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How much can guided modes enhance
absor ption in thin solar cells?
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Jeremy N. Munday,? and Harry A. Atwater?
1 Department of Physics, Harvey Mudd College, Claremont, CA 91711 USA

2 Thomas J. Watson Laboratories of Applied Physics, California Institute of Technology,
Pasadena, CA 91125 USA

saeta@hmc.edu

Abstract: Absorption enhancement in thin metal-backed solar cells
caused by dipole scatterers embedded in the absorbing layer is studied
using a semi-analytical approach. The method accounts for changes in
the radiation rate produced by layers above and below the dipole, and
treats incoherently the subsequent scattering of light in guided modes
from other dipoles. We find large absorption enhancements for strongly
coupled dipoles, exceeding the ergodic limit in some configurations
involving lossless dipoles. An antireflection-coated 100-nm layer of a
Si:H on Ag absorbs up to 87% of incident above-gap light. Thin layers of
both strong and weak absorbers show similar strongly enhanced absorption.

© 2009 Optical Society of America

OCI S codes: (250.5403) Plasmonics; (130.0250) Optoelectronics; (160.3900) Materials: met-
as, (160.6000) Materials: semiconductor materials; (240.6680) Optics at surfaces: surface plas-
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1. Introduction

While the theoretical limits to the efficiency of single and multijunction solar cells have long
been understood [1-3], fabricating cells that approach these limits remains a challenge. Ide-
ally, asingle-junction cell absorbs all above-gap photons incident on it and all photogenerated
charge carriers are collected, up to the limit imposed by thermodynamics. In practice, harvest-
ing photons in the weakly absorbing spectral range near the band edge requires thick layers,
driving up cost, energy of manufacture, and material quality requirements. Surface texturing
of thick absorber layers increases the path length of weakly absorbed light inside both indirect
and direct gap semiconductors and is routinely employed to enhance absorption in crystalline
silicon [4], amorphous silicon [5], and other cells. Much current research, however, focuses on
enhancing absorption in thin absorber layers (less than afew micrometers), for which texturing
with features larger than the wavelength is not possible.

Thin cells have many potential advantages. Besides requiring less material, thin cellstolerate
materials with shorter diffusion lengths, which opens up new classes of materials for thin-film
photovoltaics. Furthermore, higher photocarrier concentration in thin absorber layers can po-
tentially boost the open-circuit voltage, thereby increasing efficiency. Stuart and Hall [6-8]
demonstrated up to 18x absorption enhancement near A = 800 nm in a silicon photodetector
caused by alayer of sub-wavelength silver particles spaced from the front surface of the semi-
conductor by athin dielectric layer. A similar approach has been used on amorphous silicon [9]

#116570 - $15.00 USD Received 1 Sep 2009; revised 10 Oct 2009; accepted 11 Oct 2009; published 3 Nov 2009
(C) 2009 OSA 9 November 2009/ Vol. 17, No. 23/ OPTICS EXPRESS 20976



and GaAs[10] absorbers. Recently, Catchpole and coworkers have found similar enhancements
in silicon-on-insulator solar cells using the same approach: thin silver films are annealed to pro-
duce nanoparticles on the front surface [11, 12]. Above the plasmon resonance, however, these
particles exhibit a Fano resonance that serves to reduce absorption in the blue, indicating that
the particles would be more beneficial decorating the back surface. [13]

A structured metal layer at the back of the absorber represents another approach to persuad-
ing light to propagate paralel to the surface. Using two-dimensiona finite-difference-time-
domain (FDTD) simulations, Ferry et al. have observed absorption enhancement from coupling
to waveguide modes caused by sub-wavelength metallic grooves and ridgesin thin layers of sil-
icon and GaAs backed with silver [14]. Furthermore, for a range of ridge heights and widths,
the scattering pattern of isolated structures is essentially dipolar [15] and the scattering cross
section of ridges may be several times their geometric cross section. These results motivate
the current study in which we use point dipoles to model ridges or other sub-wavelength ob-
jectswith high dielectric contrast embedded in the semiconducting absorber layer. We neglect,
to a first approximation, their effect on the guided modes of the multilayer structure, which
may otherwise include absorbing layers, antireflection layers, in addition to the optically thick
metallic substrate layer. The dipoles scatter light into both radiative modes (within the escape
cone) and guided modes, including the surface plasmon polariton (SPP) mode localized at the
metal/semiconductor interface. Within this simplified semi-analytical model, we seek to under-
stand

« thefraction of power in a guided mode that is absorbed in the semiconductor;

« where the dipoles should be positioned for maximum absorption in the semiconductor;
and

« the greatest absorption enhancement possible through this scattering mechanism.

2. Method

Our approach proceeds in four steps. First, we find the fraction of the power in each guided
mode of a given multilayer structure that is absorbed in each layer. After al, this method will
be useful only if the scattering into guided modes serves to enhance absorption in the semicon-
ductor, not the metallic substrate. Second, for a given position and orientation of an embedded
dipole we compute the fraction of light scattered by the dipole that is coupled into both radi-
ating modes and guided modes, taking proper account of the reflections at all the interfaces
of the multilayer structure. That is, we neglect any direct coupling between dipoles. Although
the plasmon resonance frequency of metal nanoparticles is strongly affected by another metal
nanoparticle within afew nanometers, we explore here separations of hundreds of nanometers.
At these distances, direct dipole-dipole coupling should be negligible. Third, power scattered
into each mode is propagated (incoherently) from the scattering dipole to the nearest neighbor
dipole a distance L away, keeping track of the portion absorbed in each layer. This dipole then
scattersaportion of the power incident onit, leaving the remainder in the various guided modes.
The infinite series of subsequent scattering events in this diffusion process is summed to yield
the total absorption in each layer, as well as the portion that escapes into the incident medium,
for unit intensity scattered by the first dipole. This approach is surely incorrect at any particu-
lar wavelength, for which well-defined phase relationships exist between the various scattered
waves. However, for broadband excitation in structures with a variety of separations between
dipoles, it should capture the average aggregate behavior. Fourth, we estimate the fraction of
light incident on the structure at given polarization and angle that scattersin the first step of the
diffusion process, from which it is possible to cal culate the total absorption in each layer.
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Fig. 1. A multilayer structure with an antireflection-coated silicon absorbing layer on top of
an optically thick layer of silver. Absorption in each layer is determined by integrating the
power flux through the x = 0 plane and through the constant-z interfaces between layers.
The illustrated modes have been calculated for a 500-nm Si layer on Ag, with a 56-nm
TiO, layer ontop, at A = 1100 nm.
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2.1. Absorption in Guided Modes

We assume that the structure may be modeled as having plane, parallel layers of homogeneous
and isotropic dielectric properties. That is, we will assume that, for purposes of finding the
guided modes of the multilayer structure, we may neglect the ridges or other intrusions that
function as dipole scattering sources. We may then solve for the bound modes at a given fre-
guency by requiring the fields to decay exponentially in the incident medium and the substrate.

A monochromatic wave of angular frequency @ inside ahomogeneous nonmagnetic medium
of (complex) refractive index n satisfies the Helmholtz equation,

(V2 4+ r?@?)E(r,t) =0 (1)

where ® = w/c and c is the speed of light in vacuum. Plane wave solutions to this equation
take the form
E(r,t) =Eexp[i(k-r — wt)] 2

in which the wave vector k = u® must satisfy the condition
u-u=n? ©)

Boundary conditions at each interface may be satisfied only if uy is common to al layers,
which is Snel’s law [16]. In alayer of refractive index nj, Eq. (3) gives the magnitude of the
normal component of the wave vector:

Uzj = (nf — u)*? (4

where we take the root having positive imaginary component, and the two linearly independent
plane-wave solutionsto Eq. (1) are

E.(r,t) = E; explio(uxx+U,z) —iot] (5)
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For real uy < 1, thewave may propagate in the vacuum outside the multilayer; for real uy > 1,
or if uy has an imaginary component, the mode decays exponentially in the vacuum; if the
substrate is absorbing, or if Uy > Ngupgrate, then the mode is confined and propagates parallel to
the surface. Eigenvalues of uy are found using the standard transfer matrix formalism [17] to
compute the fields in the incident medium corresponding to a purely decaying exponentia in
the substrate, and requiring the exponentially growing field to vanish.

By momentum conservation, aplane waveincident at any angle from vacuum does not couple
to guided modes; however, a scatterer in or near the multilayer can launch a guided wave. We
would like to know what fraction of the guided wave's power is absorbed in each layer of the
structure. Asdiscussed in the Appendix, thismay be computed by integrating the time-averaged
Poynting vector over the boundaries of each layer and the plane at x = 0. As an example,
consider the structure illustrated in Fig. 1, which shows a 500-nm Si layer on an optically
thick Ag layer, covered with a 56-nm antireflection layer of TiO,. The illustrated modes for
A = 1100 nm are shown with increasing Reuy from left to right, TE modes on the left and TM
modes on the right. For the SPP mode at the far right, the fraction of power absorbed in the
silicon layer is 0.35%, with the remainder absorbed in the silver. Thus, 1100-nm light coupled
into the SPP mode serves amost exclusively to heat the silver layer.

On the other hand, absorption in Si at this wavelength is quite weak. The fraction of light
absorbed in propagating across a 500-nm layer (in the absence of scatterers) is 1 — e @4 ~
ad = 0.052%, so that nearly 7 times more energy is absorbed in the silicon layer in the SPP
mode than in asingle traversal of the layer at normal incidence, provided that the wave does not
scatter out of the mode. We call this ratio the absorption enhancement 1 of the mode. Taking
the ratio to the absorption of a single pass at normal incidence facilitates a comparison to the
ergodic limit, first computed by Yablonovitch and Cody, to estimate absorption enhancement in
thick silicon layerswith roughened surfaces [18-20]. The ergodic limit assumes that absorption
isvery weak (ad < 1) and that scattering is sufficient to produce an isotropic photon gasinside
the semiconducting slab. Because of the large refractive index of the semiconductor, most of
the light incident on the front interface from within the slab is totally internally reflected, so
that the average ray makes 2n? traversals of the layer. Furthermore, the average traversal has
length 2d. In the weak absorption limit, therefore, absorption is 4n?ced, which is enhanced by
afactor of 4n? with respect to asingle pass through the layer at normal incidence, ad.

Other modes exhibit significantly greater enhancement. From left to right, the transverse-
electric modes (TE or s-polarized modes with E perpendicular to the plane of incidence) have
enhancements n of 73, 166, and 542, while the transverse magnetic (TM or p) modes have
enhancements of 39, 43, and 76. That is, 28.3% of the energy in the fundamental TE mode is
absorbed in the silicon layer, despite the very weak absorption coefficient (ng = 3.547+9.14 x
10-5i). This enhancement arises because the mode energy is concentrated in the silicon layer,
not in the silver substrate, and assumes that the light does not scatter out of the mode. Since
absorption is proportional to ”|E|?, where £” is the imaginary part of the dielectric constant,
minimizing the field in the metal minimizes Joule losses.

Figure 2 shows the absorption enhancement 711 in both TM and TE modes for (bare) silicon
layers of various thicknesses and 900 nm < A < 1100 nm. The enhancement is plotted against
the fraction absorbed in the silicon layer. The thickness of the silicon layer is represented by
the size of the dot, ranging from 100 to 1000 nm; the wavelength is indicated by the dot’s
color. The TM modes separate into two regions, SPP modes and “photonic” modes, that show
distinctly different dependence on layer thickness. The SPP modes lie below enhancements of
about 30 and below a fraction absorbed in the silicon of roughly 6%. Since the SPP mode is
localized near the Si/Ag interface, increasing the thickness of the layer has almost no effect on
the fraction absorbed in the silicon; it smply reduces the enhancement compared to a single
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Fig. 2. Absorption enhancement n in a silicon layer on silver compared to a single pass
at normal incidence for TM modes (left panel) and TE modes (right panel) as a function
of the fraction of energy absorbed in the silicon layer. The marker size shows the thick-
ness of the silicon layer from 100 to 2000 nm and color indicates the wavelength. The SPP
mode shows significantly smaller enhancement than other modes, decreasing with increas-
ing layer thickness. For the photonic modes, the absorption enhancement tends to rise with
layer thickness. Note that the cal culation here assumes that light does not scatter out of the
mode.

pass through the layer, since thicker layers absorb more.

By contrast, for the photonic modes, increasing the layer thicknessincreases both the fraction
absorbed in the semiconductor and the absorption enhancement. These modes satisfy Uy < ng,
where primes denote the real part; we call them “photonic” due to their resemblance to the
modes of dielectric waveguides. The enhancement grows faster than linearly with the layer
thickness because the magnitude of the exponentially decaying field in the metal decreases as
the semiconductor thickness increases. At wavelengths near 1 um, the fraction absorbed within
the semiconductor exceeds 20%. TE modes exhibit even greater enhancements, as shown in
the right panel of Fig. 2. For layers of roughly 1-um thickness, the enhancement in the most
favorable fundamental TE mode exceeds 600. Thisis morethan 12 times better than the ergodic
limit, although the ergodic limit includes scattering out of guided modes, of course. Asin the
ergodic case, large values of n arise from very long propagation distances in the silicon layer.
As an example, the fundamental TE mode at A = 1100 nm for a 1-um Si layer on Ag has
Ux = 3.509+ 1.31 x 10~4i, from which we deduce a decay length of ¢ = A /4rul] = 670 um.

2.2. Dipole Scattering

To model scattering into the various guided modes of multilayer structures, we consider a point
dipole embedded in a non-absorbing dielectric layer of the structure (including the incident
medium or substrate, if desired). We use amethod devised originally by Sipe[21], to investigate
modifications to emission from atoms or molecules near a metallic plane. The method expands
the dipole field in plane waves and assumes a local dielectric response in the metal, which is
satisfied for dipoles at least 10 nm from the metal [22], and has been applied in various forms
to avariety of radiation problems[11,23-26]. If we may neglect nonradiativelossin the dipole,
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and call the decay rate of the dipolein an infinite slab of the dielectric }ee, then the normalized
decay rate of the dipole is[26]

ro_ [ L9z
%ree Jo Piree duy

7= duy (6)

where the normalized decay rate density is given by

2
@iee% 2?13R { Z[ )Z(Fﬁcoszed+5m29d (n Ff + ugf )]} @
[l+r exp(2ikd_)] [1+rP exp(2ikd, )] g

1—rP r+exp(2|kzd) ®)

es _ [1+r° exp(2ikd_)] [14r% exp(2ikzd. )] 9

Il = 1—r5rS exp(2ikd) ©
o [1frEexp(2ikzd )] [1—r? exp(2ik.d, )] 10)

I = 1—rPrP exp(2ikd)

The dipole’saxis makes angle 6y with respect to the normal and islocated in alayer of refractive
index n at d_ (d,) from the adjacent layer at smaller (greater) z, d = d_ +d. is the layer
thickness, and k, = U, is the normal component of the wave vector in the dipole layer. See
the inset in Fig. 3. The p-polarized amplitude reflection coefficient for al the layers at z >
d is denoted r?, and similarly for the other reflection coefficients. For the weakly absorbing
region, we use apurely real index for the semiconductor for purposes of computing 7. When the
semiconductor absorption is too large to ignore, we surround the dipole with lossless “dliver”
layers 10-nm thick having the same value of n’ as the semiconductor.

Asillustrated in the top panel of Fig. 3, the normalized decay rate density at A = 1100 nm
of a 1-um Si layer on Ag exhibits six sharp peaks, corresponding to photonic modes, and
one broad peak near uy = 4, corresponding to the SPP mode. This panel shows coupling for a
dipole oriented perpendicularly to the plane of the layers (i.e., for which 64 = 0), embedded in
the silicon layer at 50 nm (200 nm) from the Ag substrate in the solid (dotted) trace. The area
under the SPP peak for d_ = 50 nmis 2.2, meaning that therate at which this dipole radiatesinto
the SPP mode is 2.2 times its rate of emission into 4x steradiansin an infinite block of silicon.
For d < 100 nm, the SPP mode dominates emission into TM modes for both perpendicular
and parallel dipoles. Hence, the field is concentrated in the metal substrate, leading to poor
absorption enhancement in the semiconductor. We are not so much interested in the rate asin
the fraction of power that goes into each of the modes, including radiative modes, for which
Ux < 1. By computing the area under each peak, we find that the fraction of power radiated
out of the multilayer for this dipole is 0.04%, while that going into the SPP mode is 95.7%.
When the dipole is moved to d_ = 200 nm, these fractions change to 0.03% and 8.3%. In this
position, therefore, the great majority of the power goes into photonic modes that exhibit large
absorption enhancements.

A dipole oriented parallel to the layers (64 = 7/2) couplesto both p- and s-polarized modes,
asillustrated in the lower two panels of Fig. 3. To determine the fraction p; of emission into
mode j, we consider both p; and s together, normalizing against the combined area under both
curves. We can now calculate how the scattered light couples to each mode (pj) and the fraction
of power in mode j that is absorbed in each layer. Note that pg represents the fraction of power
that couples to radiating modes.
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Fig. 3. Normalized decay rate at A = 1100 nm for a dipole in ad = 1-um silicon layer
a distance d_ = 50 nm from a silver substrate (solid traces) and 200 nm from the silver
layer (dotted traces) as afunction of the normalized wave vector component parallel to the
surface. The inset illustrates the structure.

2.3. Multiple Scattering

We now consider the extent to which scattering out of guided modes compromises the very
large absorption enhancements of guided modes. Light that scatters from a dipole at distance
d_ from the metal/semiconductor interface into a given guided mode will also efficiently scat-
ter out of that mode on encountering a second dipole that is also at d_. We assume that the
phase of the light is effectively scrambled on scattering, so that we may treat the propagation in
each mode—and the scattering at the next dipole—incoherently. This approach was originally
developed by Leblanc et al. [27] to describe the propagation of light in multilayer amorphous
silicon structures with rough interfaces, and has been used recently by Catchpole and cowork-
ers to model absorption enhancement from metal nanoparticles on the surface of a multilayer
structure [12]. Asin the latter work, we take proper account of the discrete modes of multilayer
structures, but consider in this work the application of the theory to dipole scattering centers
embedded within an absorbing layer of the structure.

The approach isillustrated in Fig. 4. Let A(1) represent the fraction of light of wavelength
A that is scattered by a given dipole, and L be the typical distance between the dipoles. We
consider unit intensity that leaves the dipole, which divides into a fraction pg in the escape
cone, and pj in guided mode j. If fg; isthe fraction of power in mode j that is absorbed in
layer 8, and arj = 2uy @ is the decay constant of mode j, then the power from mode j absorbed
inlayer B between dipolesis

0 _ —ojly (0 _ y(0)

where ZEO) = p;=O isthe fraction of theinitially scattered flux (© that couples into mode |
and I isthe fraction of light in mode j that is absorbed on propagating a distance L. The total
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Fig. 4. Diffusion model of light propagation inside the multilayer structure. Light is scat-
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in each absorbing layer dependent on the mode. At the next dipole, a fraction Apj of the
remaining light scatters. Its power is added to the unscattered light in each mode.

power absorbed in layer B from all guided modes propagating over the distance L is

0 (0)
Ag Ag]

(12)

Mz

1

j

where the sum is over the N guided modes.

The scattered power in mode j now arrives at the next dipole, whereit has probability Ap; of
scattering. The remaining power, (1— A)pj, continues to propagate in mode j past this dipole,
aportion being absorbed in each layer until it encounters the next dipole in the next step of the
energy diffusion process. Thus, we take the scattering matrix to be

tij = Apipj + 6ij(1—A)p; (13)

with &;j being the Kronecker delta. This expression for the (N + 1) x (N + 1) matrix ujj is
constructed to conserve power and to ignore interference between fields arriving at the dipole
from different modes (and the incident wave). If the dipoles are not ideal, but convert afraction
g of the scattered power into heat, then ;; becomes

tij = Apipj(1—§) +&j(1—A)p; (14)

The flux that scattersinto modei at the second scattering event is thus

s

(1 1)z (15)

Mz

1

j

from which we may compute absorptlons = gl Z

The infinite series of scattering events may be convenlently summed [27], yielding the total
absorption in each layer. Passing to matrix notation, we may express the flux leaving the nth

dipole as
(M} = [Pz = [F]{=) (16)
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Fig. 5. Band-edge absorption enhancement (1, left axis) of light leaving adipole adistance
d_ from the Ag/Si interface, compared to single-pass absorption for a 200-nm Si layer on
Ag, as afunction of coupling coefficient A (L =1 um, A = 1100 nm). The product An
(right axis) scales the curves assuming that the initial scatteringisalso A.

where Fj = i (1—1;). Then the total absorption in each layer is given by

(A} = io{A“”} - iOIfMIMFI”{z<°>} — (10— [F) =) a7
where [|] haselementslij = ;6. Notethat [f] isan M x (N + 1) matrix, where M is the number

of layers, including both the incident medium and the substrate. Thus, for unit flux leaving the
dipole, Ag isthe fraction that is absorbed in layer 3.

3. Results

Figure 5 illustrates how the coupling coefficient A of the dipoles affects absorption enhance-
ment for a 200-nm Si layer on Ag. The dipoles are assumed to be lossless (§ = 0) and spaced
L =1 um apart. Plotted against the left axis for four different positions of the parallel dipoles
with respect to the Si/Ag interface is the absorption enhancement n of the light that initially
scatters as a function of A. In al cases the enhancement decreases monotonicaly with A, be-
cause with increasing A the probability of scattering out of a guided mode and into the escape
cone increases. Since we consider only the light that has already been scattered into guided
modes by the first dipole, scattering reduces the net absorption. Of course, without an initial
scattering event, none of the light would enter guided modes in the first place. As a crude in-
coupling approximation, if we assume that scattering of the incident wave into guided modes
is described by the same coupling coefficient A, then An gives a more realistic estimate of the
absorption enhancement. This is plotted for the same four dipole positions against the right
axis, and is a monotonically increasing function of A. Asis physicaly reasonable, regardless
of dipole position the greatest enhancement occurs for dipoles that scatter all light incident on
them.

Estimating more accurately the fraction of normally incident light that scatters on first en-
countering the dipoles is quite complicated. In the limit of small A, we may treat the dipole
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scattering as a weak perturbation and use the fields in the absence of the dipoles to estimate
the scattering. In this limit, the reflectivity of the structure is approximately unaffected by the
dipoles and can be used to estimate the power participating in the diffusion. The field at the
dipole consists in the superposition of the forward- and backward-propagating waves, as may
be computed with the transfer matrix method ( [17], § 1.6). The strong-coupling limit is more
interesting, however. With increasing scattering, the fields inside the multilayer will be per-
turbed in a complicated way away from their valuesin the absence of scattering.

In the limit of perfect scattering, the forward-going wave is completely eliminated and the
situation becomes simple once again. In this case thereflectivity of athin slab of lossy dielectric

becomes that of an infinitely thick slab, R, = |% 2, and the field at the dipole located d.
below the front interface is N
E(d, ) = Egtd ®"+ (18)

where n is the complex index of refraction of the dielectric and t = ﬁ is the transmission
coefficient of the air/dielectric interface. For a bare 200-nm slab of Si on Ag, this lowers the
normal reflectivity at the band edge from 89% to 31%. An effective antireflection coating on
the front surface increases this difference.

A 200-nm thick silicon layer has only one TM photonic mode and one TE mode; greater
enhancements than shown in Fig. 5 are possible for thicker layers, which can reduce the relative
importance of the comparatively lossy SPP mode. Figure 6 shows the absorption enhancement
with respect to a single pass at normal incidence of an 800-nm-thick silicon layer on silver as
afunction of dipole position for wavelengths near the absorption edge at A ~ 1100 nm. In this
case, the silicon layer is assumed to be covered with a perfect broadband antirefl ection coating,
which eliminates all reflections at the front surface of the silicon (until the angle of incidence
for light incident from within the silicon exceeds the critical angle). Recent coating layers of
gradually varying index approach this idealized condition [28, 29], which we therefore take as
arealistic limit. Furthermore, to explore the limiting enhancement possible with ideal dipoles,
we assume A = 1, independent of wavelength.

At any given wavelength, the absorption enhancement oscillates with dipole position, reflect-
ing the changes in mode coupling that depend on the dipol e position and orientation (which here
isassumed parallel to the interfaces). We might expect that enhancement would be greatest for
dipole positions that couple most strongly to the TE modes that minimize the absorption in the
metal. To investigate, we evaluate the coupling fractions into the various modes for dipoles at
200 nm from the Ag, where enhancement at 1100 nm is minimum, and at 300 nm from the Ag
interface, near the global maximum. The modes of this structure at A = 1100 nm, for which
the fraction of power absorbed in a single pass at normal incidence is od = 8.4 x 104, are
shown in Fig. 7, along with the fraction absorbed in the silver and the silicon for each mode.
The silicon fraction ranges from 0.35% for the SPP mode, to 56.1% for the fundamental TE
mode. In addition, the coupling fractions to each mode are shown at the right of each figure for
two positions of the dipoles, d_ = 200 nm (red), corresponding to an approximate minimum in
enhancement, as seen in Fig. 6, and d_ = 300 nm (green), corresponding to a maximum.

Several remarks are in order. First, the coupling fractions confirm an intuitive interpretation
of mode coupling: it scales with the magnitude squared of the field component parallel to the
dipole, at the position of the dipole. Second, parallel dipoles this far from the metal interface
couple much more strongly to TE modes than to TM modes, and coupling to the SPP mode
is negligible. Third, the most significant coupling difference between these two positionsis the
fraction coupled to the escape cone at each scattering event. At the enhancement minimum,
11.2% of the scattered light couples to the escape cone, whereas at d_ = 300 nm only 0.4%
escapes. We note again that this behavior describes dipoles oriented parallel to the layers; per-
pendicular dipoles might show less modulation. Successive peaks in the enhancement at 1100
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Fig. 6. Absorption enhancement of light near the band edge caused by dipoles parallel to
the surface of an 800-nm Si layer on Ag. Thesilicon is covered with a perfect antireflection
coating, A =1, and L = 1 um. The dashed line showsthe ergodiclimit for A =1100nmina
thick silicon layer. Notethat ahigher density of points has been computed for d_ < 400 nm.

nm are separated by about 150 nm, which is half the wavelength in the silicon, A /n’ = 310 nm.
At positions where emission from the dipol e towards the silver reflects and returns to the dipole
out of phase with the forward emission, near perfect destructive interference produces a min-
imum in emission, thanks to the high reflectivity of the Si/Ag interface. [Note that with the
perfect antireflection coating, thereis no reflection at the upper silicon surface.] Fourth, disper-
sion shiftsthe position of the maximaincreasingly withd_, so smaller valuesof d_ lead to large
enhancements over a broader range of wavelengths. However, coupling to the SPP mode |eads
to smaller enhancement at d_ = 135 nm than at d_ = 290 nm so that the greatest integrated
enhancement in this structure requires d_ ~ 260 nm.

The greatest enhancement at the band edge for this structure is about 70 (Fig. 6). Thisis
considerably greater than the 4n? = 50.3 enhancement of the ergodic limit, which assumes that
absorptionisnegligible. Actually, 4n? isthe limit for bulk layers; as Stuart and Hall have shown,
it issomewhat reduced in thin layers[6]. Over arange of wavelengths near the band edge, ideal
dipole scattering with properly positioned strong scatterers exceeds the ergodic limit by awide
margin.

While large absorption enhancements near the band edge help improve a cell’s efficiency,
of greater significance is the total absorption integrated from the band edge to the UV limit of
the solar spectrum, which we take to be Ayy = 340 nm (3.65 eV). The spectrally integrated
absorption efficiency (IAE) for agiven spectral range isthen theratio of the number of photons
absorbed in the semiconductor to the total number incident, per unit area.

For short wavelengths, absorption is strong enough to make enhancement mechanisms (tex-
turing or dipole scattering) unnecessary, since most photons are absorbed before arriving at the
metal interface. Itisillustrative, therefore, to show thelimiting | AE for the spectral regions both
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Fig. 7. TM (left) and TE (right) modes of an 800-nm Si layer on Ag at A = 1100 nm. The
shaded curves show the magnitude squared of the parallel component of electric field, and
have equal area. The black numbers in each layer show for each guided mode the fraction
absorbed in the layer (e.g., for the SPP mode at the lower left, 0.35% is absorbed in the
silicon and 99.65% is absorbed in the silver). The fraction of light coupled into each mode
for aparallel dipole positions 200 nm (300 nm) from the Ag layer is shown in red (green)
at theright of each figure; the fraction coupled into the escape cone is shown at the top.

near the band edge and up to Ayy . Figure 8 shows these efficiencies for several semiconductor
layer thicknesses in two weakly absorbing (Si and Ge) and two strongly absorbing (a-Si:H and
GaAs) semiconductors. In all cases the upper surface is perfectly antireflection coated and the
metallic substrate layer is silver. For Si and Ge, the dipoleis at d_ = 200 nm from the metal
interface. For the thinner layers of a-Si:H and GaAs, d_ is the smaller of d/2 and 100 nm,
where d is the semiconductor layer thickness, to keep the dipoles from approaching the front
surface.

Dipole scattering significantly enhances absorption in both weak and strong absorbers. Al-
though the proportional increase in integrated |AE is greater for the weak absorbers (13.9 for
Si and 6.8 for Ge versus 4.4 for a-Si:H and 5.0 for GaAs at the smallest thickness considered
for each material), the absolute increase is greater for the strong absorbers. A 100-nm a-Si:H
layer with ideal scatterers spaced 500-nm apart absorbs 87% of the incident photons in the
range 340 nm < A < 840 nm. Without the scatterers (i.e., in a structure with plane parallel
interfaces), it would take alayer 7 times thicker to achieve the same absorption.

4, Discussion

We aim here to understand the theoretical limit to absorption enhancement in a thin metal-
backed layer caused by dipole scatterers embedded in the absorbing layer. Accordingly, we
have made anumber of idealizations, some of which may be difficult to achieve experimentally.
Specifically, we have assumed that:

1. thedipolesare strong enough and spaced closely enough such that they scatter all incident
light (A(X) =1);

2. the dipoles do not significantly perturb the guided modes of the multilayer structure;
3. the multiple scattering at a given wavelength may be treated incoherently;

4. the dipoles are lossless scatterers (§ = 0);
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Fig. 8. Limiting integrated absorption efficiency (IAE) for thin layers of silicon, germa-
nium, amorphous silicon, and gallium arsenide on optically thick Ag layers illuminated
with the AM1.5G spectrum [30]. The sguares show the IAE for the spectral range near
the band edge (%/lg < A < Ag), whereas the circles show the IAE for the same spectral
range in the absence of dipole scatterers. The diamonds show |AE for the full spectrum
(Auv < A < Ag). The semiconductor layers are covered with a perfect antireflection coat-
ing. The dipoles are separated by 500 nm for the filled symbols and by 1000 nm for the
open symbols.

lossesin the optically thick metal layer on the substrate are described by the (bulk, local)
complex dielectric function; and

6. the upper surface of the absorber is covered by a perfect antireflection coating.

Given these assumptions, we find that for both indirect-gap materials, such as silicon and ger-
manium, and direct or quasi-direct-gap materials, such as gallium arsenide and amorphous
silicon, lossless dipole scatterersthat interact strongly with above-gap radiation can very signif-
icantly enhance absorption in the semiconductor, even when Joule losses in the metal substrate
layer are accounted for. But, are the assumptions reasonable?

Approaching the strongly coupled limit (A = 1) may be possible, at least at selected wave-
lengths. Using Mie theory [15], we find that silver spheres with 50-nm radius embedded in sili-
con have a scattering cross section Qg4 = 6.6 timestheir geometric cross section at A = 880 nm,
and an average Qg4 greater than 5 over the range 800—1100 nm. Silver ridges 100-nm wide and
spaced about 500 nm apart may scatter a fraction approaching unity of incident plane waves,
at least for wavelengthsin the infrared. As shown in Fig. 8, while scatterers spaced 1 um apart
are more efficient, the difference compared to 500-nm spacing is modest. It may be difficult
to realize appropriately spaced embedded scatterers without introducing excessive surface re-
combination, and without strongly perturbing the multilayer modes we have assumed. Metallic
ridges 50-nm tall in alayer 100-nm thick will produce significant Fabry-Pérot resonances that
alter theradiative density of states. However, this effect would be sharply reduced for thicker ab-
sorbing layers, such asthe 800-nm layers of Fig. 7. Thin metallic islands on dielectric pedestals
penetrating into the semiconductor might alter the pure multilayer modes less than ridges, yet
maintain their large scattering efficiency.

Our treatment of the dipoles as independent scatterers is supported by absorption enhance-
ment caused by silver islands on thin silicon layers [11]. As regards the fourth assumption,
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we have focused on metallic scatterers because strong plasmon resonances enable these struc-
tures to have very large scattering cross sections, as indicated above. Furthermore, scattering
dominates absorption at these sizes. For the same 800-1100 nm range that has Qg = 5.1, the
dimensionless total extinction cross section is Qe = 5.76, indicating that 8 times more power
is scattered than absorbed in the metal. We have calculated principally for silver, which has the
least loss of any metal across the relevant spectral range. Less expensive and more abundant
metals, such as copper, may be worth exploring, particularly for infrared application where
losses are quite similar to silver. Furthermore, we have assumed a single value for the coupling
coefficient A in producing Fig. 8, although scattering efficiency is apt to decrease with wave-
length into the visible. We have also taken A independent of the position of the dipoles with
respect to the metal/absorber interface. Thisassumption isbolstered by looking at theintegrated
decay rate, 7, for perpendicular and parallel dipoles as a function of d_. For d_ greater than
about 80 nm, 7 iswithin ~ 25% of unity, independent of the dipole position. So, while the frac-
tion coupling to each mode changes with d_, the total coupling isfairly constant. Furthermore,
variationsin ¥ are significant only in comparison to alternative energy pathways, which we take
as negligible. We will explore the influence of absorption in the dipoles (§ > 0) and declining
scattering with wavelength in a subsequent publication.

The fifth assumption is entirely reasonable, as we find that the scatterers should be placed
much more than 10 nm from the metal plane, far enough that surface effects are entirely neg-
ligible. Finaly, efficient absorption in any geometry requires minimizing reflection losses, and
achieving optimal efficiency demands an ideal antireflection coating. Whether broadband AR
coatings will be economically feasible is an interesting but separate question. Regardless, the
dipole-scattering mechanism enhances absorption whether front-surface reflections are sup-
pressed or not.

5. Conclusion

We have elaborated a quasi-analytic theory of absorption in multilayer structures with inde-
pendent embedded dipole scatterers. Unlike full-field simulations using FDTD, the method
uses experimental dielectric functions and runs quite quickly, allowing us to explore parameter
space more efficiently. In this paper, we have focused on structures with optically thick metal
back planes, which support both plasmonic and photonic guided modes. We find that while
absorption losses at optical frequencies are greatest in SPP modes, they do not spoil the very
significant absorption enhancement in a broad variety of structures. When these ideal dipole
scatterers couple strongly enough to scatter essentially all incident light, yet are spaced roughly
500-nm part, they enable absorption of greater than 85% of above-gap solar radiation in AR-
coated thin absorber layers.

6. Appendix

The fraction of the power in a guided mode that is absorbed in each lossy layer may be com-
puted by considering the power flux into each layer through the plane at x = 0 and between
layers through the interfaces that separate them, asillustrated in Fig. 1. The average power per
unit area carried by the monochromatic electromagnetic field is given by the average Poynting
vector, S= g= Re(E x H).

Consider alayer bounded below at z= 0 and above by z= d. A TM-polarized mode has the

#116570 - $15.00 USD Received 1 Sep 2009; revised 10 Oct 2009; accepted 11 Oct 2009; published 3 Nov 2009
(C) 2009 OSA 9 November 2009/ Vol. 17, No. 23/ OPTICS EXPRESS 20989



form
E(r7t) N |:E+ <_uzxn_|—uxz) eikzZ_|_ E, (UZX—r:UXZ) eikzZ:| ei(kxxfwt) (19)
H(r,t)=— (EJreikzzJr E,e_ikzz) nel (kex—ot) § 0

where the amplitudes E,. are those at the back of thelayer at z= 0, and | havetaken u = 1. The
power flux into the layer along the x = 0 plane, per unit length in the y direction, is then

d * E.[12(1_ e 270 E [2(e2%¢ _ 1
ol — [*sdz— S ure[TU [ELEe ) | 2240 —1)
0 16m n uy uy

N 2Im(ELE*)sin(2u,¢) N 2Re(E4+E* )[cos(2u,¢) — 1] H
Uy Uy

(21)

where ¢ = wd = 2nd/A, A is the vacuum wavelength, the field amplitudes E. are those at
z= 0, and the real and imaginary parts of a complex number { are represented by ¢’ and {”,
respectively. Similarly, the flux per unit length in the y direction through a plane perpendicular
tothezaxisfor x> 0 are

cn*uy
16zn

oM(2) = /0 S/(z)dx= Re{ [|E+\2e*2k’z’z— E_Pe?% 42 Im(E+Eie*2ik/Zz)} } (22)
We note that in the case of the incident medium (for which d — ), the terms involving E_
vanish in a bound mode; in the substrate E; = 0.

For a TE mode, the anal ogous expressions are

E(r,t) = (E+ékzz+ E,e—“‘zz) gl g (23)
() = [Ep (U4 u2) €47 B (R + ) e 7] @lkoen (24)
T — Cré;’x’ [|E+2(1— ez“'l/q’)uj [E_[2(e?% —1)
;
+ 5,2 ( Re[E.E*]sin(2u,¢) — IM[ELE*|[1— cos(2u’z¢)]>] (25)
®IE(2) = % [u’z( E, [2e %% — |E_[26%%%) + 2 Im (Ei E_e’z”‘/zz) } (26)
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