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 Design Considerations for Plasmonic Photovoltaics 
 By    Vivian E.   Ferry  ,     Jeremy N.   Munday  ,     and   Harry A.   Atwater   *    
 This paper reviews the recent research progress in the incorporation of plas-
monic nanostructures with photovoltaic devices and the potential for surface 
plasmon enhanced absorption. We fi rst outline a variety of cell architectures 
incorporating metal nanostructures. We then review the experimental fabrica-
tion methods and measurements to date, as well as systematic theoretical 
studies of the optimal nanostructure shapes. Finally we discuss photovoltaic 
absorber materials that could benefi t from surface plasmon enhanced 
absorption. 
  1. Demand for Inexpensive, Ultrathin Film 
Photovoltaics 

 One of the great challenges facing society today is the supply 
of low-cost, environmentally friendly energy sources that can 
meet the growing demands of an expanding population. Photo-
voltaic power has the potential to meet these needs, because the 
amount of radiation striking the earth’s surface is 1.76  ×  10 5  ter-
awatts (TW) and current world usage is estimated at 14 TW. [  1  ]  
With respect to other renewable and non-renewable energy 
resources, however, the cost of photovoltaic modules continues 
to be high, and cost per Watt remains the driving force behind 
much of photovoltaics research. 

 For crystalline Si approximately 50% of this cost is due to the 
cost of the materials themselves, with the remainder due to cell 
production and module fabrication. [  2  ]  Si is the dominant com-
mercial solar material to date and is a relatively weak absorber, 
requiring 200–300  μ m of semiconductor material to fully absorb 
the incident sunlight. This Si must be high quality and defect 
free so that the generated carriers are not lost before collection. 
In response, alternative thin-fi lm photovoltaic cells with thick-
nesses of several micrometers have been developed with poten-
tially lower processing costs. [  3  ]  The most effi cient thin fi lms cur-
rently employed are cadmium telluride (CdTe), copper indium 
gallium selenide (CIGS), and amorphous Si (a-Si:H), with the 
record effi ciency of these devices at 19.9% (CIGS). [  4–7  ]  How-
ever, the fi rst two of these thin fi lm designs use scarce elements 
such as Te and In, and at their current effi ciency the technology 
is not scalable to meet world demand. [  8–10  ]  Most photovoltaic 
materials face a tradeoff between the necessary thickness for 
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complete optical absorption and the req-
uisite electronic quality for long minority 
carrier diffusion lengths. 

 New materials and new cell design con-
cepts that use ultrathin but fully absorbing 
layers are therefore critical for low-cost, 
scalable photovoltaics. Besides the ben-
efi ts of reduced carrier collection lengths, 
the open circuit voltage ( V oc  ) of a device 
increases as the layer thickness decreases 
due to a reduction in bulk recombina-
tion. [  11  ]  If all other factors are held con-
stant, including that the active region can be made to absorb 
all of the incident light, then the overall effi ciency of the cell 
should increase as its thickness decreases. The standard method 
for enhancing absorption in a solar cell is to employ front or 
back surface texturing that scatters light in the layer at multiple 
angles, thereby increasing its path length. [  12–15  ]  Random surface 
texturing can lead to a maximum enhancement of 4 n  2  at long 
wavelengths, [  15]    where  n  is the refractive index of the absorber, 
but the micrometer-sized features are not appropriate for thin 
fi lm cells where the total fi lm thickness may be only a fraction 
of a wavelength. 

 The incorporation of plasmonic nanostructures in photo-
voltaic devices has the potential to overcome the problem of 
light trapping for thin fi lms. [  16  ]  Surface plasmons are bound 
electromagnetic oscillations of electrons at the interface 
between a metal and a dielectric material, and have attracted 
attention due to their ability to guide and confi ne light in small 
volumes. [  17–19  ]  Recent experimental realizations of plasmon-
enhanced Si photovoltaics have found photocurrent enhance-
ments of a factor of 18 at 800 nm, and reports in the litera-
ture can be found for other inorganic semiconductors such 
as GaAs, a-Si:H, CdSe/Si, InGaN/GaN, and InP/InGaAsP, for 
organic semiconductors such as polythiophene (P3HT) and 
copper pthalocyanine (CuPC), and for hybrid inorganic-organic 
devices such as dye sensitized solar cells (DSSC). [  20–32  ]  In par-
allel, several recent theoretical and simulation publications 
have focused on systematic exploration of the optimal scat-
tering arrangements. [  33–36  ]  

 This paper explores different device architectures for surface 
plasmon enhanced absorption, current collection, and effi -
ciency in photovoltaics. We begin by discussing the theoretical 
background of surface plasmons and waveguide-based solar 
cells, and outline potential device structures. We then review 
the experimentally realized devices to date and the systematic 
studies of device design, and examine some of the challenges 
to designing effi cient nanostructures. In the third section we 
develop one example structure as a case study for design con-
siderations. Finally we discuss unusual absorbers as candidate 
systems for plasmon enhanced photovoltaics.   
m Adv. Mater. 2010, 22, 4794–4808
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Atwater and his group have been active in photovoltaics 
research for more than 20 years. Recently they have 
pioneered a new photovoltaic device, the silicon wire 
array solar cell, and have developed new fabrication 
approaches to III-V semiconductor multijunction cells, 
as well as making advances in plasmonic light absorber 
structures for III-V compounds and silicon thin fi lms. 
 2. Design Components for Plasmonic 
Photovoltaics  

 2.1. Absorption Enhancements Due to Plasmonic 
Nanostructures 

 We discuss a few distinct plasmonic mechanisms for enhancing 
absorption in solar cells, which together encompass most of the 
explored devices to date. First, subwavelength metal nanostruc-
tures can be used to scatter incident light into a distribution 
of angles, increasing the path length of the light within the 
absorbing layer. [  37  ]  This can lead to higher short circuit cur-
rent densities ( J sc  ), in both relatively thick cells and thin cells 
on index-matched substrates. [  21  ,  22  ]  The second mechanism 
uses the scattering center as a means to excite propagating 
waveguide modes within the thin absorbing layer. The propa-
gating waveguide modes may be either photonic waveguide 
modes or surface plasmon polariton (SPP) modes, and the 
scattering center is used to overcome the momentum mis-
match between between the incident wavevector and that of the 
waveguide mode. [  20  ,  33–35  ]  As the mode propagates, the power in 
the waveguide mode will be absorbed partially in the semicon-
ductor layer, thereby exciting electron-hole pairs and enhancing 
absorption by redirecting the light horizontally. Carrier collec-
tion usually occurs in the vertical direction, orthogonal to the 
absorption path. A third plasmonic mechanism for enhanced 
absorption results from high near-fi eld intensities associated 
with the localized surface plasmonic resonance of the particle. 
Depending on the shape and size of a metallic particle, par-
ticular frequencies of optical excitation will result in strongly 
enhanced fi elds near the particle. Since the optical absorption 
is proportional to the fi eld intensities, high local fi elds lead to 
increased absorption. The challenge for photovoltaic applica-
tions is to design scattering objects with high effective cross 
sections that are both broadband across the solar spectrum and 
insensitive to angle of incidence. 

 The introduction of scattering objects into a solar cell modi-
fi es the standard exponential absorption profi le. The inten-
sity at a given depth in a cell with a planar surface is related 
to the incident intensity  I in   by  I = Iine− aL  ;  L  is the path length 
of the light in the medium, and  a  is the absorption coeffi -
cient of the material. The simplest architecture for a solar cell 
employing scattering objects is a conventional, thick device with 
a sparse array of sub-wavelength metal scatterers deposited on 
the top, where incident light scatters independently at each 
scatterer and collective scattering modes are neglected. [  38  ]  We 
assume minimal transmission  T( λ ) , so that the power is either 
absorbed (in the semiconductor, metal, or supporting layers) or 
refl ected (including back scattering). In the absence of interfer-
ence between the scattering objects, the fraction of total power 
absorbed in the semiconductor  A( λ )  is 

A(8) = > Q scat (8) fsubstrate(8) + (1 − > Q s at(8))(1 − Rs(8)),c   (1)   

where   ξ   is the fraction of the surface covered by scatterers,  Q scat   
is the normalized scattering cross section of the nanoparticle 
relative to its physical size,  f substrate   is the fraction of the total 
scattered light that is forward scattered into the substrate, and 
 R s ( λ )  is refl ection from the semiconductor interface only, in 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808
the absence of a nanoparticle. For normally incident light the 
path length of the scattered light is increased to  L

cos(2)   , where   θ   
is the angle between the scattered light and the surface normal. 
The refl ection term  R s ( λ )  is refl ection from the semiconductor 
interface only, in the absence of a nanoparticle. 

 The normalized quantity  Q scat   can be calculated from the 
scattering cross section   σ  scat   using  Qscat = Fscat

Fgeom
  , where   σ  geom   
4795bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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is the geometrical cross section of the object. In the quasistatic 
limit where the nanoparticles are much smaller than the wave-
length of incident light and the fi eld on the particle is uniform, 
the scattering cross section is given by 

Fscat =
1

6B

(
2B

8

)4

|" |2,
 
 (2)   

where  α  is the polarizability of the particle. [  37  ]  For spherical 
nanoparticles embedded in a semiconductor with permittivity 
  ε  s   , the polarizability is calculated from 

" = 4Br 3 gm − gs

gm + 2gs
,

 
 (3)   

where  r  is the radius of the nanoparticle and   ε  m   is the permit-
tivity of the metal. When  gm ≈ − 2gs    the polarizability is at a 
maximum and the particle exhibits a dipolar surface plasmon 
resonance. The quantity  Q scat   thus depends on both the size of 
the particle and the local environment, both of which can be 
used to tune the scattering properties. 

 The absorption cross section   σ  abs   in the metal scales with the 
polarizability, as well: 

Fabs =
2B

8
Im ["] .

 
 (4)   

  For solar cell applications an important design criterion is 
that  Fscat � Fabs    to keep metallic losses low, because sun-
light absorbed in the metal will not contribute to useful car-
rier generation. In the case of the smallest nanoparticles, 
 Fscat + Fabs ≈ Fabs    but as the particle size increases   σ  scat   grows 
and the dipolar plasmon resonance red shifts and broadens. As 
the size of the nanoparticle approaches   λ  , both the quasistatic 
approximation breaks down and multipolar modes contribute 
to the particle’s scattering cross section. All of the equations 
given above are valid for dielectric particles as well as metallic 
ones and the difference lies in   ε  m  : dielectric particles have both 
more modest permittivities than metals and  Re [gs] > 0   , and 
thus do not exhibit resonant behavior. 

 This resonant dipolar scattering behavior is not limited to 
spherical metal nanoparticles; metallic voids exhibit similar 
behavior, and a wide variety of other nanoshapes can be made 
including cylinders, hemispheres, core-shell particles, and ani-
sotropic particles. Each different shape of particle will have a 
different  f substrate  , so particle shape must be chosen to couple 
preferentially into the substrate rather than backscatter into 
free space. [  30  ]   

 We now consider the case of an isolated nanoparticle on top 
of a thin fi lm of absorbing material, as illustrated in  Figure    1   
(adapted from [  35  ] ). Incident light is scattered off the object into a 
distribution of optical modes within the semiconductor. When 
the semiconductor is surrounded by index contrasting layers 
this structure can act as a waveguide. A fraction   ρ   of the power 
scattered off the nanoparticle will couple to the escape cone (  ρ  0  ) 
and a fraction   ρ  j   to each guided mode, so that  D 0 +

N
Σ
j = 1

D j = 1  , 
where  N  is the number of modes in the semiconductor. We call 
the effective size of the scatterer that couples to each mode the 
incoupling cross section   σ  inc,j  , where 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
Finc, j = Fsc at fsubstrateD j .  (5)   

When normalized by the geometrical size of the object, this 
gives the normalized incoupling cross section  Q inc, j = Finc, j

Fgeom
  . [  33  ]  

 Each of these modes will have a characteristic overlap with the 
semiconductor that describes the fraction of energy absorbed in 
the semiconductor,   Γ  s,j  . For a given mode at one wavelength, 
the fraction of power absorbed in the semiconductor layer of 
the cell is given by

 A j (8) = > Qinc, j�s, j .  (6)   

  The fraction of total power absorbed in the semiconductor as a 
function of wavelength is then 

A(8) =
N∑

j= 0

A j (8) + (1 − >Qscat(8))(1 − R(8) − T (8)).
 
 (7)   

  Until now we have described only the effects of isolated scat-
tering objects. In the limit where the scatterers act completely 
independently (and there is no effect from collective modes of 
the scatterers), the scattering objects should be placed   ξ Q scat   
apart, effectively covering the entire surface. This case is sim-
ilar to the fi rst case of particles on a thick cell. The second case, 
where the absorbing layer is a thin waveguide, is illustrated in 
Figure 1. [  35  ]  After the initial scattering event the propagating 
modes can re-scatter from the object. A particular mode may 
continue to propagate past a neighboring scattering object, or 
it may be rescattered into either the escape cone or the other 
allowed modes of the structure. The design challenge lies in 
fi nding arrays of scatterers that effi ciently incouple sunlight to 
the modes of the cell without increasing the outcoupling of the 
propagating modes. The opposite limit, where the scatterers 
are close together and exhibit near fi eld coupling, is outside the 
scope considered here. 

   Figure 2   illustrates several possible architectures for inte-
grating scattering objects into photovoltaic devices. Variables 
include the shape of the scattering center, its relative height in 
the waveguide, arrangement with respect to other scattering 
objects, and the use of either dielectric or metallic surrounding 
layers. For example, the scattering objects may be nanoparticles, 
gratings, or holes in an otherwise continuous metal fi lm. The 
shape of the nanostructure is another variable: hemispheres, 
cylinders, cones, or anisotropic shapes are all possibilities, each 
with their own  Q scat   and angular scattering distribution. [  30  ]   

 As depicted in Figure 2a–c the relative position of these scat-
tering objects within the semiconductor layer may be varied, 
with scatterers located on top, embedded within, or positioned 
on the back of the absorber layer. The location of the scattering 
center can strongly change the coupling fractions   ρ  j   for each 
mode. Figure  2 d illustrates another variable: the arrangement 
of the scattering objects relative to one another. We show one 
potential tiling of grooves or ridges, a hexagonal arrangement 
for effi cient and polarization-independent surface coverage. Of 
course the scattering objects could be tiled in square lattices 
or more complicated patterns, or arranged in a quasi-random 
geometry. 

 The exact structure of the scattering and absorbing layers 
can also modify both the types of modes excited and their 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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      Figure  1 .     Diffusion model for light propagation inside the solar cell. Incident light is scattered off a scattering object, with a fraction   ρ   0  coupling to the 
escape cone and   ρ  j   to each guided mode. The modes propagate a distance  L , with appropriate losses in the absorbing layer and cladding materials, until 
the next scattering object. At the next scattering object the mode is rescattered. Adapted from [35] with permission from the Optical Society of America.  
semiconductor overlap   Γ  s  . The back cladding of the cell could 
be a metal or a transparent conductor (TC), for example, or a 
combination of both where the TC acts as a spacer between the 
semiconductor and the metal, similar to the back contacts of 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808

      Figure  2 .     Generalized scatterers for coupling into waveguide modes in a so
(c) of the solar cell and could contain layers of metal, dielectrics, transpare
scattered into photonic or SPP modes depending on the scattering object a
scattering object tilings.  
many thin fi lm Si cells. Ideally this back contact has low optical 
loss, allowing for waveguiding of modes rather than parasitic 
absorption. These spacer layers can also be used to tune the 
spectral scattering of the nanostructure: changing the refractive 
4797bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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index of the surrounding material will shift the resonant fre-
quencies and change the modal shape.   

 2.2. Waveguide Modes 

 The modes excited by the scattering object may be of two gen-
eral types: waveguide modes that we call “photonic” due to their 
resemblance to the slab modes of planar dielectric waveguides, 
or SPP modes supported on the interface of the planar metal 
fi lm and the second material. [  17  ,  39  ]  When that second mate-
rial is lossless, the SPP modes can propagate over distances 
of 10–100  μ m before the Ohmic losses in the metal dominate. 
The SPP modes are tightly confi ned to the interface, with skin 
depths in the tens of nanometers. Naturally when the second 
material is a semiconductor, the power in the mode can be 
absorbed partially in the semiconductor. Enhanced absorption 
in the semiconductor may be due to either the photonic or the 
SPP modes. 

 By solving Maxwell’s equations subject to the appropriate 
boundary conditions, we obtain the fi eld intensity profi les for 
the various waveguide modes of a planar multilayer struc-
ture. Two independent sets of solutions exist, transverse mag-
netic (TM) and transverse electric (TE) with their magnetic 
fi eld and electric fi eld completely in the plane, respectively. 
 Figure    3   shows the modal profi les (calculated from simulation) 
at 920 nm with both TE and TM polarizations for a 200 nm 
thick layer of Si with a 60 nm anti-refl ective (AR) coating on the 
top and either air (Figure 3a,b) or 300 nm of Ag (Figure 3c,d) 
on the back side. These modal profi les represent the power 
in the mode as a function of position in the waveguide and 
are normalized to the same integrated power to compare their 
shapes. In all cases we see that the modes are largely within the 
Si-AR core and decay more sharply into the surrounding air or 
Ag. The number of modes present in the waveguide depends 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  3 .     Modal profi les at   λ    =  920 nm for TM and TE polarizations, with 
and without metal back contacts. Profi les are normalized to equivalent 
power under the curve and are calculated from post-processed fi nite dif-
ference time domain simulation.  
on both the thickness of the slab and on the wavelength of the 
incident light.  

 By comparing the shapes of the modes we can predict 
which modes will be most advantageous for optical absorp-
tion enhancement in the semiconductor, as discussed in more 
detail by Saeta et al. [  35  ]  The photonic modes in Figure 3a,b,d 
have similar shapes to each other, with varying decay out-
side the semiconductor. From the modal profi les, we expect 
that the fundamental mode in each case (shown in blue) will 
lead to the most enhancement due to the absence of nodes 
within the semiconductor. The higher order mode (in black) 
suffers from a node nearly in the center of the structure. 
At shorter wavelengths additional higher order modes are 
present but these will have diminishing effect on the absorp-
tion due to the presence of nodes. We also intuitively expect 
the TE modes to have higher absorption due to the minimized 
absorption in the metal. Of course thicker layers will support 
an increasing number of photonic modes. 

 With the addition of a metal interface the TE mode 
changes its shape slightly (Figure  3 d), but there is no sub-
stantial change in the location of power or in the number of 
accessible modes. In the TM case (Figure  3 c), a fundamen-
tally different type of mode is visible when one of the inter-
faces is metal: the surface plasmon polariton mode which 
is tightly confi ned to the semiconductor-metal interface and 
decays exponentially from each side of the boundary. The 
lowest order photonic mode under TM polarization changes 
shape as well, introducing a node within the Si just above the 
interface. 

 To further understand the SPP mode, we consider the fi eld 
components in a simple two material structure with semi-infi -
nite metal and semiconductor layers. In homogeneous media 
the solution to Maxwell’s equations are plane waves of the 
form:

 E (x, z, t) = E0e i (kx x−kzz−Tt)
  (8)   

 H(x, z, t) = H0e i (kx x−kzz−Tt)
  (9)   

where  x  is the direction of propagation and  k x   and  k z   are the 
wave vector components in the x- and z-directions for angular 
frequency   ω  . For TM modes, only  E x  ,  E z  , and  H y   are non-zero. 
Enforcing continuity of the tangential component of  E  (i.e. 
 E x,m   =  E x,s  ) and the normal component of  D  (i.e.   ε  m E z,m   =   ε  s E z,s  ) 
at the interface yields 

−
kz,m

kz,s
=

gm

gs
,

 
 (10)   

which can be satisfi ed for a metal interface because   Re [εm
]

< 0  
and both  Re [ kz,m

]
> 0    and  Re

[
kz,s

]
> 0   . Because the  H y   com-

ponent in both materials must satisfy the wave equation, we 
also have: 

k2
z,i = gi

(
T
c

)2
− k2

x  
. (11) 

  

Combining these relations yields the surface plasmon disper-
sion relation 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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      Figure  4 .     Surface plasmon polariton dispersion relation for an Ag/Air interface. Black (grey) line corresponds to the dispersion relation for the SPP 
mode (light line). A signifi cant fraction of the solar spectrum (right part of fi gure) has access to the bound SPP mode.  
kx =
T

c

√
gm gs

gm + gs
.
 
 (12)   

    Figure 4   shows the dispersion relation for an SPP mode at 
the Ag/Air interface, with the solar spectrum and visible spec-
trum highlighted. Modes to the right of the light line, the line 
describing light propagation in air, are bound to the interface. 
At low frequency, the SPP modes are close to, but to the right 
of, the light line. At resonance, where  gm ≈ −gs  , the modes 
are highly confi ned with large wave vectors, and their propaga-
tion lengths are very short. The position of resonance depends 
on the optical properties of the metal and the semiconductor, 
so appropriate material and thickness choices will allow 
the amount of light confi nement to be tailored for the most 
effi cient use. 

 For the TE case, no bound surface modes exist. Recall that 
only  H x  ,  H z  , and  E y   components are present, and that  E x    =   E z    =  
 H y    =  0 for this case. Enforcing continuity at the interface  z   =  0 
for the  E y   and  H x   terms yields 

E (z = 0) = kz,m + kz,s = 0.   (13)   

Because both  Re [kz,m
]
> 0    and  Re [kz,s

]
> 0   , we must have 

 Ez=0 = 0  , and thus no surface mode exists under TE polarization.   

 2.3. Device Performance Benefi ts for Thin Absorbing Layers 

 While thin fi lm absorbing layers may suffer from reduced  J sc   
due to a reduction in the number of photons absorbed within 
the layer, device performance may actually improve due to 
increased  V oc  . [  40  ]  In the short diode limit we have 

Voc =
kT

q
ln

[
Jsc

J0
+ 1

]
,

 
 (14)   
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808
where  J sc   is the short circuit photocurrent per area and  J 0   is 
the saturation current per area for the cell. The saturation 
current depends proportionally on the volume of the mate-
rial, and so decreasing the thickness of material leads to a 
lower recombination current. If  J sc   decreases less quickly 
with thickness than  J 0  , then  V oc   can increase for thinner 
cells. However, one must also consider the reduced shunt 
resistance and surface recombination effects in ultra-thin 
layers.    

 3. State of the Art: Experimental Results 

 The most common plasmon enhanced solar cell structure 
to date consists of metallic nanoparticle scatterers (of various 
shapes) deposited on top of an already fabricated solar cell. 
These cells have the advantage that the fabrication process does 
not have to be substantially modifi ed to incorporate plasmonic 
scatterers. The disadvantage is that, since the particles are on 
top, attention must be paid to the density of objects to avoid 
shadowing. The presence of particles on top also modifi es the 
use of AR coatings, and so any added benefi ts from nanoparti-
cles must be weighed against the benefi ts due to conventional 
antirefl ection methods. 

 The fi rst papers to explore the potential of surface plasmons 
in photovoltaics were published in the late 1990s by Stuart and 
Hall. [  20  ,  40  ,  41  ]  Their device consisted of a thin silicon-on-insu-
lator (SOI) wafer, where the Si was 165 nm thick, and since 
the absorbing Si layer was separated from the Si substrate by 
a layer of SiO 2 , it acts as a thin waveguide. Metal island for-
mation was achieved by depositing a thin metallic fi lm and 
annealing under N 2  so that the fi lm coalesced into discrete 
islands. The size and shape of the particles can be tuned to 
some extent by varying the thickness of the metal layer and 
the annealing time and temperature, although the patterns 
4799bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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and spacings were irregular. The authors report a photocur-
rent enhancement as high as 18 at 800 nm with the addition 
of Ag islands. Since then other groups have extended the 
island annealing technique on Si and other absorbers. Similar 
results were noted in 2007, where a photocurrent enhance-
ment of 16 for a 1.25  μ m SOI cell due to Ag nanoparticles 
was reported, with a solar spectrum integrated enhancement 
of 30%. [  21  ]  

 A second fabrication approach uses colloidal Ag and Au 
nanoparticles as the source of scattering objects. This allows 
for uniformity of the size and control of the density of par-
ticles, although it is diffi cult to pattern the particles pre-
cisely and prevent aggregation. This type of deposition has 
been used on crystalline Si (c-Si), a-Si, and an InP/InGaAsP 
quantum well p-i-n structure. [  25  ,  42  ,  43  ]  Other deposition tech-
niques include island formation on transparent conductive 
oxides for organic photovoltaics, incorporation of metal nano-
particles inside the active layer, electron beam lithography, and 
electrodeposition. [  44 – 48  ]  

 We have recently utilized a fabrication technique using 
anodic aluminum oxide (AAO) templates as evaporation 
masks for the deposition of metallic nanoparticles. [  22  ,  32  ]  For 
optically thin p-n photovoltaic layers of GaAs (200 nm), that 
do not support waveguide modes due to an index-matched 
absorbing substrate, an 8% increase in  J sc   was observed for Ag 
nanoparticles. 

 The AAO templates can be used to controllably and repro-
ducibly deposit metallic particles onto a cell via evaporation 
through the template ( Figure    5  ). The hole density of the tem-
plate is controlled by the applied voltage during anodization, 
the hole diameter is controlled by the etch time, and the particle 
height is controlled by the metal deposition thickness during 
evaporation. [  48  ]  Upon annealing, hemispherical and conical par-
ticles can be formed (Figure  5 d,e). This procedure allows the 
particle spacing, shape, and size to be tuned and optimized for 
a given cell.   

 Figure  5 f shows the experimentally determined external 
quantum effi ciency (EQE) of two thin fi lm GaAs solar cells 
with either dense or sparse particle arrays normalized to a cell 
that had not been decorated with particles. For these devices, 
the EQE for long wavelengths is enhanced while the EQE for 
short wavelengths is reduced. The addition of Ag nanoparticles 
to the surface of the cell had two benefi ts. First, the strong scat-
tering from the plasmonic structures increased the effective 
optical path of the incident light in the absorber. This increased 
path length leads to an increase in  J sc  , as seen in other studies. 
Second, an increase in the fi ll factor was found, which is 
believed to be due to a decrease of the cell’s surface sheet resist-
ance arising from the conductivity of the particles. While the 
nanoparticles yielded improvements for this cell, using a cell 
design that incorporates a greater refractive index contrast 
between photovoltaic layers and the substrate layer promises 
further absorption enhancements due to waveguiding. 

 We recently reported photocurrent enhancements due to 
nanostructured metallic back contacts in n-i-p a-Si:H solar 
cells. [  31  ]  In this case the nanopatterns were fabricated using 
nanoimprint lithography, a technique that allows for large-
area, precisely controlled nanostructures and may be incorpo-
rated into roll-to-roll processing methods. [  49  ]  The nanofeatures 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
are imprinted into sol-gel using substrate conformal imprint 
lithography, then overcoated with Ag to form the back contact 
and substrate for growth. The nanopatterned cells had 26% 
higher  J sc   than reference cells with a fl at back interface, with the 
main photocurrent enhancement in the red portion of the spec-
trum. Notably, these nanostructured devices do not suffer from 
losses on the blue side of the spectrum because the incident 
sunlight is absorbed in the semiconductor before reaching the 
back contact scatterers. 

 In addition to those highlighted here, a number of other 
devices have been fabricated incorporating gratings, nano-
cavities, and embedded antennas for near fi eld absorption 
enhancements. [  26  ,  27  ,  47  ,  50  –  52  ]    

 4. Excitation and Incoupling 

 The challenge in integrating plasmonics with photovoltaics is in 
achieving truly broadband scattering and modal excitation. The 
optimization of nanostructures for plasmon enhanced photo-
voltaics thus requires systematic study of nanostructure shapes 
and modal coupling. As outlined earlier, we look at the process 
of enhancing absorption through coupling to guided modes as 
an iterative process. First we need the modes of the device with 
the highest semiconductor overlap   Γ  s  . Second we need scat-
tering objects with the highest   σ  inc   to effi ciently couple incident 
light to the most advantageous modes. Because both   σ  inc   and 
  Γ  s   have spectral dependence, the designs must be optimized 
to the optical properties of the semiconductor and the power 
in the solar spectrum. This approach focuses on increasing 
absorption in the cell (most directly related to  J sc  ), and does not 
consider additional effects such as the modifi ed spatial distribu-
tion of carrier generation and the carrier collection effi ciencies. 
Nevertheless, understanding the achievable levels of absorption 
is a crucial fi rst step toward designing effi cient cells.  

 4.1. Systematic Studies of Scattering Objects 

 Much of this work utilizes electromagnetic simulation tech-
niques, which are now comparable in speed and computational 
resources to many of the conventional photovoltaic modeling 
tools. [  53  ,  54  ]  We recently compared the predicted semiconductor 
absorption from simulation to the measured external quantum 
effi ciency of a nanostructured n-i-p a-Si:H cell and found good 
agreement between simulation and experiment, particularly 
given the approximation to the real cell geometry used for sim-
ulation. [  31  ]  Catchpole et al. have recently calculated the fraction 
of light scattered into the substrate by a number of metallic 
shapes, including cylinders, hemispheres, spheres, and an ideal 
point dipole. [  30  ]  The authors calculate  f substrate   as described ear-
lier, and fi nd that objects such as cylinders and hemispheres 
are more effi cient scatterers than spheres. The effect is attrib-
uted to the shorter average distance between the surface and the 
dipole moment of the scattering object. Under this model, we 
might except the highest enhancements for scattering objects 
embedded inside the absorbing layer, although these would need 
to be well-passivated to avoid acting as recombination centers 
within the cell. Hagglund et al. showed that the strength of the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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      Figure  5 .     Optically thin GaAs solar cell decorated with Ag nanoparticles deposited by evaporation through an AAO template. (a) Evaporation through 
the template. (b) SEM image of the AAO template with a hole density of 3.3  ×  10 9  cm 2 . (c) SEM image of the deposited nanoparticles using the tem-
plate of (b). Average particle heights of 55 nm (d) and 220 nm (e) as imaged at 75 °  from the normal. (f) Normalized external quantum effi ciency for 
two cells with different particle densities. Adapted from reference [22] with permission from the American Institute of Physics.  
interaction between cylinders and the underlying substrate can 
lead to either suppression or enhancement of photocurrent. [  46  ]  
Recent modeling work by Beck et al. shows that particles placed 
on the back of the device have comparable scattering effi ciencies 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808
to those on the front. [  55  ]  Placing the particles on the back also 
avoids the losses in the blue part of the spectrum. Pala et al. ana-
lyze the case of a grating on top of a thin fi lm of Si and show 
that the absorption can be enhanced by 43% in a 50 nm layer. [  34  ]  
4801bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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 Other recent research has looked at the role of particle shape 
and material experimentally. As described earlier, Nakayama 
et al. have studied the size and density effects of nanoparticles 
on GaAs solar cells using AAO templates as evaporation masks 
and as a means to control the height and density of depos-
ited nanoparticles. The highest effi ciency gains were found 
for dense, high arrays of particles, which are attributed to the 
interaction of the near-fi eld coupling between particles. [  22  ]  For 
colloidal spheres, however, it has been shown that aggregation 
of particles can lead to suppression of photocurrent. [  56  ]  Matheu 
et al. have compared the scattering responses of metallic nano-
particles and dielectric SiO 2  particles on crystalline silicon sub-
strates, and found that the lower losses in dielectric particles 
compared to Au particles results in a broader enhancement 
spectrum. [  42  ]    

 4.2. Choice of Metal 

 Although Ag and Au are the most common plasmonic metals, 
elements such as Al and Cu have been shown to support surface 
plasmon resonances in the ultraviolet and visible regions of the 
spectrum. [  57  ]  Al and Cu are interesting plasmonic materials for 
photovoltaics because they are less expensive than Ag and Au, 
but they are also lossier. In general, choice of metal can infl u-
ence performance by changing the position of resonance, either 
in nanoparticles or as the back contact in an SPP-based cell. Al 
and Ag have their resonances in the ultraviolet, while Au and 
Cu have resonances in the visible portion of the spectrum. For 
top scatterers made using the AAO templates on GaAs cells, 
changing from Ag to Al (with roughly constant shape and den-
sity of nanoparticles) modifi es the photocurrent enhancement 
across the 400–800 nm range of the visible spectrum signifi -
cantly, shifting the loss ratios in relation to modifi ed SP reso-
nances. [  38  ]  Calculations on thin GaAs SPP waveguide devices 
on both Ag and Al showed that Al does shift the SPP resonance 
to shorter wavelengths but the higher losses in Al decrease the 
overall absorption enhancements signifi cantly. [  33  ]  The choice of 
metal may also be infl uenced by the bandgap of the absorbing 
layer to provide appropriate overlap between the plasmonic res-
onance, the absorption spectrum, and the incident solar spec-
trum (Figure  4 ). Oxidation of the metal in ambient conditions 
and the losses due to absorption within the metal should also 
be considered. [  58  ]     

 5. Case Study: Grooves on the Back Contact of an 
Ultrathin Film Si Cell  

 5.1. Single Scattering Objects 

 Besides nanoparticles, strong scattering and incoupling can 
be observed from metallic strips or gratings. We have recently 
analyzed the incoupling cross sections for the limiting case of 
a grating, a single subwavelength groove, structured into the 
back contact of a Si solar cell. [  33  ]  The spectral dependence of 
  σ  inc   can be determined by three tunable factors: resonances 
of the groove, Fabry-Perot resonances within the thickness of 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
the fi lm, and the planar SPP resonances due to the particular 
choices of materials. At any of these resonant conditions, the 
fi elds in the vicinity of the scattering object are high and there 
is increased incoupling into propagating modes. 

 We use fi nite-difference time domain (FDTD) simulation 
combined with a post-processing modal fi ltering technique 
to separate the   σ  inc,j  . The resonances mentioned above affect 
incoupling into the different types of modes in different ways. 
Near SPP resonance, for example, high local fi elds in the vicinity 
of the scattering object lead to increased coupling into the pho-
tonic modes, whereas the SPP mode has low group velocity at 
this frequency and is tightly bound to the vicinity of the scat-
terer. Near   λ    =  1100 nm the metallic grooves exhibit dipole 
resonances similar to that of nanoparticles, and the strength of 
this resonance affects coupling to the SPP modes more than 
the photonic modes. 

 The placement of the scattering object within the device 
was also found to affect the relative coupling fractions to the 
individual modes. The relative coupling to different modes has 
recently been described for dipoles embedded in a semicon-
ductor layer by Saeta et al. and Hryciw et al. [  35  ,  59  ]  Intuitively, the 
coupling fractions between the dipole and a given mode scale 
with the magnitude squared of the fi eld component parallel 
to the dipole at the same height as the dipole. Furthermore, 
for high absorption enhancements the dipole coupling to the 
escape cone must be minimized. 

 Rather than pure dipoles, our simulation uses more realistic 
but dipole-like scatterers such as ridges and grooves. There is a 
substantial difference between metallic ridges on the back con-
tact (sticking up into the absorber) and their inverse, metallic 
grooves (coming out the back of the absorber). For example, at 
  λ    =  1100 nm, the groove has a total incoupling cross section of 
0.35  μ m, with 43% of the incoupled power in photonic modes 
(  σ  inc,phot    =  0.15  μ m), whereas the ridge has a total incoupling 
cross section of 0.52  μ m with 96% of the incoupled power in 
photonic modes (  σ  inc,phot    =  0.5  μ m). We attribute this difference 
to the relative position of the dipole moment of the scattering 
object. 

 For single 100 nm-wide scattering objects in a 10  μ m area, 
we calculated absorption enhancements up to a factor of 2. We 
calculated absorption enhancements as a function of angle of 
incidence (0–60 ° ) since a highly performing solar cell will be 
insensitive to the changing position of the sun. The positions 
of the Fabry-Perot resonances change as the angle of incidence 
changes, so absorption enhancement is a more appropriate 
fi gure of merit than modal incoupling fractions. At all angles, 
the enhancements are  ≥ 1. At the four frequencies monitored 
in the 700–1000 nm wavelength range the enhancements are 
isotropic, confi rming that single objects can act as broad-angle 
incouplers. Naturally as the number of grooves at close pitch 
increases the angle selectivity increases as well.   

 5.2. Arrays of Scattering Objects 

 The case of multiple scattering objects builds on our previous 
work, [  33  ]  where we analyzed the incoupling cross sections for 
each mode and the overall absorption enhancements due to 
single metallic scattering objects on a metal fi lm back contact. 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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Here we discuss the opposite limiting case, where the scat-
terers are close together and there is modal interference. We 
also expand our model to include antirefl ective coatings and 
consider the effects of polarization on the observed enhance-
ments. Although the calculations here are for crystalline Si, 
the factors affecting incoupling and the method are general to 
other semiconductors. The example given here is not a fully 
optimized device design, but is instead intended as an example 
of our model and the considerations for future extensions. 

 The simulated device consists of 200 nm of Si on 300 nm of 
Ag, with a 60 nm AR coating on top of the Si. The AR coating 
has the refractive index of TiO 2 , but is lossless. The basic 
scattering object considered is a 100 nm wide by 50 nm tall 
metallic ridge off the back of the cell into the semiconductor, as 
drawn in the insets of  Figure    6  . These ridges are spaced either 
widely enough to act independently (6  μ m) or closely together 
(300 nm). The absorption enhancement is defi ned relative to 
a planar slab of 200 nm of Si on Ag. Our source is a normally 
incident plane wave, and we study the range of incident wave-
lengths from 400 to 1100 nm where Si is strongly absorbing. 
As our simulations are 2D, the ridge is assumed to be semi-
infi nite along the direction of the grating.  

 The average time-harmonic power absorbed in the semicon-
ductor is given by the divergence of the Poynting vector: [  60  ]  

∇ ⋅ S =
1

2

∫
(Tg ′′

s |E |2s + T: ′′
s |H|2s)dxdz.

 
 (15)   

   |E |2s    and  |H|2s    are the magnitudes of the electric and magnetic 
fi elds in the semiconductor, respectively, and  : ′′

s    is the imagi-
nary part of the permeability. In our structure   : ′′

n � 0   every-
where, so this term drops out: 

∇ ⋅ S =
1

2

∫
Tg ′′

s |E |2s dxdz.
 
 (16)   

  The enhancement factor is the ratio of the total absorption 
in the semiconductor with nanostructures cut into the Si to the 
total absorption in a planar fi lm. Of course the amount of Si 
in the nanostructured device is reduced relative to the control 
device, but we show here that the enhanced absorption benefi ts 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808

      Figure  6 .     Calculated absorption enhancements for nanostructured c-Si cell
contact and an antirefl ection coating. The Si is 200 nm thick, and the ridges
and 50 nm tall. Absorption enhancements are relative to an identical struc
Si/Ag interface. In the left panel the scatterers are separated by 6  μ m pitch, a
300 nm. The red (open symbol) curves are for TE polarization, and the blue
are for TM polarization. The dashed lines is at an absorption enhancement
where the absorption is the same as in the planar reference structure.  
from nanostructuring outweigh the losses from the slight mate-
rial reduction. 

 Figure  6  shows the calculated absorption enhancements for two 
different spacings of ridges under both polarizations. Figure 6a 
show the case where the ridges are sparsely spaced, at 6  μ m, 
and Figure 6b shows when they are close together at 300 nm 
pitch. The dotted line in Figure  6  is at absorption enhance-
ment of 1, which corresponds to the case where the nanostruc-
tured device has the same total absorption as the planar refer-
ence structure. Note that the  y- axes are different in each panel; 
the sparse pitch axis runs to 2.0 (double the absorption of the 
planar cell), whereas the grating absorption enhancement runs 
an order of magnitude higher, to 25. 

 Comparing the 6  μ m spacing to the 300 nm spacing for either 
polarization shows the trend we expect: gratings with a close 
pitch are more sensitive to wavelength, with narrower spectral 
features and wider variation in enhancement across the spectral 
range. Recall that for TM polarized light incident on our struc-
ture, SPPs can be excited, whereas for TE polarized incident 
light they cannot. In all four cases the enhancements are largest 
in the weakly absorbing regime of the spectrum, with a broad 
resonance centered around 1000 nm that we attribute to the 
magnetic dipole resonance of the ridge. Notably in the sparse 
cases, although there are regions that show very little enhance-
ment (400–500 nm), the absorption enhancement factors are 
always above 1. The enhancements reach up to 80% (a factor of 
1.8) for the TM case and 70% (1.7) for the TE case. 

 Many of the features from the 6  μ m pitch are exaggerated in 
the denser system, although new features due to interference are 
introduced. The magnitude of the variation is clearly larger for 
gratings, and there are some wavelengths where the enhance-
ments are well below one. However, when the enhancements are 
averaged over the weighted solar spectrum the gratings on average 
perform better than the 6  μ m pitch structures. In the TM case, 
the 300 nm pitch grating increases absorption by 22%, whereas 
the 6  μ m pitch structure increases absorption by 6%. In the TE 
case the 300 nm pitch grating increases absorption by 50%, and 
the 6  μ m pitch structure by 8%. Higher integrated enhancements 
could be obtained by further optimizing the geometry and pitch 
of these structures to regions of the solar spectrum with signifi -
cant power. 
bH & Co. KGaA, Weinh
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  =  1, i.e., the case 
 Because these devices have unusual 
absorption profi les, it is not straightforward to 
determine the optimal location for junctions 
to collect the generated carriers. Rather than 
considering only the total power absorbed in 
the semiconductor, we have extended our cal-
culations to map the electron generation rates 
throughout the structure. The generation rate 
is calculated using a spectral weighting term 
  Γ  solar   and is given by: 

Gopt =
∫

g ′′
s | E |2

s

2h̄
�solar dV.

 
 (17)   

  These electron generation map profi les are 
illustrated in  Figure    7  . Only the generation 
in the semiconductor is shown, below  x   =   − 1 
is Ag (or air), and above  x   =   − 0.8 is an AR 
4803eim wileyonlinelibrary.com
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      Figure  7 .     Calculated electron generation rates for nanostructured Si cells. The scale is logarithmic and is given in electrons per cm 3  per second. The 
arrays are periodic (300 nm) with a sub-section illustrated; each ridge is 100 nm wide (x) and 50 nm tall (z). (a) Flat interface of Si and Ag, TM polari-
zation, (b) grating structure on Si/air interface, TM polarization, (c) grating structure on Si/Ag interface, TM polarization, (d) grating structure on Si/
Ag interface, TE polarization.  
coating and then air. The color scale is logarithmic, with gen-
eration rates mostly in the 10 20  to 10 21  electrons per cm 3  per 
second range. Figure 7a shows the electron distribution for a 
planar interface. The bands of varying absorption strength are 
due to the Fabry-Perot resonances within the fi lm, which are 
strongly present at some wavelengths, but appear reduced in 
strength when summed over the whole range. Figure 7b shows 
the TM polarized case with air on the back interface (and hence 
no SPP excitation), while Figure 7c,d shows the generation 
rates for the Ag grating case from Figure  6  under TM and TE 
polarization.  

 The dense periodic arrays of nanostructures (Figure  7 b–d) 
all show the interference effects between the scattering objects 
quite strongly; the generation rates are periodic, with regions 
of high generation concentrated in the “cavity” between the 
ridges. Figure 7b, in contrast to the others, has lower genera-
tion rates around the scattering objects and more concentrated 
generation in the bulk. Figure 7c, the case with metal under TM 
polarization, shows very high generation rates near the metallic 
surface, consistent with SPP excitation and the high fi elds asso-
ciated with subwavelength metal nanostructures. The TE case 
also has high generation in the vicinity of the particle, but its 
highest bands are in the cavity between centers. This empha-
sizes the need for contact design near the metallic interfaces to 
effi ciently collect generated carriers.    

 6. Unconventional Materials for Ultrathin 
Photovoltaics 

 The potential to use ultrathin absorber layers in these new 
architectures opens up a wide range of candidate materials 
that are unsuitable for bulk devices. Materials such as earth 
abundant and polycrystalline semiconductors, quantum dots 
and wells, and molecular absorbers could all stand to benefi t 
from a reduction in thickness. All of the devices illustrated in 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
 Figure    8   are meant as examples of unconventional absorbers in 
ultrathin confi gurations rather than strict device architectures. 
The light trapping designs, as discussed earlier, are amenable 
to the inclusion of spacer layers, passivation layers, window 
layers, and other functional materials.   

 6.1. Earth Abundant and Polycrystalline Semiconductors 

 Many of the materials used in current thin fi lm photovoltaic 
technologies, such as CdTe and CIGS, include elements 
that are among the rarest materials on earth. Tellurium, for 
example, is one of the nine rarest metals on earth, with con-
centrations between 1–5 parts per billion in the crust. Because 
these elements are scarce they are usually isolated as byprod-
ucts of mineral purifi cation for other more common elements. 
For example, Se and Te are produced largely from Cu mining, 
and In is produced from Zn mining. [  8  ]  As demand increases for 
these elements in technological applications, such as the use of 
In for digital displays, the market prices for these rare elements 
may rise. 

 The reduction of feedstock materials can help circumvent 
problems associated with the limited abundance of materials 
desirable for solar cells. Several studies have examined the 
material abundance limits for the most common thin fi lm tech-
nologies. [  9  ,  10  ]  The estimates discussed here show how improved 
light trapping (and a concomitant reduction in cell thickness) 
modifi es the material abundance constraints on scalability. We 
consider single junction cells without additional layers (such as 
window layers), with all of the material utilized for energy pro-
duction. Since the costs of extraction can vary due to demand, 
we consider only the abundance of the material rather than the 
cost of mining and purifi cation. We also do not consider eco-
nomic reserves, only annual production. 

 Currently, PV cells make up a very small fraction of the 
world’s total energy portfolio ( <  < 1%); however, as the demand 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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      Figure  8 .     Candidate materials for future photovoltaic devices with ultrathin absorbing layers enhanced via waveguide mode excitation. (a) Multijunc-
tion cell consisting of different bandgap semiconductors separated by a tunnel junction, with total thickness  <  100 nm. (b) Cell with polycrystalline 
absorbers, between a metallic back contact and a transparent conducting oxide front contact c) cell with monolayers of quantum dot absorbers, d) cell 
with monolayers of molecular or organic absorbers.  
for renewable energy increases, PV can expect marked growth. 
We calculate a mass/power for each of the cells listed in 
 Table  1   under different light trapping scenarios, and use this 
to estimate the amount of material necessary to meet different 
energy demands. We estimate a thickness under standard light 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 4794–4808

   Table  1.     Current world production of feedstock materials needed for comm
standard PV technologies cannot sustain signifi cant increases in PV demand
duction of any of the above cells. The bold numbers correspond to consump

Feedstock Current World PV Feedstock Consum

Material Production  ∗  of 1.5 Gigawatt/yr (a

 [1000s of tons/yr] [1000s o

  

Si (c-Si)  15

(a-Si) 1140 0.1

Cd (CdTe) 20.8 0.1

Te (CdTe) 0.128  ∗  ∗  0.1

Ga (GaAs) 95 0.1

(CIGS)  0.0

As (GaAs) 53.5 0.1

In (CIGS) 0.568 0.0

Se (CIGS) 1.59  ∗  ∗  0.0

     ∗   World production data taken from US Geological Survey Material Commodity Summa
absorption for each cell by setting the thickness to approximate 
current production values (200  μ m for c-Si and 3  μ m for all 
other materials). The mass/power (m/P) ratio for each element 
is given by  mP = tD

I A0    where  t  is the thickness of the cell,   ρ   is the 
density of the element,  I  is the incident fl ux (1000 W/m 2 ),  A  the 
4805bH & Co. KGaA, Weinheim wileyonlinelibrary.com

on PV cells. Without increased feedstock production and recycling, many 
. Incorporation of ultrathin-fi lm techniques would enable large-scale pro-
tion of feedstock materials that surpass current production. 

ption for Production PV Feedstock Consumption for

pprox. total 2005 PV) Production of 50 Gigawatt/yr

f tons/yr] [1000s of tons/yr]

 Standard PV Technology Ultrathin PV

180 18

0 5.4 0.54

4 7.2 0.72

0  5.2  0.52 

7 2.2 0.22

16 0.92 0.092

7 2.1 0.21

19  1.1 0.11

51  3.0 0.30

ries 2006–2009.      ∗  ∗   Excludes US production, which is not reported.   
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cell area, and   η   the cell effi ciency. For simplicity, we assume 
that the effi ciencies remain near that of current production 
modules.  

 As PV power comes into production, the fi rst modules will 
require materials entirely from feedstock consumption. After 
year two, however, the lifetime of the cells and recycling of 
materials becomes important. The scenario outlined here looks 
only at the initial production. The second column of Table  1  
shows current world production of the various PV feedstock 
materials based mainly on USGS estimates. The third column 
shows the feedstock consumption to produce 1.5 GW/year, 
approximately the amount of PV power produced by the US in 
2005. In the fourth section of Table  1  we project the amounts 
of material required to reach 50 GW/year production of new 
PV. Under the same thickness requirements, there are feed-
stock limitations to Te, In, and Se. Improved light trapping 
that reduces the thickness of the cell to one tenth its previous 
value (with the same effi ciency) removes the limitations for 
In and Se, although Te production is still an issue. Ultrathin 
fi lm photovoltaic devices are also promising for lower quality 
materials such as nanocrystalline or amorphous solids because 
the device performance of these cells are limited by carrier 
collection.   

 6.2. Quantum Structures 

 Quantum confi ned semiconductor structures, such as quantum 
dots or quantum wells, are interesting materials for photo-
voltaics because their bandgaps are tunable across a wide 
range of the visible spectrum. When the size of the structure 
is smaller than the bulk exciton Bohr radius, the energy levels 
of the semiconductor are discrete rather than continuous, 
and their spacing depends on the size of the structure. In the 
case of CdSe quantum dots, for example, the bandgap of the 
dot is tunable across the visible, from 400 to 700 nm. Other 
II-VI semiconductors such as PbS and PbSe have bandgaps in 
the near infrared. [  61  ]  Individual quantum well absorbing layers 
could be stacked on top of each other, similar to a multijunc-
tion photovoltaic device. The bandgap of each well is tunable as 
the width of the well is changed, meaning that the bandgap of 
each layer can be tuned individually without concern for lattice 
matching. [  62  ]  

 Although the absorption of these quantum confi ned struc-
tures is well matched to the solar spectrum, making effi cient 
photovoltaics has been challenging. CdSe quantum dots 
blended with conducting polymers have reached effi ciencies of 
2%, and fully inorganic cells have reached effi ciencies of 3%. [  63  ]  
One of the limiting factors is the carrier transport through the 
quantum dot layer, and the highest effi ciency cells to date use 
elongated nanorods to improve transport. [  64  ]  

 Devices with thicknesses of a few monolayers thus have 
the potential for higher effi ciencies, because the carriers only 
need to be extracted from a single layer. It has previously been 
shown that bulk-like absorption due to SPPs is feasible in 
ultrathin fi lms of CdSe quantum dots. For a bare Ag fi lm, the 
launched SPP propagates for 25  μ m, but when overcoated with 
a thin layer of CdSe QDs and illuminated above the bandgap 
(  λ    =  514.5 nm) the absorption length is shortened to 1  μ m. The 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
mode overlap of the SPP with the CdSe layer is calculated at   Γ    =  
0.25. SPPs with energy below the bandgap of CdSe are not 
absorbed (  λ    =  1426 nm), and the propagation lengths remain 
long. [  65  ]  

 A solar cell could be imagined to work under a similar 
mechanism, as illustrated in Figure  8 c where a few monol-
ayers of QDs are sandwiched between contacts. Similar sand-
wich structures using the metal as a Schottky contact have been 
demonstrated with fi lm thicknesses mainly in the 100–300 nm 
range. [  66  ,  67  ]  Because the modal overlap fractions are high, this is 
an example of a device where SPP modes may be more advan-
tageous than photonic mode excitation due to the reduction of 
thickness afforded by SPP modes.   

 6.3. Molecular Absorbers 

 Dye sensitized solar cells and molecular absorbers are another 
class of attractive materials for plasmonic enhancement. Dye 
sensitized cells typically use a molecular dye, normally ruthe-
nium-polypyridine derivatives, as sensitizers which inject elec-
trons into a porous TiO 2  layer for electron transport. Effi ciencies 
of about 11% have been reported. [  68  ]  TiO 2  has a high bandgap 
and absorbs only in the ultraviolet, so the dye layer must be 
thick enough to absorb a signifi cant fraction of the incident 
light. The hybrid design thus combines the carrier transport 
properties of the TiO 2  with the optical absorption properties of 
the dye. 

 In addition to dye-based cells, photovoltaic devices based on 
polymers and small molecules could benefi t from increased 
absorption in small volumes, as depicted in Figure  8 d. Nano-
antenna based cells, where the absorption is increased due 
to the high electromagnetic intensity in the near-fi eld of the 
antenna, have also shown promise. The strong absorption of 
these materials makes them promising for unconventional 
device architectures.    

 7. Conclusions and Outlook 

 The fi eld of plasmon-enhanced photovoltaics is rapidly 
expanding, as the light localization properties of metallic 
nanostructures can be used to reduce layer thicknesses 
and potentially expand the set of usable absorber materials. 
Enhanced absorption in semiconductors using plasmonic scat-
terers offer several advantages relative to standard cell proc-
esses. First, most industry AR coatings are optimized for the 
peak of the solar spectrum, and are often ineffective in long-
wavelength regions. The incorporation of plasmonic scatterers 
on the top surface offers a different type of AR coating, which 
could be used either in conjunction with or in place of standard 
coatings. Second, many of the thin fi lm cells fabricated today 
use roughened back contacts as a means to scatter the long 
wavelength sunlight and increase absorption. Designed, reg-
ular nanopatterning offers an alternative method to precisely 
couple the incident light into the most benefi cial propagating 
waveguide modes. 

 The cell architectures illustrated in this paper are meant to 
show the wide parameter space available to the optimization 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 4794–4808
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of plasmonic scatterers. Several of these architectures involve 
relatively little perturbation to conventional cell architectures: 
adding nanoparticle scatterers to the top surface or nanostruc-
tures to an existing back contact, for example. Other more 
unusual designs could be envisioned that account for the 
changes in the generation rate profi les due to modal propa-
gation, or use unusual absorbing materials in ultrathin fi lm 
confi gurations. In either case, the ability of plasmonic nano-
structures to enhance absorption in photovoltaic devices war-
rants exploration of new device architectures and materials 
systems.  
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