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 Plasmonic Dye-Sensitized Solar Cells 
I-Kang Ding, Jia Zhu, Wenshan Cai, Soo-Jin Moon, Ning Cai, Peng Wang, 
Shaik M Zakeeruddin, Michael Grätzel, Mark L. Brongersma, Yi Cui,* 
and Michael D. McGehee*
 Dye-sensitized solar cells (DSCs) have received wide-spread 
research attention due to their high power conversion effi ciency 
and low cost. [  1  ,  2  ]  Improving light harvesting in the 600 – 900 nm 
wavelength range, where state-of-the-art ruthenium-complex sen-
sitizers absorb weakly, is one promising pathway to increasing 
power conversion effi ciency to over 15%. [  2  ]  There have been 
multi-pronged research efforts to increase the light absorption of 
DSCs by developing strong absorbing dyes and using energy relay 
dyes. [  3–5  ]  Here, we report for the fi rst time the use of plasmonic 
effects [  6  ,  7  ]  to increase the light absorption and effi ciency of DSCs. 
Plasmonic back refl ectors, which consist of 2D arrays of silver 
nanodomes, were incorporated into solid-state dye-sensitized 
solar cells (ss-DSCs) by nanoimprint lithography. The refl ectors 
enhance absorption through excitation of plasmonic modes and 
increased light scattering. ss-DSCs with plasmonic back refl ec-
tors show increased external quantum effi ciency, particularly in 
the long wavelength region of the dye’s absorption band. Con-
sequently, ss-DSCs made with ruthenium-complex sensitizers 
(Z907) and strong-absorbing organic sensitizers (C220) have 
16% and 12% higher short-circuit photocurrents, respectively. 
They achieve power conversion effi ciencies of 3.9% and 5.9%, on 
par with the world record for devices with the same dyes. 

 SS-DSCs use solid-state hole-transport materials (HTM) to 
replace conventional liquid electrolytes and offer a viable pathway 
towards higher effi ciency because the open-circuit voltage can 
be tuned by adjusting the highest-occupied molecular orbital 
(HOMO) of the HTM. [  8  ,  9  ]  The use of solid-state materials also 
solves the potential leakage problems associated with the vola-
tility and corrosiveness of liquid electrolytes. An ss-DSC is com-
posed of a mesoporous TiO 2  photoanode, which is sensitized 
with a monolayer of dye, fi lled with HTM, and capped by refl ec-
tive metal contacts deposited on top of the active layer. Currently, 
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optimized ss-DSCs are still limited by electron–hole recombina-
tion [  10  ]  and incomplete pore fi lling of the HTM, [  11  ,  12  ]  such that 
the optimized active layer is only 2  μ m thick, much less than the 
thickness needed to achieve suffi cient light absorption. Efforts to 
increase light absorption in ss-DSCs have primarily been focused 
on developing strong absorbing dyes [  9  ]  and new TiO 2  nanostruc-
tures with high internal surface area for dye adsorption; [  13  ]  few 
studies have attempted to optimize the optical properties of the 
structure of the ss-DSCs to enable better photon management. 

 The use of plasmonic effects has been proposed as a prom-
ising pathway to increase light absorption in active layers of 
solar cells, [  6  ]  and has been demonstrated on several thin-fi lm 
solar-cell materials such as amorphous silicon, [  14–16  ]  gallium 
arsenide, [  17  ]  polymers, [  18  ,  19  ]  and dye monolayers on TiO 2 . [  20–22  ]  
Most of the reported plasmonic solar cells have substantially 
lower effi ciency than state-of-the-art devices made with the same 
material, because the active layers used are signifi cantly thinner 
than they normally are in cells. Studies on such thin cells have 
been of great value as they have unequivocally demonstrated 
that spectral enhancements in the photocurrent density can 
be obtained through: 1) excitation of localized surface plasmon 
resonances of metallic nanoparticles; [  23  ]  2) scattering of light by 
metallic nanoparticles into dielectric-like waveguide modes of 
the solar cell; [  24  ]  and 3) coupling to propagating surface plasmon 
polariton (SPP) modes. [  25  ]  An important distinction is made 
here between the excitation localized surface plasmon (SP) 
resonances that occur when conduction electrons in fi nite-sized 
particles are driven into oscillation, and SPPs which are surface 
electromagnetic waves that propagate along metal surfaces. The 
effi cient excitation of localized SP resonances depends on the 
geometry, size, shape, and dielectric environment of the metal 
particles and fi eld enhancements are only produced in very 
close proximity to the metals ( ∼ 10 nm). The propagating SPP 
waves can most effi ciently be excited by generating periodic 
grating structures that allow free space light waves to pick up 
suffi cient in-plane momentum to couple to the shorter wave-
length (higher propagation constant) SPP waves. 

 Whereas SPPs have their highest fi eld intensity at the metal/
dielectric interface, they also exhibit a large penetration depth 
(100 nm – 1  μ m) into the dielectric medium adjacent to the 
metal. [  26  ]  For this reason, the excitation of SPP can produce 
absorption enhancements in thicker active layers in a solar cell. 
It should also be mentioned that coupling to dielectric waveguide 
modes can be enhanced by exploiting plasmonic effects; near the 
surface plasmon frequency of metallic particles, their scattering 
ability (i.e. cross section) is resonantly enhanced and the scat-
tering into both dielectric-like and SPP modes can be increased. 

 Here, we demonstrate for the fi rst time that both the SPP- 
and scattering-induced effects as mentioned above can be 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 52–57
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utilized to enhance the light absorption and effi ciency of a 
highly optimized, not optically thin, solar cell through the use of 
a plasmonic back refl ector that features a 2D array of nanoscale 
metallic domes. This approach leads to power conversion effi -
ciencies on par with the world record reported for these cells. 

 Key to the realization of a useful plasmonic back refl ector is 
the identifi cation of an inexpensive fabrication procedure that 
can produce a plasmonic structure of the right size, shape, and 
spacing. The height variations required to turn the top electrode 
into an effective plasmonic back refl ector were incorporated into 
the TiO 2  mesoporous active layer of ss-DSCs using nanoimprint 
lithography (NIL). The direct imprinting process allows for a 
one-step pattern transfer from a master to the TiO 2  active layer, 
which eliminates the need for additional post-processing steps, 
such as pattern transfer from a NIL resist to the active layer. To 
the best of our knowledge, this is the fi rst report of using NIL to 
pattern mesoporous TiO 2  fi lms. In the imprinting process, a hex-
agonally close-packed nanodome pattern with periodicity around 
900 nm and peak-to-valley height around 400 nm was fi rst fabri-
cated in a quartz master by Langmuir-Blodgett assembly of silica 
nanoparticles, followed by reactive ion-etching [  27  ]  ( Figure    1  b). 
Then, the master template was embossed into a fi lm containing 
© 2011 WILEY-VCH Verlag GmAdv. Energy Mater. 2011, 1, 52–57

    Figure  1 .     Schematic illustration of plasmonic ss-DSC fabrication process
electron microscopy (SEM) images of the nanodome array and plasmonic
matic of the plasmonic ss-DSC fabrication process. The sintering step is c
remove the ethyl cellulose from the TiO 2  fi lm. The ss-DSC fabrication proc
following steps: TiO 2  fi lm is treated with TiCl 4  aqueous solution, sensitized w
(red dots), infi ltrated with spiro-OMeTAD (yellow), and silver electrode is e
b) 45°-tilt SEM image of the nanodome quartz template. c) 45°-tilt SEM im
mesoporous TiO 2  fi lm after sintering. d) cross-sectional SEM image of plasm
2D array of silver nanodomes in the back contact. Scale bars in (b–d): 1  μ m
TiO 2  nanoparticles and ethyl cellulose. After the NIL patterning 
process, the TiO 2  fi lm subsequently underwent standard ss-DSC 
fabrication procedures: [  28  ]  sintering at 450  ° C (Figure  1c ), TiCl 4  
treatment, dye sensitization, spiro-OMeTAD (2,2’,7,7’-tetrakis-
( N,N -di-p-methoxyphenylamine)-9,9’-spirobifl uorene) infi ltra-
tion, and thermal evaporation of a silver electrode. As seen in 
the cross-sectional scanning electron microscopy (SEM) image 
of the fi nal device (Figure  1d ), the nanodome pattern on the 
TiO 2  fi lm was maintained in both the spiro-OMeTAD overlayer 
and the metal electrode layer with high fi delity.  

 In order to elucidate how the plasmonic back refl ector 
enhances absorption, we performed three-dimensional full-
wave electromagnetic simulations using the fi nite-element 
method. The schematic of the device architecture is shown in 
 Figure    2  a, with structural parameters extracted from the SEM 
image in Figure  1d , including the center-to-center distance 
of 900 nm, the nanodome base radius of 300 nm, and the 
nanodome height of 200 nm. In the numerical study we fi rst 
assumed that the metallic nanostructure is covered with a uni-
form, non-absorbing dielectric, which helps to reveal the optical 
characteristics of the device and the plasmonic properties of the 
hexagonal array of silver nanodomes in particular. Figure  2a  also 

shows slice plots of the magnetic fi eld inten-
bH & Co. KGaA, Weinhe
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sity of the cell, as normalized by the incident 
fi eld magnitude (See Figure  2a ). The illumi-
nation wavelength for this plot was chosen 
to be 600 nm, within the absorption band of 
the dyes. The magnetic fi eld magnitude was 
plotted as it most naturally visualizes the exci-
tation surface plasmon polaritons, which pro-
duce surface currents and associated strong 
magnetic fi elds near the metal surface. The 
fi eld plots show many maxima and minima 
in the fi eld intensity, which are character-
istic for a structure that is many wavelengths 
thick and supports a large number of optical 
modes. High fi elds that decay away from the 
metal surface are also observed on and near 
the metal dome and these are characteristic 
of plasmonic excitations.  

 In order to assess whether the dome struc-
ture can produce an absorption enhance-
ment over a planar metallic mirror, we 
show the spectral dependence of the energy 
density enhancement in the ss-DSC active 
layer (Figure 2b). The plot shows a number 
of peaks spread out over the considered 
wavelength range. In an ultrathin, plasmon-
enhanced solar cell the number of such peaks 
is typically limited to two or three and they 
can easily be associated with the excitation 
of localized SP resonances and well-defi ned 
waveguide modes. For the thick solar cell 
considered here, many peaks are expected, 
some overlapping, because the structure sup-
ports a great number of waveguide modes 
in addition to localized particle resonances. 
As the nanodome array exhibits multiple 
length scales both within the dome structure 
im 53wileyonlinelibrary.com
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    Figure  2 .     Plasmonic back refl ector with nanodome arrays leads to an 
enhanced concentration of the electromagnetic energy in ss-DSCs as 
compared to a reference cell with a fl at back refl ector. a) A quarter of 
the equivalent rectangular unit cell of the hexagonal array with a lattice 
constant  a   =  900 nm. Slice plots show the magnitude of normalized mag-
netic fi eld at a number of representative locations for a representative 
illumination wavelength of 600 nm. b) Energy density enhancement in 
the ss-DSC as a function of the wavelength. The solid red line repre-
sents the normalized energy density in the entire active region of 2  μ m 
in height, excluding the 100 nm overlayer immediately above the silver 
surface. The dashed and dotted curves show the same quantity in close 
proximity of the nanopattern (within 1  μ m from the silver structure, spiro-
OMeTAD overlayer excluded) and in the upper zone of 1 – 2  μ m from the 
silver, respectively. The solid gray line represents the enhancement in the 
reference cell with a fl at silver refl ector.  
and the array, coupling to many of the allowed modes is pos-
sible. Rather than pursuing a strict modal decomposition of the
enhancement, in these thick structures it makes more sense to
have a pragmatic separation between plasmonics and dielectric
waveguiding effects. For this reason, we hypothetically split the
2- μ m-thick dielectric region into a lower zone (spiro-OMeTAD
overlayer excluded) of 0.1 – 1 μ m away from the metal surface
in which both SPPs and light scattering contribute substantially
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
to the energy buildup, and an upper zone where SPPs con-
tribute very little to the overall absorption. Although seem-
ingly complex, Figure  2b  reveals a number of spectral features 
associated with the hexagonal array of silver nanodomes and 
the mechanisms that help to boost the solar cell effi ciency. For 
example, the resonances at wavelengths of 760 nm and 870 nm 
favoring only the energy buildup in the lower zone represent 
excited standing waves of SPPs in the fl at metallic surfaces and 
around the domes, respectively. In contrast, the relatively sharp 
peaks at about 700 nm and 805 nm correspond to the coupling 
of scattered light into multimodal guided waves in the dielectric 
region, which is reasonably uniform across the entire 2  μ m slab. 
We note that in actual devices, the resonant behavior would be 
less pronounced than that shown in Figure  2b , owing to both 
the non-uniformity of geometrical parameters (dome height, 
shape, and spacing) and the absorption-induced damping in 
the solar cell. For comparison, we include in the same plot the 
energy density enhancement in a previously optimized refer-
ence cell where a fl at silver back-refl ector is used. In this ref-
erence case the enhancement factor possesses an almost con-
stant value of slightly less than 2. Within the wavelength range 
of interest, the overall energy density in the nanodome-based 
structure is increased by about 20% as compared to the fl at 
reference. When a realistic absorptive medium is used in the 
dielectric region, an improved light-harvesting capability is 
expected in nanodome-based plasmonic ss-DSCs, as the light 
absorption in the active region is directly related to the magni-
tude of the electric fi eld squared (i.e. the light intensity). 

 SS-DSC devices that incorporate plasmonic back refl ectors 
were tested under simulated 100 mW cm  − 2  AM1.5G illumi-
nation. SS-DSCs with planar, non-imprinted TiO 2  fi lm and 
planar silver electrodes were used as control devices. Two sen-
sitizing dyes were used in this study. Z907 is a ruthenium-
complex sensitizer commonly used for ss-DSCs that has a 
peak extinction coeffi cient of 12,200 M  − 1  cm  − 1  at 525 nm and 
a weak absorption tail that extends up to 750 nm. [  29  ]  C220 is a 
metal-free organic sensitizer with a very high peak extinction 
coeffi cient of 62,700 M  − 1  cm  − 1  at 525 nm and an absorption 
tail that drops off sharply above 600 nm. [  30  ]  Since the main 
advantage of using plasmonic back refl ectors is to enhance 
absorption, the potential effi ciency improvement should be 
higher for Z907 since it does not absorb as strongly. The cur-
rent density-voltage ( J–V ) characteristics of the ss-DSC devices 
are shown in  Figure    3  a,b and key device parameters are listed 
in  Table  1  . For devices made with Z907 dye (Figure  3a ), the 
plasmonic nanostructure increased the short-circuit photocur-
rent ( J  SC ) by 16%, and the power conversion effi ciency (PCE) 
increased from 3.15% for control devices to 3.87%. For devices 
made with C220 dye (Figure  3b ), the  J  SC  increased by 12% 
and PCE increased from 5.64% to 5.93%. In addition to the 
photocurrent enhancement, the nanoimprinted devices also 
show a higher fi ll factor, which might be a consequence of the 
nanoimprinted pattern reducing the effective distance the elec-
trons and holes have to travel to reach the electrodes, resulting 
in better charge collection. Whereas the open-circuit voltage 
( V  OC ) remained relatively unchanged for Z907-based devices, 
it decreased noticeably for C220-based devices. The discrep-
ancy in the extent of  V  OC  decrease is outside the scope of this 
study, but it may be due to the difference in recombination 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 52–57
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    Figure  3 .     Photovoltaic characterization of ss-DSCs with plasmonic nanostructure. a,b) Current density – 
voltage ( J-V ) curves of ss-DSCs made with Z907 dye (a) and C220 dye (b). Solid lines represent the  J-V  
curves of nanoimprinted devices (red) and control devices (black) acquired under AM 1.5G (100 mW/cm 2 ) 
illumination. Dashed lines represent the  J-V  curves of the same set of devices, acquired in the dark. c,d) 
External quantum effi ciency (EQE) spectra of ss-DSCs made with Z907 dye (c) and C220 dye (d). The EQE 
curves were taken with chopped monochromatic illumination in conjunction with a continuous 10 mW/cm 2  
white light bias.  
kinetics between the organic dyes and ruthenium-complex 
dyes. [  31  ]      

 To scrutinize the origin of the  J  SC  increase, we measured the 
external quantum effi ciency (EQE) spectra (Figure  3c ,d). An 
EQE measurement is more relevant than an absorption meas-
urement on solar cells for determining enhancement in dye 
absorption because it can decouple the light absorption in the 
active layer from the parasitic absorption caused by the nano-
structured silver electrodes. For the Z907-device (Figure  3c ), 
the EQE increases over the whole wavelength range, and the 
enhancement is more pronounced between 550–750 nm where 
the Z907 dye does not absorb strongly. For the C220-device 
(Figure  3d ), the EQE enhancement is lower because C220 has 
a higher extinction coeffi cient and a sharper drop-off in the 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Energy Mater. 2011, 1, 52–57

  Table  1.     Solar cell parameters of ss-DSC devices based on two different dyes. 

 J  sc  [mA/cm 2 ]  V  oc  [V] Fill Factor Effi ciency [%]

Reference (Z907) 6.69 0.755 0.62 3.15

Nanopatterned (Z907) 7.74 0.745 0.67 3.87

Reference (C220) 9.32 0.885 0.68 5.64

Nanopatterned (C220) 10.44 0.822 0.69 5.93
absorption tail. Nonetheless, the 
increase in the EQE indicates 
that even for strongly-absorbing 
organic dyes, the patterned 
metal can still enhance absorp-
tion and increase  J  SC . 

 Based on our simulations, the 
absorption enhancement can 
be attributed to the excitation 
of surface plasmon polariton 
(SPP) modes and the light scat-
tering from metallic nanodomes. 
As shown in the optical simula-
tion, SPP modes can enhance 
the absorption in the spatial 
region within a dielectric decay 
length of SPPs ( ∼ 1  μ m) from 
the silver electrode. Since the 
fi eld strength of SPP modes 
decays exponentially with the 
distance from the electrode, we 
expect the plasmonic enhance-
ment of photocurrent to increase 
when the spiro-OMeTAD over-
layer thickness is decreased. 
Experimentally, we indeed found 
that the  J  SC  enhancement was 
infl uenced by the thickness of 
spiro-OMeTAD overlayer. The 
device shown in Figure  3a  has a 
spiro-OMeTAD overlayer thick-
ness around 150 nm, with  J  SC  
enhancement around 16% from 
the reference. When the spiro-
OMeTAD overlayer thickness is 
increased to 200 nm, the silver 
nanodome size remains unaltered, but the  J  SC  enhancement 
drops to 10%. This observation confi rms the contribution of SPP 
modes to the photocurrent, as the scattering-induced enhance-
ment in the absorption is known to be less sensitive to the thick-
ness of the inactive overlayer. 

 In conclusion, we have developed a one-step direct imprinting 
process for incorporating plasmonic silver nanodome arrays in 
the back refl ectors of ss-DSCs. The imprinting process is inex-
pensive and scalable, and allows precise control over the fea-
ture size and periodicity. The resulting nanodome array greatly 
enhances the light absorption of ss-DSCs through light scat-
tering and coupling to propagating surface plasmon polariton 
modes. The short-circuit photocurrent ( J  sc ) is enhanced by 16% 
for ss-DSCs made with Z907 dye and by 12% for ss-DSCs made 
with C220 dye. The increase in photocurrent results from an 
EQE enhancement over a broad wavelength range, which is 
consistent with simulations. 

 This approach is complementary to the development of new 
dyes, and our results show that even cells with strong-absorbing 
organic dyes can benefi t from the plasmonic nanodome array. Such 
design of plasmonic back refl ectors that consist of sub-wavelength 
size metallic structures is not limited to dye-sensitized solar cells; 
it can potentially be applied to any thin-fi lm solar cell materials 
55wileyonlinelibrary.com
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systems with active layer thickness on the scale of 0.5–10  μ m, 
such as amorphous silicon, [  15  ,  16  ,  27  ]  CdTe and Cu(In,Ga)Se 2 . 

  Experimental Section 
  Nanoimprinting TiO 2  Mesoporous Films : FTO substrates (Apollo-

FTO-HVT, ITRI, 1.1-mm thick) were cleaned and then coated with a 
compact layer of TiO 2  (50 nm) by aerosol spray pyrolysis using air 
as the carrier gas, following procedures published elsewhere. [  28  ]  TiO 2  
nanoparticle paste was prepared by diluting commercially available paste 
(Dyesol 18NR-T) with terpineol (Fluka). The paste was deposited onto the 
FTO substrate by doctor-blading, which was performed inside a lamellar 
fl ow hood to avoid particle contamination. After doctor-blading, the FTO 
substrate was heated to 125  ° C for 10 min in air to remove the solvents 
in the paste, leaving TiO 2  nanoparticles and ethyl cellulose in the fi lm. 
The quartz master used in the nanoimprinting process was fabricated 
by Langmuir-Blodgett assembly of close-packed monodisperse SiO 2  
nanoparticles followed by reactive ion-etching, [  27  ]  and was subsequently 
modifi ed with self-assembled monolayer of tridecafl uoro-1,1,2,
2-tetrahydrooctyltrichlorosilane as a releasing agent. [  32  ]  Then, the TiO 2  
fi lm was imprinted with the quartz master at 180  ° C under a pressure 
of 70 bars for 1 min using a commercial nanoimprinting machine 
(Obducat). The nanoimprinting process did not further compact the 
TiO 2  fi lm because the ethyl cellulose occupied the spaces between TiO 2  
nanoparticles. Consequently, the porosity and the surface area of the 
mesoporous TiO 2  fi lm remained unaltered. 

  Dye Sensitization:  After nanoimprinting, the mesoporous TiO 2  
fi lms were sintered at 450 °C in air. The resulting mesoporous TiO 2  
fi lms were 2.0–2.2  μ m thick. The device fabrication was completed 
following procedures published elsewhere. [  28  ]  For Z907-ssDSCs, the 
TiO 2  fi lm was immersed in 0.3 m M  Z907 dye solution (Solaronix SA) 
in 1:1 mixture of acetonitrile and tert-butyl alcohol for 12–18 h. The 
synthesis and characterization of C220 dye is reported elsewhere. [  30  ]  
For C220-ssDSCs, the TiO 2  fi lm was immersed in 0.1 m M  C220 dye 
solution in 1:1 mixture of acetonitrile and tert-butyl alcohol for 2 h. 
After dye sensitization, the spiro-OMeTAD solution was spun coated 
onto the device. 

  Spiro-OMeTAD infi ltration:  Spiro-OMeTAD (EMD Chemicals; Merck 
Gmbh) was dissolved in chlorobenzene in concentration of 225 mg/mL. 
4-tertbutyl pyridine (tbp) was added to the solution with a volume 
to mass ratio of 1:10.3  μ L/mg. Lithium bis(trifl uoromethylsulfonyl)
imide salt (Li-TFSI) ionic dopant was pre-dissolved in acetonitrile at 
170 mg/mL, then added to the HTM solution at 1:4.8  μ L/mg of Li-TFSI 
solution:spiro-OMeTAD. Upon changing the concentration of spiro-
OMeTAD in the solution, the ratio of spiro-OMeTAD to tbp and Li-TFSI 
was kept constant. In the spiro-OMeTAD infi ltration process, a small 
quantity (30  μ L) of the spiro-OMeTAD solution was deposited onto 
each TiO 2  fi lm and spun-coated at 2000 RPM for 45 s in air. After spin-
coating, the fi lm was stored inside a desiccator for 4 h prior to electrode 
evaporation. 

 We note that during plasmonic ss-DSC fabrication process, the 
thickness of the spiro-OMeTAD overlayer must be carefully controlled. 
If the overlayer is too thin ( < 100 nm), the silver electrode may 
come in direct contact with TiO 2  and result in shunting pathways; 
if the overlayer is too thick ( > 300 nm), the spiro-OMeTAD will fi ll in 
the nanodome pattern in TiO 2  and planarize the silver electrode. The 
optimum spiro-OMeTAD overlayer thickness is around 100 – 200 nm 
and can be tuned by adjusting the solution concentration between 
180 – 225 mg/mL. 

  Back Contact and Photovoltaic Measurements : For effi ciency 
measurements, silver electrodes (200 nm) were thermally evaporated 
onto the fi lm under vacuum below 10  − 6  Torr. Current density-voltage 
( J-V ) measurements were carried out using procedures published 
elsewhere. [  11  ,  28  ]  The external quantum effi ciency (EQE) measurement was 
taken at short circuit using monochromated white light from a 100 W 
tungsten lamp (Newport), which was focused through a SpectraPro 150 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
monochromator (Acton Research). The monochromated illumination, 
chopped at 40 Hz, was superimposed on top of a continuous-wave white 
light illumination (10% sun) incident on the device. The photocurrent 
action spectrum of the device was acquired through a lock-in amplifi er 
(SR830, Stanford Research Systems), and EQE was calculated by 
comparing the photocurrent action spectrum of the device to that of a 
NIST traceable calibration photodiode. 

  Optical Simulations:  The 3D full-wave numerical study is carried out 
using a commercial numerical package COMSOL Multiphysics. In our 
simulations, the permittivity of silver is taken from accepted experimental 
data, [  33  ]  and an effective index of 1.8 is assumed for the dielectric region, 
in accordance with published data. [  34  ]  Due to the symmetric nature of 
the hexagonal structure, only a quarter of the equivalent rectangular unit 
cell containing two quarter-domes is needed in the computations, with 
appropriate periodic conditions applied to all lateral boundaries and 
perfect matched layers along the light propagating direction. In actual 
devices, the resonant behavior would be less pronounced than that 
shown in Figure  2b , owing to both the non-uniformity of geometrical 
parameters (dome height, shape, and spacing) and the absorption-
induced damping in the solar cell. Nonetheless, the overall enhancement 
in the light absorption is expected to be about 20% over the reference 
cell, as indicated by the spectrally averaged improvement in the energy 
density. 
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