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Geometry and Solution Technique Dipole Approximation Plasmonic Dimers and Chains Summary and Outlook

Motivation

e (111111

Nanoscale plasmonic sensing Plasmonic nanoparticles and photovoltaics
(J. 1. L. Chen et al., J. Am. Chem. Soc. 132 (2010)) (H. A. Atwater et al., Nat. Mater. 9 (2010))

Photonic crystals and light trapping
(J. D. Joannopoulos et al., Photonic Crystals: Molding the Flow of Light (2008))

DTU Fotonik
Department of Photonics Engineering 1/15



Geometry and Solution Technique Dipole Approximation Plasmonic Dimers and Chains

Summary and Outlook

Motivation

e (111111

Nanoscale plasmonic sensing

Plasmonic nanoparticles and photovoltaics
(J. 1. L. Chen et al., J. Am. Chem. Soc. 132 (2010))

(H. A. Atwater et al., Nat. Mater. 9 (2010))

Scope of project:

Tool for simulating interaction

between spherical scatterers and
electromagnetic radiation in
homogeneous background medium.

Photonic crystals and light trapping
(J. D. Joannopoulos et al., Photonic Crystals: Molding the Flow of Light (2008))
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Outline

Summary and Outlook

1. Geometry and Solution Technique

2. Dipole Approximation

3. Plasmonic Dimers and Chains

4. Summary and Outlook
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Geometry: N Scatterers in Homogeneous 3D Background
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Geometry: N Scatterers in Homogeneous 3D Background
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Geometry: N Scatterers in Homogeneous 3D Background
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Lippmann-Schwinger Equation

» Frequency-space wave equation for electric field

VXV XE—keaE=EEAdr)E, Adr) =€) — e
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Lippmann-Schwinger Equation

» Frequency-space wave equation for electric field

VXV XE—keaE=EEAdr)E, Adr) =€) — e

» Inhomogeneous PDE with formal solution

E(r) = Eg(r) + K / Gp(r,r') Ac(r)E() dr'.

= Escat (I')

Lippmann-Schwinger equation; Implicit equation for field inside
scatterers.
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Field Expansion and Matrix Equation

» Local expansion of field 4
22
. Y
B(ry) = 3 65000 1) 0n <. L
av AA T v2

Y1

z1 y

23

”@* Y3

3
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Field Expansion and Matrix Equation

» Local expansion of field 4
22
. Y
B(ry) = 3 65000 1) 0n <. L
av Y2
Ay
z1 : y
» Matrix equation for s
expansion coefficients "
3

e= (I+L— RRGAe)  Mgep.
(I+L-KGAe)  Mpen
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Field Expansion and Matrix Equation

» Local expansion of field 4
22
. Y
B(ry) = 3 65000 1) 0n <. L
av Y2
Ay
z1 : y
» Matrix equation for s
expansion coefficients "
3

e= (I+L— RRGAe)  Mgep.
(I+L-KGAe)  Mpen

All matrices expressed analytically.
Only approximation: Truncation of set of basis functions.
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Length Scales

Dipole approximation: Constant field inside scatterers.
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Length Scales

Summary and Outlook

Dipole approximation: Constant field inside scatterers.

%

A%
N
N
» When R < Ag, field
variation across scatterer
is negligible:
E(rj) ~ E(rY).
» Simpler, analytic

solutions, e.g. for cross

sections.
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Geometry and Solution Technique Dipole Approximation

Length Scales

Plasmonic Dimers and Chains Summary and Outlook

Dipole approximation: Constant field inside scatterers.

%

A%
N
N
» When R < Ag, field
variation across scatterer
is negligible:
E(rj) ~ E(rY).
» Simpler, analytic

solutions, e.g. for cross
sections.
DTU Fotonik
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> New length scale: d.
» With R < Ag, is dipole
approximation valid if
d/R> 17
d/R ~17
d/R < 17
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Algebraic Lippmann-Schwinger Equation

» Constant field yields algebraic Lippmann-Schwinger equation
D(.0 0 2 al D Ae. EP (10 A¢j o o
E"(r;) = Eg(r;) + kojgl G AeyEX(ry) — ;LE (r;)-
> Global relative error of dipole approximation

Jv,

J

D/..0
. E(r)) — EP(x))| dr;..
o Jv, ]E(r;.) dr
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Global Relative Error of Dipole Approximation

4/R = 30
d/R=3
d/R=1
Od/R =05
10°

W DK

N
R-<7
S -l (;-3 2 16-1

1 1
Normalized Radius, kR

Global Relative Dipole Error, £8
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Global Relative Error of Dipole Approximation
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Dipole approximation is only valid when d/R 2 3.
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Geometries and Cross Sections

Dimer, vary d: Chain, vary N:

Longitudinal:

= VA z
eg =7 y g1 y
€T

eg=17 T

N
N7 R—3
Transverse: d g . s (@ — {@ L (@
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7
& z
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Geometries and Cross Sections

Dimer, vary d: Chain, vary N:
R—2 N
(0
NN L P =N I I N~
Longitudinal: dﬂ ] B (@ o (
eg =170 ~
y Pl y
i‘)_' eg=7 é)_.
R—<72 N
Q. oo ©
Transverse: 42t a d/' o,
v z = z
5 )—»y £1 Al )—'Zl
T 2 z
+
Cross sections: Cscat = fg‘;“f Cabs = f;f‘;]‘ ‘(‘/"‘.\(’
AR - /] —>
Efficiencies: Qucat = Socat Qubs = ~2abss N P
. scat — NrR2 abs — NiR2 §4 \_‘/ o
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Dimer Spectra: R = 10 nm, Varying d

d/R =15

@
8

et
QL

B
|
o

Cross Section /(27 R?)
o 2 @ B
|
o

0.4 0.5 0.6 0.7 0.8
Wavelength, Ao [pm]
d/R =15
30 “QIL’;Z:
—=Q
—Qin

DTU Fotonik
Department of Photonics Engineering 10/15



Geometry and Solution Technique Dipole Approximation Plasmonic Dimers and Chains Summary and Outlook

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Wavelength, Ao [pm]

Dimer Spectra: R = 10 nm, Varying d

d/R =10
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Dimer Spectra: R = 10 nm, Varying d

d/R=5
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Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

d/R=3
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Dipole Approximation

Plasmonic Dimers and Chains

Dimer Spectra: R = 10 nm, Varying d

Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

d/R=15

@
8

et
QL

Cross Section /(27 R?)

o 3 = B B
|
o

"\

AN
0.2 0.3 0.4 0.5 0.6 07 08
Wavelength, Ao [pm]

d/R=15

Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

Plasmonic Dimers and Chains Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

Plasmonic Dimers and Chains Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

d/R =08
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Plasmonic Dimers and Chains Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d

4/R=0.7
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Plasmonic Dimers and Chains Summary and Outlook
30 “QIL’;Z:
—= Q"

- Q
—Qscat
. —Qabs
i
ﬁ Q Q
€p
1\

\
\

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Wavelength, Ao [pm]

DTU Fotonik
Department of Photonics Engineering 10/15



Geometry and Solution Technique Dipole Approximation

Dimer Spectra: R = 10 nm, Varying d

4/R =06

@
8

et
QL

B
|
o

Cross Section /(27 R?)
o 2 @ B
|
o

N
0.2 0.3 0.4 0.5 0.6 07 08
Wavelength, Ao [pm]

4/R=0.6

Plasmonic Dimers and Chains Summary and Outlook
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Dipole Approximation

Plasmonic Dimers and Chains

Summary and Outlook

Dimer Spectra: R = 10 nm, Varying d
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Dimer Spectra: R = 10 nm, Varying d

d/R=0.4
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Plasmonic Dimers and Chains Summary and Outlook
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Dimer Spectra: R = 10 nm, Varying d
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Dimer Spectra: R = 10 nm, Varying d
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Dimer Spectra: R = 10 nm, Varying d
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Dimer Spectra: R = 10 nm, Varying d
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Summary and Outlook

Dimer Spectra: R = 10 nm, Varying d
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Dimer: Peak Shift Ratio (Longitudinal Polarization)

: . Res — A(])D_AOD’Single Res _ . _9
Peak shift ratio: A)\O = mle—. A)\O = fD(d, R) =
0
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Dimer: Peak Shift Ratio (Longitudinal Polarization)

D_ yD,single
>\0 >\0

Peak shift ratio: AN{® = Dt AN = fo(d; R) =7
0

04 R ="25 um

Peak Shift Ratio, AN}

0.3- 4

0.2r R

oar ) Computations’
Ofes ) ) —Linear Fit

0.5 1 115 2 25 3
Tnverse Square Root of Gap, (d/R)~!/?
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Dimer: Peak Shift Ratio (Longitudinal Polarization)

D_ yD,single
>\0 >\0

Peak shift ratio: AN{® = Dt AN = fo(d; R) =7
0

04 R ="25 um
0.3t
0.2
0t

Peak Shift Ratio, AN}

. Computations’
. . —Linear Fit
0.5 1 1.5 2 25 3
Tnverse Square Root of Gap, (d/R)~!/?

ANE® o (d/R)~1/?; Softer dependence than reported in the
literature.
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Chain Resonance Wavelength

Dipole Approximation
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Plasmonic Dimers and Chains

Summary and Outlook

:d = R =10 nm, Varying N
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Chain: Peak Shift Ratio (Longitudinal Polarization)

Peak shift ratio: AN = fo(N;d, R) =7
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Chain: Peak Shift Ratio (Longitudinal Polarization)

Peak shift ratio: AN = fo(N;d, R) =7
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Chain: Peak Shift Ratio (Longitudinal Polarization)

Peak shift ratio: AN = fo(N;d, R) =7

—1.8} ' ' ' o Computations
—Linear Fit
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0:1 012 ‘
Inverse Chain Periods, (1/(N — 1))

ANBes = ANSY™P oxp (< /(N — 1)),y = 1.87; Agreement with
the literature; Next nearest neighbor interaction along the chain.
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Summary and Outlook

Summary:

> Tool for determining analytically electric field in homogeneous
3D space with spherical scatterers.

> Dipole approximation: Careful if d > R is not satisfied!

» Dimer: (d/R)~'/?-dependence of peak shift ratio, ANF®S.

» Chain: exp (—ny/(N — 1))-dependence of peak shift ratio,
AR,

DTU Fotonik
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Summary and Outlook

Summary:

> Tool for determining analytically electric field in homogeneous
3D space with spherical scatterers.

> Dipole approximation: Careful if d > R is not satisfied!
» Dimer: (d/R)~'/?-dependence of peak shift ratio, ANF®S.

» Chain: exp (—ny/(N — 1))-dependence of peak shift ratio,
AR,

Outlook:

» More systematic study of dimers and chain; Cover larger part
of parameter space.

» Extension to layered geometry for modeling of plasmonic solar
cells; New Green's tensor.

» Modeling of finite-sized 3D photonic crystals (cavity modes,
@-factors, LDOS, Purcell factors).
DTU Fotonik
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Thank you for your attention!
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