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Comprehensive Study of Plasmonic Effects in Organic Solar Cells

Organic Solar Cell (1)

Advances of solar cell technology
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Organic Solar Cell (2)

Thin-film organic solar cell

v" low-cost processing
v mechanically flexible
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Organic Solar Cell (3)

exciton diffusion #, charge separation

Working principle
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Plasmonic Organic Solar Cell

Why optical enhancement?

The thickness of the active layer must be smaller than the exciton diffusion
length to avoid bulk recombination. As a result, the thin-film organic solar
cell has poor photon absorption or harvesting. Plasmonic solar cell is one of
emerging solar cell technologies to enhance the optical absorption.
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Comprehensive Study of Plasmonic Effects in Organic Solar Cells
X.H. Li, .E.I. Sha, W.C.H.hoy, e, ._Phys. Chm C, 16(1), A7200—7206, 2012.
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W.E.Il. Sha, W.C.H. Choy, Y.P. Chen, and W.C. Chew, Appl. Phys. Lett., 99(11), 113304, 2011.

Bulk heterojunction polymer solar cell
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Comparisons with experimental results
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X.H. Li, W.C.H. Choy, L.J. Huo, FX. Xie, W.E.I. Sha, B.F. Ding, X. Guo, Y.F. Li, J.H. Hou, J.B.
You, and Y. Yang, Adv. Mater., 24, 3046-3052, 2012.

Dual Plasmonic Nanostructure (experimental results)
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X.H. Li, W.C.H. Choy, H.F. Lu, W.E.I. Sha, and A.H.P Ho, Adv. Funct. Mater., 23(21), 2728-

2735, 2013

Shape-Dependent Broadband Plasmonic Resonances

..‘.. .0..‘

~:-r'.x-

(a)

:3;
...
L

o]

-
W

Dielectric Constant

[N
.
—

(2]

Absorption Cross Section
) IS

Enhancement Factor
N

500 600

=+—=Sphere
Prism (TM)
Prism (TE)

"800

700

Wavelength (nm)

B

w

N

=y

o0

500 600 700
Wavelength (nm)

high order

800

plasmonic mode \ -

-—Sphere
~==Prism (TM)
=o=Prism (TE

plasmonic mode!

00 500 600

700 800

Wavelength (nm)

Progress In Electromagnetics Research Symposium | August 12-15, 2013 | Stockholm, Sweden



Comprehensive Study of Plasmonic Effects in Organic Solar Cells

Could electrical properties of OSCs be affected by introducing the
metallic nanostructures?

Green Energy and Technology

Wallace C. H. Choy Editor

Organic Solar Cells

Materials and Device Physics

@ Springer

Wei E. I. Sha, Wallace C. H. Choy and Weng Cho Chew, “Theoretical Studies of Plasmonic Effects in
Organic Solar Cells”, Chapter 7, Organic Solar Cells: Materials and Device Physics, Pages 177-210,
Wallace C.H. Choy (Ed ), ISBN 978-1-4471-4823-4, Springer, 2013.
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Multiphysics Model (1)

W.E.I. Sha, W.C.H. Choy*, Y.M. Wu, and W.C. Chew,

Schematic di agram Opt. Express, 20(3), 2572-2580, 2012.
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Multiphysics Model (2)
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Multiphysics Model (3)

Unified finite difference method

optical properties

spatial step depends on the dielectric wavelength and skin depth of surface plasmons
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Multiphysics Model (4)

Poisson equation (Gummel’s method)

. . 1 d , 1 d , 1 d . 1 d -
electrical properties A_gez‘ﬂ/z,jﬂbgﬁ,j T A_%€i—1/2,j@i%,j + A—g%,ﬂl/z@ﬁh T A_%Gé,j—1/2@§?;£1
d d d d t+1 z, 2.7 t+1
Spat;]al Eteg delpendr? on - (€i+1/2,j T 6125 T G122 T Ei,j—1/2) (W + TA%) G5 #%?
the Debye lengt v
ng ;4 i . .
= q(nj; — i ;)| - %cﬁfﬁf scaling unit
. . o . . 1/3
drift-diffusion and continuity equations of electron ¢ ax {DIOZS}
(Scharfetter-Gummel scheme in spatial domain S 10
semi-implicit strategy in time domain? A 1
'”’zﬂ - nﬁj t t t D?Jrl/?j (Dfﬁ T QIJEJF' t+1 C 1
L A = =Q;,;Gi; —(1-Qi ;)R ; + A2 ~B JU d n’iil,j 1.61]2)110—19
t T t r 1
Dn Sl gt Dn t4+1 i+ K 300
i—1/2,5 “1—1,7 1,9 t+1 1,7+1/2 Yi,0+1 ¢i,j t+1
+ Az B ( i ) n; "y 5+ N2 B ( i ) ni N
., o J PR Dirichlet and Neumann
D10 Dii—1~ Dij t+1 D'y )a Pi5 — Piy1j b d diti
5508 0 e o oundary conditions
Y T
Dlap p (0 =05 | Dl (45— 400 time step for stable algorithm
A2 U, AZ U, >
Dro L, (g — gitl A < min( : )
+ ZZ\_Q/ B('w UIZ’J_I)]n:jl Up-n+Up-p
y t

Progress In Electromagnetics Research Symposium | August 12-15, 2013 | Stockholm, Sweden




Comprehensive Study of Plasmonic Effects in Organic Solar Cells

Multiphysics Model (5)

Beyond optical absorption enhancement: facilitating hole collection!
schematic pattern of nanostrip plasmonic cell Model settings
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Multiphysics Model (6)

Characteristic parameters

Plasmonic | J. (A/m?) 4 Vo (V)| MP(W) FF{ PCE (%) |

62.84 1 0.62 21.47 0.55§ 2.15 t

Standard | J. (A/m®) V. (V)i MP(W) FF! PCE (%) |

L. A4L67 061 | 1403 055 140
Plasmonic V (V) J(A/m”) (Diss) (%) | (RecToss) (%)
SC 0 62.84 66.96 2.62
MP 0.48 44.73 5897 1455 §
ocC 0.62 0 55.47 80.88
Standard  V (V) J(A/m?) (Diss) (%) | (Rec loss) (%)
SC 0 41.67 66.96 3.18 i
MP 0.47 30.42 59.19 14.93
ocC 0.61 0 5575 % 81.91 .

»reduce recombination loss
»increase short-circuit current
»improve open-circuit voltage

»boost power conversion efficiency
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Multiphysics Model (7)

Dummy case for further illustrating physics (hole transport and collection)

Cathode
Ge, ds <y <ds+1Lg Active layer
Ggrating = 0. else
Cathode
G,. dj—l—(fg—}%g {_:_]"idj+d2 )
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0. else

hole mobility is set to be two order
of magnitude lower than electron mobility
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Multiphysics Model (8)

The nanograting structure v.s. flat standard structure
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fp T7.4x 1078 m2/(V -8)
N, 2.5 x 101 em—3
N, 2.5 x 10' em™3
e 3.4ep F/m
a 1.12 nm
k. 3 x 10° 57!
e 0.2 eV
vy 0eV
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I\/Iultlphy3|cs I\/Iodel (9)
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The grating anode induces nonuniform optical
absorption and inhomogeneous internal E-field
distribution. Thus uneven photocarrier generation
and transport are formed in the plasmonic OSC
leading to the dropped FF.

TABLE 1II. The characteristic parameters of the standard and plasmonic
O5Cs involving short-circuit ., open-circuit voltage V., MP, FF, and PCE.

"Wu ﬂ:2 ﬂ:4 ﬂ:ﬁ 0.8
Voltage (V) ﬁ [_A;'n}ﬁv Vo (V) MP(W) / FF{%}\ PCE (%)
SC SC MP MP oc ac Standard 75.18 0.706 32.34 60.91 3.23
(Diss) (Rec) (Diss) (Rec) (Diss) (Rec) Plasmonic 85.12 0.719 32.91 53.77 3.29
Standard (%) (9 83 0.88 62.34 9.19 59.69 82.56
Plasmonic (%) 70.52 25 63.38 16.63 59.63 92795

recombination and exciton dissociation

W.E.I. Sha, W.C.H. Choy*, and W.C. Chew,
Appl. Phys. Lett., 101, 223302, 2012.
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v" Environmentally friendly organic solar cell (OSC), which has a bright outlook
to meet the urgent demand in clean energy, draws much attention in recent
years due to their merits of large-area production, low-cost processing and
mechanical flexibility. Proposing and optimizing new device architectures
plays a key role in designing high-performance OSCs.

v' A multiphysics study carries out on plasmonic OSCs by solving Maxwell's
equations and semiconductor (Poisson, drift-diffusion, and continuity)
equations simultaneously with a unified finite-difference framework.

v" Nonuniform distributions of optical near-fields induced by plasmonic
nanostructures will significantly affect the carrier transport in OSCs. Besides
their optical effects, the electrical effects induced by plasmonic resonances
will open up a new way to design emerging plasmonic organic photovoltaics.
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