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Near-field multiple scattering effects of plasmonic nanospheres embedded

into thin-film organic solar cells
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We investigate near-field multiple scattering effects of plasmonic nanospheres (NSPs) embedded
into organic solar cells (OSCs). When NSPs are embedded into a spacer layer, the near-field
scattering from the NSPs shows strong direction-dependent features, which significantly affects the
optical absorption. When NSPs are embedded into an active layer, the absorption enhancement is
attributed to the interplay between longitudinal and transverse modes supported by the NSP chain.
The breakdown of electrostatic scaling law is confirmed by our theoretical model and should be
accounted for optical designs of OSCs. The work provides the fundamental physical understanding
and design guidelines for plasmonic photovoltaics. © 2011 American Institute of Physics.

[doi:10.1063/1.3638466]

Thin-film solar cells (SCs)' play a central role in reduc-
ing the cost of traditional crystallized bulk SCs to compete
with the fossil fuel. However, insignificant optical absorption
resulting from the thin-film design is a tremendous problem
for the SCs. Plasmons,2 due to their unique features of tuna-
ble resonance and near-field concentration for enhancing
light trapping and harvesting the light absorption, become
one of the best candidates for achieving both enhanced opti-
cal absorption and significant photocurrent carrier collection.
Recently, the improved optical absorption or short-circuit
current has been experimentally and theoretically demon-
strated in thin-film SCs by using metallic nanospheres
(NSPs),*"! which can be explained by the plasmon-induced
light-trapping and scattering effects.'”> However, a deep
physical understanding is still required to reexamine some
fundamental concepts and unveil underlying device physics
qualitatively and quantitatively.

In this work, we study in detail on the near-field multiple
scattering effects of plasmonic NSPs embedded into thin-
film organic SCs (OSCs). A rigorous electrodynamic
approach is developed to characterize the optical absorption
of the OSC. The fundamental physics of the optical absorp-
tion shows remarkable differences between the NSPs embed-
ded into a spacer and those embedded into an active layer.
The direction-dependent features of near-field scattering
from NSPs significantly affect the absorption enhancement
when NSPs are embedded into the spacer. The interaction
between longitudinal and transverse modes supported in the
NSP chain plays a key role in the absorption enhancement
when NSPs are embedded into the active layer. Through
properly engineering the position and spacing of NSPs, our
theoretical results show that the absorption enhancement can
be improved by about 100%. Moreover, we demonstrate the
breakdown of the electrostatic scaling law that should be
considered in the design of OSCs. The work provides the
physical guidelines for plasmonic OSCs.
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Figs. 1(a) and 1(b) illustrate a schematic pattern of a
bulk heterojunction OSC nanostructure to be investigated.
The active layer is a typical blend polymer of P3HT (poly(3-
hexylthiophene)) and PCBM (methanofullerene). A hole
conduction layer is PEDOT:PSS (poly(3,4-ethylenedioxy-
thiophene):poly(4-styrenesulfonic acid)) chosen as a spacer
between an electrode and the active layer. Fig. 1(c) shows
the absorption coefficient of the active material measured
from ellipsometry.'' With tunable size and spacing, a spheri-
cal chain comprising multiple silver (Ag) NSPs is embedded
into the spacer or active layer as near-field concentrators.
The complex refractive index of Ag can be expressed with
the Brendel-Bormann model."* An incident light is propa-
gated from the spacer to the active layer with a TM polariza-
tion (H'=0) at a vertical (0°) and an oblique (60°)
incidences. In comparison with the TE polarization, the TM
polarization supports much stronger dipole-dipole couplings
between NSPs. Moreover, the absorption enhancement by a
silver NSP array, which has a polarization-independent fea-
ture, can be regarded as a superposition of those by silver
NSP chains with both the TM and TE polarizations. To
unveil device-related multiple scattering mechanism of
NSPs, we develop a rigorous electrodynamic approach to
characterize the optical properties of the OSC. (see supple-
mentary material.)'* The absorption spectrum of the OSC is
calculated by

2
—elEfdv, (1)

AQ) = Jnu)k(z)

where n.=n+ik is the complex refractive index of the
active material, 1 is the incident wavelength, and ¢ is the
permittivity of free space. It is worth mentioning that we
only calculate the optical absorption of the active material
excluding the metallic absorption of NSPs especially when
NSPs are embedded into the active layer. Figs. 2 and 3 show
the spectral enhancement factors, which are the absorption
spectrums of the OSC incorporating NSPs over that exclud-
ing NSPs. Using standard solar irradiance spectrum (air mass
1.5 global), the total absorption of the OSC can be given by
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FIG. 1. (Color online) (a) and (b) A schematic OSC
nanostructure. To enhance the optical absorption of
the OSC, a spherical chain comprising multiple
NSPs is embedded into a spacer layer (PEDOT:PSS)
or into an active layer (P3HT:PCBM). The geometric
size is t;,=125D and #,=2.5D. The spacing
between adjacent NSPs is d =D or d =0.2D for the
i separated or close-packed ones, respectively. The di-
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ameter is D =20 nm or D =40 nm for the small or
large NSPs, respectively. The yellow arrows repre-
sent the propagation direction of an incident light
with a TM polarization (H! = 0) and the red dashed
lines denote corresponding near-field profiles of
NSPs. (c) Absorption coefficient of the active mate-
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where I' is the solar irradiance spectrum. Table I lists the
total enhancement factors corresponding to Figs. 2 and 3.
The total enhancement factor is the total absorption of the
OSC incorporating NSPs over that excluding NSPs.

When Ag NSPs are embedded into the spacer, as the
incident angle increases, both the spectral and total enhance-
ment factors increase independent of the NSP’s size and
spacing. The fundamental physics is that the near-field
energy of a metal nanoparticle is mainly distributed along
the polarization direction of the incident E-field, which is
critically different from the far-field scattering where the
energy scatters to the propagation direction of the incident
light. As shown both in Figs. 1(a) and 1(d), the concentrated
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FIG. 2. (Color online) The spectral enhancement factors of the OSC with
NSPs are embedded into the spacer. The angular responses of the OSC for
the vertical (0°) and oblique (60°) incidences are also shown. (a) Separated
small NSPs; (b) close-packed small NSPs; (c) separated large NSPs; and (d)
close-packed large NSPs.
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electric near-field is distributed along the lateral direction at
the vertical incidence, which deters the plasmonic resonance
from enhancing the light absorption of the active material
even though very strong near field is obtained. Hence, a care-
ful design in introducing NSPs into a multilayer device struc-
ture is critical for enhancing the performances of plasmonic
OSCs. Interestingly, absorption enhancement improves at
the oblique incidence because more energy transfers to the
active layer having a significant directivity as depicted in
Fig. 1(e). It should be noticed that since the thickness of the
active layer is thinner than one half of wavelength, near-field
(not far-field) physics plays a key role in the optical design
of NSPs incorporated OSCs. Compared to the spectral
enhancement factors for the separated NSPs, a deep dip can
be observed for the close-packed ones as shown in Figs. 2(b)
and 2(d). The dips resulting from the metallic absorption of
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FIG. 3. (Color online) The spectral enhancement factors of the OSC with
NSPs are embedded into the active layer. The angular responses of the OSC
for the vertical (0°) and oblique (60°) incidences are also shown. (a) Sepa-
rated small NSPs; (b) close-packed small NSPs; (c) separated large NSPs;
and (d) close-packed large NSPs.
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TABLE I. Total enhancement factors for NSPs embedded into the spacer
and active layer.

Spacer layer Vertical incidence Oblique incidence

separated small 0.992 1.078
close-packed small 0.989 1.174
separated large 0.927 0.935
close-packed large 0.725 0.960

Active layer Vertical incidence Oblique incidence

separated small 1.366 1.374
close-packed small 1.985 1.821
separated large 1.118 1.216
close-packed large 1.342 1.589

the NSPs correlate with the coupling resonance of the NSP
chain. The close-packed NSPs, particularly for the large
ones, block the light and absorb a large amount of sunlight
energy. As a result, little energy penetrates into the active
material. Due to the R~ decay of electric near-field and the
reflection by the interface between the spacer and active
layer, the absorption enhancement is very small when NSPs
are embedded into the spacer. Comparing Fig. 2(d) to Fig.
2(b), the large close-packed NSPs with large scattering cross
section have more significant enhancement away from reso-
nance but induce deeper dips near the resonance. Weighting
the two effects, the large close-packed NSPs have smaller
total enhancement factor as listed in Table I.

In contrast to the NSPs embedded into the spacer, our
results show that the NSPs embedded into the active layer
offer stronger optical absorption, which can be observed in
Table I. As seen in Fig. 1(b), the scattering energy from the
NSPs is directly and sufficiently absorbed by the contiguous
active material uncorrelated with the directional property of
the electric near-field. Owing to the plasmon coupling and
hybridization, the close-packed NSPs have more concen-
trated near-field distribution leading to larger enhancement
(Table I). Remarkably, the absorption of the OSC has about
two-fold increase by the small close-packed NSPs. For the
large close-packed NSPs, the excessive red-shifted resonance
reduces the spectral overlap between the resonance and the
absorption peak of the active material as illustrated in Figs.
3(d) and 1(c). At the vertical incidence, the reduced spectral
overlap gives a reason why the total enhancement factor by
the large close-packed NSPs is smaller than that by the small
ones. However, the total enhancement factor by the large
close-packed NSPs increases at the oblique incidence, which
distinguishes from the close-packed small NSPs. The inter-
play between longitudinal and transverse modes” supported
by the NSP chain is a physical origin of the phenomenon.
Having larger geometric size and stronger retardation effect,
the large close-packed NSPs support more red-shifted longi-
tudinal modes at the vertical incidence and more blue-shifted
transverse modes at the oblique incidence (See Figs. 3(b)
and 3(d)). In comparison with the red-shifted longitudinal
modes, the blue-shifted transverse modes have a better spec-
tral overlap with the absorption coefficient of the active
material and can be further exploited or engineered in a
future design of OSCs.
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Regarding the electrostatic limit described by the Laplace
equation, the near-field or far-field response of a subwave-
length scatterer is independent of the scatterer’s size and
depends only on its shape. Therefore, it may cause a misun-
derstanding that the same enhancement can be obtained if the
scaling ratio of a device structure to a concentrator remains
constant. However, using the same scaling ratio as shown in
Figs. 1(a) and 1(b), we find that the large NSPs and small
ones have noticeable differences both in the spectral and total
enhancement factors. The breakdown of the scaling law can
be explained by the retarded and multiscale effects. The elec-
tromagnetic response of a single NSP is dominated by the
electrostatic (nanocircuit) physics, but that of multiple NSPs
are governed by the electrodynamic (wave) physics with non-
negligible retardation and long-range interplay between each
NSP. Furthermore, large-scale OSC nanostructure and small-
scale NSPs strongly couple with each other, which makes the
optical path very complicated, and the trapping confinement,
together with leaky loss, must be considered quantitatively.

In conclusion, we study the near-field multiple scattering
effects of plasmonic NSPs embedded into the thin-film OSC.
The absorption enhancement of the OSC strongly depends
on the directional property of near-field scattering from
NSPs and the interplay between longitudinal and transverse
modes supported for the NSPs embedded into the spacer and
active layer, respectively. Moreover, the complex coupling
between NSPs and device makes the scaling law in electro-
statics inapplicable. The work provides the fundamental
physical understanding and design guidelines for a typical
class of plasmonic photovoltaics.
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