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We develop an optical model for absorption enhancement and diffuse reflectance by metal
nanoparticles on a silicon waveguide. A point dipole treatment is used, including the effects of the
waveguide on both the angular emission spectrum and scattering cross section of the dipoles. The
model agrees very well with our experimental results of greatly enhanced electroluminescence and
photocurrent from silicon-on-insulator light-emitting diodes and also gives very good agreement
with previously reported diffuse reflectance measurements. The results suggest that the main
mechanism in the enhancement of diffuse reflectance in this system is a dramatic enhancement in
the scattering cross section of waveguided light, rather than a waveguide-mediated dipole-dipole
interaction. We also put lower bounds on the radiative efficiency of scattering by the nanoparticles.
© 2006 American Institute of Physics. 关DOI: 10.1063/1.2226334兴
I. INTRODUCTION

There is currently a great deal of interest in surface plasmons on metal surfaces and metal nanoparticles, and the often surprising optical properties associated with them. To
give just two examples, surface plasmons have been associated with the extraordinary optical transmittance of hole arrays in metal films, where transmittances greater than unity
共normalized to the area of the holes兲 have been observed;1
surface plasmon effects are also largely responsible for the
factors of up to 1014 enhancement that have been observed
using surface-enhanced Raman spectroscopy.2 A wide range
of technological applications for surface plasmons are
emerging. For example, surface plasmons provide a way to
confine and transport light at subwavelength scales, which is
of great interest in integrated optics.3 Surface plasmon effects also offer a range of possibilities for optoelectronics
and photovoltaics, including improving selective emitters for
thermophotovoltaics, and enhancing nonlinear processes for
upconversion of low energy photons,4 along with increasing
the emission of light-emitting diodes.5,6 In this paper we investigate promising near-term applications for surface plasmons in photovoltaics and optoelectronics: absorption/
emission enhancement due to dipole excitation of metal
nanoparticles on a silicon waveguide.
Low absorptance at wavelengths in the region of the
band edge is a significant issue for silicon solar cells and
photodetectors, due to the indirect band gap of silicon. This
is becoming more important as the thickness of silicon is
reduced, to reduce the cost in the case of solar cells and to
decrease the response time in the case of photodetectors. One
way to increase the absorptance for solar cells, which have
total thickness at least 1 m, is to texture the surface of the
silicon. However, this also increases the surface area, and
hence increases the effect of surface recombination, which
for high quality silicon is the limiting factor on the opena兲
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circuit voltage for thin solar cells. Plasma etch techniques,
which are generally required to etch submicron sized features, may also damage the silicon, further reducing cell efficiency. For photodetectors which may have a total silicon
thickness of only a few hundreds of nanometers, texturing
the silicon surface is clearly not an option, since feature sizes
need to be at least 200– 300 nm to diffract beyond the zeroth
order.
Recently we have reported a dramatic enhancement in
electroluminescence from silicon-on-insulator light-emitting
diodes 共SOI LEDs兲 by a factor of 8 times near the band edge
at 900 nm.5 This built on earlier work of Stuart and Hall,
who achieved an impressive increase in photogenerated current of 18 times at 800 nm in an SOI photodetector.7 Stuart
and Hall also reported peaks in the diffuse reflectance spectrum, which they attributed to enhanced dipole-dipole interaction via waveguide modes.8 The diffuse reflectance spectrum has been modeled by Soller, using a convolution of the
single particle Green’s dyadic with a correlation function for
the average properties of the particle distribution,9 and by
Johannson, using a lattice-gas model with averaging over
different realizations of the disorder using a coherent potential approximation.10 However, there has been no model proposed to date to predict the absorptance enhancement in the
silicon.
In this paper we model the metal nanoparticles as noninteracting, ideal dipoles on the surface of the silicon waveguide. With this simplified model we are nevertheless able to
achieve good agreement with many of the features of the
absorptance enhancement and diffuse reflectance spectra and
develop insight into the most important mechanisms in this
system. By taking into account the angular dependence of
both the emission spectrum and the scattering cross section
we develop a consistent point dipole view of the effect on
absorptance and scattering. We also consider how finite sized
particles would tend to alter these results.
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Sout =

FIG. 1. The system considered in this paper. A dipole placed a distance d0
from a waveguide.

There are two major components to the model. The first
is the calculation of the angular dependence of the scattered
light emerging from the dipole and the angular dependence
of the scattering cross section for incoming light. The second
is the calculation of the light absorbed in the waveguide and
the light coupled out of the waveguide. These are described
in detail below.

共1兲

where Sout is the total scattered power and Iin is the intensity
of the input field, i.e.,
1
Iin = 0cnin兩Ein兩2 .
2

0 nin
p
p 2
Sout
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关Im共␣h兲Lhp共in兲 + Im共␣v兲Lvp共in兲兴兩Ein
兩 .
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共4兲

Here ␣h and ␣v are the polarizabilities of the horizontal and
vertical electric dipoles, respectively, in the presence of the
waveguide. As d0 → ⬁, ␣h, ␣v → ␣0, the polarizability of the
dipole in free space. We also have
n0 s
兩K 共in兲兩2 ,
nin h
共5兲

The calculation of the angular dependence of emission
for a fixed amplitude dipole near an interface or waveguide is
important in the study of fluorescence, and there have been
many papers devoted to it.11–13 However, it appears to have
been recognized only recently that for a dipole that scatters
light rather than fluoresces, the presence of nearby interfaces
can also strongly affect the scattering cross section, and indeed result in an angularly dependent scattering cross section. That this follows from the model of a dipole near an
interface has been shown by Mertz.14
The results of Mertz’s theory are summarized below. We
consider the system shown in Fig. 1. A point dipole sits in a
medium of refractive index n0, a distance d0 above a waveguide structure. For definiteness we show a four layer waveguide such as that in a SOI structure, defined by refractive
indices n1, n2, n3, and n4, and distances d0, d1, d2, and d3, as
shown in the figure. 共In our experimental system the metal
nanoparticles sit directly on the SOI structure and we take d0
to be zero兲.
The scattering cross section of a point dipole is defined
by

 = Sout/Iin ,

0 nin
Im共␣h兲Lsh共in兲兩Esin兩2 ,
2 n0

Lsh共in兲 =

A. Angular dependence of scattering cross section
and light emission for a dipole near a
waveguide

共3兲

where  is the frequency of the incident light, p is the particle polarization, and Ed is the driving field. The waveguide
can affect the scattering cross section by changing the dipole
polarization or by changing the local driving field. The resulting expressions for the total scattered power for a dipole
on a waveguide are
s
=
Sout

II. METHOD


Im共p*Ed兲,
2

共2兲

Here 兩Ein兩 is the amplitude of the input field and the input
field is incident from material with refractive index nin. This
is relevant for a particle on a waveguide because the particle
may be excited by radiation either external or internal to the
waveguide.
The total scattered power is equal to the work exerted by
the dipole,

Lsh共out兲

nout s
=
兩K 共out兲兩2 ,
n0 h

with corresponding definitions for Lhp and Lvp. The expressions for K are
Khp共in兲 = cos 0关− exp共− ik0zd0兲 + r p exp共ik0zd0兲兴,
Ksh共in兲 = exp共− ik0zd0兲 + rs exp共ik0zd0兲,

共6兲

Kvp共in兲 = sin 0关− exp共− ik0zd0兲 − r p exp共ik0zd0兲兴,
for externally incident light, and
Khp共in兲 = − t p cos 0 exp共ik0zd0兲,
Ksh共in兲 = ts exp共ik0zd0兲,

共7兲

Kvp共in兲 = − t p cos 0 exp共ik0zd0兲,
for internally incident light, where k0z = 2n0 cos共0兲 /  is the
component of the wave vector perpendicular to the surface in
region 0. Here rs, r p, ts, and t p are the Fresnel coefficients of
the waveguide structure. L represents the contribution of the
local driving field to the scattering cross section of the dipole
in the presence of the waveguide. Thus there are contributions to the scattering cross section from the waveguide via a
change in the local field 共through L兲 and via a change in the
effective polarizability of the particle, through Im共␣兲. Note
that rs and r p are the reflection coefficients for light incident
from layer 0, while ts and t p are the transmission coefficients
for light incident from the bottom-most layer, in the present
case layer 4. Also note that the angles of incidence may be
imaginary corresponding to excitation of the dipole by evanescent waves.
The angular dependence of the scattering cross section
described by Eq. 共4兲 is a direct consequence of the Lorentz
reciprocity theorem. For the case of a dipole near a wave-
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guide, this means that for the directions associated with the
waveguide modes there is a strong coupling between the
dipole and the waveguide. Most of the radiation emitted by a
dipole is emitted in these directions, and incoming radiation
from these directions is strongly scattered by the dipole.
The total emitted power is given by
3
8

冕

3
Nv =
4

冕

Nh =



关Lsh共兲 + Lhp共兲兴sin d ,

0



共8兲
Lvp共兲sin d ,

0

where N represents the total output power for a fixed amplitude oscillator 共as opposed to an oscillator driven by a fixed
amplitude incident field兲. The integrands are the power emitted into a solid angle characterized by d, where  is the
angle from the normal. We can use Eqs. 共8兲 to calculate the
angular spectrum of the light emitted by a dipole. If we define the in-plane, normalized wave vector u by u = k0x / k0
共=n2 sin 2兲, then for u ⬍ 1 the emission is into the escape
cone, for 1 ⬍ u ⬍ n3 emission is into leaky modes, and for
u ⬎ n3 emission is into the guided modes of the waveguide.
By selective integration of Eqs. 共8兲 it is therefore possible to
calculate the fraction of the radiation emitted by the dipole
into the escape cone, into leaky modes and into guided
modes.
The total emitted power also modifies the decay rate of
the dipole and the Mertz model can be used to determine the
effect of a waveguide on the polarizability of a particle via
the change in decay rate. 共There is also a similar derivation
in Wasey and Barnes,15 where there is a detailed discussion
of the effects of interfaces on dipole decay rates.兲 However,
for the waveguides studied in this paper the effect of the
waveguide on the polarizability is small and has no consequences for the conclusions presented here. Since there is a
large effect of the local field on the calculated scattering
cross sections and considerable uncertainty in the experimental scattering cross sections, we neglect the effect of the
waveguide on the particle polarizability.
For the initial scattering cross-section spectrum before
modification by the waveguide we use experimentally determined transmittance spectra for islands on glass. This is because simple models of the extinction of islands on glass
only qualitatively reproduce the broadening seen
experimentally.16 In a full model of the transmittance of islands on glass it would be necessary to include retardation
effects for a single particle, distributions of particle shapes,17
and the effects of interaction between the particles in a disordered arrangement.18
While the method of Mertz provides a simple and transparent explanation for the change in angular spectrum and
scattering cross section for a dipole near a waveguide, the
effect of absorption in the silicon on the angular spectrum is
more easily dealt with using the source term method of Benisty et al.19 We therefore use the source term method in
calculating the angular emission spectra; this is described in
more detail below.

B. Calculation of absorption and outcoupling
of scattered light

The model used for the calculation of absorption and
outcoupling is based on the transfer matrix method for thin
film optics.20 It is a semicoherent model with a dipole model
used to determine the angular spectrum of diffuse radiation.
The flux incident on the first rough surface in the model is
calculated using the transfer matrix technique. This flux is
then divided into a coherent, nonscattered component and a
diffuse component. The diffuse component is calculated according to elastic scattering for an ideal dipole and is assumed to be an incoherent process. The assumption of incoherence is expected to be a good approximation due to the
disordered arrangement of the nanoparticles, and in any case
can be tested by comparison with the experimental behavior
of the system. Combined with the dipole angular emission
spectrum this essentially means that the dipole interacts coherently with itself, but incoherently with other dipoles. After the flux at the rough interface has been divided into coherent and diffuse components, the fields due to the fluxes
are calculated and propagated through the structure coherently by the transfer matrix technique, thus taking interference at all other interfaces through the structure into account.
In this way the field, and hence the flux incident on the rough
surface for the second scattering process, is calculated. This
method is due to Leblanc et al.21 and is described in more
detail in that paper. These authors also introduced an elegant
matrix method for calculating the effect of subsequent scattering processes from the results of the first scattering process, thus making the whole computation rather quick.
Leblanc et al.used Lambertian-type angular distributions
for the diffuse flux in their model, with the diffuse reflectance and transmittance proportional to cos共兲. This may be
appropriate for textured a-Si solar cells with thicknesses of at
least 1 m, but it is not appropriate for Si devices of the
order of 100 nm thick, that have a very limited number of
guided modes available in which light can propagate. To take
account of the angular spectrum of emission of the dipoles
we used the method of Benisty et al.,19 which is an extension
of the transfer matrix method that treats the dipoles as source
terms. It is equivalent to the method of Mertz for calculating
the angular emission method for a fixed amplitude dipole in
a weakly absorbing waveguide. The advantage of the source
term method is that it fits very naturally with the flux propagation calculation that also uses the transfer matrix method.
It is also more suitable than the method of Mertz at short
wavelengths, where the waveguide is quite strongly absorbing. The calculations for the angular distribution of the emission of the dipoles were checked against the results of Benisty et al.19 and Lukosz.12 The source term method is for a
fixed amplitude dipole. The results for the flux emitted in a
particular direction were therefore normalized by the total
emitted flux. For the scattering cross sections, Mertz’s expressions were used as described in the next section.
The equation for the absorptance due to diffused light
Atot from Leblanc et al. in the case where the front surface of
the device is the scattering surface is

Downloaded 23 Feb 2010 to 150.203.243.34. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

044504-4

J. Appl. Phys. 100, 044504 共2006兲

K. R. Catchpole and S. Pillai

FIG. 2. Scattering cross section 共solid line兲 and angular power spectrum
共dotted line兲 for internally incident light in the region of the major
waveguided mode for the 95 nm SOI structure at 900 nm. It can be seen that
the scattering cross section is high for the mode into which most of the light
is scattered 共u ⬃ 1.5兲, whereas for the other modes at u ⬃ 2.5 and ⬃3.2 the
scattering cross section is much lower. For waveguided light incident on the
dipole with the angular spectrum given above, 70% has a scattering cross
section above 1.

Atot = 关A兴关I − F兴−1⌺0+ ,

共9兲

where 兺0+ is the incident flux from layer 0 and A is a matrix
that describes the absorptance that occurs between subsequent scattering processes. F is a matrix describing the flux
remaining within the device after each scattering process and
关I − F兴−1 is the geometric sum of the flux remaining in the
device, where I is the identity matrix.
We can obtain a similar equation for the diffuse reflectance Rd,tot.
Rd,tot =

⌺1−
关I − F兴−1⌺0+ .
⌺2−

共10兲

Here 兺1− / 兺2− is the fraction of flux that exits the device into
air, compared to the flux that is incident on the scattering
surface. The effect of an angularly depending scattering cross
section on the above equations is made explicit in the following sections.
III. RESULTS

In this paper we give modeled results for two particular
SOI structures. The first is the structure used for our initial
experiments with SOI light-emitting diodes. This had a
408 nm buried oxide with a 95 nm active Si layer and 56 nm
top oxide. The second is the structure used by Stuart and Hall
for their SOI photodetector, with 205 nm buried oxide,
160 nm active Si layer, and 30 nm LiF spacer layer.7
A. Effect of the angular dependence of the emission
on the scattering cross section

Figure 2 shows the power spectrum for emission and the
normalized scattering cross section versus the normalized inplane wave vector u for the 95 nm SOI structure at 900 nm
for light incident from the Si side of the device. We can see
that the emitted power is strongly concentrated in the mode
at u ⬃ 1.5, with minor additional modes at u ⬃ 2.5 and 3.2.
The scattering cross section 共which has been normalized by

FIG. 3. Scattering cross sections for external, normally incident light for the
160 nm SOI structure with 共solid line兲 and without 共dotted line兲 modification of the cross section by the waveguide.

the average area per particle, i.e., the inverse particle density兲
has a similar structure and is highest in the region in which
most of the power is emitted. Thus for the majority of the
light incident on the dipole from the waveguide modes the
normalized scattering cross section is above 1 and, in fact,
reaches up to around 9. 共A normalized scattering cross section above 1 means that the particle can scatter light that is
incident on an area larger than the average area per particle,
i.e., potentially all of the incident light could be scattered
even if the density of nanoparticles on the surface was
lower.兲 The strong coupling that results in most of the power
emitted from a dipole going into a few waveguide modes
also results in a dramatic enhancement of the scattering cross
section for light incident on the dipole from those waveguide
modes. Since the light from the dipole is radiated into a
narrow range of values which have very high scattering cross
sections, and since repeated scattering events tend to further
concentrate this light into this narrow range of angles, to a
very good approximation we can simply say that all
waveguided light incident on the dipole is scattered.
Figure 3 shows the scattering cross-section spectrum for
externally incident light for islands on glass. The corresponding spectrum as modulated by the waveguide according to
the Mertz model is also shown, for the 160 nm SOI structure.
It can be seen that the point dipole model affects the scattering cross section for externally incident light, as well as for
internally incident light. The cross section peaks at the
maxima of Ls共in = 0兲, i.e., where 兩1 + rs兩2 reaches its maximum values. Thus the scattering cross section is enhanced
when the local field due to the waveguide is high.
Taking into account the modification of the scattering
cross sections with incident angle, the final equations for the
absorptance due to diffused light Atot, and diffuse reflectance
Rd,tot are

Atot = 共in,兲关A兴关I − F兴−1⌺0+

共11兲

and
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angular spectrum compared with a Lambertian angular spectrum 共although a Lambertian angular spectrum is not physically realistic for such a thin structure兲. It can be seen that
the dipole angular spectrum results in a reduction in potential
enhancement. This is due to the limited photonic density of
states available in a waveguide structure.22
The results above are for the horizontal electric dipole
共HED兲 as we have found that the experimental results are
best predicted using only the HED. There are two likely
reasons for this. Firstly, only the HED is initially excited by
normally incident light. Subsequently, it is likely that effectively only the part of the metal nanoparticle very close to
the interface is excited by the guided modes, i.e., the evanescent wave will “see” mostly the closest part of the nanoparticle. For the HED, the effective particle size will be approximately the diameter of the particle 共for slightly flattened
particles兲. However, for the vertical electric dipole 共VED兲,
the effective particle size will only be a small fraction of the
height of the particle, leading to a much lower effective polarizability of the VED for guided mode excitation.
C. Combined effects of the angular dependence
of the scattering cross section and emission
on the absorption and diffuse reflectance

FIG. 4. 共a兲 Absorptance for 95 nm SOI structure for the cases of a structure
without nanoparticles 共dotted line兲 assuming 100% scattering with dipole
angular spectrum 共solid line兲 and assuming 100% scattering with a Lambertian angular dependence 共dashed line, for the purposes of comparison only
since this is physically unrealistic for such a thin structure兲. 共b兲 Absorptance
enhancement for these cases.

Rd,tot = 共in,兲

⌺1+
关I − F兴−1⌺0+ ,
⌺2−

共12兲

where 关A兴 and 关F兴 are calculated assuming 100% scattering
of the waveguided incident light and  is the scattering cross
section for externally incident light.
Both the model presented here and the waveguidemediated dipole-dipole interaction model8 take into account
the variation with wavelength in the fraction of light emitted
by the dipole into the waveguide and into air. The differences
between the models are that in the model presented here the
scattering cross section is angle as well as wavelength dependent, outcoupling effects are included, and there is no
waveguide-mediated enhancement by nearby particles.
B. Effect of the angular dependence of the emission
on the absorptance

Before describing the results for the absorption enhancement and diffuse reflectance calculated with Eqs. 共11兲 and
共12兲 we first look at the maximum potential absorption enhancement for a dipole on a waveguide. Figure 4 shows the
results of the optical model for our 95 nm SOI structure assuming all incident light is scattered by the dipoles, showing
the potential absorption enhancement predicted by the dipole

The combined effects of the modulation in scattering
cross section and angular emission spectrum on the diffuse
reflectance spectra for the 160 nm SOI structure are shown
in Fig. 5. Figure 5共a兲 shows the case where the scattering
cross section is unmodified by the waveguide; in Fig. 5共b兲
the dramatic effect of the modification of the scattering cross
section for waveguided light is evident.
Considering first the case where the scattering cross section is unmodified by the waveguide, the diffuse reflectance
after the first scattering event 关dashed line in Fig. 5共a兲兴 peaks
at the points where the fraction of light emitted into the air
reaches a maximum. By reciprocity these are also the wavelengths at which the field would reach a maximum due to
constructive interference if the sample was illuminated over
the whole hemisphere in air, i.e., where
Nair
h =

3
8

冕

/2

关Lsh共0兲 + Lhp共0兲兴sin 0d0

共13兲

0

reaches its maximum values, where 0 is the angle in air. The
high refractive index of the waveguide means that Ls and L p
are not strongly dependent on the angle in air, i.e., the wavelengths defined by Eq. 共13兲 are also close to the wavelengths
where Ls共in = 0兲 is at its maximum values. The diffuse reflectance including outcoupling effects 关solid line in Fig.
5共a兲兴 is redshifted compared to these values because of the
decreasing absorption in the silicon at longer wavelengths. If
the scattering cross section was unaffected by the waveguide,
these two effects would completely describe the diffuse reflectance spectrum. The effects of outcoupling are relatively
weak in this case because at the long wavelengths where
outcoupling becomes significant, the scattering cross section
is fairly small. The diffuse reflectance in the case where the
scattering cross section is modified by the waveguide according to the point dipole model is qualitatively different, as can
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FIG. 5. Diffuse reflectance for the 160 nm thick Si layer SOI structure for
the cases 共a兲 with unmodified scattering cross sections and 共b兲 with
waveguide-modified scattering cross sections. The dashed line is the diffuse
reflectance due to the first scattering event, the solid line is the full diffuse
reflectance including outcoupling, and the dotted line is the diffuse reflectance for samples on glass, for the purpose of comparison.

be seen in Fig. 5共b兲. The peaks are narrower, due to the
dependence of the external scattering cross section on
Ls共in = 0兲. The long wavelength peaks are also much bigger,
and the reason for this is the enhanced scattering of
waveguided light. Comparison with the experimental data8
shows that the model of waveguide-modified scattering cross
section described here provides a very good prediction of the
diffuse reflectance for this system.
Although the modification of the scattering cross section
for guided waves strongly affects the diffuse reflectance, it
only has a relatively small effect on the absorptance, because
most of the waveguided light that is scattered by the dipole is
reemitted back into the waveguide. The effects of the modulation in scattering cross section and angular emission spectrum on the absorptance enhancement are compared with our
experimental results23 for the 95 nm SOI structure in Fig. 6.
We can see that there is good agreement between the model
and the experimental values in the positions, widths, and
heights of the peaks.
The results for the absorptance enhancement for the
160 nm SOI structure are plotted in Fig. 7. For the 160 nm
SOI structure the unmodified scattering cross-section model
leads to increased absorptance at long wavelengths, which is
also seen in the experimental data. This suggests that for

J. Appl. Phys. 100, 044504 共2006兲

FIG. 6. 共a兲 Modeled and 共b兲 measured absorptance enhancements for a
95 nm thick Si layer SOI structure.

finite sized particles the modification of the external scattering cross-section may be decreased. This is in contrast to the
internal scattering cross section, where the diffuse reflectance
results indicate that the large enhancement of scattering cross
section for waveguided light is still present for finite sized
particles.

FIG. 7. Absorptance enhancement for a 160 nm thick Si layer SOI structure.
The peaks are at 450, 500–520, 580, and 750– 800 nm, which is in excellent
agreement with the peaks seen at 450, 525, 600, and 800 nm by Stuart and
Hall 共Ref. 7兲. The solid line is with waveguide-modified scattering cross
sections, and the dashed line is with unmodified scattering cross sections.
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130 nm diameter particles, in agreement with the lower
bound obtained from the absorptance enhancement measurements. We can expect that quadrupole contributions remain
negligible for 130 nm diameter particles over most of the
wavelength range considered since the ratio of the electric
quadrupole to electric dipole scattering cross sections as calculated from the Mie theory25 关3 Im共 eB2兲 / Re共 eB1兲兴 for silver
sphere is 0.06 for a wavelength of 500 nm and decreases
with wavelength; there may be a small quadrupole contribution around 400 nm where the ratio is 0.1.
Note that the radiative efficiencies we calculate in Fig.
8共b兲 are much lower than those calculated by Stuart and
Hall,7 this appears to be because their results were calculated
versus particle radius rather than diameter as stated in their
paper. This means that it is necessary to have a particle radius of at least 100 nm for high radiative efficiency. This
would also explain the dramatic rise in absorption enhancement as the particle size is increased from 66 to108 nm observed in that paper.
IV. DISCUSSION

FIG. 8. 共a兲 Effect of radiative efficiency on the absorption enhancement for
the 95 nm structure, assuming 100% scattering and either 100% radiative
efficiency 共solid line兲, 150 nm diameter particles 共dashed line兲, 100 nm particles 共dotted line兲, or 50 nm particles 共dash-dot line兲. 共b兲 Calculated radiative efficiency vs particle diameter at wavelengths of 400 nm 共dotted line兲,
600 nm 共dashed line兲, and 1000 nm 共solid line兲 for silver spheres.

D. Effect of radiative efficiency of scattering

We can put lower bounds on the radiative efficiency of
silver nanoparticles by comparing experimental results with
the absorption enhancement that is predicted by assuming
100% scattering of externally incident light. At each scattering event, only the flux equal to the incident flux multiplied
by the radiative efficiency is reemitted, the rest is assumed to
be lost as heat. Figure 8共a兲 below shows that the experimentally measured enhancement of a factor of 7.5 at 620 nm for
the 95 nm SOI structure gives a lower bound for the radiative efficiency of ⬃85%. Because less than 100% of the
incident light is actually scattered in the experiment at
620 nm, the real radiative efficiency is likely to be significantly higher.
The radiative efficiency Qrad = Csca / 共Csca + Cabs兲 for a
small spherical particle in vacuum can be calculated from24
Cabs =

2
Im关␣兴,


Csca =

冉 冊

1 2
6 

4

兩␣兩2 ,

共14兲

where ␣ = 3V共 − 1兲共 + 2兲. V is the particle volume and  is
the dielectric function of the particle material. The radiative
efficiency versus particle diameter at 620 nm for silver
spheres is shown in Fig. 8共b兲. The value for the radiative
efficiency predicted by Eqs. 共14兲 at 620 nm is 94% for

We have shown that for point dipoles the angular dependence of the dipole emission leads to a very high scattering
cross section for waveguided light and that this leads to a
dramatic enhancement in the diffuse reflectance at long
wavelengths. For finite sized particles the interaction between the particle and the waveguide will be reduced, compared to the case of a point dipole. The consequences of this
will be that there will be less modification by the waveguide
of the external scattering cross section. For finite particles the
fraction of light emitted into the waveguide is also reduced
although it is still high.26 The internal scattering cross section
will therefore also be reduced. However, because the waveguide results in such a large enhancement in the internal
scattering cross section, we propose that even for finite size
particles and at long wavelengths, essentially all of the light
incident from waveguided modes is scattered. We can see
from Fig. 2 that the scattering cross section for the guided
mode could be reduced by a factor of 9 and still remain
above 1 for some values of in-plane wave vector. We also
note that the enhanced scattering for waveguided light seen
in this system, which is due to multiple scattering between
the particle and the interfaces of the waveguide, appears to
be the same phenomenon that results in greatly enhanced
scattering for single particles in waveguides in a wide variety
of systems including electron scattering in a quantum wire,27
radiation pressure on particles,28 and the modification of the
scattering cross-section for bubbles near an ocean
surface.29,30
Johansson has also suggested that the enhanced diffuse
reflectance is a single particle effect and has pointed out that
the externally incident light creates peaks in the local field in
the presence of the waveguide, leading to an increase in the
diffuse reflectance at these wavelengths.10 However, Johansson did not consider the role of the scattering cross section of
the waveguided light. It can be seen from Fig. 3 that for
externally incident light, the enhancement of the scattering
cross section due to the waveguide at 710 nm is relatively
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small and that this does not account for the dramatic difference in diffuse reflectance between Figs. 5共a兲 and 5共b兲.
The variation of extinction data for island films means
that it is not possible to make fully quantitative predictions
of the absorptance and diffuse reflectance at this point, even
with the use of experimental data as input to the model.
While it is possible to achieve close repeatability in resonance spectra of island films, great care needs to be taken to
do so.31 Therefore extinction spectra measured for islands on
glass cannot be taken as providing quantitative information
about islands on a waveguide. It has also been shown that the
extinction of metal particles is very sensitive to the shape of
the particle.32 The shape of the islands formed may vary with
the substrate used even if the same spacer layer is used in
each case since the substrate may affect the morphology or
other properties of the thin spacer layer.
Within wavelength ranges where the number of
waveguided modes does not change 共e.g., 800– 1050 nm for
our 95 nm structure兲, the exact position of the peaks depends
on the initial scattering cross section before modification by
the waveguide and the radiative efficiency. Particles with a
lower scattering cross section and lower radiative efficiency
will tend to have absorptance and diffuse reflectance peaks
blueshifted compared to larger particles with higher scattering cross sections and radiative efficiency. This is because
the shorter, more strongly absorbed wavelengths contribute
more in this case. We have seen this experimentally where
the samples with the highest values of absorptance enhancement for the long wavelength peak also show the largest
redshift. These samples must have more strongly scattering
particles on the surface, perhaps because the particles are
slightly larger.
V. CONCLUSION

We have developed an optical model for absorption enhancement and diffuse reflectance by metal nanoparticles on
a silicon waveguide. A point dipole treatment is used, including the effects of the waveguide on both the angular spectrum and scattering cross-section of the dipoles. The model
agrees very well with our experimental results of greatly enhanced electroluminescence and photocurrent from siliconon-insulator light-emitting diodes and also gives very good
agreement with the diffuse reflectance measured by Stuart
and Hall. Comparison of the model with our experimental
results allows us to put a lower bound on the radiative scattering efficiency of our particles of 85% at 620 nm. The good
agreement between the model and the experiment suggests
that the main mechanism in the enhancement of diffuse reflectance in this system is a single dipole-waveguide interac-

tion, resulting in a dramatic enhancement in the scattering
cross section of waveguided light, rather than a waveguidemediated dipole-dipole interaction.
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