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Surface plasmon polaritons have attracted attention for energy applications such as photovoltaic and photoelectrochemical cells
because of their ability to improve optical absorption in thin films. We show that surface plasmon polaritons enhance absorption
most significantly in materials with small positive real permittivity and large positive imaginary permittivity, e.g. organics or
CdTe. Additional losses, accounting for dissipation in the metal and the existence of a cutoff frequency above which polaritons
are no longer bound, are incorporated into efficiency calculations. Owing to these losses, devices with optical absorption based
solely on SPPs will necessarily always have a lower efficiency than that predicted by the Shockley-Queisser limit. Calculations
are presented for specific materials, including crystalline and amorphous Si, GaAs, CdTe, a P3HT:PCBM blend, a-Fe,;O3 and
rutile TiO,, as well as for general materials of arbitrary permittivity. Guidelines for selecting absorber materials and determining
whether specific materials are good candidates for improving optical absorption with SPPs are presented.

Surface plasmon polaritons (SPPs) are collective oscilla-
tions of the electromagnetic field which propagate along an in-
terface between a metal and a dielectric with complex relative
permittivities, &y, and &g, respectively. The ability to spatially
confine the electromagnetic field to an interface holds promise
for a range of applications from nanoscale optical communi-
cations and switching !? to realizing negative index metama-
terials> for cloaking®> and microscopy®. SPPs are important
for energy applications, including photovoltaic” or photoelec-
trochemical devices®, because they can be used to enhance ab-
sorption through concentrating the electromagnetic field in the
absorber, and thus boost device efficiency, particularly in thin
films where the length scale for minority carrier diffusion is
less than that for photon absorption. Recently, several papers
have investigated the thermodynamic limit to nanophotonic
enhancement of light absorption®~!!. These studies found that
when nanophotonic strategies are employed, absorption en-
hancement - defined as the total absorption divided by the sin-
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gle pass absorption - can exceed 4n? for illumination at normal
incidence, where n is the real part of the complex refractive
index of the active layer. In ultrathin materials, single pass
absorption is small, meaning that the denominator of the en-
hancement calculation is nearly zero and large values of en-
hancement can easily be obtained. A more appropriate figure
of merit for energy applications is the total fraction of incom-
ing light that can be captured in the dielectric using nanopho-
tonic light trapping strategies, or equivalently the absolute at-
tainable energetic efficiency. Here, we outline the fundamen-
tal physical requirements for absorption with SPPs by solving
Maxwell’s equations for the simplest case, the interface be-
tween two semi-infinite materials. Our objective is to provide
guidelines for selecting absorber materials and to determine
which optical properties make materials good candidates for
plasmonics. We demonstrate that optimum performance re-
quires maximizing the imaginary part of the relative permittiv-
ity, Im{ &4}, while minimizing the real part of the relative per-
mittivity, Re{&q}. Interestingly, these considerations highlight
the efficacy of using SPPs with organic PV materials as well as
CdTe, but demonstrate the limitations of traditional absorbers
including crystalline and amorphous Si, GaAs and oxides such
as TiO; and a-Fe,O3 for which the ratio of Re{eq}/Im{e4} is
not favorable.

The predominant experimental approach merging plasmon-
ics and photovoltaics7-'> has been to coat existing cells with
metallic nanoparticles that support localized surface plasmon
modes and scatter light into guided modes of the underly-
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ing dielectric. '3 This strategy was first pursued by Stuart and
Hall 14, and has been applied to Si'>'®, GaAs!” and organic
photovoltaics '® among others. Because scattering is not the
focus of the present article and because localized surface plas-
mon resonance occurs over a narrow frequency range for a sin-
gle nanoparticle, compared to the broadband nature of surface
plasmon polaritons, localized surface plasmon resonance will
not be discussed further. Other light trapping strategies such as
multilayer waveguides, dielectric slabs, photonic crystals,19
or other physical phenomena such as hot carrier transport 320
which do not rely on SPPs will also not be considered. Strate-
gies based on propagating SPPs have been most successful
in organic materials.?' Using a P3HT:PCBM absorber, Morfa
et al.?? increased photovoltaic efficiency from 1.3 % in pla-
nar device to 2.2 % using a nanostructured thin film of Ag.
Kang et al. * developed a heterojunction organic cell contain-
ing a copper phthalocyanine electron donor and a C60 accep-
tor, and achieved absolute efficiency increase from 0.96 % in
a planar device to 1.32 % in Ag nanowire plasmonic grating.
These efficiencies, however, are still below the current record
for single-junction organic PV devices of 11.1 %2*. Improv-
ing efficiencies through surface plasmon polaritons has not, to
date, resulted in record setting devices, suggesting that a close
inspection of the underlying physics and limitations of SPPs
is in order.

As a starting point to the mathematics, consider illumina-
tion of an interface between two semi-infinite materials, e.g. a
dielectric on top of a metal, as shown in the inset of Fig. 1. The
incident light can be described as the sum of its constituent
transverse magnetic (TM) and transverse electric (TE) compo-
nents. For example, the non-zero electric and magnetic field
components for the TM case are E,,E; and Hy. Solution of
Maxwell’s equations gives bound SPP modes for TM polariza-
tion only.?>2® Assume a bound SPP mode propagating along
the interface in the positive x-direction as an idealized starting
point. This assumption ignores (i) the finite thickness of both
the metal and dielectric layers in real devices, (ii) the initial
absorption owing to light propagating through the dielectric
towards the interface and (iii) imperfect coupling of the in-
coming plane wave to SPPs at the interface. While coupling
efficiencies of incoming light to SPPs of greater than 45 % for
TM polarized light have been reported?’, perfect coupling is
unrealistic. Together these assumptions will therefore lead to
an upper limit on the fraction of light which can be usefully
absorbed using SPPs. For linear, isotropic media without ex-
ternal charge and current densities, the analytical solution for
the electric field characterizing the SPP is given by the real
component of the complex field (see Appendix A):

En= {EO,O, —EO(Sd/Sm)l/Z} o (kextkz mz) (1a)

Eq— {EO,O,EO(em/ed)l/z} ¢i(kev—keaz) (1b)

where E, and Eg are the complex electric fields in the metal
and dielectric, respectively, Eq relates to the amplitude, k, is
the wavevector parallel to the interface and k., and k4 are
the wavevectors perpendicular to the interface in the metal and
dielectric, respectively.

Of primary interest is the power which can be usefully ab-
sorbed for energy generation.?® For linear media, the time-
averaged dissipated power in the dielectric absorber owing to
the SPP is given by:?°

] o oo
Pabs,d = 5 / / Re{GEd . Ef;}dxdz =
0 0

e
=5 / / weolm{es}|Ea2dxdz,  (2a)
0 0

where the factor of 1/2 arises from time averaging, super-
scripted * denotes the complex conjugate, o(®) = weplm{e }
is the real-valued conductivity, and

£
‘Ed|2 = |E0|2 (1 + ||8I;1|> 62[71m{kx}x+1m{kz_’d}z]. 3)
Note that for the definite integral in Eq. (2) to be bounded and

nontrivial, Im{k,} > 0 and Im{k_ 4} < O are required. Overall,
the power absorbed in the dielectric is calculated from Egs. (2)

and (3) to be:
)
|&al

where Im{k. 4} < 0 ensures the expression is positive. A sim-
ilar equation can be written for the metal. Taking the ratio of
the dissipated power, Fyps = Paps d /Pabs’m, gives: 28

(1)801m{8d}|E0|2 (

 8Im{k HIm{k. 4} @)

Pabs,d =

= Im{€q} |&m| Im{k;m}
ans Im{Sm} |£d| Im{kz_,d} '

®)

The fractional power which is usefully captured by the ab-
sorber divided by the total power captured by both the metal
and the dielectric absorber is Fyps/(Faps + 1). For plasmonic
applications involving light absorption, maximizing the ra-
tio Fays in Eq. (5) over the broadband solar spectrum is
paramount. The relative power usefully absorbed can be
considered the product of the field at the interface, the de-
cay length of this field, and a material’s ability to absorb.
These quantities are represented in Eq. (5) by the terms 1/|g4],
1/Im{k,q} and Im{eq}, respectively. Assuming Re{e} >>
Im{e}, which holds for typical materials, Eq. 5 can be simpli-
fied using Egs. (14) to

_ Im{gg} Re{en}?

Faos ™ 0 Ten] Re{eal ©
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Fig. 1 Normalized intensity of the electromagnetic field as a
function of distance from the interface between two semi-infinite
media, shown schematically in the inset, for Ag and SiO; (blue,
solid) and Ag and Si (black, dashed) at a free space wavelength of
830 nm. The SPP propagates in the positive x-direction; lines are
drawn by evaluating Eq. (3) with x = 0.

On the metal side, Eq. (6) demonstrates that one should max-
imize Re{en}?/Im{en} = (n2, — k2)?/2nmkn where &, =
(M + ikp)?. This is accomplished for &y, — oo, which de-
scribes a perfect electrical conductor.

Practicably, the choice of a metal is limited to Al, Ag, Au,
Cu and their alloys, e.g. AlCu.?° These metals only behave
as perfect electrical conductors with vanishing skin depths
at terahertz frequencies and exhibit non-negligible skin depth
at visible frequencies. Across the solar spectrum, Ag offers
an optimal ratio of Re{&y}?/Im{&y} in Eq. (6) and, forgo-
ing limitations of chemical stability, will be used as an il-
lustrative metal in the remainder of this paper. For the di-
electric absorber, one should maximize Im{&y}/Re{es}* =
2ngkq/ (”5 — Kg)z, which leads to nqy = k4. For the remain-
der of this paper, Eq. (5) will be used.

From Eq. (2), absorption is proportional to the intensity of
the electromagnetic field, |[E4|>. Maximizing the integral of
the field squared in the dielectric absorber is therefore the pri-
mary photonic objective. Under the assumption of a semi-
infinite materials and noting that the intensity is a monotoni-
cally decreasingly exponential function in both materials, this
objective is equivalent to maximizing both the intensity in the
dielectric at the interface and the decay length of this inten-
sity in the dielectric absorber. Fig. 1 shows the spatial profile
of the time-averaged intensity normalized by the incident in-
tensity for an interface between Ag and SiO, and for an inter-
face between Ag and Si illuminated at a free space wavelength
of 830 nm. Considering the Ag halfspace, it is evident that
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Fig. 2 Dispersion diagram showing photon energy vs. Re{k,} for
(a) Ag and SiO; and (b) Ag and Si interfaces. The black curve
corresponds to the light line in the dielectric k, = \/€g@/c; the blue
curve shows Re{k,} calculated using Eq. (13). The larger Re{g,}
for Si relative to SiO; results in a significant reduction in the surface
plasmon resonance frequency, @Wspp. To optimize absorption, the
region between Eyoff and Eg should maximally overlap with the
solar spectrum plotted in (c).

the electromagnetic intensity and its decay are nearly iden-
tical for both cases, as shown by overlapping curves in the
bottom half of Fig. 1. In the dielectric halfspace, Re{gq} is
larger for Si than SiO, and both the interface value and the
decay length of the electromagnetic field intensity is larger in
SiO;. The intensity at the interface is discontinuous and is
given by [Eq(z = 0")[>/|Em(z = 07)|* = |€m|/|€a|, which is
approximately |Re{en}|/|Re{€a}| when |Re{e}| >> |Im{e}|.
Thus, for a fixed choice of metal, concentrating the intensity
in the absorber at the interface requires minimizing its positive
real permittivity. Next, to maximize the spatial extent of the
field in the dielectric, we note that the ratio of decay lengths
is given by 24/zm = Im{k;m}/Im{k.a} = |Re{en}|/|Re{ea}|
from Eq. (14) for |Re{e}| >> |Im{e}|. On the absorber side,
maximizing the integral of the exponentially decreasing inten-
sity as in Eq. (2) requires maximizing its value at the interface
as well as extending its decay length into the absorber, viz.
minimizing the absorber’s real positive permittivity.

For energy applications, it is necessary to maximize the fre-
quency range over which SPPs can be supported and to ensure
optimal overlap between this range and the solar spectrum.
Figure 2 plots the dispersion diagram showing the relation-
ship between Re{k,} and @ for the interface between Ag and
either (a) SiO; or (b) Si, along with (c) the solar irradiance.
The dispersion diagrams each display a light line correspond-
ing to k, = \/€4m/c. Additionally, material specific parame-
ters such as the energy corresponding to the bulk plasma fre-
quency of the metal, w,, as well as the bandgap energy of
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the absorber, E, are labeled. From the dispersion diagrams,
Re{k,} increases monotonically with @ up to a point termed
the surface plasmon resonance frequency, @spp. Beyond this
point, bound surface plasmons can mathematically exist un-
til Weyrofr, the frequency where one of the three necessary in-
equalities Im{k, 4} <0, Im{k;m} < 0or Im{k.} > 0 no longer
holds. * Thus, the parameters @spp and cyofr depend on both
materials comprising the interface. The appropriate energy
range over which SPPs exist and can contribute to absorption
is limited by the lower bound of E, and the upper bound of
Ecuotr. SPPs with energy below Ej; are not absorbed; while
above E ot SPPs do not exist as mathematically bound solu-
tions. For optimal absorption, E, should lie below the energy
of the least energetic photon and E .y should lie above the
energy of the most energetic photon. For optimal efficiency,
however, E, of the single bandgap device should lie closer to
the energy of maximum solar irradiance, 1.1 eV-1.3 eV, and
E uioff should be maximized. We note that for the materials
examined in this article, the cutoff energy typically coincides
with the point where Im{k,q} > 0. Additionally, we note that
in Fig. 2(a), the bandgap of SiO; of 9 eV lies outside the rel-
evant frequency range for the solar spectrum and no cutoff
frequency exists.

The previous sections demonstrated that minimizing the
real permittivity of the dielectric increases the intensity of light
in the absorber. Ultimately, however, the most important met-
ric is the power that can be usefully absorbed in the dielec-
tric. The ratio in Eq. (5) gives the power captured by the ab-
sorber divided by the power dissipated in the metallic support
and, therefore, represents the objective function which must be
maximized at each frequency to optimize absorption based on
SPPs. Consider five independent variables: the frequency of
incoming photons, the real and imaginary permittivity for the
metal, and the real and imaginary permittivity for the dielec-
tric absorber. Fixing the photon frequency and &, a contour
plot of absorption as a function of the real and imaginary parts
of &4 is shown in Fig. 3. Various real materials are labeled by
specific points in the plot. For Ag at a free space wavelength of
500 nm, corresponding to the peak solar irradiance from the
sun, it is evident that maximizing absorption requires maxi-
mizing the imaginary part of the permittivity of the absorber.
The black line designates the contour where Fy,s = 2 speci-
fying the threshold above which 67 % of the incoming power
is captured by the absorber. In Fig.3(a), the optical parame-
ters for a-Si lie to the upper right of the plotted range. From
Fig. 3(a), favorable absorption can be obtained with both or-
ganic absorbers such as P3BHT:PCBM and II-VI semiconduc-
tors like CdTe. Rutile TiO,, on the other hand, does not absorb

+ These inequalities arise from the restriction that the integral in Eq. (2) or its
metallic counterpart must remain bounded. In general, several choices for
the cutoff frequency exist including the surface plasmon frequency, @spp, the
intersection of Re{k,} and the light line, or the bulk plasma frequency, ).

(a) Ag, 500 nm

NN W
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Fractional power, log(F, )
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Fig. 3 Ratio of the power captured by the dielectric absorber
divided by the power dissipated in the Ag support upon illumination
by free space wavelengths of (a) 500 nm (2.5 eV) and (b) 830 nm
(1.5 eV). The black line denotes the threshold where Fy,g =2
corresponding to power losses of 33 % in the metal. The leftmost
black stripe represents points where Im{k, 4} > 0.
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at 500 nm because this energy of 2.5 eV is below the limiting
badgap cutoff of E; = 3.1 eV. 31 We note that Si does not have
optimal real and imaginary permittivity for optical absorbtion
enhancement using SPPs. The leftmost black stripe in the two
plots shows regions where Im{k,q} < O is violated. At the
longer wavelength of 830 nm, Fig. 3(b) again emphasizes the
importance of maximizing Im{&4} and minimizing Re{gy} for
increasing the power absorbed in the dielectric.

We next comment on the upper limits of power conver-
sion efficiency from SPP enhanced absorption following the
detailed balance method originally derived by Shockley and
Queisser. 3> The efficiency, Nsq, is calculated by maximizing
the power generated by incoming photons while taking radia-
tive recombination into account, as shown by Eqs. (22)-(24)
in Appendix B. Calculation of a modified efficiency,nsq,spp»
for the case of absorption through SPPs proceeds similarly.
As always, there are losses associated with sub-bandgap ex-
citations and the rapid thermalization of super-bandgap exci-
tations. These result in a complete loss of the energy content
of the solar spectrum below E,, while harvesting only one E,
worth of energy at all other frequencies. Additionally, there
is some degree of absorption and subsequent loss in the metal
layer, and surface plasmon polaritons are only supported over
a finite range of energies, setting an upper bound on the ab-
sorbed energy. Including these losses reduces the maximum
efficiency from the Shockley-Queisser limit. Table 1 gives
values of the Shockley-Quiesser efficiency, 7nsqg, as well as
the efficiency for purely plasmonic absorption with Ag as the
chosen metal, Nsq spp- Details for the calculation of 7)sq,spp
are given in Appendix B. Efficiency is presented for a variety
of semiconductor materials as well as for three hypothetical
dielectric absorbers, D1, D2 and D3, whose complex permit-
tivities are fixed with respect to frequency. Table 1 shows that
absorbers such as CdTe and P3HT:PCBM, with small positive
real permittivity and large positive imaginary permittivity, in-
cur the least losses and display values of 7Nsq spp Which are
closest to the theoretical Shockley-Quiesser limit. Compar-
ing D3 to both D1 and D2 further supports this claim. The
values for Nsq spp represent the upper efficiency limits for de-
vices where absorption occurs purely through SPPs. Using a
different energy cutoff, e.g. corresponding to s, rather than
Wcutofr, Will lead to lower values of 1sq,spp SINCE Weyroff > Ospp-
Only for the case of a perfect electrical conductor is the cal-
culated plasmonic efficiency exactly equal to the Shockley-
Quiesser limit, since the field is perfectly confined within the
absorber. While the limiting efficiencies in Table 1 were de-
rived for a 2D geometry where the incident light was linearly
polarized (TM) to couple to SPPs, these presented efficiencies
hold equally in 3D. For a 3D geometry, both TM and TE po-
larizations of incoming light can effectively couple to SPPs on
the planar surface. The limiting efficiency derived for the 2D
geometry with a single polarization will therefore be equiv-

alent to that for the 3D geometry with a linear combination
of two polarizations. Importantly then, the efficiency limits
presented in Table 1 hold for both 2D and 3D geometries.

This article has demonstrated that minimizing positive real
permittivity and maximizing positive imaginary permittivity
of the dielectric are fundamental requirements for enhancing
light absorption using surface plasmon polaritons. This guide-
line can be used to choose materials or to determine whether
a particular material is a good candidate for plasmonic en-
hancement of optical absorption. Physically, these limitations
suggests that plasmonic strategies hold promise for carbon-
based nanomaterials including organic polymers, fullerenes,
graphene and carbon nanotubes as well as for certain II-VI
semiconductors like CdTe.33 For several oxides (TiO,, Fe,03)
used in photoelectrochemical applications and for traditional
absorber materials (c-Si, a-Si, GaAs), SPP enhancement does
not appear promising for enhancing absorption over the broad-
band solar spectrum. While further improvements based on
material combinations or patterning cannot be ruled out, these
materials will likely be most useful in semiconductor sensing
applications operating at a single, fixed frequency.>* Experi-
ments support these conclusions. Considering photoelectro-
chemical applications >, research on a-Fe,O3 with Au plas-
monic structures has resulted in either a decrease in absolute
photocurrent3® or low measured enhancement which persists
at photon energies below the bandgap where the semiconduc-
tor cannot absorb37-3. These results support the theoretical
difficulties identified in this article of improving absorption
with SPPs in many real materials.

The previous analysis relied on several key assumptions:
both the metal and the dielectric are semi-infinite, no power
is absorbed as the incident light passes through the dielectric
absorber on its way to the interface, and the incoming light
perfectly couples to SPPs up to some cutoff energy, Ecyoft-
Together these assumptions imply that 7)sq,spp 1S a true upper
bound limit on the efficiency for a device where absorption oc-
curs through surface plasmon polaritons, defined mathemati-
cally as bound electromagnetic waves. Our assumptions place
certain limitations on the conclusions. Specifically, if other
absorption pathways, such as absorption prior to coupling to
SPPs, are considered, higher efficiencies could be achieved.
Extension to more complex multilayer geometries with finite
thickness of absorber, metal and even cladding materials is
also possible, but the conclusions presented here for a single,
semi-infinite interface will still provide valuable guidelines.

In conclusion, surface plasmon polaritons can be used to
enhance absorption in materials with small positive real per-
mittivity and large positive imaginary permittivity. The first
requirement stems from considerations of maximizing the rel-
ative integrated intensity in the absorber, which for a semi-
infinite interface requires maximizing the field intensity at the
interface and the decay length of this field in the absorber.
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Table 1 Table of the bandgap energy (Ey), cutoff energy for SPPs
(Ecutoff)> SPP energy corresponding to the local maximimum in
Re{k,} from the dispersion diagram (Egpp = h@spp/270),
Shockley-Queisser efficiency (1sq) and the limiting efficiency
calculated for cases where absorption proceeds entirely through
SPPs (NsQ.spp)s for crystalline and amorphous Si, GaAs, CdTe, a
P3HT:PCBM blend, &-Fe, 03 and rutile TiO, as well as three
fictitious materials with fixed, frequency-independent permittivities.
References for the optical parameters of specific materials are listed.
The parameters for Ag were taken from3°,

Eg Ecutoft Espp NsQ  MsQ.spp for Ag

Material Ref / Info
€V) (V) (V) (%) (%)
c-Si 1.12 2.88 2.03 31 7 40
a-Si 1.12 238 1.83 31 12 4
GaAs 142 258 202 31 15 40
CdTe 145 289 226 30 22 4
P3HT:PCBM 185 3.61 3.15 26 20 42,43
o-Fe,O3 210 3.01 243 22 11 4
TiO, 3.10 353 268 8 1 +
D1 1.12 234 345 31 21 Re{eg} =10, Im{eq} =1
D2 .12 216 298 31 25 Re{eq} = 10, Im{es} =4
D3 1.12 254 3.00 31 28 Re{eg} =2.5,Im{eg} =4

Small real permittivity also ensures a large frequency range
over which SPPs can be supported and, in practical devices,
will reduce reflections at the interface between the external
medium such as air owing to the smaller index of refraction.
The second requirement for large imaginary permittivity or
large extinction coefficient is necessary for absorption. An
extensive parameter space covering a broad range of permit-
tivities for the absorber has been investigated with Ag as the
choice of metal owing to low SPP losses. Several material
systems including oxides (TiO,, Fe;03) and traditional semi-
conductors (c-Si, a-Si, GaAs) have real permittivities too large
and imaginary permittivities too low to be usefully consid-
ered for enhancing absorption through SPPs. In contrast, se-
lect II-VI semiconductors including CdTe as well as organic
materials such as polymers, fullerenes, graphene and carbon
nanotubes hold promise. Our calculations support this asser-
tion and show that an upper limit for the absolute photovoltaic
efficiency of approximately 20 % can be achieved in CdTe
or a P3BHT:PCBM blend when absorption proceeds entirely
through surface plasmon polaritons.
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A Appendix A

For linear, isotropic media without external charge and current

densities, Maxwell’s equations can be written as >°,
V.E=0 (7a)
V.-H=0 (7b)
JH

VxE = —popu s 7

X Holt — (7c)
JE

VxH= eoey, (7d)

where U and € are, respectively, the relative permeability and
permittivity of a material, H is the magnetic field, E is the
electric field, t denotes time and the subscript ( signifies vac-
uum. The boundary conditions for continuity of the normal

and tangential components are >,

n-(go&gEq — &0€mEm) =0 (8a)

n- (popaHg — totimHm) =0 (8b)

nx (Eg—Ey)=0 (8c)

nx (Hy—Hy) =0, (8d)

where the subscripted d and m refer to the dielectric and metal,
respectively.

Assuming harmonic time dependence (d/df = —i®), ho-

mogeneity in the y—direction (d/dy = 0) considering the ge-
ometry in the inset of Fig. 1 and propagation along x for SPPs
(9/dx = iky), Egs. (7c) and (7d) yield?®:

JE, .
——- = i0HoUH, (%a)
dz
JE
(Tx —ikE, = iopopHy (9b)
z
ik Ey = iououH, (9¢)
oH, .
5 =i0&EE, (10a)
Z
. H, .
ikyH, — —— = i0&EE, (10b)
dz
—ikHy = i0&HEE;. (10c)

Considering TM polarization with non-zero E,, E; and H,
only and using ¢ = 1 for non-magnetic materials, rearranging
Egs. (10a), (10c), and substituting these results into Eq. (9b)

gives2>20:
Ey = _iw%waai? (11a)
EZ:—wIz)gHy (11b)
0= a;gmr [(?)28—k%:| H,, (11¢)

where Eq. (11c) is recognized as the wave equation and
1/c? = gy was used. Next, postulate that the solution for the
magnetic field for this set of equations takes the form H, ; =
Ajexpi(kex £k, jz— ot) where the plus and minus sign cor-
respond to the metal and dielectric half-spaces j = {m,d},
respectively. Returning to the boundary conditions and con-
sidering the normal vector in the z-direction according to the
geometry in the inset of Fig. 1, Eq. (8), for TM polarization,
gives:

EmEzﬁm = ngz,d (123)
Ex,m = Lxd (12b)
Hy, = H,g. (12¢)

Thus, continuity of H, ; requires that A, = Aq. Substitution
into the wave equation (11c) yields, kzz,,m = (@/c)*em — k2
and k24 = (w/c)*€q — k. From continuity of E, ; and using
Eq. (11a) then, k; 4/k;m = —&4 /€m, so that the dispersion re-
lation as an explicit function of  is obtained:

sz(ﬂ)z €mé& (13)
T \Ne/ enteq

It follows that,

w\2 &2
K2 :<7> m 14
Z,m ¢ & + £ (14a)
w\2 €2
= (2) L, 14b
zd c/) Ent& (14b)

where the positive or negative root is chosen to ensure
Im{k, ;j} < 0. Here, it is important to note that because the di-
electric is an absorber, & has an imaginary component which
cannot be ignored in calculations. Using Egs. (11a) and (11b),
the final analytical solution for the electric field characterizing
the SPP as a function of time and space is given by the real
component of the complex field*°,

En = [Eo,0,Bo(—k /ke m)] /(b +Hme=e)
Eq = [Eo,0,Eq(ky/k.a)] gilkvkgz-or)

(15a)
(15b)

with k, and k; ; given explicitly by Eqgs. (13) and (14), respec-
tively. Substitution of (k;/k;m) = (€4/€m)"/* and (ky/k, ) =
(€m/€4)"/? and omitting time-dependence gives Eq. (1) in the
main text.

The previous calculations for the power absorbed in
the dielectric, Eq. (4), can be verified by considering
the Poynting vector and power flow. Using Eq. (15b),
the magnetic field in the dielectric absorber is obtained
from Eq. (11b) and is given by the real component of
Hy = [0,—Eowepgq/k, q,0]expi(kyx — k; 4z — t). The time-
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averaged Poynting vector, (S) = Re{Eq x H}}/2, is then:
Re{eq}Rel{ky} — Im{eqHm{ky}
(S)= 0
—Re{eq}Rel{k, a} +Im{eq} m{k, q}

|[Eo|* weo 2 Im{keyxtim{kq)z)

(16a)
2|kz,d‘2

The total power flowing through the surface surrounding the
control volume, defined previously as the first quadrant of the
Cartesian plane, is then,

Pﬂow,dz—/0w<s>'(—)?)dz—/ow@)~(—2)dx—0—0, a7

x=0

z=0

where £ and Z are unit normal vectors. Note that zero power
flows into the control volume at the limits where x = oo or
7 = oo, as indicated by the final two zeros in Eq. (17). Separat-
ing terms based on the real and imaginary components of the
permittivity gives,

_ |Eo|* 0 [
8|kz7d |2Im{kx}lm{kz,d}

2Re{eq} (Re{k:Hm{k} + Re{k,aYIm{k,q})
+2Im{ea} (Im{k}> +Im{kz7d}2)} ,

Pﬂow,d =

(18a)

Noting that £4(®/c)? = k? + k2, it can be shown that,

Refesy = () (Refkl + Refhea)” — Im{k}> — Im{kea)),
(192)
Im{g;} =2 (%)2 (Re{kx}lm{kx} +R€{kz.d}1m{kz,d})'
(19b)

Dividing Eq. (19a) by Eq. (19b) and rearranging to give an
explicit function of Re{g;}, which is then substituted into
Eq. (18), gives,

(1)80‘E0|2 (|kx|2 + |kz,d‘2) Im{gd}
8Im{k, Hm{k, a} |k, a |2 ’

Pﬂow,d = - (20)

Further simplifying using |ky|?/|k;d|?> = |€m|/|€4| , one ob-

tains:

P _ (1)80]m{£d}|E0|2 (
flow,d =

|€m|
_m 1—i—)7 (21)

|&4]

which confirms that the power absorbed in the dielectric calcu-
lated previously using Ohmic power dissipation over the vol-
ume, Pyps g in Eq. (4), is equivalent to the energy balance con-
sidering power flow entering and leaving through the surface,
Eq. (21).

B Appendix B

For photovoltaic energy conversion, the current density of the
cell is given by:3?

o | 7 E2E T EE
1(V) :qcth f/ E */ E—qV )
Eg erls — 1 Eg e kI — 1

where ¢ is the elementary charge, c the speed of light in vacuo,
h Planck’s constant, k is Boltzmann’s constant, V is the ap-
plied potential, f = R2,,/d2,,, Where Ry, is the radius of
the sun and dg,, is the distance between the earth and sun,
Ty = 5780 K is the temperature of the sun, and 7, = 300 K
is the ambient temperature of earth. In equation (22), the
first term accounts for radiation the cell receives form the sun
over a small solid angle. The second term accounts for the
cell, biased at potential V, radiating as a blackbody at 7; over
the hemisphere. Consistent with the original derivation32, the
blackbody radiation the cell receives at 7; from its surround-
ings is negligible relative to the incoming radiation from the
sun and has been ignored. The total power density incident on
the cell from the sun is given by the Stefan-Boltzmann equa-
tion:

(22)

21kt
sap s/ (23)
Thus, the efficiency limit of Shockley and Queisser, defined
as the power delivered to a matched load divided by the total
incoming power, is given by:

Pon =

Nsq = max [I(V)V] /Pen. (24)

For plasmonics, only a fraction of the incoming power or,
equivalently, only a fraction of the incoming solar photons at
each frequency is absorbed by the dielectric and not lost to
the metal. Additionally, SPPs can only be supported from the
bandgap energy E, to some energy Ecyoff, corresponding to
a cutoff frequency @eyiorr- When absorption proceeds strictly
through SPPs, the current density is modified:

Ecutoft

Page 8 of 9

lon(V) =4 21 f/ ( Fs(E) ) E*dE / E*dE
Spp — 472,13 E_ - E—qV
cch Ey Fas(E)+1) g 1 Ey e T 1
(25)

Thus, the limiting efficiency when absorption proceeds en-
tirely through SPPs is giveb by:

MsQ,spp = Max [ISPP(V)V] /Peun- (26)

For example, for E; = 1.12 eV corresponding to the bandgap
of crystalline Si, nsq = 30.6 %. To calculate the effi-
ciency when absorption proceeds entirely through SPPs, fur-
ther material specific information is required in addition to the
bandgap energy. Calculation of F,g and Egyof require the

8| Journal Name, 2010, [vol]1-9
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permittivity of both the metal and absorber to be known. The
revised efficiency, which accounts for absorption losses in the
metal as well as the frequency cutoff constraint for SPPs, is
then give by Nsq,spp = max [Ispp(V)V] /Pun. For example,
for crystalline Si with E; = 1.12 €V and Ecyoff = 2.88 €V,
NsqQ,spp = 6.9 % as shown in Table 1.
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