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Abstract: We provide a new physical interpretation of scattering from
plasmonic nanoparticles on high-index substrates. We demonstrate the
excitation of different types of resonant modes on disk-shaped, Ag
nanoparticles. At short wavelengths, the resonances are localised at the top
of the particle, while at longer wavelengths they are localised at the
Ag/substrate interface. We attribute the long wavelength resonances to
geometric resonances of surface plasmon polaritons (SPPs) at the
Ag/substrate interface. We show that particles that support resonant SPP
modes have enhanced scattering cross-sections when placed directly on a
high-index substrate; up to 7.5 times larger than that of a dipole scatterer
with an equivalent free-space resonance. This has implications for designing
scattering nanostructures for light trapping solar cells.
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1. Introduction

It has been over a century since Mie first described the scattering of light from a sphere in a
homogeneous medium [1], and yet the scattering behavior of metal nanoparticles is still the
subject of active investigation. When a scattering structure is in the vicinity of an interface,
light will be preferentially scattered into the medium with the highest optical density. This can
be employed to couple incident light into underlying substrates, which has implications for a
number of applications, including light management in photovoltaics and photodetectors [2].
The challenge then is to optimize the in-coupling of scattered light to trapped modes within a
substrate. Due to the presence of the interface, symmetry is broken and the calculation of the
resultant fields becomes more complex. Bobbert and Vlieger [3] solved the problem of a
spherical scatterer near an interface, incorporating both Mie theory and the work of Weyl [4].
Like Mie theory, the calculation results in the complete field distribution but, apart from a few
cases, needs to be solved numerically. Over the last few decades, access to increased
computer power and memory has allowed 3D predictive modeling to be used to solve
scattering problems with arbitrary geometries on absorbing substrates. This has lead to the
identification of trends in the scattering behaviour of nanostructures [5-7], as well as device
optimization [8]. However, for the purposes of achieving a physical understanding of
nanoparticle scattering and coupling to a substrate, the simplified case of a dipole above an
interface has been invoked by many authors.

Stuart and Hall [9], and later Soller and Hall [10], used classical dipole radiation theory to
model the coupling of scattered light into a Si based waveguiding structure. They then
extended this to show that a scattering array of random Ag nanoparticles could be described as
interacting dipoles [11]. Later on, a non-interacting dipole model was used to investigate the
absorption enhancement in Si on insulator solar cells, sensitized with similar arrays of Ag
particles [12,13]. It was then demonstrated that light scattered by plasmonic Au particles, on
the front of Si substrates, can enhance and suppress absorption in the substrate [14]. Here, the
quasi-static approximation of particle scattering [15] was invoked, and the wavelength-
dependent enhancement and suppression of the absorption was attributed to interference
effects. The authors showed that at wavelengths where suppression occurred, light was
scattered out of phase with respect to the incident light, due to the phase associated with the
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polarisability of the particle. More recently, we investigated the coupling of light into
optically dense substrates for light trapping applications in solar cells, by employing finite-
difference time-domain (FDTD) calculations in conjunction with an effective dipole model,
based on the input/output formalism developed by Mertz [16]. Here, we found that increased
coupling occurred when the effective dipole moment was excited close to the semiconductor
interface [7]. This lead to design criteria for efficient coupling with the substrate; namely that
the particle shape should be chosen to have a centre of mass close to the interface, and that the
thickness of the spacer layer, separating the particle from the semiconductor, should be
minimized. Additionally, we have demonstrated that the strength of the scattering cross-
section of Ag nanoparticles is determined by the strength of the electric field driving the
plasmonic resonance, which also varies with spacer layer thickness and is different for front
and rear-located nanoparticles, as expected from the dipole approximation [17].

Nonetheless, the dipole model cannot account for all observed scattering behavior. Rear-
located particles on ultra-thin spacer layers (less than 10 nm thick) have anomalously high
scattering cross-sections, which increase rapidly as the thickness of the spacer layer is
reduced: up to twice as large as those of particles on 10 nm spacer layers [17]. This has since
been experimentally verified, with larger photocurrent enhancements occurring at long
wavelengths for thin Si solar cells, sensitized with rear-located Ag nanoparticles [18,19].

Both references 17 and 18 demonstrate that small reductions in the spacer layer thickness
below 10 nm can dramatically increase the strength of the scattering resonance for rear-
located particles. Likewise, Hagglund [6], and later Centeno [20], show that the transmission
spectra for light coupled into Si substrates due to scattering from front-located, disk-shaped
particles, changes markedly depending on the proximity to the substrate for thin spacer layers.

In this paper, we provide an understanding of the key physical mechanisms behind
scattering from plasmonic nanoparticles on high-index substrates. We demonstrate the
excitation of different types of resonant modes on disk-shaped nanoparticles using FDTD
modeling, with the near field concentrated in either the air or the substrate. The observed
resonances are attributed to dipole-like free space modes, and resonant surface plasmon
polariton (SPP) excitations at the particle/substrate interface, respectively. We compare the
scattering behavior of finite sized particles on spacer layers of different thicknesses with ideal
dipoles, to investigate the validity of the dipole model for these types of resonant SPP modes.
For spacer layer thicknesses which are of interest for light management applications, dipole-
like scatterers have cross-sections reduced by roughly 80% due to the presence of the high-
index substrate. However, finite particles that can support resonant SPP modes scatter up to
50% more strongly when in direct contact with the substrate. From this we demonstrate that
the anomalous enhancement in scattering for rear-located particles can be attributed to the
type of mode excited at the Ag/substrate interface. This has implications for designing
scattering nanostructures for light trapping applications.

2. Simulations

To investigate the resonant plasmonic modes excited on disk-shaped nanoparticles, FDTD
numerical simulations were performed. A single, Ag disk on a semi-infinite Si substrate was
modelled using the FDTD solutions package from Lumerical [21]. The nanoparticle was
separated from the Si by a SiO, spacer layer of varying thickness. The simulation volume was
terminated by perfectly-matched-layer boundary conditions. As illustrated in the inset in Fig.
1(a), radiation from the normally incident source was propagated from the air region to the
substrate, corresponding to nanoparticles on the front of the Si, or from the substrate to air,
corresponding to nanoparticles on the rear. For particles on the rear, the source is in the Si, 50
nm from the interface, to minimise the amount of light absorbed in the Si before reaching the
particle. The incident electric field was linearly polarised. This does not restrict our analysis
of the results as the particles are rotationally symmetric and therefore the scattering is
polarisation independent. The dielectric functions of the materials were modelled using a
Drude model for Ag, fitted to optical data from Johnson and Christy [22], and a Drude-
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Lorentz model for Si, fitted to data from Keevers and Green [23]. The refractive index of SiO,
was taken from data from Palik [24].

We are primarily interested in the wavelength dependent scattering behaviour of the
nanoparticle; namely how much light is scattered and what fraction of the scattered light is
coupled into the Si substrate. To investigate this we calculate the normalised scattering cross-
section and the coupling efficiency of the nanoparticle, as described below.

The total power scattered by the nanoparticle was calculated by integrating the Poynting
vector of the scattered field over a closed surface surrounding the particle. The normalised
scattering cross-section, Qg Was then calculated by dividing the total scattered power by the
incident source irradiance, and normalising the result to the cross-sectional area of the
particle. The scattered power was evaluated separately in the air and in the substrate. In the Si
the surface over which the integration is performed is 100 nm from the interface; for
wavelengths above 500 nm, less than 10% of the scattered light is absorbed in the Si before
reaching the monitor. This allows the fraction of scattered light coupled into the substrate
(Fsubs) to be calculated by dividing the scattered power in the Si by the total scattered power.

3. ldentification of resonances

Figure 1(a) shows the calculated Qs spectra for a 100 nm diameter, 50 nm tall, disk-shaped
Ag nanoparticle, separated from a Si substrate by a SiO, spacer layer of thickness, t =0, 5 or
20 nm. Spectra are shown for particles on the front, illuminated surface of the Si (light
incident from the air, crosses) and for rear-located particles (light incident from the Si, solid
lines).

Figure 1(a) clearly shows two distinct scattering peaks for each Qg Spectra, labelled R1
and R2, corresponding to resonant plasmonic modes. Evidence of these modes has been
previously demonstrated in experimental transmission spectra of Ag particles on glass
substrates. In that work, both the short-wavelength mode corresponding to R1, and the main
plasmonic resonance corresponding to R2 were observed [25]. For both front- (crosses), and
rear-located particles (solid lines), the R2 resonance wavelength, Ag,, red-shifts by up to 416
nm as the spacer layer thickness is decreased from 20 to 0 nm. However, the R1 resonance
peak wavelength, 1z, does not shift significantly.

Since the Si is strongly absorbing at short wavelengths, the strength of the normalised
scattering cross-section at the R1 resonance, Qsa(4r1), Cannot be accurately calculated,
especially for rear-located particles. However, we can calculate the strength of the normalised
scattering cross-section at the R2 resonance, Qsai(Ar2). This increases as the spacer layer
thickness increases for front-located particles, in agreement with previously reported results
[17]. Additionally, anomalous enhancement of the scattering cross-section is observed for
rear-located particles on ultra-thin spacer layers of t = 5 nm, which increases significantly for
particles directly on the Si, as reported in ref 17. To date, the physical mechanism behind this
enhancement has not been identified.

Figure 1(b) shows the wavelength dependent coupling efficiency, Fgs, for front-located
nanoparticles, defined as the fraction of the total light scattered that is scattered into the Si
substrate. Similar spectra are obtained for rear-located particles, as Fqys is independent of
illumination direction for symmetrical particle shapes [17]. At wavelengths less than 400 nm,
Fsuns rapidly reduces for all particles due to absorption in the Si. In order to investigate Fgs at
short wavelengths around the R1 resonance, the coupling efficiency is also calculated for a
particle directly on a non-absorbing, high-index substrate, with refractive index n = 3.5
(dotted line, black circles). This clearly shows that there is a strong reduction in the coupling
efficiency at wavelengths corresponding to the R1 resonance: from over 96% at long
wavelengths to around 60%. Significantly, at wavelengths corresponding to the R2 resonance
the coupling efficiency remains high, despite the presence of the resonant mode. However, as
the spacer layer thickness is increased, the overlap of the near field of the resonant mode with
the substrate reduces, and hence F,s decreases, in agreement with previously reported results
[26].
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Fig. 1. (a) Calculated normalized scattering cross-section spectra (Qs.t) of a 100 nm diameter,
50 nm tall, Ag disk on the front (crosses), or rear (solid line), of a Si substrate. The particle is
either directly on the Si surface (t = 0 nm) or on thin SiO, spacer layers of thickness, t =5 nm
and t = 20 nm. (b) The coupling efficiency (Fsus) for the particles on the front of a Si substrate,
calculated as the fraction of the scattered light scattered into the substrate. Data is also shown
for a particle directly on the surface of a non-absorbing substrate with refractive index, n = 3.5
(dashed lines, black circles). (c-e) The electric field profiles (|E|) calculated over a plane
bisecting the nanoparticle, with light incident from the air. Data is shown at the resonance
wavelengths marked in (a), where (c) R1 Ag: = 396 nm, and R2 /g, = 990 nm for particles on
bare Si, (d) R1 Ar; = 396 nm, and R2 /g, = 671 nm for t =5 nm, and (e) R1 Ar; = 388 nm, and
R2 A, = 574 nm for particles on a 20 nm thick oxide.

Figures 1(c-e) show the electric field profiles for front-located particles at wavelengths
corresponding to the two resonance peaks marked in Fig. 1(a). Data is shown for particles on
(c) bare Si, and with spacer layers of thicknesses (d) t = 5 nm, and (e) t = 20 nm. The
magnitude of the electric field, |E|, is calculated over the plane parallel to the direction of
polarization and perpendicular to the interface, bisecting the particle. Similar field profiles are
observed for rear-located particles; however the R1 mode is much weaker due to absorption of
light in the substrate before reaching the particle. At Ag,, for all spacer layer thicknesses, the
field plots clearly show that the electric field is concentrated on the air/Ag interface, at the
edges of the particle. For particles on a spacer layer (d-e) we also see field concentration in
the oxide layer. Conversely at /gy, the field is concentrated on the Ag/Si or Ag/SiO, interface
at the edges of the particle. Similar field localization at the Si interface has been observed by
Hagglund for Au nanodisks [6], who attributed the behavior to two asymmetric dipoles,
localised at the air and substrate side of the particle, dominated by the substrate dipole. For the
R2 mode, the near field overlaps with the substrate, which has been shown to result in more
efficient coupling with the Si [7], as is evident from the F, spectra in Fig. 1(b). Conversely
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for the R1 mode, the near field does not overlap significantly with the substrate, and
consequently in-coupling is reduced.

4, Resonant SPP modes

To understand the origin of these different plasmonic modes, it is insightful to view the
nanoparticle resonances as being due to confined surface plasmon polaritons (SPPs) on the
individual Ag/Si and Ag/SiO, interfaces. In this interpretation, reflections of the SPPs at the
nanoparticle edges give rise to resonances. To first approximation, these are expected to occur
when the diameter of the particle is equal to ™/, Agp, + I, Where gy is the wavelength of the
SPPs on an infinitely extended film, |, is an additional term, with units of length, to account
for the phase shift introduced by reflection at the sides of the particle [27-30], and m is an
integer.

We consider the SPPs that can be excited at the interfaces of a thin, infinitely extended,
Ag film on a Si substrate. Dispersion relations, Aq(Asyp), Were calculated for SPPs on two
different 1D multilayer structures: 1) a 50 nm thick Ag film between two semi-infinite half
spaces of air and Si, corresponding to a particle on a bare Si substrate, and 2) including a 20
nm SiO, layer between the Ag and the Si, representing the spacer layer. The SPP wavelengths
were obtained by determining the poles of the transfer matrix of the 1D multilayer stack [28].
Two SPP modes Agppair and Asposun Xist, with fields localized predominantly at either the
air/Ag or Ag/substrate interfaces, respectively. From these dispersion relations, we can predict
the resonance wavelength, ig;, for a given resonator length, d, at which d ~"/,Asp,, assuming
that I, is small [29].

We then compare this model to the response of Ag stripes of varying widths, calculated
using 2D FDTD simulations. Here the incident light is polarized parallel to the width of the
stripe, so that d corresponds to the particle diameter in the 3D case, and all other simulation
parameters are the same, as described above. Studying the 2D case allows a more direct
comparison with the 1D dispersion relations. Although this is a simplification of the particle
geometry, similar scattering behavior is observed. As for the 3D case shown in Fig. 1(a), 2
separate resonance peaks occur in the Qg Spectra of 2D stripes with d = 100 nm. For stripes
on bare Si, the peak positions of the modes are shifted by only ~6% compared to the 3D case
of disks.

350F o air/Ag/Si S
o air/Ag/SiO, /Si o
] o
= %001 o o |
g ;\.Q i’ "_,/'
= 2507 spp( R1) (]
< a
8200} *opp (2
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Fig. 2. The surface plasmon polariton wavelength corresponding to Arj (Aspp(Arj)) plotted against
stripe width (d). For R1, the wavelength of the SPPs excited at the air/Ag interface is shown
(Aspp(Ar1)), hollow shapes), while for R2 (Asp(Ar2)), light filled shapes) and R3 (Aspp(Ars)), dark
filled shape) the wavelength of the SPPs at the Ag/substrate interface is shown. The conditions
d =5 Jepp(Zrz), and d = Agpp(2rs) are plotted for comparison.

Figure 2 shows the SPP wavelength (calculated from the 1D dispersion relations)
corresponding to the free space wavelength at which resonance occurs (obtained from the 2D
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FDTD simulations) for the different modes, Asp(4g;), plotted against the stripe width, d. Here,
we plot Agpp4ir fOr R1 (which has strongest fields at the Ag/air interface) and Agpp sup for R2 and
R3 (with field localised in the substrate). Data is shown for the case of a stripe on a bare Si
substrate (circles) and with a 20 nm SiO, spacer layer present (squares). For large stripe
widths of d = 150 nm, directly on the Si, a third resonance occurs at igs (dark filled circle).
This mode is also seen for 3D disk-shaped particles with diameters larger than 150 nm (not
shown).

From Fig. 2 we can clearly see that there is a correlation between Ag,(dr2) and d,
consistent with the excitation of resonant SPP modes when Y/, Jspp(Ar2) =d. The condition d =
4, Jspp(Ar2) is plotted for comparison. Deviations from this relationship are attributed to
wavelength-dependent phase shifts introduced by reflection at the edges of the Ag stripe [27—
30], which are not accounted for in the calculation of the 1D dispersion relations. The
propagation lengths of the calculated SPP modes are at least a factor of 30 times larger than d
at Aspp(4r2) for all cases. Similarly, for the R3 mode excited for the stripe width d = 150 nm,
directly on Si, Aqp(4rs) =d. Again, differences are attributed to phase shifts on reflection from
the edges of the stripe. For the R3 mode the propagation length of the calculated SPP mode is
on the order of the particle diameter at Ars.

It can also be seen from Fig. 2 that Asp(Ar1) does not correlate strongly with the stripe
width. Instead, we attribute the R1 mode to localised surface plasmon resonances at the top of
the particle, in the air region. Here, we should recall that at 1z, Some concentration of the near
field was observed at the Ag/SiO, interface in Fig. 1(d) and (e). Interestingly, for particles on
an oxide, the SPP excitation at the Ag/SiO, interface has a wavelength, Aspsu (Ar1), ON the
order of the stripe width (data not shown). This suggests that the electric field concentration at
the Ag/SiO, interface at Ag; may be due to non-resonant SPPs. For particles directly on Si,
Asppsub (A1) at the Ag/Si interface is at least a factor of 5 larger than the particle width, and at
this wavelength, no field concentration is seen in the substrate at Ar; in Fig. 1(c). This
suggests that for particles directly on the interface the particles are too small to support SPPs
excited at Ag;.

From the results presented so far, we attribute the plasmonic modes observed on Ag
stripes, on Si substrates, to two different types of resonances. At Jg; the resonance can be
interpreted as a localised surface plasmon resonance in air, while at 1z, and Ars the modes
behave like geometric resonances of SPPs at the Ag/substrate interface.

To determine whether geometrical resonances of SPP modes are excited on 3D particles,
we look at the near field of a 150 nm diameter, Ag disk on a Si substrate, obtained from 3D
FDTD simulations, as described aboveFig. 3 shows the real part of the component of the
electric field in the direction of polarisation, Re(E,), plotted over a plane parallel to the
direction of polarisation, and perpendicular to the interface, bisecting the particle. As in the
2D case for d = 150 nm, three scattering resonances are observed. In Fig. 3 the fields are
plotted at the free space wavelengths corresponding to the three resonances: (a) Ag; = 368 nm,
(b) Aro = 1274 nm and (c) Agrs = 744 nm. The field profiles clearly show evidence of resonant
SPP modes at (b) Ary and (c) Ars. In Fig. 3(b) the field at the Ag/Si interface corresponds to a
standing wave with a half wavelength equal to the particle length, while at Ags in (c) the field
corresponds to a standing wave with a wavelength equal to the particle length. This is
illustrated in the insets, which show schematics of the field at the Ag/Si interface. The SPP
wavelengths were determined from the distances between nodes to be 314 nm at Ag, from Fig.
3(b), and 102 nm at Ags from (c), which are consistent with the resonance conditions /,
Aspp(Ar2) =d and Aspp(Ars) ~d, respectively.
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Fig. 3. Field profile of the real part of the component of the electric field vector in the direction
of polarisation (Re(Ex)) calculated from 3D FDTD simulations. Data is shown for a 150 nm
diameter, 50 nm tall, disk-shaped particle on a bare Si substrate with light incident from the air.
The plots are shown at the free space resonance wavelengths, (a) Ags = 368 nm, (b) Ag, = 1274
nm and (c) Ars = 744 nm. Insets in (b) and (c) show a schematic representation of Re(Ej) at the
Ag/Si interface.

We can conclude that two different types of modes can be excited on 3D, disk-shaped Ag
particles, on Si substrates. The short wavelength R1 mode can be attributed to a dipole-like
excitation in air, while the longer wavelength R2 and R3 modes can be associated with
geometrical resonances of SPP modes at the interface between the particle and the substrate.

5. Comparison with the dipole model

To investigate the trends in scattering behaviour observed for the types of resonant SPP
modes identified above, we compare Qs.(/ro) to predictions from the dipole model. To
compare with the calculated Q(1r2) for finite particles, we can calculate the scattering cross-
section of a horizontally orientated dipole, o, separated from a Si substrate by a SiO, spacer
layer of varying thickness. The scattering cross-section of a dipole is defined as the ratio of
the scattered power and the incident irradiance, and can be calculated as [16]

a:%Sm[am]ld, 1)

where oy, is the effective polarisability, which includes modifications to the polarisability of
the dipole due to the proximity to the substrate, and the effects of the scattered field reflected
at the interface on the radiative damping. From Eqg. (1), the scattering cross-section of an ideal
dipole varies as a function of the intensity of the electric field driving the oscillation, 14. The
extent to which this relationship holds for finite, disk-shaped, Ag nanoparticles can be
determined by comparing Qg and lg. Here we use a simple model to calculate the driving
field intensity at the position of the particle, as described in Ref [17]. For front-located
particles, the driving field is equal to a superposition of the field incident in air, and the
portion of the field that is back reflected at the interface. For rear-located particles, the driving
field is equal to the portion of the field, incident in the Si, which is transmitted at the interface.

The incident fields in the air and in the Si are normalized so that the incident irradiance,
given by [31] I = Y,eocnin|Eif%, is equal in each medium, where n;, the refractive index of the
incident medium. The ratio of the incident fields in the air and in the Si is then equal to Vng;.
The driving field intensity, Iy, is given by the square of the driving field, normalized to the
incident intensity in air.

In Fig. 4(a), the strength of the scattering cross-section at the R2 resonance, Qsct(Ar2),
calculated for a 100 nm diameter, disk-shaped, Ag nanoparticle on a Si substrate with a SiO,
spacer layer, is plotted against different thicknesses of SiO,, t. Here, Qgcat(Aro) is normalized to
the scattering cross-section of a similar disk in free space, Qs In Fig. 4(b), the cross-section
of a horizontally orientated dipole, normalized to the cross-section of a dipole in free space,
olc”, is calculated for the same substrate layer geometry as in part (a). Here, o/c” is calculated
at wavelengths corresponding to A, for the disks in Fig. 4(a). Data is shown for particles
illuminated on the front of a Si substrate (blue, circles), and on the rear (red, squares). The
intensity of the electric field driving the resonance, Iy, calculated at wavelengths
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corresponding to Ag, for each value of t, is also plotted on both graphs (solid lines). As the
driving field intensity for a scatterer in free space would be equal to the incident intensity, Iq
can be interpreted as the change in the driving field intensity due to the presence of the
substrate.

The inset in Fig. 4(b) shows the relative efficiency of excitation, #, calculated as o/c”
divided by l4. For dipoles, # can be identified as the change in the polarisability of the dipole
due to the presence of the substrate, plotted against t. The presence of the substrate results in a
reduced polarisability, as the dipole decay rate is modified due to the interaction of the dipole
with the scattered field that is back-reflected in the substrate [16]. Hence, for dipoles, # is less
than 1 for all values of t shown. Additionally, as it is only dependent on the local dielectric
environment of the particle, # is equal for front and rear-located dipoles.

For finite, disk-shaped particles, # is calculated as Qgcai(Ar2) / Q”scat divided by 14 Since the
polarisability of finite particles supporting resonant SPPs is not well defined, this can no
longer be associated with a change in polarisability. Instead, we can identify » as the
efficiency of the excitation of resonant scattering modes in the vicinity of a substrate, relative
to the efficiency of the excitation of resonant scattering modes in free space. Here we note that
in free space we are exciting a different type of resonant scattering mode, as we will discuss
below.
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Fig. 4. (a) Strength of the scattering cross-section at the R2 resonance (Qscat(4r2)) for a 100 nm
diameter, disk-shaped, Ag nanopatrticle, on a Si substrate, normalised to the scattering cross-
section of a similar disk in free space (Q”sat) for different thicknesses of SiO,, from t = 0-150
nm. (b) Strength of the scattering cross-section for a horizontally orientated dipole on a Si
substrate for different thicknesses of SiO, spacer layer, normalised to the cross-section of a
dipole in free space (6/6™). The cross-section is calculated using the Mertz formulation [16], at
wavelengths corresponding to Az, for the disks in part (a). For both parts of the figure, data is
shown for particles on the front (circles, blue) and rear (squares, red) of the substrates. The
intensity of the electric field driving the resonance (ls) normalised to the incident radiation,
calculated using a simple model for a multilayered substrate described in ref [17] is also plotted
(solid lines). The insets show the relative efficiency of excitation (#), calculated as the
normalised scattering cross-section divided by intensity of the driving field, for front (stars,
red) or rear-located scatterers (blue, solid line).

From Fig. 4, we find that while the driving field is important in determining the strength of
the cross-section of both dipoles and finite particles, there are some clear differences in the
efficiency of excitation.

Firstly, from the inset in Fig. 4(a), asymmetry in # is observed for finite particles on the
front and on the rear of substrates. We attribute this to the fact that the driving field is
calculated at the interface, in the absence of the particle. For a disk-shaped particle this
simplification does not take into account the finite extent of the particle and the complex
interaction between the incident light and the particle near field, which would be dependent on
the direction of illumination.

Secondly, once the overlap of the particle near-field with the Si substrate is significant (t <
80 nm), the efficiency of the excitation increases for finite particles in the vicinity of a Si
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substrate, in contrast to the dipole case. This is attributed to changes in the nature of the
resonant scattering mode in the vicinity of a high-index substrate. In free space, the particle
scattering resonance is dominated by a localised surface plasmon resonance. The presence of
an interface breaks the symmetry, and the mode is localised at the interface with the substrate.
Now the resonance is dominated by geometrical resonances of SPPs confined to the volume
of the particle. This changes the efficiency of the excitation, and introduces increased
asymmetry for front and rear-located particles.

Finally, » increases rapidly for finite particles on ultra-thin spacer layers; to a value of 2.5
on the front and 2.2 on the rear at t = 0 nm. This means that for finite, rear-located particles,
directly on the Si substrate, Qsa(Aro) is 1.5 times larger than the strength of the scattering
resonance in free space. In contrast, for spacer layer thicknesses of t = 0-20 nm, which are of
interest for light management applications due to high coupling efficiencies, the cross-section
of a dipole is less than 20% of the free space case, as both I4 and # are less than 1.

In order to investigate the sensitivity of 1z, and Qs.(4r2) to small changes in the spacer
layer thickness, the electric fields due to the R2 mode were calculated for a 100 nm diameter,
disk-shaped particle, with either no spacer layer, with an ultra-thin spacer layer of 5 nm, and
with t = 20 nm. To calculate the field due to the resonant mode, 3D simulations were run with
and without a particle present. The electric field was calculated over the plane parallel to the
direction of polarisation and perpendicular to the interface, bisecting the particle, as in Fig.
1(c-e). The magnitude of the electric field due to the resonant mode, |Eyopel, Was then
determined by subtracting the field without the particle present, from the field with the
particle.
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Fig. 5 Magnitude of the electric field due to the resonant mode at Az, (|Emope|) normalized to
the incident field for a 100 nm diameter, disk-shaped nanoparticle on a Si substrate. Data is
shown for particles on the Si substrate with (a) t = 0 nm and Ag, = 990 nm, (b) t =5 nm with Az,
=671 nm, and (c) t = 20 nm with Az, = 574 nm. The results are plotted perpendicular to the
substrate, at the centre of the particle.

Figure 5 shows the magnitude of the field due to the R2 mode, |[Emope/, for (a) no spacer
layer, (b) t =5 nm, and (c) t = 20 nm. The results are plotted perpendicular to the interface, at
the centre of the particle. It is clear that high field gradients exist close to the particle. In Fig.
5(a) the intensity maximum occurs at the Ag/Si interface, while in (b) and (c) the field
maximums occur at the Ag/SiO; interface. For particles on an oxide, the field is localised on
the Ag/SiO, interface and the field intensity is concentrated in the thin SiO, layer. For
particles directly on the Si, the mode is excited along the Ag/Si interface, resulting in high
field intensities in the Si that extend into the substrate.

From this we can see that for particles on or very close to the Si (within 5 nm), the
excitation changes from an Ag/SiO, mode to an Ag/Si mode. This corresponds to a rapid
increase in the efficiency of excitation for nanometre changes in t, especially for rear-located
particles. From Fig. 5, modes excited at or very close to the Ag/Si interface have a larger
spatial overlap of the mode with the Si. This allows them to couple efficiently to incident light
in the Si, and gives rise to large enhancements in Qs.at(Ar2) OF up to 87% as the spacer layer is
reduced from 5 to 0 nm. From this, we attribute the anomalously high scattering cross-
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sections observed for rear-located particles on ultra-thin spacer layers to the type of resonant
SPP modes excited at the Ag/substrate interface.

It is clear that for plasmonic particles, the excitation efficiency as well as the driving field
needs to be optimised to achieve strong scattering in the vicinity of a high-index substrate, and
this can be achieved by ensuring a large near-field overlap with the substrate.

6. Conclusion

We provide key physical insights into scattering from nanostructures on high-index substrates,
beyond the dipole model. At short wavelengths, a dipole-like, free space resonance dominates,
while at long wavelengths, the resonance can be attributed to the excitation of resonant
surface plasmon polariton modes at the particle/substrate interface. These types of resonant
modes have increased excitation efficiencies when the particle near-field overlaps
significantly with the substrate. This can lead to very high scattering cross-sections for
particles that support resonant SPP modes at the Ag/substrate interface; up to 7.5 times larger
than that of a dipole with an equivalent free space resonance. This has implications for
designing scattering nanostructures, namely that to ensure strong scattering and efficient
coupling, especially from rear-located structures, there should be a large near field overlap
with the substrate. Due to high scattering cross-sections and coupling efficiencies these modes
have the potential to provide effective light trapping for photodetectors and photovoltaics
devices.
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