoparticle
surface with Si (as shown in figure 7), the path length
enhancement at incident wavelength of 700 nm is increased
to ~16.

For particles on the rear of the substrate, a small increase
in the magnitude of the scattering cross-section (figure 2(b))
accompanied with a large reduction in fy (figure 3(d)) is
observed. For example, at a wavelength of 1000 nm, the
scattering cross-section is increased from 2.4 to 3 and fy
is reduced from 0.84 to 0.49. So, as the particle height
increases from 50 nm to 600 nm, the amount of light scattered
into the substrate would decrease by a factor of 0.73. The
modest increase in scattering cross-section coupled with a large
reduction in fy,, results in less light scattered into the substrate
for taller nanoparticles on the rear of the substrate.

3. Conclusions

We have systematically studied the scattering, near-field
coupling and plasmon standing waves in tall Ag nanoparticles
on a Si substrate. We have shown that by increasing the
nanoparticle height, its scattering cross-section is increased.
However, the efficiency with which scattered light is coupled
into the substrate is reduced for taller nanoparticles due to
an increase in effective distance between the effective dipole
moment and the substrate. Varying particle height also changes

the forward/backward scattering ratio, and thereby the near-
field coupling.

For front illumination configuration, a large increase in
scattering cross-section is observed in conjunction with a
slight reduction in coupling efficiency (fyu). The increase
in scattering cross-section for tall nanoparticles could be
employed for efficient light trapping by modifying fiun by
engineering the phase shift introduced at reflection from Ag/Si
interface or Ag/air interface.

The fob values estimated in this work show that for
front illumination configuration, path length enhancement of
~11 and ~10 can be achieved at illumination wavelengths
of 800nm and 900nm, respectively, when 500nm tall
nanoparticles are used. The estimated path length
enhancement at 700 nm for a 500 nm tall nanoparticle coated
with Si is ~16. We have thus shown that tall nanoparticles on
the illuminated surface of the solar cell act as nano-antennas,
effectively channelling incident radiation into the substrate at
large angles, thereby increasing the path length and hence
absorption in the solar cell.

For particles on the rear of the substrate a modest increase
in scattering cross-section and a large reduction in coupling
efficiency is observed, making tall particles less efficient than
short nanoparticles for light trapping applications.
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