Synergistic plasmonic and photonic crystal lighttrapping: Architectures for optical upconversion in thin-film solar cells
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Abstract: We demonstrate, numerically, that with a 60 nanometer layer of
optical up-conversion material, embedded with plasmonic core-shell nanorings and placed below a sub-micron silicon conical-pore photonic crystal it
is possible to absorb sunlight well above the Lambertian limit in the 3001100 nm range. With as little as 500 nm, equivalent bulk thickness of
silicon, the maximum achievable photo-current density (MAPD) is about 36
mA/cm2, using above-bandgap sunlight. This MAPD increases to about 38
mA/cm2 for one micron of silicon. Our architecture also provides solar
intensity enhancement by a factor of at least 1400 at the sub-bandgap
wavelength of 1500 nm, due to plasmonic and photonic crystal resonances,
enabling a further boost of photo-current density from up-conversion of
sub-bandgap sunlight. With an external solar concentrator, providing 100
suns, light intensities sufficient for significant nonlinear up-conversion can
be realized. Two-photon absorption of sub-bandgap sunlight is further
enhanced by the large electromagnetic density of states in the photonic
crystal at the re-emission wavelength near 750 nm. It is suggested that this
synergy of plasmonic and photonic crystal resonances can lead to
unprecedented power conversion efficiency in ultra-thin-film silicon solar
cells.
©2013 Optical Society of America
OCIS codes: (350.6050) Solar energy; (350.4238) Nanophotonics and photonic crystals;
(240.6680) Surface plasmons; (040.5350) Photovoltaic; (250.5403) Plasmonics.
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1. Introduction
Crystalline silicon (c-Si) is the most widely used material for single junction solar cells [1].
However, due to its indirect electronic bandgap and poor absorption efficiency in the red to
near-infrared spectrum, most commercial c-Si solar cells utilize wafers with a thickness of a
few hundred microns (100-300 μm). This accounts for about 40% of the final module cost [2].
Efforts to reduce the cost of energy production utilize thin-film photovoltaic (PV) cells with
an equivalent active layer thickness of about 1-3 μm [3]. In such thin films it is essential to
optimize light-trapping [4] and antireflection [5] in order to achieve power conversion
efficiencies comparable to thick wafers. Engineering the back reflector of the solar cell [6,7]
and integrating plasmonic nanostructures [8] in the active layer to excite localized surface
plasmon resonances (LSPRs) can also improve sunlight absorption through near-field
enhancement effects [9]. Solar light-trapping for efficient absorption in thin films relies on the
engineering of an enhanced electromagnetic density of states and is distinct from the concept
of light localization [10] in a suppressed electromagnetic density of states such as a photonic
band gap [11–13]. Instead, slow-light modes in the higher bands of certain photonic crystals
(PC’s) provide a unique opportunity for light management in third generation solar cells [14].
Thin-film PC-based solar cells have been considered in 1D, 2D and 3D periodic structures
[15–19].
Nanowire photonic crystal arrays of various forms and shapes have attracted much
attention since they exhibit several light-trapping effects. A radial P-N junction geometry in
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silicon nanowire solar cells results in rapid separation of electrons and holes throughout the
active light-trapping region, reducing recombination losses and contributing to high power
conversion efficiency [20–24]. However, silicon nanowires optimized for both light trapping
and antireflection surpass the Lambertian light-trapping [25,26] only over a partial spectral
range [4] but not over the broader spectrum from 300 to 1100 nm.
Recently, a silicon PC, consisting of slanted conical pores that can trap and absorb
sunlight beyond the Lambertian limit over the entire solar spectrum was introduced [26]. This
architecture combines both an antireflective graded index and PC light-trapping to achieve
exceptional solar absorption in silicon films as thin as 380 nm (equivalent bulk thickness).
With 1 μm of c-Si placed on a silver (Ag) back reflector, the slanted conical pore PC provides
a maximum achievable photocurrent density (MAPD) of 35.5 mA/cm2, exceeding the
Lambertian limit of 32.6 mA/cm2 over the integrated wavelength range of 300-1100 nm.
Through coupled electrical and optical simulations, this single-junction solar cell structure
was shown to provide solar power conversion efficiency (at one sun intensity) between 17.5%
and 22.5%, depending on the surface recombination velocity at the back contact [27].
The slanted conical pore silicon PC is capable of higher power conversion efficiency if
nonlinear solar spectrum reshaping effects (up-conversion [28] or down-conversion [29])
enabled by strong light focusing are exploited. A significant power loss in single bandgap
solar cells is due to their non-utilization of sub-bandgap sunlight. Roughly 20% of the
incident solar power is not harnessed in silicon photovoltaic cells because low-energy photons
below the bandgap of silicon do not carry enough energy to generate free charge carriers
[30,31]. Efforts to make use of this otherwise lost part of the solar spectrum have attracted
considerable interest. One approach is to fabricate multi-junction, tandem solar cells [32,33],
in which cells consisting of different semiconductors are stacked and separated by tunnel
junctions [34]. The top cell is used to absorb the UV and visible light and lower cells, with
successively lower bandgaps, absorb longer wavelength sunlight [35]. For example, overall
efficiency in a two-cell device is maximized if the energy gaps (Eg) of the top cell and the
bottom cell are approximately 1.75-1.80 eV and 1.0-1.1 eV, respectively. It was shown [35]
in this case that the maximum practical power conversion efficiency under AM1 conditions is
increased to 30% compared to about 23% for single-junction cells. However, multi-junction
cells involve greater complexity and cost compared to their single-junction counterparts.
Impurity photovoltaic (IPV) silicon solar cells have also been proposed [36] in which the
insertion of impurities increases the infrared (IR) photon absorption in a multistep process.
Such IPV cells introduce defect states within the semiconductor bandgap that often produce
additional pathway for recombination, limiting its practical energy conversion efficiency [37].
In an up-conversion (UC) solar cell, only a single P-N junction is required and two lowenergy sub-bandgap photons are absorbed and re-emitted into the active region as a single
photon above the semiconductor bandgap in a nonlinear process. It has been suggested [30]
that UC can enhance the maximum allowable thermodynamic power conversion efficiency
[38] of a single-junction silicon solar cell from 30% to over 40% [39]. Two-photon UC in
solar cell structures was first demonstrated by Gibart et al. [40]. In these solar cells, the UC
layer is placed below the active photo-current generation layer. However, since UC is based
on a nonlinear optical effect, light intensities on the order of 105 suns are required to achieve
substantial yield.
In this paper, we introduce a combined plasmonic and thin-film photonic crystal
architecture that provides linear light absorption well beyond the Lambertian limit and at the
same time provides light focusing in the nonlinear UC layer in excess of 103 suns, without
recourse to a solar concentrator. A thin (60 nm) layer containing hexagonal sodium yttrium
fluoride (β-NaYF4) doped with trivalent erbium (Er3+) sandwiched between the silicon light
trapping PC layer and the Ag back-reflector can up-convert near-infrared (NIR) photons at
wavelengths around 1523 nm [30,41]. It is also useful to sensitize such Er-nanocrystals with
dye-molecule antennae that absorb sub-bandgap sunlight in the range of 1100-1500 nm and
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down-convert sunlight throughout this range to the wavelength required for two-photon upconversion by Erbium [42]. Interestingly, we find that a thin UC layer, suitably placed, also
enhances linear absorption of above-bandgap sunlight by reducing parasitic absorption losses
in the Ag back reflector.
The major drawback of UC is its low quantum yield with the use of conventional solar
concentrators. Very high local light intensity is required to drive the nonlinear optical UC
process. Efforts to improve the UC efficiency have utilized metallic nanoparticles placed near
the up-converting material to enhance up-converted fluorescence [43] and metallic nanoshells with up-converter-doped dielectric cores to provide strong electromagnetic field
concentration in the cores [44]. However, these light-focusing resonances are mostly located
in the 600-760 nm spectral range, with limited relevance to silicon solar cell applications. The
highest UC quantum yield of the most widely used up-converting materials under laser
irradiation occurs at wavelengths around 975 nm and 1523 nm [41,45,46]. To place
plasmonic resonances at such NIR wavelengths and thereby amplify the UC quantum yield,
we introduce core-shell rings on the Ag back reflector that protrude into the UC layer. Here,
the core consists of up-converting materials (β-NaEr0.2Y0.8F4) and the shell is made of Ag.
The frequencies of the resulting plasmonic resonances can be varied throughout the NIR
range by adjusting the radii of the metallic rings.
Interestingly, we find that our core-shell ring plasmonic resonators and UC layer reduce
absorption losses in the Ag back reflector, enhance overall light-trapping and provide MAPD
enhancement from above-gap, single-photon absorption in the overlying silicon photonic
crystal. Moreover, the NIR light intensity in specific regions of the UC layer is enhanced by a
factor of 1.4 x 103 at desired wavelengths. This provides opportunities to enhance low-power
up-conversion of sub-gap sunlight for greater overall power conversion efficiency.
In Section 2, we will describe a solar cell structure and simulation details. In section 3,
MAPD enhancement by a thin up-conversion layer is presented. Section 4 shows enhanced
light trapping and plasmonic field enhancement by core-shell rings followed by conclusions
in Section 5.
2. Solar cell structure and simulation details
A single unit cell of the slanted conical-pore PC structure is depicted in Fig. 1. The active
layer is made of c-Si and periodically patterned with slanted conical pores. The metallic backcontact (back reflector) consists of Ag. This provides low metal absorption loss and, when
suitably structured, offers surface plasmon resonance modes needed for strong field
enhancement in the up-conversion layer. Our simulations are carried out using previously
optimized [26] slanted conical-pore photonic crystal parameters. For an equivalent bulk
thickness of 1.0 microns of silicon, the lattice constant a = 850 nm, cone radius R = 425 nm
and cone height h = 1.6 μm. For smaller volumes of silicon, we simply reduce the cone height
while keeping the other parameters fixed. Indeed the most cost effective choice for the
equivalent bulk thickness of silicon is about 380 nm (h = 600 nm) for which the MAPD of
33.4 mA/cm2 is reduced by only 12% relative to the solar cell with 1.0 microns of silicon.
Refractive indices of c-Si and Ag are taken from [47] and [48], respectively, while the
dielectric constant of β-NaEr0.2Y0.8F4 is 1.5 and its absorption coefficient is extracted from
[49].
For our periodic device structure, only one unit cell with a lattice constant a is required for
the computational domain with proper periodic boundary conditions. Numerical simulations
are carried out by the 3D finite element method [5,9,50,51]. For calculated angular
dependence of the light absorption, Floquet-Bloch periodic boundary conditions are
implemented at the left and right boundaries, while perfectly matched layer absorbing
boundary conditions are used at the top and bottom boundaries of the computational domain.
The optical absorption A(λ) is calculated by integrating the divergence of the Poynting vector
(power flow) which is then normalized with input power over one period. To quantify the
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absorption of the sunlight, the absorption spectrum is then integrated over the wavelength
range of 300-1100 nm weighted by the AM1.5G solar spectrum. It results in the so-called
integrated absorption efficiency [50]:
1100 nm

AEInt =



A ( λ ) × AM 1.5G ( λ ) d λ

300 nm
1100 nm



.

(1)

AM 1.5G ( λ ) d λ

300 nm

The maximum achievable photocurrent density (MAPD), in which all generated carriers
are assumed to be collected, is calculated by integrating the optical absorption A(λ) with the
incident AM1.5G solar spectrum over the desired wavelength range of 300-1100 nm:
1100 nm

MAPD =



300 nm

eλ
A ( λ ) × AM 1.5G ( λ ) d λ .
hc

(2)

Here, h is Planck’s constant, e is the electronic charge and c is the speed of light in vacuum.
The MAPD is an alternative measure of the total amount of the sunlight absorbed in a given
structure. Assuming that each absorbed photon translates into a single electron-hole pair that
is collected without electron-hole recombination losses, the MAPD is equivalent to the
maximum achievable short circuit current density. For example: with 100% absorption of the
AM1.5G sunlight integrated over the wavelength range of 300-1100 nm, the MAPD is 43.5
mA/cm2.

Fig. 1. A unit cell of the combined plasmonic and photonic crystal silicon solar cell structure
based on a square lattice of slanted conical-pores in silicon and metallic core-shell rings. The
up-conversion layer, in which the up-converter is doped, is sandwiched between the slanted
cone PC and the Ag back reflector. The plasmonic core-shell ring resonator is integrated inside
the up-conversion layer.

3. MAPD enhancement by a thin up-conversion layer
Remarkably, we find that even without any up-conversion, the presence of an up-conversion
layer as a buffer region between the silicon active region and the metallic back reflector
increases the MAPD relative to the same structure without the buffer. While a metallic back
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reflector provides reflection of initially unabsorbed sunlight back into the light-trapping
region, it is also a course of parasitic optical absorption loss. This parasitic loss is more
pronounced when the back reflector is textured to provide additional light trapping. Using a
buffer layer between the active layer and the back reflector can reduce the parasitic loss
[52,53]. There is a tradeoff between plasmonic resonance enhanced photo-current generation
and optical absorption loss due to Joule heating of the metal [54]. By optimizing MAPD with
respect to UC thickness, we find the optimal UC thickness tuc = 60 nm as seen in Fig. 2. The
resulting MAPD of 36.41 mA/cm2 corresponds to an integrated absorption efficiency of
89.14%. This exceeds both the Lambertian limit (33.26 mA/cm2) and the slanted conical-pore
PC without the buffer (35.47 mA/cm2). Figure 3(a) depicts the absorption spectra of (i) the
cell with the UC layer (red line), (ii) the Lambertian limit (green line) and (iii) the bare cell
without the UC layer (black line). Figure 3(b) confirms that the buffer UC layer reduces
absorption loss in the back reflector. The black line (corresponding to the absorption loss in
the back reflector of the bare cell without the UC layer) is well above the red line
(corresponding to loss in the cell with the UC layer).

Fig. 2. The MAPD of the cell (from above-bandgap solar absorption) with and without the upconversion (UC) buffer layer as a function of the buffer layer thickness.

Fig. 3. (a) The absorption spectra of (i) the bare slanted conical pore photonic crystal-based
solar cell without the UC layer (black line) and (ii) the cell with the UC layer (red line), (iii)
with both the UC layer and the core-shell ring (blue line), and (iv) the Lambertian statistical
ray trapping limit (green line). (b) The absorption loss as a function of wavelength in the back
reflector of (i) the bare cell without the UC layer (black line), (ii) the cell with the UC layer
only (red line) and (iii) the cell having both the UC layer and the core-shell ring (blue line).

4. Enhanced light trapping and plasmonic field enhancement by core-shell rings
In conventional single-junction solar cells, failure to absorb photons below the bandgap of the
active materials, (i.e. GaAs or Si) limits the power conversion efficiency below the ShockleyQueisser limit of about 32% [38]. Up-conversion of these low-energy photons provides an
avenue to surpass this thermodynamic efficiency limit. However, up to now UC materials
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have had very limited impact in photovoltaic devices due to their extremely weak and
narrowband near-IR absorption. Therefore, it is crucial to design solar cell architectures that
deliver very high light intensities in the IR to the UC material and to broaden the spectrum of
up-conversion.
Architectures to locally enhance the electromagnetic field and other lanthanide ions
serving as sensitizers to the Erbium up-convertor have attracted much attention [55–58].
Plasmonic materials have been employed in poorly absorbing solar cells to enhance the
absorption of above-bandgap photons. Engineering the metallic back reflector of solar cells
with triangular gratings to couple into surface plasmon modes has revealed broadband
absorption enhancement in the wavelength range of 600-800 nm [50]. Localized surface
plasmon resonances excited in plasmonic gratings or nanoparticles embedded in the active
material have provided absorption and near-field enhancement in the wavelength range above
600 nm in thin-film organic solar cells (OSCs) [9,51]. An integrated absorption efficiency of
an ultra-thin (33 nm) OSC was increased from 30% up to 47% with embedded nanoparticles
in the active layer [51]. In addition to enhancing the absorption of above-bandgap photons,
plasmonic resonances can provide strong light concentration essential for nonlinear optical
up-conversion [30,44,59].
Recently, a new method for broadband UC luminescence of Er-nanocrystals using organic
IR dyes as sensitizers has been reported [42]. Here, dye molecules act as antennae to absorb
incident light over a broad band (say 1100 nm-1500 nm) and then transfer their excitation
energy to up-converting nanoparticles. Then, the up-converted photon energy is transferred
radiatively or non-radiatively to the active layer of solar cells. However, a light focusing
architecture is crucial to ensure a significant yield from this chain of relatively weak
processes. In the present paper, we suggest a route to improve the UC efficiency of the upconverter (β-NaEr0.2Y0.8F4) in the spectral range 1400-1600 nm through plasmonic
enhancement of near-field light intensity in the up-converter. This is achieved using coreshell rings with up-conversion material in the core of a silver shell. Previously, dielectricmetal core-shell rings have been used for plasmonic waveguides in the optical communication
band [60], providing broadband electric field enhancement in the spectral range of 1000-2000
nm. These localized surface plasmon resonances (LSPR) can be spectrally tuned by varying
the structural dimension of the rings. Accordingly, we tune the plasmonic resonances to
coincide spectrally with the wavelength of highest UC quantum yield of the up-converter.
Starting with the optimized slanted conical-pore PC and UC layer below, we find the
optimal ring structure and position to get the highest MAPD and integrated absorption
efficiency. This optimization is performed considering only the absorption of above-bandgap
sunlight. We keep the height of the ring equal to the UC layer thickness tuc = 60 nm. Using an
inner radius Ri = 120 nm and a ring thickness tr = 35 nm, we find a MAPD of 37.92 mA/cm2
(corresponding to the integrated absorption of 90.62%) as shown in Fig. 4. This optimized
MAPD is realized when the ring center is located at (x,y) = (a/2,a/4) inside the UC layer. The
corresponding absorption spectrum plotted in Fig. 3(a) (blue line) surpasses the Lambertian
limit and that of the slanted conical pore PC with and without the UC layer. It is seen that at
wavelengths near 750 nm nearly perfect above-bandgap photon absorption is achieved. This
photonic crystal light-trapping mostly occurs in bright hot spots in the electric field profiles,
as shown in Figs. 5(a) and 5(b). This increased local electromagnetic density of states
provides enhancement in the rate of up-converted emission (from two-photon absorption at
wavelengths near 1500 nm) and improves the overall photo-current generation efficiency. The
greatest absorption enhancement is found in the spectral range of 900-1100 nm where
combined plasmonic and photonic crystal resonances occur. The normalized electric field
intensity corresponding to the resonant peak in the absorption spectrum at λ = 1032 nm is
shown in Figs. 5(c) and 5(d). Here, bright hot spots (corresponding to the high light intensity)
are observed in the silicon light-trapping region and at the silicon/ring interface. This lighttrapping enhancement persists (see Fig. 6) even as the cone height is reduced to 800 nm
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(equivalent bulk silicon thickness of 500 nm). However, this enhancement is lost if two rings
are placed symmetrically on either side of each conical pore due to higher parasitic optical
absorption loss in the rings and the Ag back reflector.

Fig. 4. Short circuit current optimization for the slanted conical pore PC cell with lattice
constant a = 850 nm, cone radius R = 425 nm, and up-conversion layer thickness tuc = 60 nm
for various core-shell ring geomeries: (a) MAPD as a function of inner radius for fixed ring
thickness tr = 35 nm (b) MAPD as a function of ring thickness for fixed inner ring radius Ri =
120 nm. The maximum short circuit current is obtained for inner ring radius Ri = 120 nm and
thickness tr = 35 nm.

Fig. 5. Normalized electric field intensity at certain wavelengths in the chosen xz plane and yz
plane view, respectively. The peak intensity enhancement in the photonic crystal at 750 nm
and 1032 nm is about 100 and 200, respectively.
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Fig. 6. The MAPD of slanted concial pore PC’s as function of pore depth with and without
plasmonic core-shell ring resonators. Here the ratio of pore height to equivalent bulk thickness
of silicon is about 1.6. On the same graph, we plot the Lambertian limit for (nonporous) films
of thickness equal to the pore height/F where F~1.6. In other words, the Lambertian films
contain an equal amount of silicon to the photonic crystal films to which they are directly
compared. At the pore height of 800 nm (500 nm of Si), the MAPD is reduced by only about
5% from the MAPD at the pore height of 1600 nm (1 micron of Si). This suggests the
possibility of high-efficiency, thin-film silicon solar cells with equivalent bulk thickness of 500
nm.

An important aspect of solar cell performance is the ability to absorb most available
sunlight at off-normal incidence for both transverse electric (TE) and transverse magnetic
(TM) polarizations over a broad angular range. For TE modes, the electric field vector is
perpendicular to the plane of incidence whereas for TM modes, the electric field vector is
parallel to the plane of incidence. Figure 7 depicts the MAPD of the cell with and without the
core-shell ring under both TE- and TM-polarized illuminations. It is seen that no substantial
degradation in the MAPD of the bare slanted conical pore PC cell without the ring happens at
least up to 60° for both polarizations. The TM-polarized light yields stronger MAPD than that
of TE over a wide angular range. Remarkably, in the TM channel, certain oblique incidences
yield better solar absorption than normal incidence. Clearly, in the presence of the plasmonic
ring resonator, the MAPD is enhanced relative to that of the silicon photonic crystal alone for
all angles and both polarizations. A major advantage of including the core-shell ring is the
enhancement of the field intensity of sub-bandgap sunlight in the up-converter in regions near
the ring.

Fig. 7. Angular response in term of the MAPD of the slanted conical pore PC cell with and
without plasmonic core-shell ring resonators for TE- and TM-polarized light illuminations.
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In Fig. 8, we demonstrate the sub-bandgap absorption enhancement of the up-converter
when the ring is placed inside the UC layer. The absorption here is averaged over the volume
of the UC layer and the enhancement is compared to the bare cell without the ring. We find at
certain resonances that the averaged absorption is enhanced by a factor of 50 relative to the
UC cell without the ring. Moreover, the intensity enhancement at the wavelength of 1500 nm
relative to the incident sunlight (The incident plane wave is assumed to be E = 1 V/m) is up to
factor of 1400 times more (see Fig. 9). The same figure shows the intensity enhancement
relative to the incident sunlight at two chosen resonant wavelengths. The bright hot spots of
intensity enhancement are the regions of best up-conversion. Here the light intensity reaches
that of about 1400 suns in the absence of an external solar concentrator. High-yield upconversion is expected if in fact an external solar concentrator, providing about 100 suns, is
placed above our combined plasmonic and photonic crystal solar cell.

Fig. 8. Ratio of the sub-bandgap solar absorption (integrated over the up-conversion volume)
in the 60 nm thick up-conversion layer with and without the plasmonic core-shell ring
resonator.

Fig. 9. Normalized electric field intensity in the up-conversion layer caused by the core-shell
ring at resonant wavelengths of 1350 nm and 1500 nm. The peak intensity ratio for 1500 nm is
about 1400. Here |E0|2 is the incident solar intensity at the chosen wavelength.
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5. Conclusions
In this paper, we have demonstrated the synergetic interplay between photonic crystal and
plasmonic resonances to (i) enhance solar light trapping and absorption of above-bandgap
photons in thin-film crystalline silicon, (ii) enhance sub-bandgap light absorption in an ultrathin-film of up-conversion material sandwiched between the silicon active region and a backreflector, and (iii) deliver very high sunlight intensities at relevant wavelengths to drive a
chain of broadband up-conversion events. Our up-conversion layer also acts as a buffer layer
to reduce parasitic optical absorption loss in the back reflector, resulting in above-bandgap
absorption enhancement of up to 4.7% relative to the same solar cell without the buffer layer.
Our numerical simulations focused on an equivalent bulk thickness of 1000 nm of silicon in
which a MAPD of roughly 38 mA/cm2 was demonstrated, corresponding integrated
absorption efficiency of about 91%. However, the most cost-effective volume of silicon was
found at an equivalent bulk thickness of 380 nm (600 nm conical pore depth) for which the
MAPD is reduced by less than 12% from the above value. In all cases, the light-trapping
capacity of our combined plasmonic and slanted conical-pore PC considerably exceeds the
Lambertian statistical ray trapping limit over the wavelength range from 300 nm to 1100 nm.
Our plasmonic core-shell ring resonator inside the up-conversion layer of the slanted conicalpore PC provided a MAPD enhancement of 6.7%. More importantly, it provides sunlight
intensity enhancements over the 1000 nm −1500 nm range for absorption by IR dyes and
more than a factor of 1000 intensity enhancement at the wavelength for two-photon
absorption and up-conversion by Erbium. When combined with an external solar concentrator
providing 100 suns, significant up-conversion of sub-bandgap sunlight is possible. We also
investigated the variation of the MAPD, influenced by the core-shell ring, with respect to the
angle of sunlight incidence under both TE and TM polarizations. Excellent solar light
trapping in addition to large absorption enhancement was found over a wide angular range of
0 o - 60° for both polarizations. These results suggest that the careful positioning, both
spatially and spectrally, of plasmonic and photonic crystal resonances may provide a route to
thin-film silicon solar cells with power conversion efficiencies approaching 30%.
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