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Controlling the optical scattering of plasmonic nanoparticles using a thin

dielectric layer

A. W. Powell, M. B. Wincott, A. A. R. Watt,” H. E. Assender,” and J. M. Smith®
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

(Received 1 February 2013; accepted 29 April 2013; published online 14 May 2013)

The effect of a thin dielectric film on the plasmonic behaviour of metal nanoparticles (MNPs)
above a high refractive index substrate is explored. Using finite-difference time domain
simulations, the optical properties of Ag nanoparticles are investigated as a function of film
thickness, refractive index, and particle position within the film. We demonstrate that the addition
of a film around a MNP at the air interface of a high-index substrate, where n4;- < nfiim < Ngubsirate
will always increase the fraction of light coupled to the substrate (F,,,). It is found that placement
within a layer that does not conform to ng; < nfipm < Rsupsirare can lead to reduced enhancements in
F,.»s- The principal application for this work is for light-trapping in thin-film solar cells. We show
that the inclusion of a thin film can increase the fraction of radiation coupled into the substrate by
up to 30% for solar wavelengths. Additional potential benefits of the film structure, such as greater
tunability of scattering resonances, an increase in path length of light in the substrate, and some
control over the emission pattern are demonstrated. MNPs in a film are found to produce a more
finely structured emission pattern than particles at a simple interface, showing potential for this

research to be applied to optical nanoantennae. © 20/3 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804964]

. INTRODUCTION

Over the past few years, the resonant properties of local-
ised surface plasmons (LSPs) in metal nanoparticles (MNPs)
have attracted a rapid growth in interest across a range of
fields.' The large optical cross-sections and scattering effi-
ciencies of LSPs make them an ideal candidate for light-
trapping in solar cells,* while the strong dependence of their
resonant behaviour on the dielectric environment around the
particle has enabled many developments in biosensing.?
Near-field coupling of LSPs to a high-index substrate
and between neighboring particles has been effectively
utilised to produce unidirectional nanoantennas for single
emitters.”™’

For thin-film photovoltaic (PV) cells, plasmon-induced
scattering from MNPs can be used to trap a large fraction of
incident sunlight within a thin active layer. This enables effi-
cient charge extraction without compromising absorption,
thus boosting the conversion efficiency of the cell.® There
are many examples of this method producing significant
enhancements in absorption,g‘11 short-circuit current,lz’13
and external quantum efficiency.'*'® Power conversion effi-
ciency (PCE) enhancements of 23% for amorphous Si'’ and
19% for organic cells'® have been achieved.

LSPs are coherent oscillations of the free electrons in a
MNP, induced by the electric field of incident photons.
Depending on the conditions, they can be excited into a sin-
gle resonant mode of the particle geometry, such as dipole
and quadrupole, or a superposition of modes."® Each
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resonance condition is a function of the size, shape, and ma-
terial of the particle as well as the surrounding environ-
ment.>?° These excitations can decay radiatively, to produce
scattering, or non-radiatively, resulting in absorption. LSPs
can produce a significant field enhancement over a cross-
section greater than that of the particle itself, allowing MNPs
to scatter or absorb incident radiation across a large area.
Whilst there has been much research into the properties
of MNPs, a detailed investigation of their scattering behav-
iour in a thin-film dielectric environment has yet to be under-
taken. Previous work has mostly focused on particles at the
interface of the semiconducting material with free space,
which will rarely be the case in completed devices. Even if
the MNPs are placed at the front of a PV cell, before the
active region and any other conducting layers, thin-film cells
are typically coated in a sub-100nm protective oxide,*!
which will affect the optical properties. Recent reports have
investigated MNPs in other regions of the structure and have
demonstrated some potential advantages to utilising the
multi-layered structure of the cell.”>>*> However, the empha-
sis so far has been on bulk effects due to extended MNP
arrays, and the manner in which the dielectric environment
in thin-films affects MNP behaviour remains to be explored
systematically. Recent studies have shown that in the case of
a dipolar optical source, placing it in a thin dielectric layer
above a high refractive index (RI) substrate can radically
alter the emission properties compared to the case of a dipole
at a simple interface.”**’ By tuning the properties of the
layer and the position of the emitter, it is possible to enhance
the coupling of light into the substrate and to alter the
far-field emission pattern.26 For light scattering from a
MNP, behaviour due to the dipolar plasmonic resonance will
generally be dominant across most of the solar spectrum.

© 2013 AIP Publishing LLC
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However, contributions from higher order excitations, which
have different spatial distributions and loss characteristics
can be significant at shorter wavelengths.'>*%°

This paper extends the scope of previous research to
analyse the scattering properties of a MNP in a thin dielec-
tric film above a high RI substrate. Through simulations
using finite-difference time domain (FDTD) software, we
investigate how the properties of a thin-film structure affect
the MNP scattering cross-section, efficiency of emission
into a higher-index substrate, and far-field scattering pattern.
We show that the fraction of radiation scattered into the sub-
strate can be significantly enhanced by the addition of the
film; light can be scattered to larger angles enhancing path
length, and the scattering resonance can be tuned and broad-
ened. These results are highly relevant for use in thin-film
photovoltaic cells, but are also of general interest for
any application that places MNPs in a planar thin-film
environment.

Il. SIMULATION

Figure 1 shows the structure used in the simulations. An
Ag particle was placed within a thin dielectric film in
between two half-spaces; one modelled as a dielectric, the
other as free space. The RI of layers was set as ng;, = 1,
Ngim = 1.5, ngps = 1.8, corresponding to air, Polyvinyl ace-
tate (PVA), and sapphire layers. These layers also bear much
similarity to a P3BHT:PCBM, PEDOT:PSS structure seen in
many organic photovoltaic (OPV) cells,”**" albeit without a
front electrical contact. Only single nanoparticles are exam-
ined in this report—so grating effects from ordered arrays
are not accounted for. However, studies involving single
nanoparticles have been shown to be a good approximation
for the behaviour of random particle arrays, where MNPs are
spaced far enough to be non-interacting.'* Light is incident
from the free space side along the z-axis and is linearly
polarised parallel to the y-axis.

Yincident

k-space

FIG. 1. The geometry to be explored. A scatterer is placed within a thin
layer with refractive index ng,, between an infinitely thick substrate with a
refractive index ng,;; and an upper half-space characterised by n,;,. The
angular scattering of the particle into the substrate is represented as a
k-space plot.
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Simulations were conducted using Lumerical,> an
FDTD program which uses Maxwell’s equations to calculate
numerically the propagation of electromagnetic fields
through a defined structure. FDTD simulations offer scope to
obtain information about MNPs, which are difficult to deter-
mine using numerical models, such as the fraction of light
emitted into the substrate across the solar spectrum and the
behaviour of higher-order modes. Perfectly matched layer
(PML) boundary conditions were chosen at all edges to
ensure that no light is reflected back into the simulation
region. A Total Field Scattered Field (TFSF) illumination
source was used for MNP simulations,” which defines a 3D
source region with the illumination incident from one plane.
The field leaving the region after illumination is measured,
and the incident excitation field subtracted, enabling us to
measure solely the field contributions due to scattering and
absorption from the plasmonic particle. The program also
measures the electric field scattered into the substrate or the
upper layer and applies a Fourier transform to obtain k-space
intensity plots of the angular scattering in each layer.

lll. DIPOLES IN THIN LAYERS

The behaviour of dipoles in a multi-layered environment
is well known and as the principal excitation in an MNP is
generally dipolar, this provides a good starting point for
analysing the behaviour of MNP scatterers in a film before
moving on to discuss higher order resonances and other
effects more specific to plasmonic particles. A model devel-
oped by Neyts®* provides a conceptual understanding of the
behaviour of dipoles in multilayered structures.

We consider a purely dipolar emitter in a thin dielectric
layer positioned with its centre a distance z_ from the sub-
strate and a distance z, from the air interface of the film
(Fig. 2(a)). The total film thickness is given as t=z, + z_.
This will be the notation used throughout this paper, and
when discussing spherical particles, z,, z_ will always be
taken from the centre of the particle. A fraction of all emitted
radiation will be reflected from either interface as a function
of angle and the RI of the layers. Reflected and incident radi-
ation interfere, creating a highly altered emission pattern in
the far field when compared to the case of a dipole in free
space (Fig. 3). If the dipole is close to an interface (z, or z_
is small), it will also emit preferentially into the higher index
layer due to its greater optical density of states.*

The fraction and angular properties of light emitted into
the substrate are determined by two major types of reflective
interference in the film: wide-angle interference, between
light emitted directly into the substrate and that reflected
from the upper interface (Fig. 2(a)), and multi-beam interfer-
ence, between multiple reflections of light within the layer
(Fig. 2(b)). Wide angle interference dominates the emission
properties  when  ngps > nfipy > g,  especially  when
Nfiim = Ngups, and is a function of z,. Multi-beam interfer-
ence is a cavity effect, dependent on the film thickness, ¢ and
is the principal mechanism when nsjp,, > g, Rair.

With no film present, light emitted at large angles will
not enter the substrate and will be lost. By choosing appro-
priate RI values for the layers, these interference effects can
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Air
FIG. 2. A dipolar scatterer or emitter is

Substrate

be manipulated so the film acts as a quasi-waveguide, catch-
ing some of this high-angle emission via total-internal reflec-
tion and channeling it into the substrate at well-defined
angles. Some control over the emission pattern into the sub-
strate can also be achieved by altering the RI and film thick-
ness, and the position of the emitter within the film, as shall
be discussed further in Sec. VI.

To highlight the effect the addition of a film has on
some of the emission properties of a dipole, Fig. 3 displays
the far-field emission patterns in the substrate for a 750 nm
dipole source. Figure 3(a) shows the k-space plot for a
dipole at the air interface of a high-index substrate with no
intermediate film, oriented parallel to the surface. Most of
the emitted radiation is directed into the substrate due to its
larger refractive index. Figure 3(b) shows the case where
the dipole is placed within an intermediate layer with a
refractive index, ngi, = 1.5, S0 ngir < Nfjpm < Rgps. The
interference created by the layer produces a significantly
altered pattern, with less light emitted close to the normal
and more at larger angles, which is beneficial for light trap-
ping applications. The difference in behaviour is high-
lighted in Fig. 3(c), where it is also clear that the addition
of the film reduces backscatter—Ileading here to a 12%
increase in the fraction coupled into the substrate at this
wavelength.

2
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placed within a thin layer with its centre a
distance z_ from an infinitely thick sub-
strate and z, from an upper half-space.
(a) An illustration of wide angle interfer-
ence for dipolar emitters, which domi-
nates the emission properties when
Msubs > Nfilm > Nair- (b) Multiple-beam in-
terference, which dominates when
Nfilm > Rsubs, Nair-

Substrate

The dipolar model described here provides a good a con-
ceptual understanding of the effect the film has on a dipole
emitter, and is useful for understanding some of the effects
that varying the parameters has on particle scattering behav-
iour. Although FDTD simulations are used to obtain the
results throughout this paper, the dipolar picture is useful as
a tool to interpret these results.

IV. RESPONSE OF SPHERICAL AND HEMISPHERICAL
MNPs TO A THIN FILM

Placing a MNP in a thin film adds an extra parameter
alongside particle size and shape, which will affect the reso-
nance conditions of the particle. Figure 4 shows the optical
scattering, Q.. and absorption, Q,;, cross sections (normal-
ised to the geometric cross-section of the particles) for
150 nm diameter spheres and hemispheres both within a thin
dielectric layer as shown in Figures 1 and 2, and at a
substrate-air interface. The dipole (i), quadrupole (ii), and
octupole (iii) peaks are labelled for the case of the sphere in
the film. These geometries were chosen to emulate MNPs
that are producible by scalable techniques.”*® Comparisons
between shapes are difficult for one set of dimensions, as the
plasmonic response is due to various aspects of the particle
geometry. However, it is possible to observe important traits

Air : Substrate

----- At interface
~_|— In thin layer

60

FIG. 3. Simulated far-field emission pat-
terns (a.u.) for a 750 nm dipolar emitter
oriented along the y-axis. (a) The far-
field k-space pattern in the x-y plane for
the dipole 75nm from a substrate-air
interface with no film (np, = 1).
(b) The far field pattern for an identical
emitter in the structure proposed in
Fig. 1, with z_=75nm, z. = 200nm,
) ngitm = 1.5. (c) Angular scattering distri-

330 bution for both cases measured along the
x-axis; showing forward and backwards
scattering.
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FIG. 4. (a) Scattering and (b) absorption
cross sections for 150nm spheres and
hemispheres both at a bare interface
(dashed lines) and in the structure
defined in Fig. 2 (solid lines) with par-

400

Qabs
Nrad

600 800 1000 ticles resting on the substrate and the
film height above the particle centre (z.,)
at 200nm. The dipole (i), quadrupole
(i), and octupole (iii) peaks are labelled
for the case of the sphere in the film.
(c) Fraction of radiation scattered for-
ward into the substrate (Fy,;;), also high-
lighting the dipolar regime (i) and the
quadrupole resonance (ii). (d) Radiative
efficiency (N,,,) of the particles.

0.0

400 600 800 1000 400
Wavelength (nm)

of a given geometry that particles of any dimensions will
share. Here, we have chosen to equalise the diameters of the
particles, which produce results that can be used for a mean-
ingful comparison.

In Fig. 4(a), the addition of the film redshifts and broad-
ens the scattering peaks for both particles—this occurs due to
the RI increase in the environment of the MNP, which causes
a reduction in the charge separation within the particle, the
restoring force, so the resonances occur at longer wave-
lengths.? For spheres, the dipolar peak is shifted by 200 nm
from 480 to 680nm, whilst the quadrupole undergoes a
smaller shift of 105nm from 390 to 495nm. For the same
reason, the primary resonance of the hemispherical MNPs
exists at longer 4 than that of the sphere, as the geometry
results in greater surface contact with the high-index sub-
strate. Since hemispheric MNPs already experience a higher
overall dielectric environment compared with spheres, a less
dramatic redshift is observed with the addition of the film.

For spheres at an interface, the dipolar mode at 480 nm
is the dominant feature and scattering is weak at long wave-
lengths. With the addition of the film, spheres exhibit a much
more broadband response, covering almost the entire spec-
trum. This is due to both the broadening of the dipolar peak
through radiation damping® and the higher RI of the film
shortening the wavelength of light in the film, giving the par-
ticle a larger effective size and leading to the excitation of
higher order modes—the quadrupole (ii) at 495 nm and octu-
pole (iii) at 420 nm. Plasmonic modes excited in hemispheres
are spatially different to those in spheres due to the large
degree of surface contact with the high RI substrate.’’~®
This leads to two different resonances: The primary, long A
mode is excited around the MNP-substrate interface and
dominates the spectrum with and without the film. A weaker,
secondary mode around 400nm is also excited about the
interface of the MNP with either air or the film material.

600 800 1000

Wavelength (nm)

Figure 4(b) shows the absorption cross sections (Q,,) of
the particles. Each excited mode manifests itself as an
absorption peak, with the highest-order mode for each parti-
cle having the largest peak value and the dipolar peak the
lowest. The addition of the film redshifts all resonances
whilst broadening the peak and reducing the maximum
value from around 1.6-1.4 for spheres and 1.0-0.8 for
hemispheres.

An important parameter is the fraction of the scattered
light that can be coupled to the substrate (labelled F,,;
here). Figure 4(c) compares F,,,, for spheres and hemi-
spheres both within the film and at a bare interface. At a bare
interface, hemispheres exhibit greater forward scattering
than spheres due to their increased proximity to the substrate,
which produces a strong evanescent coupling.®” In the lay-
ered structure, however, much of the emission from spheres
at large angles is caught by the film and reflected forward
into the substrate, significantly increasing the forward
coupled fraction by a factor of 1.41 overall and a factor of
1.23 in the dipolar region. Coupling for spheres is still infe-
rior in the exclusively dipolar region (i), defined here as
600—1000 nm, by a margin of 2%, since due to their proxim-
ity to the substrate, hemispheres achieve very strong cou-
pling at wide angles so the film has a minimal impact on
their forward coupling at long wavelengths.

There are several other mechanisms at play here: For
particles at an interface, a dramatic drop in forward scattering
occurs around the secondary resonance (ii) (the quadrupole
for spheres and the MNP-air resonance for hemispheres).
This is due to a Fano effect between modes,‘“)’41 which results
in an increase in forward scattering for wavelengths just
above the secondary mode and a significant reduction imme-
diately beneath. The addition of the layer around the particle
has a drastic effect on this short-wavelength drop in Fy,,;,, and
leads to an extremely high forward coupling where there was
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previously a loss. This enhancement in Fy,,;,, around the Fano
peak with the addition of the film leads to greater forward
scattering for spheres compared to hemispheres up to around
650 nm.

Figure 4(d) shows the radiative efficiency, N,,, of the
particles in the two structures, which is a measure of how
much of the plasmonic extinction is due to re-emission com-
pared with absorption and is defined as: N,,; = Q?foh
N,.q reveals the minimum overall absorption we can expect
from an array of particles,** with higher N,,, enabling lower
absorption if MNPs are optimally spaced. Figure 4(d) shows
that except for a dip around 420 and 480 nm due to absorption
at high-order resonances, spheres and hemispheres in the
layer display a slightly greater radiative efficiency across the
solar spectrum than identical particles at a simple interface.

These results demonstrate that by placing a MNP in a
thin-film structure, the scattering and absorption resonance
peaks can be manipulated and the forward scattering behav-
iour of higher-order resonances can be altered significantly,
leading to a notable reduction in backscatter. As the effect of
the film seems to be the most pronounced for spheres, this
will be the particle geometry used for subsequent investiga-
tions in this paper.

V. EFFECT OF THE REFRACTIVE INDEX OF THE FILM

The RI of each layer will have a large impact on the
scattering and will be crucial to determine the optimum
location for a MNP within a given multilayered structure.
Figure 5 shows the effect of varying the RI of the layer con-
taining a 100nm Ag sphere between ny;,, = 1, the case of a
particle at a bare interface, and ny, = 2.2, a value greater
than that of the substrate. In Fig. 5(a), it is clear that raising
Nsim redshifts and broadens all of the particle resonances, but

—nfilm=1
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the effect is most pronounced for the dipolar peak, which red-
shifts almost 400 nm over the range considered and broadens
by more than a factor of 4, compared to a 200 nm shift and
minimal broadening for the quadrupole mode. This variation
in the effect the environment surrounding an MNP has on the
different modes has been observed previously for the case of
a particle in a uniform dielectric.** The presence of this addi-
tional layer, therefore, opens up a new mechanism alongside
particle geometry to tune the resonance peaks to the desired
range of the solar spectrum.

Figure 5(c) shows the fraction of photons scattered into
the substrate for various values of film index, 7n4,—it can be
seen that increasing ng,, up to that of the substrate, 7,
leads to an increase in the fraction scattered forward across
the spectrum up to a factor of 1.3 when ny;;,, = 1.8. This can
be attributed to the increased contrast between the index of
the film and the upper half space, leading to stronger reflec-
tion from the back face which is then re-scattered in the
forward direction. For 150 nm spheres, a maximum enhance-
ment factor of 1.45 was found (not shown), largely due to
the increased influence of higher order resonances.

The Fano peak (i) at around 400-600nm, which was
observed earlier in Fig. 4(c), can be seen to redshift in step
with the quadrupole peak (ii). When nyj,, > ng,, the situa-
tion changes somewhat and in the dipolar zone a marked
decrease in F,;, can be observed. This is due to the fact that
some large-angle emission from the dipolar region will now
be trapped within the layer via total internal reflection and so
will no longer contribute to forward scattering.

Fig. 5(d) shows the far-field scattering pattern along the
x-axis at the dipolar peak. As ng, is raised, the angle of total
internal reflection between the two layers increases and the
angle of strongest emission increases in step. The peaks also
broaden as the large-angle evanescent contribution gains

FIG. 5. (a) The scattering cross section,
(b) absorption cross section, (c) fraction

a) - -nflm=1.2 c) 1.0,
. , - - -nfim=14 R
v —--nflm=1.6 091
. --- nfim =18 o |7
g (A VN e,
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g &
0.71
2_
064
. | . 05

400 600 800 1000 400

Wavelength (nm)

b)

Qabs

scattered forward, and (d) angular scat-
tering distribution along the x-axis for
100nm Ag spheres in the structure
defined in Sec. II. The spheres were
placed upon the substrate (z_ = 50nm)
with z, = 200nm, ng,s = 1.8 and ng,,
varied between 1.0 and 2.2.

600 800 1000

Wavelength (nm)

Angle (degrees)
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FIG. 6. (a) Fraction scattered forward for different film heights above a
100nm Ag MNP resting on a substrate with ng,,; = 1.8. (b) Far-field scatter-
ing patterns measured perpendicular to the incident polarization for varying
z,. Inset: The average path length enhancement for varying z, .

significance. When ngij, > ngups, the film behaves like an
optical cavity, with the majority of emission very close to
the normal, (not shown) leading to a severe reduction of
high-angle scattering.

VI. LAYER THICKNESS AND PARTICLE POSITION

As discussed in Sec. III, the properties of an emitter
within a thin film depend on both the thickness of the layer
and the position of the particle within it. Figure 6(a) shows
that by half-covering the particle with the film (z_ = 50 nm,
z; = 0nm) the waveguide behaviour of the film is estab-
lished and there is a significant increase in the fraction
coupled to the substrate. Here, F,,,, increases by 24% aver-
aged across the entire spectrum and 13% in the dipolar

a) b)

Qscat

Qscat
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regime alone. Once the particle is covered by the film
(z,. =50nm), there are minimal further increases in Fi,;;.
However, Figure 6(b) shows that there is an effect on the
scattering pattern: changing the distance to the back plane
will alter the interference effects and dictate the scattering
pattern in the substrate, producing a maximum average scat-
tering angle at around z, = 200 nm.

It has been found by others'>>® that by altering the
thickness of a spacer layer between a MNP and the substrate,
and thus the distance to the substrate, an increase in scatter-
ing cross section can be achieved. This occurs as the dipolar
cross section is defined by the driving field at the particle
centre, which is a superposition of the incident field, E; and
that reflected by the interface, E,. By adding a spacer layer,
the phase E, can be adjusted to minimise destructive interfer-
ence between £, and E,.

Figure 7 shows that an identical effect can be achieved
for a particle in a multi-layered structure by changing the
distance from the particle center to the substrate, z_. In
Fig. 7(a), the scattering cross section for the dipolar peak can
be seen to follow a sinusoidal pattern as the MNP-substrate
separation changes the phase of E, and thus the interference
determining the driving field. A maximum Q. peak value
of 7.2 is obtained at z_ =85nm; a 15% increase from the
case where the MNP rests upon the substrate. Figure 7(b)
shows that this enhancement is principally related to the
dipolar peak and the effect on the quadrupole is far less
pronounced.

Figures 7(a-1) and 7(a-ii) show k-space plots displaying
how moving the particle away from the substrate modifies
the far-field scattering pattern by removing the large-angle
evanescent contribution. This can be seen to produce a more
well-defined emission pattern in Fig. 7(a-ii), which could be
useful for nanoantenna applications.>

The loss of the evanescent contribution can cause quite
severe reductions in the fraction scattered forward as the
thickness is increased for particles on a high index substrate.
Figure 8 compares F,,;, for 100 nm spheres in the structure
and at an interface. Once again, the effect of the film is very
different in the dipolar and quadrupolar regions. As z_
increases, F,,,, at large wavelengths drops away, as the
substrate exerts less of an effect on the particle and so the
near-field coupling is reduced. Particles at an air interface
show an average reduction in Fj,;,, of 5% in the dipolar re-
gime, compared with 2.5% for MNPs in a film. The reduced
loss with the film occurs since even with less radiation

FIG. 7. (a) The scattering cross section at
the dipolar peak (560nm) for a 100 nm
Ag sphere with a variable distance
between the particle centre and the sub-
strate, z_. (i) and (ii) k-space plots show-
ing the far-field scattering pattern for the
particle at z_ =50 and 125nm, respec-
tively. (b) The scattering cross section
across the solar spectrum with z_ values
from 50 to 100nm showing that the
enhancement in Q. is centred about the
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dipolar peak. z, = 200 nm in all cases.
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FIG. 8. The fraction of radiation scattered forward (F,,) by 100 nm spheres
across the solar spectrum both in a thin film (a) and on the surface of a
spacer layer (b) for varying distance from the particle centre to the substrate
z_.z; = 200nm in all cases.

emitted directly into the substrate, there will still be a large
fraction trapped in the film and reflected forward. Above the
quadrupole resonance, for particles in the film there is
actually an improvement in forward scattering with increas-
ing z_. The causes of this increase are not yet understood
although it is likely to be related to a complex relationship
between quadrupole emission and reflections within the layer.

VIl. RELEVANCE TO PV STUDIES

An important application for this study is for use in thin-
film solar cells, where the MNPs can act as both an antire-
flection layer and a light trapping mechanism. Many of the
trends observed here contain useful information for maximis-
ing the enhancements these particles can bring to PV
devices.

In a solar cell, any light scattered away from the sub-
strate will reduce the fraction of light that can be absorbed in
the active layer. In Fig. 4(c), we demonstrate that the addi-
tion of a thin dielectric film above the particle can reduce
backscatter across the solar spectrum. On the other hand,
absorption in particles above the active layer in a solar cell
will reduce the amount of light available to generate charge
carriers. Fig. 4(b) demonstrates that whilst the addition of
the film reduces the absorption peak heights, the broadening

J. Appl. Phys. 113, 184311 (2013)

and red-shifting of resonances, plus the excitation of addi-
tional strongly absorbing high-order modes could prove det-
rimental and would have to be balanced against the possible
gains of this structure.

Figure 5 shows how the scattering behaviour can be
adjusted by changing the RI of the film. The addition of any
layer around the particle with ny;. < ngim < ngps will both
increase the fraction scattered forward and the optical path
length within the substrate. For ng,;,, = 1.8, a maximum F,,,;¢
enhancement of 30%, and a doubling of the average path
length in the substrate from normal incidence (a 70%
improvement from the case of a particle at a bare interface),
was observed when ngy,, = 1.8.

It was also seen that placement within a film with a
higher RI than the substrate can reduce enhancements. This
can be a particular problem in OPV cells, where the obvious
location for MNP scatterers is within the PEDOT layer
between the active layer and the transparent conducting
oxide (TCO) front contact.***> However, across a large por-
tion of the solar spectrum, most commonly used TCOs have
a larger RI than P3HT:PCBM’**®*" and so losses are
observed around the dipolar peak as the particles scatter pref-
erentially into the high-index TCO.

From these figures, it could be assumed that the best
location for a particle is within the active layer itself, or at
least in a layer with optical properties as close to this as pos-
sible. A study by Zhu er al.*® showed that a significant
absorption enhancement in the overall structure could be
obtained by placing particles in a well defined array at the
upper edge of the active layer. However, an inspection of
Figure 5(b) reveals that increasing the RI around the particles
redshifts the highly absorbing quadrupole resonance and thus
extends the strong plasmonic absorption region to longer
wavelengths, which could be damaging to the PCE. Wang
et al** investigated particle position inside the active layer
and demonstrated that absorption was minimised in the parti-
cle and maximised in the charge-generating medium when
MNPs were placed at the bottom of this layer. This solves
the problem of particle absorption, but unfortunately MNP
placement within the active layer has been shown to enhance
recombination in OPV cells, which is detrimental to the cell
efficiency.*® It has also been demonstrated that MNP place-
ment outside the active layer does not have a negative effect
on charge transport and can even enhance charge dissocia-
tion,'"® highlighting the importance of understanding the
effect of the multi-layered structure.

Figures 7 and 8 show that there is also some benefit to
altering the position of the particle in the film. Fig. 7 demon-
strates that increasing the height of film above the particle
can lead to an increase in the average angle over which light
is scattered, leading to a maximum average path length
enhancement of 50% from the case of a particle at a bare
interface. The film will also have some antireflection proper-
ties, however, and these would have to be balanced against
the potential gains from larger scattering angles. Figure 7
shows that enhancements in Q. are possible by tuning the
distance of the MNP to the substrate, which would allow par-
ticles to be spaced further apart and thus reduce absorption.
This comes at the cost of a reduction in forward scattering
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(although less damaging than for a particle at a bare inter-
face) and in scattering to large angles due to a reduction in
near field coupling, which would be detrimental to cell
performance.

VIIl. CONCLUSIONS

This study has shown that a MNP placed within a thin-
film structure displays markedly different scattering proper-
ties compared with an identical particle at a simple interface.
This can be partially explained by a simple dipolar model,
but is also seen to depend strongly on the interaction of the
MNP with the surrounding environment, which dictates the
resonance conditions for the excited plasmonic modes.

The addition of a dielectric film around a MNP at an
interface with 74 < ngi, < ngps Was seen to enhance the
fraction of light scattered into the substrate across the solar
spectrum, both through the coupling of large-angle emission
into the quasi-waveguide modes of the layer, which are then
scattered forward, and by reducing back-scatter due to a
Fano resonance about the secondary mode. It was found that
films with RI values not conforming to 1, < nfipm < Rgups
could show a reduction in F,;; in the dipolar regime, high-
lighting the importance of placing plasmonic scatterers in a
region where these conditions can be fulfilled. The high re-
fractive index of most common TCOs can make this difficult
in OPV cells.

There are many potential benefits for solar cells via tai-
loring the photonic layers around a plasmonic scatterer
which have been demonstrated, such as additional tunability
of resonances, increased forward scattering, and optical path
length enhancement. This can come at the cost of greater
parasitic MNP absorption at long wavelengths, however, and
so an optimisation of the parameters described would need
to be conducted for any given cell structure. Some control
over the emission pattern has been achieved through adjust-
ing the properties of the film, which could be of interest for
nanoantenna research.
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