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We present a plasmonic nanostructure design by embedding a layer of hexagonal periodic metallic
nanospheres between the active layer and transparent anode for bulk heterojunction organic solar
cells. The hybrid structure shows broadband optical absorption enhancement from localized surface
plasmon resonance with a weak dependence on polarization of incident light. We also theoretically
study the optimization of the design to enhance the absorption up to 1.90 times for a typical hybrid
active layer based on a low band gap material. © 2011 American Institute of Physics.
关doi:10.1063/1.3577611兴
Organic photovoltaic 共OPV兲 cell is a promising alternative to conventional silicon solar cell due to its flexibility,
light weight and low cost.1–4 However, its energy conversion
efficiency is low because the light absorption depth is much
larger than the exciton diffusion length in organic
semiconductors.2 Although the use of bulk heterojunction
blend for OPVs partially lessens the problem of a short diffusion length of excitons before dissociation in optically
thick films,3 the use of thinner films with adequate optical
absorption attracts lots of attentions for better exciton dissociation. There have been plentiful efforts in overcoming
weak absorption of optically thin film of organic solar cells
through using particle plasmons.5–8 However, a systematic
modeling design of the related nanostructures is much in
need to optimize the enhanced optical absorption of plasmonic OPVs.
In this letter, we use a three-dimensional 共3D兲 modeling
design of a monolayer of hexagonal periodic silver nanospheres in bulk heterojunction blends to boost OPV performance through enhanced optical absorption. The structures
can be practically built with some low-cost nanofabrication
methods.9 Our simulations show this nanostructure produces
broadband optical absorption enhancement with a weak dependence on polarization of incident light, and the absorption
enhancement originates from the light concentration by localized surface plasmon resonance 共LSPR兲.
Our design of the plasmonic OPV is illustrated in Fig. 1. The monolayer of nanospheres is
adhered
to
the
transparent
anode
poly共3,4ethylenedioxythiophene兲:poly共styrenesulfonate兲
共PEDOT:
PSS兲 and embedded in the bulk heterojunction blend.
The nanospheres and bulk heterojunction blend constitute a hybrid active layer. Metallic particles with
diameters of 5–20 nm and their dielectric function
dependence on the particle size are used.10,11 Two popular
bulk
heterojunction
blends
poly共3-hexylthiophene兲:
关6,6兴-phenyl-C61-butyric acid methyl ester 共P3HT: PC60BM,
1:1
in
weight兲
and
poly关2,6-共4,4-bis共2-ethylhexyl兲-4H-cyclopenta关2,1-b;3,4-b⬘兴
dithiophene兲alt-4,7-共2,1,3-benzothiadiazole兲兴:关6,6兴-phenyl-C71-butyric
a兲
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acid methyl ester 共PCPDTBT: PC70BM, 1:3 in weight兲 are
compared.12,13 P3HT: PC60BM is a blue and green light absorber and PCPDTBT: PC70BM is a low band gap material.
All refractive media are assumed to be isotropic. We perform
our simulation with a 3D finite-difference time-domain
method.14 Periodic boundary conditions and electromagnetic
symmetries are assumed due to the hexagonal nanosphere
periodicity, and perfectly matched layers are used to simulate
optical open boundary conditions. Both p- and s-polarized
light are normally incident on the anode surface.
We consider the general effect of metallic nanospheres
on optical absorption in such structures and focus on the
investigation in a 40 nm thick active layer considering the
tradeoff of using the bulk heterojunction versus optically thin
films. Normalized optical absorption spectra of pristine and
hybrid active layers are shown in Fig. 2共a兲. The absorption
spectra in hybrid active layers show enhancement compared

FIG. 1. 共Color online兲 Schematic structure of the simulated plasmonic OPV
cell. The symbols, T, D, and P, are active layer thickness, nanosphere diameter, and period, respectively.
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FIG. 2. 共Color online兲 For T = 40 nm, D = 15 nm, and P = 25 nm, 共a兲
p-polarized incident absorption spectra of the pristine and hybrid active
layers using P3HT: PC60BM and PCPDTBT: PC70BM; electric field distributions of x-y cross sections cutting through a nanosphere in hybrid active
layers at  = 604 nm, 共b兲 and 共c兲 for p-polarized incidence in
P3HT: PC60BM and PCPDTBT: PC70BM, 共d兲 for s-polarized incidence in
PCPDTBT: PC70BM. In the color bar, E0 and H0 are the electric and magnetic fields of incident light source and 共兩E兩max / 兩E0兩兲2 is the normalized electric field intensity.

to the spectra of pristine active layers in the absorption bands
of 360 nm–650 nm and 360 nm–900 nm for P3HT: PC60BM
and PCPDTBT: PC70BM, respectively. The enhanced absorption peaks induced by the nanospheres are observed at
about the wavelength 604 nm for both blends. Particularly,
the absorption enhancement near 604 nm in the low band
gap material PCPDTBT: PC70BM significantly compensates
the low optical absorption of the pristine active layer in the
longer wavelength range. The enhanced optical absorption is
due to the near-field enhancement in bulk heterojunction
blends. As is known, the optical absorption in active layer
materials can be calculated by 2 ⫻ n ⫻ k兰V兩E兩2dV⬘, where n
and k are real and imaginary parts of material refractive index, respectively, E is the local electric field and V is the
volume of material. By looking at the distributions of electric
field E shown in Figs. 2共b兲 and 2共c兲, we notice strong nearfield enhancement in the blends surrounding metallic nanospheres due to LSPR. The enhanced field is concentrated
between nanospheres along the direction of light polarization. Both p- and s-polarized lights have their distinct electric field distributions shown in Figs. 2共c兲 and 2共d兲 but their
absorption spectra are almost the same 共not shown here兲. The
above mentioned result is due to the electromagnetic symmetry of hexagonal nanosphere lattices, unlike the wire and
strip nanostructures,15,16 where the absorption spectra of pand s-polarized lights are different. Furthermore, in the absorption bands of bulk heterojunction, most of the enhanced
optical absorption takes place in the lossy blends without
significant ohmic loss in metallic nanospheres, and the result
is consistent with a recent study.17 So here we only discuss
spectra of p-polarized light and neglect the influence of loss
in metallic nanospheres.
Next, effects of particle size and period on the optical
absorption enhancement are also investigated. By tuning

FIG. 3. 共Color online兲 For D = 5, 10, 15, and 20 nm and T = 40 nm in
P3HT: PC60BM and PCPDTBT: PC70BM, 共a兲 Light concentration factor as a
function of nanosphere period P, 共b兲 Light concentration factor as a function
of volume ratio of silver in hybrid active layers.

nanosphere sizes and periods, the LSPR peak locations can
be engineered to optimize the total optical absorption of hybrid active layers.11 We define the light concentration factor
for hybrid active layers as
F=

兰maxShybrid共兲SAM1.5共兲d
min

兰maxSpristine共兲SAM1.5共兲d

,

min

where min ⬃ max denotes the absorption band. Shybrid共兲 and
Spristine共兲 are absorption spectra of hybrid and pristine active
layers, respectively. SAM1.5共兲 is air mass 1.5 solar irradiance
spectrum. We show the light concentration factor as a function of nanosphere diameter and period in Fig. 3共a兲. It further
demonstrates the near-field enhancing effect of metallic
nanospheres. When the particle period is much larger than
the particle size, the concentration factor is reduced to 1.0.
Because the evanescent field scattered by one particle is so
weak in the vicinity of distant particles compared to the exciting field, the electromagnetic interactions between particles can be neglected. As the particle period decreases, the
concentration factor becomes larger until it reaches the maximum at an optimum period, where the scattering field gets
much larger and the particles are electromagnetically
coupled.18 The maximum factor of PCPDTBT: PC70BM is
around 1.90, much larger than 1.36 of P3HT: PC60BM due to
the LSPR spectrum enhancement in longer wavelengths.
As the particle period becomes smaller than the optimum
period, the factor sharply drops because of the heavy reduction in bulk heterojunction absorber volume fraction. Additionally, the factor peak shifts to larger particle spacings for
increasing diameter lengths, as a result of increasing scatter-
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FIG. 4. 共Color online兲 共a兲 Light concentration factor as a function of active
layer thickness T; D = 15 nm and P = 30 nm for P3HT: PC60BM; D
= 10 nm and P = 13 nm for PCPDTBT: PC70BM. The inset is the normalized absorption of the top 15 nm region of pristine and hybrid active layers,
for T = 80 nm in P3HT: PC60BM. 共b兲 Light concentration factor as a function of insulator shell thickness of SiO2 and Al2O3, for T = 40 nm, D
= 15 nm, and P = 25 nm.

spheres can be isolated from the bulk heterojunction blend
by thin transparent insulator shells. Transparent shells with
various refractive indices and thicknesses also alter LSPR
peak locations.20 Figure 4共b兲 illustrates the light concentration factor as a function of shell thickness using two common insulators, SiO2 and Al2O3 共nSiO2 = 1.46 and nAl2O3
= 1.76兲. The concentration factor reduces as the thickness
increases. The reduction is more severe for SiO2 than Al2O3
in the PCPDTBT: PC70BM hybrid active layer. This is because the refractive indices nSiO2 ⬍ nAl2O3 ⬍ nPCPDTBT:PC70BM
and both shells lead to LSPR blueshifts while the shift to the
short-wavelength for SiO2 is larger than Al2O3 due to the
smaller index. The factor can still keep as high as 1.76 when
applying 1 nm Al2O3 shells in PCPDTBT: PC70BM. For
P3HT: PC60BM with a higher absorption coefficient, there is
no prominent distinction on concentration factors for two
kinds of shells.
In summary, we proposed the incorporation of hexagonal
periodic metallic nanospheres in the OPV cells. We observed
a broadband optical absorption enhancement with a weak
dependence on polarization of incident light. Our systematic
modeling results yielded the light concentration optimization
of metallic nanosphere sizes and periods. We also investigated the influences of active layer thickness and nanosphere
insulator shell on optical absorption. This letter provides a
guide for the optical design of using plasmon effects to improve the absorption of organic solar cells.
The authors acknowledge the support from the joint
KACST/California Center of Excellence on Nano Science
and Engineering for Green and Clean Technologies.
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ing cross section with particle sizes.11 In Fig. 3共b兲, the concentration factor peak of PCPDTBT: PC70BM shifts to larger
volume ratio of silver 共smaller periods兲 compared with
P3HT: PC60BM under the same particle diameter, implying
that PCPDTBT: PC70BM requires a higher particle density
for optimum absorption enhancement.
We also consider influences of active layer thickness
on optical absorption of this nanostructure. It is shown in
Fig. 4共a兲, as the thickness decreases from 80 to 20 nm, the
concentration factor increases rapidly. For 20 nm thick
PCPDTBT: PC70BM hybrid active layer, a concentration factor as high as 3.24 is obtained. For a thicker hybrid active
layer, e.g., P3HT: PC60BM 80 nm, there is insignificant
change in total absorption but the absorption in the top
15 nm thick region of hybrid active layers is much larger
than that in pristine ones due to LSPR as shown in the inset
of Fig. 4共a兲. Excitons in active layers are redistributed
and concentrated in this region of the film. The hole
mobility is usually far less than the electron mobility in
P3HT: PC60BM,19 and holes statistically reach the electrode
interface slower and harder than electrons. The light energy
redistribution and concentration could reduce the transport
path of localized holes to the PEDOT:PSS electrode, thereby
increasing device photocurrents.6
Finally, the optical absorption enhancement by using
nanospheres with insulator shells is investigated. In some
cases, exciton recombination caused by exposed metallic
nanospheres in practical devices might significantly weaken
the conversion efficiency improved by LSPR, so these
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